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Abstract: Viruses are pathogens that have evolved to hijack the cellular machinery to replicate
themselves and spread to new cells. During the course of evolution, viruses developed different
strategies to overcome the cellular defenses and create new progeny. Among them, some RNA and
many DNA viruses require access to the nucleus to replicate their genome. In non-dividing cells,
viruses can only access the nucleus through the nuclear pore complex (NPC). Therefore, viruses have
developed strategies to usurp the nuclear transport machinery and gain access to the nucleus. The
majority of these viruses use the capsid to manipulate the nuclear import machinery. However, the
particular tactics employed by each virus to reach the host chromatin compartment are very different.
Nevertheless, they all require some degree of capsid remodeling. Recent notions on the interplay
between the viral capsid and cellular factors shine new light on the quest for the nuclear entry step
and for the fate of these viruses. In this review, we describe the main components and function of
nuclear transport machinery. Next, we discuss selected examples of RNA and DNA viruses (HBV,
HSV, adenovirus, and HIV) that remodel their capsid as part of their strategies to access the nucleus
and to replicate.

Keywords: viral nuclear entry; viral replication; host–viral interactions

1. Nuclear Transport Machinery

The cytoplasmic and the nuclear bi-directional exchange of molecules and proteins
is ensured by the Nuclear Pore Complexes (NPCs). These structures are large multipro-
tein complexes composed by approximately thirty different nucleoporins in mammalian
cells [1] organized in an eightfold rotational symmetry [2,3]. The development of electron
microscopy techniques has provided a wide range of information about the structure and
organization of the NPC. Particularly, in recent years, the advent of cryo-EM (electron mi-
croscopy) tomography [4,5] allowed high-resolution imaging at a nearly physiological state
to obtain a clear view of the NPC structure. Thanks to these techniques, we obtained for the
first time a detailed model of the human NPC with high resolution of ≈66 Å [6–8]. Even
more details have been obtained by cryo-EM and single particle analysis, reaching a new
primacy in resolution of 15 Å for the NPC of Xenopus laevis [9]. The NPC is composed by
three different rings: the cytoplasmic ring, the intermembrane nuclear envelope ring, and
the inner nuclear ring. The cytoplasmic and the nuclear rings have protrusions composed
by different nucleoporins that form the cytoplasmic filaments and the nuclear basket [10].
The NPC architecture and density may vary between species [11]. Indeed, the nucleus of
the mature Xenopus oocyte contains roughly 60 NPCs/µm2 and ≈5 × 107 NPCs/nucleus
in total [12]; this nucleus is almost 4 log more dense in NPCs in comparison to the nucleus
of a human cell [13]. The human NPC has an outer diameter of around 1200 Å, an inner
diameter ≈ 425 Å, and a height of 800 Å with a total mass of 110 MDa [14,15].

Two mechanisms determine the passage of molecules through the NPC: facilitated
and passive diffusion. Macromolecules lacking nuclear transport signals (NLS), which
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create a specific amino acid sequence, are transported in the nucleus by passive diffusion.
The structure and organization of the NPC allows the passive diffusion of small molecules
and ions smaller than 9 nm. On the other hand, molecules larger than 39 nm require an
active process to be imported or exported through the NPC [16]. However, recent studies
highlighted that the NPC channel is flexible and allows the passive diffusion of much
larger molecules than previously assumed (up to 230 kDa in size) at rates that decrease
with increasing mass [17]. The central channel of the NPC [17–19] is decorated by several
FG-Nups that in coordination with other Nups located within the inner ring complex,
Nup170 and Nup188 [20], altogether contribute to maintain the permeability properties
of the passive diffusion channel. Contrary to the passive diffusion, the facilitated (active)
transport is mediated by nuclear transport factors (NTFs) [17]. Most frequently, the import
of large cargos is achieved with the help of a family protein named β-Karyopherins [21–23].
Many proteins are imported via two subclasses of β-Karyopherins denominated importin-
α and importin-β, and some other proteins are imported by alternative β-Karyopherins
called transportins [24]. Cargo proteins with an NLS are recognized by the carrier protein
α-importin, which is engaged by β-importin, forming an heterodimer [21–23]. Then, the
cargo protein associated with the α/β importin heterodimer penetrates the NPC and
engages in low-affinity interactions with nucleoporins containing FG repeats. This central
region of the NPC contains approximately ten nucleoporins with several phenyl-alanine–
glycine domains that create an unstructured mesh inside the NPC [25]. This mesh of
disorganized FG repeats is responsible for the permeability of the NPC. Several models
have tried to link the physical properties of FG repeats to the selectivity of the central
channel of the NPC. For example, the “Forest” model proposed by Yamada et al. [26]
suggests that the FG selectivity is achieved by the combination of FG repeats with different
structure and chemistry properties. The “Forest” model is characterized by the collapsed-
coil domains that form a transport zone 1 in the middle of the NPC, which is surrounded
by a zone 2 formed by the extended-coil domains. Small molecules, transport receptors,
and complexes can translocate through zone 1 or 2 based on their size, surface charge,
and hydrophobicity. Alternatively, the virtual gate model proposed by Rout et al. [27]
considers that the selectivity of the NPC is achieved by entropy. According this model, the
random movement imposed by the size of large molecules limits their passage through a
confined space such as the NPC channel [28]. Consequently, the impediment for the cargo
translocation through the NPC is imposed by a physical and entropic barrier rather than
a selection imposed by the FG structure. Similarly, Frey et al. observed that the gel-like
properties generated by the FG repeats might be enough for imposing a diffusion barrier
to the NPC [29]. Other works suggest that the selectivity of the NPC is controlled by the
concentration of karyopherins [30]. According to these observations, karyopherins act as
“molecular Velcro” made from intrinsically disordered domains that reduce the diffusion
of large molecules through the NPC. Another recent model suggests that the FG repeats
impose a constraint to the passive diffusion of molecules, and only small molecules are
able to overcome this barrier [31]. Nevertheless, when large cargoes are transported by
karyopherins, they can penetrate the NPC thanks to the interaction between karyopherins
and the FG repeats of Nups that collapse. Then, this collapse is reversed by Ran guanosine
triphosphate returning the FG to a polymer brush-like state [31].

In addition, several molecular dynamics simulations have been extensively performed
over the past decade to shed light on the transport mechanism. Usually, simulations are
conducted over a time scale of micro seconds to determine how FG Nups stretch out and
form rapid bundles of multiple FG Nups. It has been proposed that the hydrophobic region
of FG Nups is protected from being exposed to the aqueous environment by being coiled
up into a globular structure [32–34].

A more recent study highlights that FG-nucleoporins from different Nups undergo
liquid–liquid phase separation and form liquid droplets that mimic the permeability barrier
properties of NPCs [25,35]. In addition, the directionality of the transport of cargoes across
the NE is ensured by the small GTPase Ran. The chromatin-associated factor, RCC1, is the
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RanGTP exchange factor (RanGEF) that maintains a high RanGTP concentration in the
nucleus. At the cytoplasmic side of the NPC, high RanGDP levels in the cytosol are ensured
by the Ran GTPase activating protein (RanGAP) that binds to RanBP2/Nup358 [36,37].

