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Introduction

Viruses, being the most rapidly evolving biological entities, are 
an amazing reflection of evolution and genetic diversity. Their 
genetic material is either DNA or RNA, either single stranded 
or double stranded. Viral genomes vary in size from thousands 
to million base pairs or nucleotides. To accomplish their entire 
life cycle, including cell entry, replication, assembly and egress, 
viruses usurp cellular factors and machinery. Thus viruses are 
attractive probes for investigating cellular processes.

During cell entry viruses need to overcome a number of bar-
riers. The first barrier is the cell membrane. Cell entry from the 
external environment is usually accomplished by endocytosis. 
Receptors on the cell surface determine the tropism of different 
viruses. For the many viruses that replicate in the cell nucleus, the 
nuclear envelope (NE) is another major barrier.

Many viruses never enter the nucleus. These include most 
RNA viruses (with the exception of retroviruses and orthomyxo-
viruses) that carry their own RNA polymerase and replicate and 
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viruses that replicate in the nucleus need to pass the nuclear 
envelope barrier during infection. research in recent years 
indicates that the nuclear envelope is a major hurdle for many 
viruses. This review describes strategies to overcome this 
obstacle developed by seven virus families: herpesviridae, 
adenoviridae, orthomyxoviridae, lentiviruses (which are 
part of retroviridae), Hepadnaviridae, parvoviridae and 
polyomaviridae. Most viruses use the canonical nuclear 
pore complex (NPC) in order to get their genome into the 
nucleus. viral capsids that are larger than the nuclear pore 
disassemble before or during passing through the NPC, thus 
allowing genome nuclear entry. Surprisingly, increasing 
evidence suggest that parvoviruses and polyomaviruses may 
bypass the nuclear pore by trafficking directly through the 
nuclear membrane. Additional studies are required for better 
understanding these processes. Since nuclear entry emerges 
as the limiting step in infection for many viruses, it may serve 
as an ideal target for antiviral drug development.

Virus strategies for passing the nuclear envelope 
barrier

Oren Kobiler,1 Nir Drayman,2 veronika Butin-israeli3 and Ariella Oppenheim2,*

1Department of Clinical Microbiology and immunology; Sackler School of Medicine; Tel Aviv University; Tel Aviv, israel; 2Department of Hematology; Hebrew University, 
Hadassah Medical School; Jerusalem, israel; 3Department of Cell and Molecular Biology; Feinberg School of Medicine; Northwestern University; evanston, iL

Keywords: viruses, nuclear entry, disassembly, virus entry, nuclear transport

assemble their genome in the cytoplasm. Some examples are the 
Reoviridae (rotavirus), Picornaviridae (poliovirus), Flaviviridae 
(dengue, west Nile virus, hepatitis C virus), Rhabdoviridae 
(Rabies virus) Filoviridae (Ebola virus, Marburg virus) and para-
myxoviridae (measles, mumps). Three families of large DNA 
viruses, Poxviridae, Asfarviridae and Mimiviridae, also conduct 
their complete life cycle in the cytoplasm.1 These giant viruses 
carry a complete replication and transcription machinery, and do 
not need the host nuclear enzymes for propagation.1

Other viruses avoid crossing the NE by limiting their infec-
tion to dividing cells. Retroviruses, after undergoing reverse 
transcription and formation of the pre-integration complex in 
the cytoplasm, await NE disassembly during mitosis in order 
to reach the host chromosomes and integrate into the cellular 
genome. It was recently suggested that infecting papillomaviruses 
also await cell division to achieve nuclear entry of their DNA 
genomes.2 This simple strategy for circumventing the NE barrier 
harbors the obvious disadvantage of the need to wait for cell divi-
sion. Thus, these viruses bypass the necessity to cross the nuclear 
membrane barrier by compromising their ability to infect non-
diving cells.

This review will focus on the different mechanisms developed 
by viruses to enter the non-dividing nucleus. Most of these are 
too large to pass through the nuclear pore, the canonical gate to 
the cell nucleus. Throughout evolution viruses evolved various 
strategies to overcome the NE barrier. The various mechanisms 
are summarized in Figure 1.

Structure of the Nuclear Envelope

The NE is a continuous barrier between the cytoplasm and the 
nucleoplasm, interrupted only by the nuclear pores. The outer 
nuclear membrane (ONM) is a continuum with the ER mem-
brane. The inner nuclear membrane (INM) is associated with 
the lamina at the nucleoplasmic surface. The lamina is composed 
of four lamin proteins that are subdivided into A- and B-types, 
both of which belong to the type V intermediate filament family. 
The lamin genes are highly conserved in metazoans through-
out evolution, but are not found in plants or unicellular organ-
isms.3 Lamin A and lamin C are alternative splice variants of 
the LMNA gene,4 while lamin B1 and lamin B2 are encoded by 
two different genes, LMNB1 and LMNB2.3 The lamin proteins 
exhibit extensive amino acid sequence similarity and have analo-
gous general structure, with N-terminal globular “head,” central 
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Figure 1. Schematic illustrations of the different strategies used by viral genomes for nuclear entry. The following color scheme is used through the 
figure: viral DNA, black; host DNA, green; viral rNA, red; NPC, blue; Lamins, gray; viral capsid and capsid proteins, orange and other viral proteins are 
in different shades of purple. (A) The herpesvirus capsid arrives at the NPC with the internal tegument proteins attached. Following conformational 
change and opening the portal ring at the capsid vertex the DNA is ejected into the nucleus. (B) After release from the endosome the adenovirus 
capsid docks to the NPC, where molecular motors disrupt both the capsid and the NPC structure allowing the viral DNA to enter the nucleus. (C) 
Orthomyxovirus rNPs are released from the endosome into the cytoplasm after fusion of the viral envelope (enriched with viral glycoproteins) with 
the endosome membrane (shown as a blue line). The rNPs freely diffuse toward the NPC, where they are actively transported as karyopherin cargo 
into the nucleus. (D) Following uncoating in the cytoplasm, the lentivirus rNA genome is reverse-transcribed into a double stranded DNA. The PiC, 
containing the viral DNA and several viral proteins including CA, promotes nuclear entry by interaction with NPC proteins. After passing through the 
NPC the viral DNA integrates into the host chromosome. (E) Hepadnavirus capsids enter the NPC but are too big to pass intact through the basket and 
into the nucleus. Mature, DNA-containing capsids, disassemble in the basket, releasing the circular viral genome into the nucleoplasm. (F) Parvovirus 
particles enter the nucleus intact. The N-terminal domain of the minor capsid parvoviruses is extruded in the endosome, exposing phospholipase 
A activity that facilitates its release to the cytoplasm. extrusion of the N-terminus also exposes four NLS domains that appear to function in nuclear 
entry through the NPC. An alternative model suggests direct nuclear entry from the cytoplasm through local disruptions in the Ne. (G) Polyomaviruses 
disassemble in the er. The exposed genomes exit the er via viroporins created by the internal capsid proteins by either of two proposed mechanism. 
One is directly from the er lumen through the inner nuclear membrane, and the other is via the cytoplasm and the NPC.
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central meshwork in either direction. The small GTPase Ran in 
its GTP-bound form (RanGTP) is enriched in the nucleus, where 
it interacts with and dissociates the complex of cargo-importin 
receptors.

Virus Strategies to Overcome the NE Barrier

Herpesviruses. Herpesviridae is a large family of enveloped large 
DNA viruses that infect many species of mammals and birds. 
There are 8 known human herpesviruses distributed among the 
three subfamilies of the herpesviridae: α, β and γ. All members 
of this family share a set of 44 genes, termed the core genes, and 
a similar virion structure.13 The complex virion is composed of 
more than 90 different viral and host proteins.14,15 The large dou-
ble stranded DNA genome (~125–~250kb) is present inside an 
icosahedral capsid (T number 16). The capsid is surrounded by a 
loosely structured layer of proteins known as the tegument layer. 
The tegument is divided to the denser inner tegument layer that 
is associated with the capsid, and to the outer tegument layer. A 
lipid bilayer envelope containing viral glycoproteins encapsulates 
the tegument. Although there are small differences in the entry 
and replication processes among different viruses of this family, 
in this review we will focus on the best studied entry mechanism 
of the human herpes simplex virus-1 (HSV-1) as a representative 
of this viral family.

The viral capsid enters the infected cell by direct fusion of the 
viral envelope with the host cell membrane (or by endocytosis and 
fusion of the viral envelope with endosomal membranes). The 
inner tegument proteins remain associated with the capsid and 
interact with cellular microtubule motor proteins that transport 
the capsid toward the nucleus.16,17 Upon reaching the nucleus the 
capsid and some of the inner tegument proteins are docked to the 
NPC.18 Following docking to NPC, the capsid undergoes a con-
formational change (known as “uncoating”) creating an opening 
at a single vertex while the rest of the capsid remains intact.19 The 
DNA is released from the opening in the capsid into the NPC 
and is translocated to the nucleus in a process that is not fully 
understood. Several viral gene products were suggested to facili-
tate these processes. Importantly, all the HSV-1 genes described 
in this section are part of the 44 core genes that are present in all 
the Herpesviridae family.13

The interaction between the capsid and the NPC was sug-
gested to require energy and to depend on the major tegument 
protein VP1/2 (encoded by the gene UL36) and the host pro-
teins importin-β and Nup358.18,20 Binding assays showed direct 
interaction between the capsid-associated protein UL25 and the 
nucleoporins Nup214 and hCG1.21 Nup214, Nup358 and hCG1 
are found on the cytoplasmic face of the nuclear pore, and are 
therefore accessible to the incoming capsids.

The current view of nuclear entry of the herpes genome appears 
to include NPC docking, uncoating (or capsid conformational 
change) and nuclear entry. The trigger for initiating the confor-
mational change is yet to be identified. However, roles of several 
viral proteins in this process have been clarified. The function 
of the tegument protein VP1/2 in the process has been known 
for a long time, since a temperature sensitive mutation (tsB7) 

α-helical rod and C-terminal “tail” domain. The tail domains 
of all lamins contain a nuclear localization signal and an Ig-fold 
motif.5 Maturation of lamins A, B1 and B2 involves a sequen-
tial series of post-translational modifications.3 The four lamin 
isoforms are required for the structure and integrity of the NE, 
suggesting physical interactions between the individual lamin 
networks.

Lamins are associated with various NE proteins in a lamina. 
Emerin is a lamin A/C associated NE protein, implicated in 
Emery-Dreifuss muscular dystrophy.6 Other proteins are LAP’s 
(lamin associated protein), which also interact with chromatin 
and possibly mediates mechano-transductional signals from the 
NE to the transcriptional machinery.7 Interestingly the cellular 
factor BAF (barrier-to-autointegration factor), which inhibits 
retroviral autointegration,8 is another essential lamina compo-
nent. BAF was recently reported to be a novel epigenetic regu-
lator, functioning through its influence on specific histone H3 
modifications.9

Multiple nuclear pore complexes (NPCs), the gateway 
between nucleus and cytoplasm, are embedded in the NE. The 
relationship between NPCs and lamins is not fully understood. 
The NPC is a huge proteinaceous structure with a molecular 
mass of ~100 MDa composed of about 30 different proteins, 
collectively known as nucleoporins (Nups), which are conserved 
across eukaryotes from yeast to human. Each Nup is present at 
multiple copies, accommodating the 8-fold rotational symmetry 
of the NPC.