So far, we have reached a good understanding of how proteins are imported to the
nucleus, but much less is known about the strategies and tactics that viruses employ to
cross the nuclear barrier. In the next sections, we expose some examples of how different
viruses have evolved alternative ways to access the host nucleus. We will particularly focus
on the role of the capsid to lead the viral genome into the host chromatin compartment,
which is an essential step for the life cycle of several viruses.

2. HBV

The hepatitis B virus (HBV) is an enveloped DNA virus with a size of 42–47 nm that
belongs to the hepadnaviridae family [38]. Inside the capsid is enclosed a partially double-
stranded DNA of 3.2 Kb adopting a relaxed circular shape. This organization of DNA is
denominated rcDNA and contains four overlapping reading frames. HBV penetrates in the
hepatocytes through a low-affinity interaction between the viral envelope glycoproteins
and the cellular surface heparin sulfate proteoglycans [39]. Then, the preS1 region of the
large envelop protein (L) interacts with high affinity with the HBV main receptor, the
hepatic bile acid transporter sodium taurocholate co-transporting polypeptide (NTPC) [21];
successively, the virus is internalized via caveolin-1 or clathrin endocytosis [40,41]. Then,
the HBV capsid is directed to the nucleus through microtubule interactions [42]. The
viral genome translocates into the nucleus of an infected cell through the capsid. The
HBV capsid is composed by repeated units of the core protein, which is a small protein of
185 amino acids with a molecular mass of 21 kDa. The core protein has two NLS signals in
its C-terminal domain [43–45], which are exposed only after phosphorylation [46]. Then,
after phosphorylation, the capsid binds and crosses the NPC [46], remaining assembled [16].
The HBV capsid, in order to cross the NPC, first interacts with the importin-α and β and
then with Nup 153. Nup153 engages the capsid and by an unknown mechanism triggers
the uncoating of the viral capsid [47] (Figure 1A). The nuclear import of the HBV capsid
is a tightly regulated process, since only the mature capsid is able to cross the NPC and
release the viral genome. On the other hand, immature capsids are also able to penetrate
the NPC [48]. However, they remain blocked at the nuclear basket of NPC, as shown by
experiments in permeabilized cells [48]. Inside the nucleus, the rcDNA is processed by the
cellular machinery, converting it to covalently closed circular DNA (cccDNA) [49]. The
cccDNA is linked to histones H3 and H4, creating a viral minichromosome [50] that serves
as a template to produce the pregenomic RNA (pgRNA) and subgenomic RNAs. The
pgRNA is exported to the cytoplasm to serve not only as template for the translation of the
viral core protein and polymerase but also for the generation of new virions. The pgRNA
encapsidation is triggered by its binding with the polymerase. This binding renders the
formation of immature nucleocapsids in which the reverse transcription of pgRNA into
minus strand DNA takes place. The immature HBV capsids are covered by the viral
envelope proteins in the ER and expulsed through the cellular secretory pathway [51].

The viral capsid is usually a key player in the viral infection, especially in viruses that
need to access the nucleus to replicate. It is not surprising that the HBV capsid requires
a change in its structure to meet the requirement of crossing the NPC, which is the main
bottleneck for several viruses to complete their life cycle. Thus, the HBV remodeled capsid
kidnaps cellular factors to access the nucleus. Observations showing that the capsid should
be phosphorylated to change the conformation and interact with Nup153 highlight the
importance of capsid remodeling and its interplay with nuclear pore factors to ensure the
viral nuclear entry.
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Figure 1. Different viruses employ various strategies in order to access to the nucleus. (A) The HBV travels to the vicinity 
of the NPC protected by its capsid. Thus, it employs importin α and β to access the nucleus (1). The small size of HBV 
capsid permits the import of this structure complete to the nucleus. The uncoating of HBV capsid takes place assisted by 
Nup 153 (2) releasing the genome in the nucleus of the cell (3). (B) The HSV capsid is too large to be imported complete to 

the nucleus. Therefore, the HSV binds to the cytoplasmic filaments of NPC via Nup358 and Nup214 (1). Once the capsid 
docks at the NPC, the viral DNA is injected to the nucleus (2). (C) The adenovirus uncoating begins during the release of 
the viral capsid from the endosomes (1) and is completed at the NPC (2), where there is a complex formed by the capsid, 
Nup 358, Nup214, microtubules, and kinesin. The mechanical stress caused by the binding to microtubules and to the 
NPC contributes to completing the tear down of adenovirus capsids. Eventually, the viral DNA is released in the nucleus 
(3). Created with BioRender.com accessed on 7 June 2021. 
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terestingly, as revealed by Cryo-EM studies, the capsid is not centered in the virion but 
displaced to an extreme, near the viral envelope [58]. 
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Figure 1. Different viruses employ various strategies in order to access to the nucleus. (A) The HBV travels to the vicinity
of the NPC protected by its capsid. Thus, it employs importin α and β to access the nucleus (1). The small size of HBV
capsid permits the import of this structure complete to the nucleus. The uncoating of HBV capsid takes place assisted by
Nup 153 (2) releasing the genome in the nucleus of the cell (3). (B) The HSV capsid is too large to be imported complete to
the nucleus. Therefore, the HSV binds to the cytoplasmic filaments of NPC via Nup358 and Nup214 (1). Once the capsid
docks at the NPC, the viral DNA is injected to the nucleus (2). (C) The adenovirus uncoating begins during the release of
the viral capsid from the endosomes (1) and is completed at the NPC (2), where there is a complex formed by the capsid,
Nup 358, Nup214, microtubules, and kinesin. The mechanical stress caused by the binding to microtubules and to the NPC
contributes to completing the tear down of adenovirus capsids. Eventually, the viral DNA is released in the nucleus (3).
Created with BioRender.com, accessed on 7 June 2021.

3. HSV-1

The herpes simplex virus 1 (HSV-1) is a virus that belongs to the herpesviridae family.
Its prevalence in the human population is high [52] and frequently causes a long-life
infection characterized by long latency period and occasional reactivations [53]. The HSV-1
is an enveloped virus with an icosahedral capsid that enclosed a genome of dsDNA of
152 Kb. Between the capsid and the envelope, there is a protein layer called tegument [54].
The tegument occupies two-thirds of the virion volume and is composed by approximately
twenty-three viral proteins in addition to viral and cellular transcripts [55–57]. Interestingly,
as revealed by Cryo-EM studies, the capsid is not centered in the virion but displaced to an
extreme, near the viral envelope [58].

The HSV-1 enters into the cells assisted by the proteins located in the viral envelope.
The protein gB is mainly responsible, together with other proteins (gD, gH/gL), for inter-
acting with the cellular receptors and forming the core fusion machinery [59–62]. Once the
virus fuses with the host membrane, the core is released in the cytoplasm associated to the
tegument proteins. Next, the viral journey is accompanied by microtubules and dynein
toward the NPC [63–65]. Eventually, the viral capsid and the remaining tegument proteins
reach the NPC. Their binding triggers the delivery of the viral DNA to the nucleus helped
by the high pressure that exists inside the viral core [66].