The NPC is composed of three rings—the cytoplasmic ring, 
the spoke ring and the nuclear ring, which together form a cylin-
drical structure containing the NPC main channel. Eight fila-
ments are connected to both the cytoplamic and nuclear rings. 
On the cytoplasmic face of the NPC, the filaments extrude into 
the cytoplasm. These cytoplasmaic filaments are composed of 
Nup358 (RanBP2), Nup214 (CAN), Nup98, Nup88, hCG1, 
Rae1 and ALADIN. On the nuclear face of the NPC these fila-
ments converge to create the nuclear basket of the NPC. This 
structure is composed of Nup153, Nup50 and TPR. A compre-
hensive review on the structure of the NPC was recently pub-
lished by Hoelz et al.10

Many Nups contain multiple phenylalanine-glycine (FG) 
repeats. At the central region of the NPC, several Nups form 
a cohesive meshwork of filaments through hydrophobic inter-
actions, which involve phenylalanines in FG repeats.11 The FG 
repeats within the central pore are hypothesized to confer selec-
tivity to the NPC. The peripheral filamentous Nups also con-
tain FG repeats. The main channel allows free diffusion of small 
molecules, whereas larger cargos (up to approximately 39 nm 
in diameter12) may be translocated across by an active process 
involving transport receptors such as importin β. Proteins that 
carry nuclear localization signals (NLS) are transported through 
the NPC by binding to the adaptor molecule importin α, which 
in turn binds importin β to initiate nuclear import. Other pro-
teins carry a non-classical NLS that can directly bind to impor-
tin β. Interactions between importin β and the FG repeats are 
essential for nuclear import of NLS-containing cargo. Importin 
β coupled to the cargo protein is able to pass freely through the 
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pressure on the capsid walls and that the internal capsid pressure 
pushes the viral DNA into the nucleus through the NPC.32 This 
mechanistic model is analogous to DNA ejection by bacterio-
phages into bacterial cells, reviewed by Roos et al.33

Adenoviruses. Adenoviridae is a family of nonenveloped 
double stranded DNA viruses that infect many vertebrate spe-
cies. Currently there are 56 known types of human adenoviruses 
(HAdV), classified into 7 species (A–G).34 There are at least 16 
common genes to this family that function in DNA replication, 
DNA encapsidation and virion structure formation.35 The adeno-
virus (Ad) genome is ~36 kb double stranded DNA. The icosa-
hedral capsid (T number 25) is characterized by 12 fibers (one 
projecting from each vertex) decorating the capsid. The virion 
contains 12 viral proteins, 5 proteins inside the capsid (including 
the 3 core proteins VII, X and V that bind the viral DNA and 
form nucleosome-like structures) and 7 capsid structural pro-
teins. A detailed structure of the capsid was obtained by cryo-EM 
and by crystal structure studies.36,37 Most of the results described 
in this review were obtained using the most studied adenoviruses 
Ad2 and Ad5, both of subtype C.

Ad infection starts by binding of the capsid to the coxsackievi-
rus Ad receptor (CAR)38 and to the co-receptors integrins αVβ3 
and αVβ5.39 The virion is internalized mainly by clathrin-medi-
ated endocytosis.40 Next, the virion escapes the early endosome 
and traffics on microtubules toward the nucleus.41,42 At the NPC, 
the final steps of uncoating occur and the viral DNA is trans-
ported into the nucleus.

Uncoating of the Ad DNA is a multi-step process that initiates 
at the cell membrane and ends in the NPC. Burckhardt et al.43 
have suggested that the first step of uncoating, the release of the 
fibers, occurs when the fibers are pulled away from the capsid by 
the drifting CAR receptors, while the capsid is immobilized by 
its binding to integrins. The release of the fibers from the capsid 
is not necessary for the endocytic process, but enhances escaping 
from the early endosomes.44,45

The escape from the endosomes is mediated by the Ad lytic 
factor protein VI, present inside the capsid.46 The released capsid 
binds directly to the dynein motor and moves along microtubules 
toward the microtubule-organizing center (MTOC).47,48 From 
the MTOC the capsid is transported to the NPC in a process that 
requires the nuclear export factor CRM1 (chromosome region 
maintenance 1). It is not clear if the CRM1 factor interacts with 
the Ad capsid directly, or whether it functions by exporting from 
the nucleus other proteins required for capsid transport to the 
NPC.49

The NPC has three distinct roles in viral nuclear entry: it docks 
the capsid, dissociates the DNA from the capsid and imports 
the viral DNA.50 The nucleoporin Nup214 was suggested as the 
docking protein.51 Recently, participation of Kinesin-1 in nuclear 
import of Ad DNA was characterized and a detailed model for 
viral DNA entry was proposed.52 The model proposes that the 
viral capsid docked to Nup214 binds to the kinesin-1 light-chain, 
while the nucleporin Nup358 associates with kinesin-1 heavy-
chain. The movement of the bound Kinesin-1 motor on the 
microtubules disassembles the viral capsid, and at the same time 
increases NE permeability by dislocating Nup214, Nup358 and 

mapped to its gene allows binding to the nuclear membrane but 
prevents genome release into the nucleus at the nonpermissive 
temperature.22 Recently, this tsB7 mutation was characterized as 
a single amino acid change, 1453Y-H, in the VP1/2 protein.23 
Further evidence has shown that proteolytic cleavage of VP1/2 
is necessary for DNA release into the nucleus.24 The cleavage 
occurs only after capsid docking to the NPC, which presumably 
initiates the conformational change needed for VP1/2 cleavage 
and DNA release.24 The capsid-associated DNA-packaging pro-
tein UL25 has also been implicated in the uncoating process, 
as a temperature sensitive mutation (ts1249) in the UL25 gene 
prevents nuclear entry of viral genomes at the nonpermissive 
temperature.25

In a recent paper, Rode et al. were able to uncouple docking 
and uncoating from genome entry to the nucleus.26 The investi-
gators found that overexpression of UL25 constructs impaired 
DNA nuclear entry, although EM studies of the infected cells 
indicated that it did not interfere with docking and uncoating. 
To explain their data the authors proposed that the ectopically 
expressed UL25 competes with the native, virus-bound UL25 
for interacting with an unidentified cellular factor, an interac-
tion that facilitates import of the herpes genome into the nucleus. 
Thus it appears that following Herpes simplex docking to nuclear 
pore, at least two viral proteins, VP1/2 and UL25, as well as host 
factors, participate in its uncoating and genome release to the 
nucleus.

Capsid assembly and DNA packaging of Herpesviridae are 
both structurally and functionally analogous to the same pro-
cesses in double-stranded DNA bacteriophages, such as lambda 
and T4. Like bacteriophages, herpes packages its DNA into 
preformed shells and releases the DNA through a small open-
ing in the capsid into the nucleus, while otherwise remaining 
essentially intact. This analogy led to the current model of her-
pes capsid formation and DNA release. The complex process of 
capsid assembly occurs in the infected nucleus and involves at 
least 11 viral proteins (recently reviewed in ref. 27). One of the 
12 vertices of the icosahedral capsid, termed the portal vertex, 
is unique. This vertex contains a ring structure composed of 12 
copies of UL6, the portal protein. The UL6 ring structure binds 
the scaffold proteins and initiates assembly of the major capsid 
protein to form the viral shell. In analogy to bacteriophages, the 
portal channel is thought to be the entry gate for DNA into the 
capsid.28 Since DNA release into the nucleus occurs through a 
single vertex, and since the last end of the genome to be packed is 
the first to be ejected, it was suggested that the UL6 portal is also 
the exit way for the viral DNA.19,29

Translocation of the viral genome through the NPC is con-
sidered to be a fast process. In vitro uncoating studies visualized 
by either fluorescent or electron microscopy suggested that the 
DNA is ejected from the capsid in a linear fashion.29 Atomic force 
microscopy indicated, however, that the viral genome is densely 
packaged inside the capsid30 and that the genome passes through 
the NPC as a condensed rod-like structure.31 The authors hypoth-
esized that the structural changes that the capsid undergoes when 
interacting with the NPC lead to an opening at the portal vertex. 
They further suggested that the packaged viral DNA exerts high 
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Lentiviruses. Lentiviruses are a subgroup of the retroviridae 
family. Retroviruses are enveloped positive strand RNA viruses 
that pass through a DNA precursor stage. The DNA, synthe-
sized in the cytoplasm, enters the nucleus where it integrates 
into the host cell chromosome, producing progeny viruses. 
Most retroviruses, such as MLV (murine leukemia virus), enter 
the nucleus during mitosis, depending on cell proliferation for 
nuclear entry. Lentiviruses are unique among retroviruses in 
their ability to enter the nucleus of non-dividing cells. The most 
intensively investigated lentivirus is the human immunodefi-
ciency virus-1, HIV-1. A set of HIV-1/MLV chimeric viruses 
were instrumental in revealing the mechanism of the nuclear 
entry process as described below.72,73

Each mature HIV particle contains two copies of the 
genomic RNA, complexed with the nuclear capsid (NC) pro-
tein. The RNA-protein complex is present inside a conical cap-
sid, composed of a single capsid protein, CA. In addition the 
capsid contains the viral reverse transcriptase (RT). The matrix 
protein MA surrounds the capsid core and is connected to the 
viral membrane. NC, CA and MA proteins are cleavage prod-
ucts of the Gag polypeptide.74

The HIV-1 core is released into the cytoplasm following 
receptor-mediated membrane fusion. The RNA genomes are 
uncoated and the RNA is reverse-transcribed into a double 
stranded DNA by the viral RT. In the cytoplasm the HIV-1 
DNA is present in complex with viral proteins, known as the 
preintegration complex (PIC). The PIC carries the viral genome 
to the nucleus via the nuclear pore, and participates in its inte-
gration into the host genome. The PIC complex includes a num-
ber of viral proteins: integrase (IN), MA, RT, NC, Vpr75-78 and 
CA.79 The CA protein was not considered as part of the PIC 
for many years; however recent studies suggest that presence of 
low levels of CA in PIC is essential for nuclear entry of the HIV 
genome, as discussed below.79,80

Early studies identified potential NLS domains in the PIC 
proteins IN81 MA82 and Vpr.83 These proteins were hypothe-
sized to contribute to the PIC nuclear entry via their respective 
NLSs.81-85 Thus in the late 90s MA and Vpr were considered 
to be the main players in the PIC nuclear import. An addi-
tional element implicated in nuclear entry was a triple-stranded 
DNA structure in the viral genome known as the central DNA 
flap,86 which results from strand displacement during reverse 
transcription.87

Later genetic dissection of these elements raised doubts 
regarding their role in PIC nuclear entry. HIV mutants that were 
either deleted or mutated in the NLS elements, or mutants that 
did not form the DNA flap, retained the ability to infect non-
dividing cells.88-92 Firm evidence came from experiments with 
an HIV-1/MLV chimeric mutant virus lacking all the putative 
nuclear import elements, including the three NLS domains and 
the DNA-flap (the IN and MA HIV genes were replaced by IN 
and MA of MLV; Vpr and the DNA flap were mutated). In spite 
of missing all those elements, the chimeric virus infected divid-
ing and non-dividing cells at a similar level.73

Additional experiments based on HIV-1/MLV chimeric 
viruses have revealed that CA is a key factor in HIV nuclear 

Nup62.52 According to this model, disruption of the NPC pro-
motes entry of the viral DNA into the nucleus.