The HSV-1 capsid shields the viral DNA in a space of 125 nm of diameter in mature
angular shells (triangulation number T = 16) [67,68]. The capsid is composed of 4000 protein
subunits organized in hexons, pentons, and triplexes [67,69]. On the other hand, the tips of
the exon are crowned by the VP26 protein. The role of the capsid in the delivery of the viral
DNA in the host nucleus is essential. This structure intervenes in two steps during the early
time post infection: for the transport of the virus through the microtubules and for the viral
nuclear entry through the NPC [63–65]. It has been observed that Nup358 and Nup214
are mainly responsible for the docking of the HSV-1 capsid at the NPC [70] (Figure 1B).

BioRender.com
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Indeed, the depletion of Nup358 and Nup214 determines a reduction of the HSV-1 capsids
at the NPC [71,72]. Both nucleoporins, Nup358 and Nup214, are exclusively located in the
cytoplasmic side of the NPC and interact with the viral proteins UL36 and UL25 [73–75].
Experiments employing temperature-sensitive mutants of UL36 and UL25 revealed that
these two proteins not only are able to bind the nucleoporins, but they are also involved
in the release of the viral DNA in the nucleus. It has also been observed that the docking
of the HSV-1 capsid at the NPC occurs in a specific orientation in which a capsid vertex
is oriented toward the pore [76]. This portion of the capsid contains ten copies of UL25
protein that seem important for an efficient delivery of the viral DNA in the nucleus [77].
However, the entire molecular mechanism triggering the release of the viral DNA is not
well understood. It has been hypothesized that UL36 and UL25 are probably the main
effectors of the process. Nevertheless, it is known that the high DNA pressure inside
the viral capsid, estimated to be ≈20 atmospheres [66], is responsible of the viral DNA
ejection (Figure 1B). Of note, HSV-1 empty ghost capsids docked at the NPC are observed
only when matured virions have ejected the DNA into the nucleus as the EM pictures
show [70]. Interestingly, similar empty nearly intact cores have been recently found in cells
infected with HIV-1 by cryo-EM studies near the NPC but inside the nucleus [78]. These
results suggest a common mechanism of viral DNA ejection among divergent viruses to
import their genome inside the host chromatin compartment. However, the mechanism
that induces the release of the viral genome due to an intra-capsid pressure can be similar
among HSV-1 and HIV-1, even if this phenomenon at least for HIV-1 remains so far unclear.

The HSV-1 strategy to access the nucleus represents another example of different
adaptations to overcome the cellular barriers. As we have highlighted, the capsid of
HSV-1 is a main player in the infection process and is fundamental to gain access to the
nucleus. Similar to other viruses, the interplay between the capsid and the components
of the NPC provides adequate conditions for the preservation and nuclear translocation
of viral genome. Interestingly, the EM techniques as well as host–viral interaction studies
on HSV-1 have been instrumental for increasing our knowledge about the HSV-1 nuclear
import [67,68]. Biochemical data have been complemented in the last years with new
results obtained from EM techniques, which highlight the HSV-1 capsid structure and
its remodeling.

The plethora of new and classical technologies will contribute altogether to provide
new pieces of information on the process of HSV-1 nuclear import.

4. Adenovirus

The adenoviruses are a family of viruses that can infect mammals, birds, and even fish.
The adenoviruses that infect humans are divided in different categories named A, B, D, E, F,
and G and 57 different serotypes [54]. Among them, the most studied are serotypes 2 and
5. Adenoviruses can produce diverse pathologies or even be asymptomatic. They most
frequently replicate in the eyes, in the respiratory, and in the gastrointestinal tracts [54].
The adenoviruses are non-enveloped viruses carrying a genomic material composed by
≈35 Kb dsDNA that codes for approximately forty proteins [79]. The dsDNA of the
virus is highly condensed by the viral proteins V, VII, and X that help to organize the
virion structure [54]. The capsid is mainly composed by 720 subunits of the hexon protein
organized in 240 trimers, but other proteins are also required to form the correct capsid
configuration [80]. The structure of the capsid is an icosahedron composed by 20 facets,
each composed by 12 hexon trimers and a penton at each vertex [80]. Additionally, five
penton base (PB) monomers are located on each of the icosahedral vertices. Finally, the tip
of the penton is crowned by the fiber protein assembled in a trimeric fashion [80]. This
fiber protein is the main protein responsible for engaging the cellular receptors that grant
the access to the cellular cytoplasm. Adenoviruses use several different receptors and
low-affinity interactions to penetrate the host cells. Adenoviruses that cause respiratory,
ocular, or gastrointestinal pathologies use the coxsackievirus AdV receptors (CAR). On
the other hand, adenoviruses that infect renal and respiratory tissues use desmoglein-
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2 receptor (DSG2) [81]. Once the virus interacts with its receptor, it is internalized by
endocytosis mediated by the clathrin [82]. During this process, the fiber proteins at the
tip of the capsid penton dissociate, and this process continues further in the endosomal
internalization and during the escape [81]. Adenoviruses escape from the endosomes using
the amphipathic helix of protein VI to disrupt the membrane of the endosome, which is
likely helped also by a drop of the pH [81,82]. Then, the partially assembled capsid of the
virions engage the dynein and microtubules through the interaction with hexon or proteins
VI [83,84]. These interactions promote the docking of the virus at the NPC. Then, the viral
hexon protein binds the Nup214. This interaction is determinant for the completion of the
capsid uncoating and for the release of the viral genome into the host nucleus (Figure 1C).
The intact adenovirus capsid with a diameter size ≈ 86 nm [85] is too large to efficiently
fit into the nuclear pore channel (≈39 nm) [16]. Furthermore, the uncoating process of
adenoviruses begins as soon as the virus penetrates the cell [81,82]. As mentioned before,
the adenovirus hexon protein is able to interact with Nup214 [86]. It has been shown that
antibodies against the N terminus of Nup214 prevent the docking of adenovirus capsid at
the NPC [86]. In fact, the region of Nup214 responsible for the binding to the adenovirus
hexon protein has been mapped in a sequence of 137 amino acid in the N-terminal domain.
Cassany et al. [87] showed that the presence of Nup214 is required for efficient nuclear
entry and capsid disassembly. On the other hand, the importins α and β are not required
by the virus to deliver its DNA to the nucleus. However, another component of NPC,
the Nup358, is also required for the capsid disassembly [88]. The proposed mechanism
involves the binding of the adenovirus capsid to Nup214 and to the light chain of kinesin-1.
Kinesin-1 is also attached to the NPC via Nup358 but through its heavy chain [88]. It has
been hypothesized that the binding of the capsid to the aforementioned Nups enhances
the nuclear import of adenoviruses. Finally, the depletion of kinesin-1 and Nup358 impairs
the viral infection [88], which is facilitated by the core protein VII of adenoviruses that
remains associated to the viral DNA after the capsid disassembly [84]. It has also been
found that transportin-1 facilitates the nuclear access of the adenoviral protein VII [89], but
it is probably not the only factor involved in the nuclear import. In fact, several nuclear
factors have been linked to the nuclear import of the viral DNA such as hsp70, Histone H1,
importin β, importin 7, transportin 1, and Mib1 [86,89–91]. Taken together, these results
indicate that the adenovirus capsid is an essential structure for the infection. The capsid
covers multifaceted roles in different steps of the infection including the entry into the cells,
the journey toward the NPC, and the nuclear import. Similarly to other viruses, the timing
and regulation of the adenovirus uncoating is also crucial for a productive infection, since
the presence of hexon proteins is required for NPC interaction. Furthermore, the partially
assembled capsid of adenovirus is probably also important to avoid the detection of viral
dsDNA by antiviral sensors such as cGAS. Overall, the capsid and its structure remodeled
during the cytoplasmic journey are critical for the adenoviral infection.

5. HIV

The human immunodeficiency virus (HIV) is an RNA virus that belongs to the retro-
viridae family. This family of viruses has the particularity of reverse transcribing the
RNA genome into DNA, which is the only viral form capable of integration into the host
DNA [92,93]. The HIV genome is ≈9.7 kb in length and codes for nine different ORFs,
which are translated in fifteen different proteins [94]. The viral genome is protected by the
core (120 nm in height, 40 nm and 60 nm in length) that occupies the larger part of HIV
virions, which is composed by repeated units of the CA protein (≈1500) [95–97]. In order
to form the characteristic HIV conical core, the CA monomers are assembled mostly in hex-
amers (around 250) and some pentamers (approximately 12). The presence of pentamers is
required to provide enough structural flexibility to complete the conical structure of the
core [98]. To penetrate the cells, the HIV engages low-affinity interactions with the cell
surface in the search for the CD4 receptor using the Envelope glycoprotein (Env), which
is arranged on the surface of the virus as a heterotrimer. Each monomer is formed by
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the receptor-binding surface unit (gp120) and the fusogenic gp41 transmembrane unit.
The gp120 engages the CD4 receptor, triggering a conformational change that exposes
a new region of the protein to be able to interact with the co-receptor CCR5 or CXCR4.
Next, the gp41 catalyzes the fusion of target and viral membranes. After viral-cell fusion,
the viral core is released in the cytoplasm and engages the microtubules to travel toward
the NPC [99,100]. In particular, HIV recruits BICD2 (dynein adapter) and Fez1 (kinesin
adapter) to progress toward the NPC helped by the dynein–dynactin complexes [101].
During its journey toward the NPC, the retrotranscription of the viral RNA to DNA starts
inside intact cores [102,103]. In order to reach the host chromatin for integration and
replication, HIV-1 must overcome the NPC barrier. However, the HIV core is too large to
cross the NPC completely assembled. According to several lines of evidence, the maximum
size of cargo that can cross the NPC is 39 nm [16], whereas the size of the assembled HIV
core is larger [95–97]. Therefore, the core must disassemble at least partially or remodel to
access the nucleus. For many years, the viral core uncoating (complete loss of viral CA)
mechanism was considered to occur immediately after viral entry into the cell. This was
the predominantly accepted mechanism. In recent years, the concept of the core uncoating
has evolved. However, how the virus dismantles the core and the signals that trigger
this event are still open questions that are currently investigated by several laboratories
around the world. Different cellular compartments hosting the viral uncoating have been
proposed: the cytoplasm, the NPC, or the nucleus. Divergences between cells could ex-
plain a different privileged path of uncoating than another [71,98,104]. Recent studies
suggested that intact or nearly assembled capsids can penetrate the NPC [102,105,106].
This hypothesis is supported by the evidence that the nuclear entry of the viral capsid is
orchestrated by its binding with several Nups [107–110]. Among them, the main Nups are
RanBP2/Nup358 (a cytoplasmic filament protein of NPC) [111] and Nup153 (a nuclear
basket component of NPC) [108–110]. Another novel notion in the field consists in the
nuclear uncoating [78,112] and formation of a mature pre-integration complex (PIC) into
the nucleus [113,114]. Once the virus reaches the nuclear environment, it interacts with host
factors that determine the viral fate, such as the cleavage and polyadenylation specificity
factor subunit 6 (CPSF6) and the lens epithelium-derived growth factor (LEDGF) [115,116].
Overall, the HIV-1 capsid plays multifaceted roles during infection. However, because of
its inherent fragility [117], previous biochemical studies could not fully reveal the key role
of the capsid in viral infection [118]. One of the first roles of this polymorphic structure is to
provide a shield against the antiviral cellular sensors [119–121] and restriction factors, such
as Trim5α and MX2 [122,123]. The viral core acts also as a protective environment for the
reverse transcription (RT), which is the process that converts the viral RNA into DNA. The
RT is a process linked to the core stability. Indeed, when the reverse transcription is blocked
by inhibitors or by particular mutations in the reverse transcriptase enzyme, the uncoating
is delayed [104,124]. Interestingly, hyperstable core mutants are defective for the RT [125].
Only recently has it been possible to directly observe that the nuclear import can precede
the completion of reverse transcription and uncoating. Both processes were previously
considered exclusive cytoplasmic steps. In particular, the susceptibility of the capsid to
PF74 following nuclear import reveals that the assembled or partial capsid mediate post
intranuclear entry steps [126–129]. Nevertheless, at least a partially assembled core is
necessary to engage the cellular partners required for the viral nuclear import; indeed,
Nup153 and CPSF6 bind to CA hexamers and not to CA monomers [130,131]. Of note,
the majority of the interactions of the cellular factors with the viral capsid occur through
a hydrophobic pocket formed between CA hexamers. This implies that at least some
portions of the capsid must remain assembled to permit this interaction. Nup153, the most
dynamic Nup, located in the nuclear side of the NPC, assists the nuclear translocation of
HIV through its interaction with the viral capsid at least partially assembled (Figure 2).
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Figure 2. The inhibition of HIV-1 retrotranscription by nevirapine does not block nuclear import of HIV. (A) The use
of nevirapine (10 µM) efficiently inhibits the reverse transcription and therefore the replication of HIV-1. This blockage
does not impede the import of HIV-1 integrase to the nucleus at 6 h post-infection, as the fluorescence microscopy image
shows (antibody against the IN-HA tagged has been employed with a secondary antibody conjugated with Alexa 647).
(B) Transmission electron microscopy (TEM) coupled to immuno-gold labeling (antibodies anti CA and anti IN-HA,
respectively recognized by secondary antibodies conjugated with gold particles of 10 nm and 5 nm) reveals the presence of
HIV-1 integrase and capsid complexes in the nucleus of infected cells in the presence or in absence of nevirapine. Black
arrows represent capsid, whereas integrase is pointed out by the white arrows. p-values with <0.0001 are represented by ****
than Images adapted from https://www.pasteur.fr/fr/journal-recherche/actualites/technologie-hiv-1-anchor-devoile-vih-
1-cellules-vivantes-lors-etape-entree-nucleaire, accessed on 2 June 2021and results corroborating the Blanco-Rodriguez et al.
study [106].