The highly charged viral DNA needs to be masked by pro-
teins in order to pass through the NPC. This function seems 
to be fulfilled by the viral core protein VII (but not protein V), 
which is attached to the viral DNA during nuclear entry.53,54 
In addition, cellular proteins including histone H1, importin 
7, importins α and β, transportin and hsp70 were suggested to 
participate in the nuclear import of Ad DNA.51,55,56 It appears 
that Ad DNA passage into the nucleus is facilitated by a large 
number of proteins as well as disruption of the NPC.

Orthomyxoviruses. Orthomyxoviridea is a family of envel-
oped segmented negative strand RNA viruses. This family 
includes five genera, three of which are human pathogens: influ-
enza A, B and C. Unlike other RNA viruses, orthomyxoviruses 
replicate their 6–8 RNA segments inside the nucleus. Most seg-
ments encode one or more proteins, a total of 7–12 proteins per 
virus. Influenza A virus (IAV) is the most intensively studied 
member of this viral family.

Each of the eight RNA segments of IAV is coated with four 
viral proteins, NP (nuclear protein) and the three subunits of 
the viral encoded RNA-dependent RNA polymerase (PA, PB1 
and PB2), forming a rod-like ribonucleoprotein (RNP). All 
eight RNPs are selectively packed together in a tight arrange-
ment in each virion.57 The matrix protein (M1) surrounds the 
RNPs and interacts with the viral membrane that contains the 
viral glycoproteins.

Influenza A virion initiates its entry process by binding 
through its hemagglutinin (HA) to the host cell sialic acid. 
Influenza virus may enter the cell by clathrin-mediated endo-
cytosis as well as by macropinocytosis.58,59 Acidification at 
the endocytic vesicle opens the viral M2 ion channel, leading 
to acidification of the virus interior and release of the RNPs 
from the M1 protein.60,61 The acidified endosome initiates the 
HA-dependent fusion step that leads to cytoplasmic release of 
the RNPs (reviewed in ref. 62). The RNPs freely diffuse toward 
the NPC, followed by their active transport into the nucleus as 
importin cargo.63,64 While all four RNP proteins have nuclear 
localization signals (NLS), the NP NLS signals are sufficient 
for nuclear entry of the RNPs.65 NP carries two NLSs: NLS1 
at the N terminus and NLS2 in the middle of the protein.66,67 
The intake of the RNP’s into the nucleus is predominantly by 
NLS1,68,69 and mediated by the host importin α.66

Recent RNAi screen studies performed in recent years iden-
tified several host genes that might participate in the nuclear 
import of the RNPs including importin β1, Nup153 and Nup98 
as reviewed in ref.70 It is not known whether these factors partic-
ipate in the nuclear import of the viral RNPs, or in the nuclear 
import of newly synthesized influenza viral proteins or in both 
processes.

It was recently observed that NP proteins from avian and 
mammalian influenza interact specifically with different iso-
forms of importin α, suggesting a role for NP specificity in 
determining the host range of the virus.71 These findings may 
be of utmost importance for understanding of possible new flu 
pandemics originating from avian influenza.
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DNA is released into the nucleus where gaps in the DNA are 
filled-in by the host machinery. From the resulting covalently 
closed circular DNA (cccDNA), full size (3.2 Knt) pregenomic 
RNA, is transcribed in the nucleus by the host enzymes. The pre-
genomic RNA is transported to the cytoplasm and assembles into 
nascent viral capsids together with the virally encoded reverse 
transcriptase and a cellular protein kinase, tentatively identified 
as serine arginine protein kinase (SRPK) 1 and 2.103 The RNA 
containing assembled particles are immature virions. Maturation 
occurs when the packaged RNA is reversed transcribed inside the 
immature capsid into genomic DNA. Studies on duck hepatitis 
B showed that viral maturation is associated with phosphoryla-
tion and dephosphorylation104 at a number of sites located at the 
C-terminus of the core proteins.105 The phosphorylation state was 
found to affect the conformational state of the C-terminus of 
the core protein.106 Furthermore, S245 phosphorylation was sug-
gested to play a central role in nuclear targeting and DNA release 
from capsids during viral infection.107 Recent in vitro studies on 
HBV demonstrated binding of SRPK to the C-terminus, leading 
the authors to propose that the kinase functions as a non-canon-
ical chaperone, preventing premature self-assembly and packag-
ing of nonspecific RNA.108

The cytoplasm of an HBV-infected cell contains both imma-
ture and mature particles. The mature, DNA-containing capsids 
may be enveloped, released from the cell and spread to initiate 
infection of other cells,109 or they may re-enter the nucleus for 
additional rounds of transcription and viral propagation.