The relevance of Nup153 in HIV nuclear import has been demonstrated by Nup153
depletion experiments. The knockdown of Nup153 severely affects the HIV nuclear im-
port [108,109,132]. Other factors such as TNPO3 (part of nuclear import machinery of
the cells) and CPSF6 have been implicated in the nuclear import of the virus to the nu-
cleus [133–135]. CPSF6 competitively binds the same hydrophobic pocket of the capsid
of Nup153, displacing the latter and releasing the viral capsid in the nucleoplasm [136].
This displacing of viral capsid partners could be also induced by the remodeling of the
viral capsid during the nuclear translocation [106]. CPSF6 is able to interact only with
the hydrophobic pockets formed between hexamers [130,131]. Therefore, at least partially
assembled core fragments must be present to engage CPSF6 [106]. Of note, recent discov-
eries shine new light on the post nuclear entry steps and on the role of CPSF6 in viral
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replication. CPSF6 contains intrinsically disordered mixed-charge domains that can trig-
ger liquid–liquid phase separation (LLPS) [137]. We recently observed this phenomenon
induced by HIV infection [113,114] (Figure 3).
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Figure 3. The HIV-1 core carrying the viral genome docks at the NPC followed by nuclear translocation (1). The nuclear
RT takes place in HIV-1 MLOs formed by nuclear speckles factors and CPSF6 (2). These are maturation sites of the pre-
integration complex (PIC), which once formed is released from them to join euchromatin regions containing LEDGF clusters
(3). These are proviral sites where the viral genome is transcribed in genomic and subgenomic viral RNAs (4). Created with
BioRender.com, accessed on 7 June 2021.

LLPS gives rise to membraneless organelles (MLOs) that we found in the nucleus of
infected cells triggered by viral infection; in particular, these MLOs are formed by CPSF6,
viral RNA genome, viral integrase, viral CA, and nuclear speckle factors, while the host
chromatin is excluded from them [113,114]. It is interesting to note that the discovery
of HIV-MLOs as sites of nuclear RT and of PIC maturation [113,114] obliges the entire
scientific community to revise archived notions on the early steps of HIV-1 infection. These
discoveries open up countless new questions. We could ask whether this phenomenon is
related only to the biology of HIV-1 or if it can also be extended to other retrovirus family.
There is currently a highly active debate about the state of the HIV capsid during nuclear
import. Recently, we observed cores apparently intact docked at the NPC [106], which was
confirmed with a better imaging resolution by Zila et al. [78]. CA gold labeling showed a
different distribution in the viral complex between the cytoplasm and the nucleus, suggest-
ing different morphologies [106]. Notably, when HIV-1 reverse transcription is inhibited by
the nevirapine (NEV) treatment, capsid and integrase complexes could be observed inside
the nucleus (Figure 2). Thus, multiple CA proteins are the shuttle for the viral RNA genome
(NEV) or partial/complete retrotranscribed DNA in the host nucleus (absence of NEV).
However, these complexes appear to have a different gold distribution from that usually
observed in the nucleus of untreated cells [98], which is probably because viruses unable to
perform RT remain accumulated in particular nuclear niches [138]. Importantly, these viral
complexes are functional because their RT can be restored after drug release and continue
viral infection [138]. In particular, we observed that the CA gold labeling distribution
changes between the cytoplasm and the nucleus, suggesting a remodeling of the viral core
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to translocate through the NPC [106]. On the other hand, Zila et al. reported that intact
cores can penetrate the NPC and disassemble in the nucleus [78]. As we have discussed, the
HIV capsid is an extremely important component of the virus that participates in several
steps of the viral life cycle, similarly to the other viruses that we discussed above. In this
review, we have also shed light on the importance of the remodeling and structure of viral
capsids for the viral infection. It is possible that the HIV capsid is the key component
that allows the virus to proceed with an acute or latent infection. HIV-1, likely through
the capsid, offers one of the best examples of evolutionary host adaptation that opens a
window for better treatments. In particular, it has been observed that mutations in the
viral CA do not confer advantages for the viral fitness [139]. This is not good news for
the virus, and this viral weakness selects the viral capsid as an exceptional target for a
new class of drugs. A recent compound, called Lenacapavir, interferes with the binding of
Nup153 and CPSF6 to in vitro assembled cores, stabilizing them [140]. Thus, Lenacapavir
is a first-in-class HIV-1 capsid inhibitor with potent antiviral activity against both wild-type
virus and resistant mutants to current antiretroviral agents. Lenacapavir is a compound
produced by Gilead, and it is already under clinical trial evaluation [141]. However, the
race to end the global HIV epidemic is still ongoing. The intriguing discovery of the HIV-
induced phase separation involving viral and host components, giving rise to so-called
HIV-1 MLOs, could represent a new target step for a new class of drugs to prevent the
spread of the virus but also to annihilate the sites where the virus hides.

6. Conclusions and Perspectives

Viruses evolved multiple mechanisms to overcome the physical barriers that cell
compartments impose for its own protection. This is especially critical for viruses that
require access to the nucleus to complete their life cycle. In non-dividing eukaryotic
cells, the only door to this compartment is the NPC, which is hijacked by various viral
strategies in order to gain access to the nucleus. Some of them such as HBV rely on the
manipulation of importins and some nucleoporins such as Nup153 to reach the nuclear
compartment. Others viruses such as HSV employ the interaction with nucleoporins of
the cytoplasmic side of the NPC, such as Nup214 and Nup358. This interaction helps HSV
to inject its genome in the nuclear compartment. On the other hand, the adenoviruses
use a combination of binding to the cytoplasmic Nups and to the components of the
microtubules to disrupt the capsid and release the genome in the nucleus. Of particular
interest is the case of HIV-1 due to the crucial importance of its capsid for nuclear import
and the subsequent nuclear steps required for its integration. The HIV-1 virus also hijacks
the NPC components located on both sides of the NE (notably Nup358 and Nup153) to
efficiently enter the host nuclear compartment. The importance of the capsid in the nuclear
import is further highlighted by the observation that even when the retrotranscription
is inhibited by nevirapine, the nuclear import still takes place (Figure 2). Once inside
the nucleus, the HIV-1 capsid possibly intervenes in the maturation of pre-integration
complexes in MLOs (Figure 3).

The nuclear import of viruses is still an unexplored universe with few exceptions that
account for a great amount of information such as HIV-1. In many other cases such as
adenoviruses, herpesvirus, or HBV, some pioneer studies illustrate novel and interesting
aspects of this processes. However, there is much more to discover to generate the complete
picture of how different viruses achieve the nuclear access. In the last few years, the
continuous optimization of electron microscopy techniques have provided a wealth of
information about previously unknown structures and mechanisms employed by viruses.
It is likely that in the future, more researchers would have access to these new technologies
that combined with more traditional techniques are essential tools to reach new goals in
virology. The nuclear import step is essential for establishing a productive infection and
viral persistence, so new knowledge on these fundamental aspects of virology will warrant
new advances in the field.
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8. Beck, M.; Lučić, V.; Förster, F.; Baumeister, W.; Medalia, O. Snapshots of nuclear pore complexes in action captured by cryo-electron

tomography. Nat. Cell Biol. 2007, 449, 611–615. [CrossRef]
9. Huang, G.; Zhang, Y.; Zhu, X.; Zeng, C.; Wang, Q.; Zhou, Q.; Tao, Q.; Liu, M.; Lei, J.; Yan, C.; et al. Structure of the cytoplasmic

ring of the Xenopus laevis nuclear pore complex by cryo-electron microscopy single particle analysis. Cell Res. 2020, 30, 520–531.
[CrossRef]

10. Lin, D.H.; Hoelz, A. The structure of the nuclear pore complex (an update). Annu. Rev. Biochem. 2019, 88, 725–783. [CrossRef]
11. Mosalaganti, S.; Kosinski, J.; Albert, S.; Schaffer, M.; Strenkert, D.; Salomé, P.A.; Merchant, S.S.; Plitzko, J.M.; Baumeister, W.;

Engel, B.D.; et al. In situ architecture of the algal nuclear pore complex. Nat. Commun. 2018, 9, 1–8. [CrossRef]
12. Maimon, T.; Medalia, O. Perspective on the metazoan nuclear pore complex. Nucleus 2010, 1, 383–386. [CrossRef]
13. Walther, T.C.; Alves, A.; Pickersgill, H.; Loïodice, I.; Hetzer, M.; Galy, V.; Hülsmann, B.B.; Koecher, T.; Wilm, M.; Allen, T.; et al.

The conserved nup107-160 complex is critical for nuclear pore complex assembly. Cell 2003, 113, 195–206. [CrossRef]
14. Kosinski, J.; Mosalaganti, S.; Von Appen, A.; Teimer, R.; DiGuilio, A.L.; Wan, W.; Bui, K.H.; Hagen, W.J.H.; Briggs, J.A.G.; Glavy,

J.S.; et al. Molecular architecture of the inner ring scaffold of the human nuclear pore complex. Science 2016, 352, 363–365.
[CrossRef]

15. Lin, D.H.; Stuwe, T.; Schilbach, S.; Rundlet, E.J.; Perriches, T.; Mobbs, G.; Fan, Y.; Thierbach, K.; Huber, F.M.; Collins, L.N.; et al.
Architecture of the symmetric core of the nuclear pore. Science 2016, 352, aaf1015. [CrossRef]

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

17. Timney, B.L.; Raveh, B.; Mironska, R.; Trivedi, J.M.; Kim, S.J.; Russel, D.; Wente, S.R.; Sali, A.; Rout, M.P. Simple rules for passive
diffusion through the nuclear pore complex. J. Cell Biol. 2016, 215, 57–76. [CrossRef]

18. Hülsmann, B.B.; Labokha, A.A.; Görlich, D. The permeability of reconstituted nuclear pores provides direct evidence for the
selective phase model. Cell 2012, 150, 738–751. [CrossRef] [PubMed]

19. Popken, P.; Ghavami, A.; Onck, P.R.; Poolman, B.; Veenhoff, L.M. Size-dependent leak of soluble and membrane proteins through
the yeast nuclear pore complex. Mol. Biol. Cell 2015, 26, 1386–1394. [CrossRef]

20. Shulga, N.; Mosammaparast, N.; Wozniak, R.; Goldfarb, D.S. Yeast nucleoporins involved in passive nuclear envelope permeabil-
ity. J. Cell Biol. 2000, 149, 1027–1038. [CrossRef] [PubMed]

21. Chook, Y.M.; Süel, K.E. Nuclear import by karyopherin-βs: Recognition and inhibition. Biochim. Biophys. Acta (BBA) Bioenergy
2011, 1813, 1593–1606. [CrossRef] [PubMed]

22. Soniat, M.; Chook, Y.M. Nuclear localization signals for four distinct karyopherin-β nuclear import systems. Biochem. J. 2015, 468,
353–362. [CrossRef] [PubMed]

23. Pemberton, L.F.; Paschal, B.M. Mechanisms of receptor-mediated nuclear import and nuclear export. Traffic 2005, 6, 187–198.
[CrossRef]

24. Stewart, M. Molecular mechanism of the nuclear protein import cycle. Nat. Rev. Mol. Cell Biol. 2007, 8, 195–208. [CrossRef]
[PubMed]

http://doi.org/10.1083/jcb.200206106
http://www.ncbi.nlm.nih.gov/pubmed/12196509
http://doi.org/10.1083/jcb.32.2.391
http://www.ncbi.nlm.nih.gov/pubmed/10976230
http://doi.org/10.1242/jcs.098822
http://www.ncbi.nlm.nih.gov/pubmed/22389396
http://doi.org/10.1146/annurev.biochem.73.011303.074112
http://www.ncbi.nlm.nih.gov/pubmed/15952904
http://doi.org/10.1016/bs.mie.2016.04.014
http://doi.org/10.1126/science.1104808
http://doi.org/10.1016/j.str.2012.03.025
http://doi.org/10.1038/nature06170
http://doi.org/10.1038/s41422-020-0319-4
http://doi.org/10.1146/annurev-biochem-062917-011901
http://doi.org/10.1038/s41467-018-04739-y
http://doi.org/10.4161/nucl.1.5.12332
http://doi.org/10.1016/S0092-8674(03)00235-6
http://doi.org/10.1126/science.aaf0643
http://doi.org/10.1126/science.aaf1015
http://doi.org/10.1091/mbc.01-06-0308
http://www.ncbi.nlm.nih.gov/pubmed/11854401
http://doi.org/10.1083/jcb.201601004
http://doi.org/10.1016/j.cell.2012.07.019
http://www.ncbi.nlm.nih.gov/pubmed/22901806
http://doi.org/10.1091/mbc.E14-07-1175
http://doi.org/10.1083/jcb.149.5.1027
http://www.ncbi.nlm.nih.gov/pubmed/10831607
http://doi.org/10.1016/j.bbamcr.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/21029754
http://doi.org/10.1042/BJ20150368
http://www.ncbi.nlm.nih.gov/pubmed/26173234
http://doi.org/10.1111/j.1600-0854.2005.00270.x
http://doi.org/10.1038/nrm2114
http://www.ncbi.nlm.nih.gov/pubmed/17287812


Viruses 2021, 13, 1178 12 of 16

25. Cautain, B.; Hill, R.; Pedro, N.; De Link, W. Components and regulation of nuclear transport processes. FEBS J. 2014, 282, 445–462.
[CrossRef]