The virus enters cells via receptor mediated endocytosis and 
is taken up by the endosome. Following processing in the endo-
somal compartment the genome-containing nucleocapsid is 
released into the cytoplasm.110 The capsid then travels in a micro-
tubule dependent motion toward the nucleus.111

Nuclear entry of Hepadnaviruses is via the nuclear pore. In 
human HBV, an NLS sequence of the capsid protein is located 
at the arginine-rich C-terminal domain (CTD, aa 141–185), 
which, in the mature virus, is facing the interior of the cap-
sid.112 In contrast, duck HBV does not contain an arginine-rich 
CTD. Nevertheless, an NLS was identified in the core protein of 
DHBV.113 Experiments with HBV core proteins synthesized in E. 
coli have suggested that phosphorylation of the internal domain 
of the capsid protein leads to exposure of the NLS114 by extrusion 
of the C-terminus through a flexible linker hinge.115 However, it 
is equally possible that the CTD transiently extrudes from holes 
in the capsid, allowing exposure of nuclear localization signals, 
phosphorylation sites, and dephosphorylation sites.108

It has been demonstrated that HBV capsomers bound RNA 
at high affinity, forming T = 4 capsids, whereas binding to DNA 
was poor, resulting in a mixture of non-capsid complexes.116 
The authors proposed that capsids that assemble on RNA are 
stabilized by the negatively charged, flexible nucleic acid scaf-
fold. However as they mature by reverse transcription they 
reach a metastable state, due to the double stranded DNA coiled 
spring.116 As opposed to the flexibility RNA, double-stranded 
DNA is a relatively stiff polymer that does not readily bend or 
circularize. The stiffness of DNA, measured experimentally as its 
persistence length, is ~50 nm, about twice the internal diameter 

entry.72 In these experiments chimeric viruses that carried the 
CA protein of MLV instead of the HIV CA lost the ability to 
infect non-dividing cells. Furthermore, substantial amounts of 
the CA protein remained associated with PIC after the uncoat-
ing process.79,80 Interestingly, the amount of CA that remains 
associated with PIC was found to be critical for nuclear entry: 
mutations in the CA protein that either decreased or increased 
uncoating rate impaired the process.79,93 These studies provided 
strong support to the key role of CA in nuclear entry.

NPC proteins and transport receptors that participate in 
HIV-1 infection were identified by high throughput siRNA and 
two-hybrid screens. These include Nup153, Nup214, Nup358, 
and transportin 3 (TNPO3).94,95 The CA protein was shown to 
interact with Nup153 and TNPO3. A single point mutation in 
CA, N74D, changed the interaction between the HIV-1 PIC and 
nuclear pore proteins. The mutation modified the viral require-
ment for specific nucleoporins, as the mutant virus shifted its 
dependence from NUP153 to NUP155.96 Recently, CA was 
found to also bind to NUP358, and CA mutations that affected 
NUP358 binding altered the targeting of the integration site 
to genomic regions sparse in transcriptional activity, thereby 
affecting the efficiency of replication of this RNA virus.97

CA binds to TNPO3, which is part of the importin β super-
family of the nuclear transport receptors.98 CA in PIC com-
plex binds tRNA species that promote HIV-1 entry into the 
nucleus.99 A recent study has suggested that TNPO3 might play 
a role in displacing any CA and tRNA that remain bound to 
the pre-integration complex after nuclear entry, thus facilitating 
efficient integration.100

The current model proposes that following uncoating resid-
ual amounts of CA remain associated with PIC, promoting 
nuclear entry by interaction with NPC proteins. It is anticipated 
that further studies, which will reveal specific details of these 
processes, may identify potential targets for HIV drug therapy.

Hepadnaviruses. Hepadnaviruses are small, enveloped DNA 
viruses that propagate in the liver. Carriers of the human patho-
gen hepatitis B virus, HBV, are at high risk to develop cirrhosis 
and hepatocellular carcinoma. Human HBV studies are lim-
ited by poor cellular entry in available cell cultures. Therefore, 
investigators of nuclear entry bypass this first cell entry stage 
by using either digitonin-permeabilized cells or by direct cyto-
plasmic injection into Xenopus oocyes, a classical experimental 
system for studies on NPC fucntion. Some researchers investi-
gate the duck hepatitis B virus as a model for the human virus.

Within the envelope, the HBV nucleocapsid is composed 
of a single capsid (or core) protein, which surrounds the viral 
genome. Most capsids are 34 nm in diameter, composed of 
120 dimers of the single capsid protein in a T = 4 symmetry. 
The minority are assembled as 30 nm capsids composed of 90 
dimers, arranged in a T = 3 geometry.101 The genome encodes 
for the viral polymerase, the capsid protein, the regulatory pro-
tein HBx and the three surface antigens. These DNA viruses 
have an amazing replication strategy, through an RNA inter-
mediate, which is reverse-transcribed within the viral capsid.102 
Furthermore, the closed, circular 3–3.4 kb DNA genome is 
partly double-stranded and partly single-stranded.
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It appears that the unusual replication mechanism of HBV, 
which results in a mixture of mature and immature capsids in 
the cytoplasm, has imposed the development of a unique nuclear 
entry strategy that allows selective access of the viral DNA 
genome into the nucleoplasm, excluding the viral RNA.

Parvoviruses. Members of the Parvoviridae are among the 
smallest DNA viruses known. They are non-enveloped with 
a linear single stranded DNA genome. Their ~5 kb genome is 
encapsidated by a 26 nm capsid arranged in a T = 1 symmetry. 
The capsid is composed of 2–4 capsid proteins (depending on the 
specific virus) termed VP1 to VP4. These are translated from the 
same mRNA by different starting codons.