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

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

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

29. Frey, S.; Görlich, D. A Saturated FG-repeat hydrogel can reproduce the permeability properties of nuclear pore complexes. Cell
2007, 130, 512–523. [CrossRef]

30. Schleicher, K.D.; Dettmer, S.L.; Kapinos, L.E.; Pagliara, S.; Keyser, U.F.; Jeney, S.; Lim, R.Y.H. Selective transport control on
molecular velcro made from intrinsically disordered proteins. Nat. Nanotechnol. 2014, 9, 525–530. [CrossRef]

31. Lim, R.Y.H.; Fahrenkrog, B.; Köser, J.; Schwarz-Herion, K.; Deng, J.; Aebi, U. Nanomechanical basis of selective gating by the
nuclear pore complex. Science 2007, 318, 640–643. [CrossRef] [PubMed]

32. Miao, L.; Schulten, K. Transport-related structures and processes of the nuclear pore complex studied through molecular dynamics.
Structure 2009, 17, 449–459. [CrossRef] [PubMed]

33. Gamini, R.; Han, W.; Stone, J.E.; Schulten, K. Assembly of Nsp1 nucleoporins provides insight into nuclear pore complex gating.
PLoS Comput. Biol. 2014, 10, e1003488. [CrossRef] [PubMed]

34. Osmanovic, D.; Bailey, J.; Harker, A.H.; Fassati, A.; Hoogenboom, B.W.; Ford, I.J. Bistable collective behavior of polymers tethered
in a nanopore. Phys. Rev. E 2012, 85, 061917. [CrossRef]

35. Celetti, G.; Paci, G.; Caria, J.; VanDelinder, V.; Bachand, G.; Lemke, E.A. The liquid state of FG-nucleoporins mimics permeability
barrier properties of nuclear pore complexes. J. Cell Biol. 2019, 219, 219. [CrossRef] [PubMed]

36. Forler, D.; Rabut, G.; Ciccarelli, F.D.; Herold, A.; Köcher, T.; Niggeweg, R.; Bork, P.; Ellenberg, J.; Izaurralde, E. RanBP2/Nup358
provides a major binding site for nxf1-p15 dimers at the nuclear pore complex and functions in nuclear mRNA export. Mol. Cell.
Biol. 2004, 24, 1155–1167. [CrossRef]

37. Matunis, M.J.; Wu, J.; Blobel, G. SUMO-1 Modification and its role in targeting the ran gtpase-activating protein, RanGAP1, to the
nuclear pore complex. J. Cell Biol. 1998, 140, 499–509. [CrossRef]

38. Seitz, S.; Urban, S.; Antoni, C.; Böttcher, B. Cryo-electron microscopy of hepatitis B virions reveals variability in envelope capsid
interactions. EMBO J. 2007, 26, 4160–4167. [CrossRef]

39. Sureau, C.; Salisse, J. A conformational heparan sulfate binding site essential to infectivity overlaps with the conserved hepatitis
B virus A-determinant. Hepatology 2012, 57, 985–994. [CrossRef]

40. Macovei, A.; Radulescu, C.; Lazar, C.; Petrescu, S.; Durantel, D.; Dwek, R.A.; Zitzmann, N.; Nichita, N.B. Hepatitis B Virus
requires intact caveolin-1 function for productive infection in heparg cells. J. Virol. 2010, 84, 243–253. [CrossRef]

41. Huang, H.-C.; Chen, C.-C.; Chang, W.-C.; Tao, M.-H.; Huang, C. Entry of Hepatitis B virus into immortalized human primary
hepatocytes by clathrin-dependent endocytosis. J. Virol. 2012, 86, 9443–9453. [CrossRef] [PubMed]

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

43. Yeh, C.T.; Liaw, Y.F.; Ou, J.H. The arginine-rich domain of hepatitis B virus precore and core proteins contains a signal for nuclear
transport. J. Virol. 1990, 64, 6141–6147. [CrossRef]

44. Eckhardt, S.G.; Milich, D.R.; McLachlan, A. Hepatitis B virus core antigen has two nuclear localization sequences in the
arginine-rich carboxyl terminus. J. Virol. 1991, 65, 575–582. [CrossRef]

45. Li, H.-C.; Huang, E.-Y.; Su, P.-Y.; 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]

46. 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]

47. Schmitz, A.; Schwarz, A.; Foss, M.; Zhou, L.; Rabe, B.; Hoellenriegel, J.; 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, e1000741. [CrossRef]

48. Rabe, B.; Vlachou, A.; Pante, N.; Helenius, A.; Kann, M. Nuclear import of hepatitis B virus capsids and release of the viral
genome. Proc. Natl. Acad. Sci. USA 2003, 100, 9849–9854. [CrossRef]

49. Schreiner, S.; Nassal, M. A Role for the host DNA damage response in hepatitis B virus cccDNA formation—And beyond? Viruses
2017, 9, 125. [CrossRef]

50. Newbold, J.E.; Xin, H.; Tencza, M.; Sherman, G.; Dean, J.; Bowden, S.; Locarnini, S. The covalently closed duplex form of the
hepadnavirus genome exists in situ as a heterogeneous population of viral minichromosomes. J. Virol. 1995, 69, 3350–3357.
[CrossRef]

51. Yuen, M.-F.; Chen, D.-S.; Dusheiko, G.M.; Janssen, H.L.A.; Lau, D.T.Y.; Locarnini, S.A.; Peters, M.G.; Lai, C.-L. Hepatitis B virus
infection. Nat. Rev. Dis. Prim. 2018, 4, 18035. [CrossRef] [PubMed]

52. Looker, K.J.; Magaret, A.S.; May, M.T.; Turner, K.M.E.; Vickerman, P.; Gottlieb, S.L.; Newman, L.M. Global and regional estimates
of prevalent and incident herpes simplex virus type 1 infections in 2012. PLoS ONE 2015, 10, e0140765. [CrossRef]

http://doi.org/10.1111/febs.13163
http://doi.org/10.1074/mcp.M000035-MCP201
http://doi.org/10.1016/j.tcb.2003.10.007
http://doi.org/10.1111/j.1600-0854.2005.00287.x
http://doi.org/10.1016/j.cell.2007.06.024
http://doi.org/10.1038/nnano.2014.103
http://doi.org/10.1126/science.1145980
http://www.ncbi.nlm.nih.gov/pubmed/17916694
http://doi.org/10.1016/j.str.2008.12.021
http://www.ncbi.nlm.nih.gov/pubmed/19278659
http://doi.org/10.1371/journal.pcbi.1003488
http://www.ncbi.nlm.nih.gov/pubmed/24626154
http://doi.org/10.1103/PhysRevE.85.061917
http://doi.org/10.1083/jcb.201907157
http://www.ncbi.nlm.nih.gov/pubmed/31723007
http://doi.org/10.1128/MCB.24.3.1155-1167.2004
http://doi.org/10.1083/jcb.140.3.499
http://doi.org/10.1038/sj.emboj.7601841
http://doi.org/10.1002/hep.26125
http://doi.org/10.1128/JVI.01207-09
http://doi.org/10.1128/JVI.00873-12
http://www.ncbi.nlm.nih.gov/pubmed/22740403
http://doi.org/10.1128/JVI.02303-05
http://www.ncbi.nlm.nih.gov/pubmed/16699026
http://doi.org/10.1128/jvi.64.12.6141-6147.1990
http://doi.org/10.1128/jvi.65.2.575-582.1991
http://doi.org/10.1371/journal.ppat.1001162
http://doi.org/10.1083/jcb.145.1.45
http://www.ncbi.nlm.nih.gov/pubmed/10189367
http://doi.org/10.1371/journal.ppat.1000741
http://doi.org/10.1073/pnas.1730940100
http://doi.org/10.3390/v9050125
http://doi.org/10.1128/jvi.69.6.3350-3357.1995
http://doi.org/10.1038/nrdp.2018.35
http://www.ncbi.nlm.nih.gov/pubmed/29877316
http://doi.org/10.1371/journal.pone.0140765