This broad group is divided into two subfamilies—the 
Parvovirinae that infects vertebrate hosts and the Densovirinae 
that infects arthropods. The Parvovirinae are further divided 
into five genera, four of which are autonomous (parvoviruses, 
amdoviruses, betaparvoviruses and erythroviruses), i.e., prop-
agate in infected cells without a helper. The fifth genus is 
dependoviruses, which cannot complete the replication cycle 
in the absence of a helper virus, usually the unrelated adeno 
or herpes.

Parvoviruses enter cells by receptor mediated endocytosis. Due 
to the wide interest in adeno-associated viruses (AAV) for gene 
delivery applications, a number AAV strains with different cel-
lular/tissue tropism have been recently characterized. The general 
theme observed is that disparate loop structures at the external 
surface of their capsids confer differential receptor recognition.120 
Following clathrin-mediated endocytosis, parvoviruses are inter-
nalized and traffic through the endosomal/lysosomal system to 
the periphery of the nucleus (reviewed in refs. 121 and 122). 
The low endosomal pH leads to capsid conformational changes 
and extrusion of N-terminal sequence of the minor protein VP1, 
exposing viral encoded elements that are critical for further traf-
ficking and nuclear entry.

Since parvoviruses are non-enveloped, they cannot escape 
from the endosomal system by membrane fusion, as enveloped 
viruses do. Instead, parvoviruses deploy a phospholipase A2 
(PLA2) domain located at the N-terminus of VP1. Studies on 
the prototypic minute virus of the mouse, MVM, revealed that 
the PLA2 domain, which is hidden in the interior of the cap-
sid, becomes exposed in the endosome when the N-terminus of 
VP1 is extruded, but remains capsid-tethered. PLA2 activity was 
found to be required for virus escape from the endosome into 
the cytoplasm.123 First, a point mutation in the PLA2 domain 
of the VP1 protein inactivated the phospholypase activity and 
at the same time also abrogated infection. Second, the mutant 
could be rescued by co-infection with wt MVM virus, or by co-
infection with adenovirus that harbors its own endosome escape 
machinery. Finally, the mutant was also rescued by polyethyl-
eneimine treatment, which caused endosomal disruption. Hence 
it was proposed that MVM PLA2 activity leads to ruptures in the 
endosomal membrane through its lypolytic activity.123 Once in 
the cytoplasm parvoviruses traffic to the perinucleus in a micro-
tubuli dependent motion.124

AAV2 and MVM were found to enter the nucleus as intact 
virus particles, as seen by electron microscopy and by using 

of the HBV capsid, in contrast to the ~0.7 nm persistence length 
of ssRNA. The metastable state of mature particles, in which the 
mechanical force exerted by the DNA is comparable to the capsid 
protein-protein interactions, may contribute to extrusion of the 
C-terminus of the core protein,116 in addition to the phosphoryla-
tion step proposed earlier.117

Association of the exposed NLS with importins α and 
β mediates attachment of the capsid to the nuclear pore.117 
Electron microscopy studies in Xenopus oocytes demonstrated 
that although the diameter of the capsid is barely smaller than 
the upper limit for transport through the pore,12 the karyophilic 
capsids enter the NPC and into the basket. Up to this stage 
the process seems to follow the canonical nuclear entry path-
way. However, from this step on HBV has evolved a unique 
nuclear transport mechanism. Additional studies in digitonin-
permeabilized cells demonstrated that while both mature and 
immature capsids dock at the NPC, the mature capsids (DNA-
containing) disassemble, releasing the viral genome into the 
karyoplasms, while the immature capsids (RNA-containing) 
remain arrested in the basket.118 The different fate of mature 
and immature capsids after entering the nuclear pore indicates 
that the outcome of a nuclear import event may be regulated 
within the nuclear basket. This is consistent with a destabiliz-
ing effect of dsDNA.

In search for a mechanism Schmitz et al.119 have recently 
revealed that the selective arrest of immature capsids is controlled 
by Nup153, an essential protein of the nuclear basket. HBV cap-
sids were shown to co-immunoprecipitate with Nup153 from 
rat liver cells as well as with recombinant Nup153 expressed in 
E. coli. Evidence for participation of Nup153 in HBV arrest at the 
nuclear basket was obtained from partial silencing of Nup153. 
While immature capsids are fully retained in the basket, partial 
silencing of Nup153 allowed a small, yet significant proportion of 
immature capsids, to enter the nucleoplasm. The selective arrest 
did not appear to depend on differential interaction of Nup153 
with the two capsid types, as the protein bound both immature 
and mature capsids directly and specifically. Interaction occurred 
at more than one site, including the Nup153 importin β bind-
ing site, implying that importin β and the capsids compete for 
Nup153 binding. This finding suggests that in the case of HBV 
Nup153 is responsible for releasing importin β from the capsids, 
consistent with previous observation that RanGTP, which func-
tions in dissociating importins from their cargo, is dispensable 
for HBV nuclear entry.114

Evidence for the requirement for disassembly in the basket 
was obtained from experiments with UV cross-linking of mature 
capsids, which prevented disassembly. Cross-linking did not 
interfere with capsids binding to the NPC but prevented entry 
into the karyoplasm.119 The authors proposed that mature cap-
sids disintegrate in the basket into core protein homodimers, and 
that the numerous core proteins titrate all available Nup135 sites, 
allowing release of the DNA and the remaining free core proteins 
into the nucleus. As mentioned above, the mechanism of selec-
tive disassembly of mature capsids is presumably based on their 
metastable state that is caused by internal mechanical force of the 
coiled spring dsDNA.116
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lamina disruption.127 However direct passage of virus particles 
through the NE disruption remains to be seen.