Viruses 2021, 13, 1178 13 of 16

53. DiVito, S.; Cherpes, T.L.; Hendricks, R.L. A triple entente: Virus, neurons, and cd8+ t cells maintain HSV-1 latency. Immunol. Res.
2006, 36, 119–126. [CrossRef]

54. Liu, L. Fields Virology, 6th Edition. Clin. Infect. Dis. 2014, 59, 613. [CrossRef]
55. Loret, S.; Guay, G.; Lippé, R. Comprehensive characterization of extracellular herpes simplex virus type 1 virions. J. Virol. 2008,

82, 8605–8618. [CrossRef] [PubMed]
56. Sciortino, M.-T.; Suzuki, M.; Taddeo, B.; Roizman, B. RNAs Extracted from herpes simplex virus 1 virions: Apparent selectivity of

viral but not cellular rnas packaged in virions. J. Virol. 2001, 75, 8105–8116. [CrossRef]
57. Bohannon, K.P.; Jun, Y.; Gross, S.P.; Smith, G.A. Differential protein partitioning within the herpesvirus tegument and envelope

underlies a complex and variable virion architecture. Proc. Natl. Acad. Sci. USA 2013, 110, E1613–E1620. [CrossRef] [PubMed]
58. Grünewald, K.; Desai, P.; Winkler, D.C.; Heymann, B.; Belnap, D.M.; Baumeister, W.; Steven, A.C. Three-dimensional structure of

herpes simplex virus from cryo-electron tomography. Science 2003, 302, 1396–1398. [CrossRef]
59. Eisenberg, R.J.; Atanasiu, D.; Cairns, T.M.; Gallagher, J.R.; Krummenacher, C.; Cohen, G.H. Herpes virus fusion and entry: A

story with many characters. Viruses 2012, 4, 800–832. [CrossRef] [PubMed]
60. Fontana, J.; Atanasiu, D.; Saw, W.T.; Gallagher, J.R.; Cox, R.G.; Whitbeck, J.C.; Brown, L.M.; Eisenberg, R.J.; Cohen, G.H. The

fusion loops of the initial prefusion conformation of herpes simplex virus 1 fusion protein point toward the membrane. mBio
2017, 8, e01268-17. [CrossRef] [PubMed]

61. Sathiyamoorthy, K.; Chen, J.; Longnecker, R.; Jardetzky, T.S. The COMPLEXity in herpesvirus entry. Curr. Opin. Virol. 2017, 24,
97–104. [CrossRef]

62. Weed, D.; Nicola, A.V. Herpes simplex virus membrane fusion. Adv. Anat. Embryol. Cell Biol. 2017, 223, 29–47. [CrossRef]
63. Sodeik, B.; Ebersold, M.W.; Helenius, A. Microtubule-mediated transport of incoming herpes simplex virus 1 capsids to the

nucleus. J. Cell Biol. 1997, 136, 1007–1021. [CrossRef] [PubMed]
64. Radtke, K.; Kieneke, D.; Wolfstein, A.; Michael, K.; Steffen, W.; Scholz, T.; Karger, A.; Sodeik, B. Plus-and minus-end directed

microtubule motors bind simultaneously to herpes simplex virus capsids using different inner tegument structures. PLoS Pathog.
2010, 6, e1000991. [CrossRef] [PubMed]

65. Döhner, K.; Wolfstein, A.; Prank, U.; Echeverri, C.; Dujardin, D.; Vallee, R.; Sodeik, B. Function of dynein and dynactin in herpes
simplex virus capsid transport. Mol. Biol. Cell 2002, 13, 2795–2809. [CrossRef] [PubMed]

66. Brandariz-Nuñez, A.; Liu, T.; Du, T.; Evilevitch, A. Pressure-driven release of viral genome into a host nucleus is a mechanism
leading to herpes infection. eLife 2019, 8. [CrossRef] [PubMed]

67. Yuan, S.; Wang, J.; Zhu, D.; Wang, N.; Gao, Q.; Chen, W.; Tang, H.; Wang, J.; Zhang, X.; Liu, H.; et al. Cryo-EM structure of a
herpesvirus capsid at 3.1 Å. Science 2018, 360, eaao7283. [CrossRef]

68. Dai, X.; Zhou, Z.H. Structure of the herpes simplex virus 1 capsid with associated tegument protein complexes. Science 2018,
360, eaao7298. [CrossRef] [PubMed]

69. Huffman, J.B.; Daniel, G.R.; Falck-Pedersen, E.; Huet, A.; Smith, G.A.; Conway, J.F.; Homa, F.L. The C terminus of the herpes
simplex virus ul25 protein is required for release of viral genomes from capsids bound to nuclear pores. J. Virol. 2017, 91, e00641-17.
[CrossRef]

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

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

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

73. Abaitua, F.; Daikoku, T.; Crump, C.M.; Bolstad, M.; O’Hare, P. A Single mutation responsible for temperature-sensitive entry and
assembly defects in the VP1-2 protein of herpes simplex virus. J. Virol. 2010, 85, 2024–2036. [CrossRef] [PubMed]

74. Batterson, W.; Furlong, D.; Roizman, B. Molecular genetics of herpes simplex virus. VIII. further characterization of a temperature-
sensitive mutant defective in release of viral DNA and in other stages of the viral reproductive cycle. J. Virol. 1983, 45, 397–407.
[CrossRef]

75. Preston, V.G.; Murray, J.; Preston, C.M.; McDougall, I.M.; Stow, N.D. The UL25 gene product of herpes simplex virus type 1 is
involved in uncoating of the viral genome. J. Virol. 2008, 82, 6654–6666. [CrossRef]

76. Mettenleiter, T.C. Breaching the barrier—The nuclear envelope in virus infection. J. Mol. Biol. 2016, 428, 1949–1961. [CrossRef]
[PubMed]

77. McElwee, M.; Vijayakrishnan, S.; Rixon, F.; Bhella, D. Structure of the herpes simplex virus portal-vertex. PLoS Biol. 2018,
16, e2006191. [CrossRef] [PubMed]
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