It should be noted that the two mechanisms proposed for 
parvovirus entry are not mutually exclusive. Furthermore, it is 
possible that members of this diverse family use varied nuclear 
entry pathways, which also depend on the tissue of target. Future 
research is anticipated to resolve whether parvoviruses enter the 
nucleus through the nuclear pore, by disruption of the NE or by 
both ways.

Polyomaviruses. The polyomaviridea is a family of nonen-
veloped small double stranded DNA viruses. Members of the 
family are known human pathogens: JC virus, cause progressive 
multifocal leukoencephalopathy, BK virus, which leads to rejec-
tion of transplanted kidneys and the recently identified Merkel 
cell polyomavirus, MCPyV, suspected as an emerging pathogen 
in Merkel cell carcinoma.133 The related primate polyomavirus, 
SV40, is easiest to propagate and is usually used as a representa-
tive of the family. SV40 has been a valuable tool for molecular 
genetics and cell biology research for many years.

The SV40 viral capsid, surrounding the viral minichromo-
some, is a T = 7d icosahedral lattice ~50 nm in diameter. It is 
composed of three viral-encoded proteins, VP1, VP2 and VP3. 
VP1 forms the outer shell while VP2 and VP3 bridge between 
the VP1 shell and the chromatin core. VP3 is translated from 
an internal initiation codon of the same mRNA as VP2. VP1 
monomers are tightly bound in pentamers through interdigitat-
ing β-strands,134 formed immediately following translation.135 
The capsid of SV40 is built of 360 VP1 molecules, arranged as 72 
pentamers. A single molecule of VP2 or VP3 is tightly anchored 
to each pentamer at its inward facing cavity, through a region 
close to the C-terminus of VP2/3.136,137 The viral genome is a cir-
cular double-stranded DNA, 5.2 kb, complexed in nucleosomes 
in a chromatin-like structure, the minichromosome.

Polyomaviruses are capable of infecting dividing as well as 
non-dividing cells. They share an unusual cell entry mechanism 
via binding to glycolipids and glycoproteins in caveolar/lipid raft 
domains at the plasma membrane.138 During the first 3–6 h of 
infection, the virus traffics via the endosomal pathway to the ER, 
where disassembly occurs at 5–6 h post-infection. The viruses uti-
lize the cellular machinery for intracellular trafficking,139,140 and 
disassembly.138,140-142 Disassembly is seen as separation of the outer 
capsid protein, VP1, from the inner proteins VP2 and VP3 (Butin-
Israeli, unpublished). The viral DNA is thought to remain attached 
to VP2 and VP3, through their identical DNA-binding domains 
(DBDs) (note however that in contrast to SV40, murine polyoma 
VP2 and VP3 are shorter and do not contain DBDs). The 5.2 kb 
viral minichromosome enters the nucleus at ~8 h post adsorption.

The internal capsid proteins of SV40 (and other members of 
the family including murine polyoma), VP2 and VP3, contain 
NLS signals. As SV40 particles were found to be karyophilic, it 
was initially proposed that an intact virus enters the nucleus via 
the canonical gate, the NPC.143 However when the size of the 
NPC was determined12 it became clear that the virus capsid is 
too large and must undergo some sort of rearrangement or dis-
assembly before entering the nucleus. The model was modified 
accordingly, suggesting that the viral genome enters the nucleus 

antibodies that specifically recognize the full capsid.125-127 
Proteosome inhibitors blocked nuclear entry of MVM, CPV 
(canine parvovirus) and BPV (bovine parvovirus), suggesting 
that proteosome activity participates in the process, although its 
role is not known.128 On the other hand, nuclear entry of AAV is 
enhanced by proteosome inhibition.126,129 These findings suggest 
that parvoviruses enter the nucleus by divergent pathways.128

It has been generally assumed that since parvoviruses are only 
26 nm in diameter, they enter through the NPC. VP1 of parvo-
viruses contains 4 putative NLS sequences, termed basic clusters 
1–4 (BC1–4) located at the N-terminus of VP1, encompassing 
the PLA2 domain described above.130 These sequences are nor-
mally located in the interior of the capsid and become exposed 
in the endosome together with the PLA2 domain. Extrusion of 
the N-terminus of VP1 was also shown for AAV2.125 Analyses 
of point mutations in MVM that abolished NLS activity of 
these elements indicated that they were required by the incom-
ing MVM particle for the onset of infection.130 However since 
the PLA2 domain, paramount for endosomal escape, lies in the 
same region, the possibility that the NLS mutations affected 
the PLA2 activity through improper protein folding cannot be 
excluded.

Other studies on the autonomous parvovirus MVM sug-
gest that it enters the nucleus through local disruptions of the 
NE, bypassing the nuclear pore. When the virus was injected 
into the cytoplasm of Xenopus oocytes, or during infection of 
mouse fibroblasts, it caused disruptions of about 100–200nm in 
the ONM that were clearly visible by electron microscopy.131,132 
The disruptions were not dependent on PLA2 activity, as 
shown by the PLA2 inhibitor manoalide as well as by a PLA2 
mutant MVM, which was directly injected into the cytoplasm 
of Xenopus oocytes to circumvent the need for PLA2 activity for 
endosomal escape.127

The disruptions were found to depend on caspase-3 activ-
ity, but not on caspase-6. Importantly, this was seen not only 
in Xenopus oocytes and semi-permeabilized HeLa cells, but also 
in infected mouse fibroblasts.127 A caveat in experiments using 
microinjection or permeabilized cells rather than endocytic 
infection is that the particles may bypass the normal endosomal 
pathway, keeping the N-terminus of VP1 and the NLS domains 
hidden, hence precluding the NPC entry pathway. The experi-
ments suggested that caspase-3 did not participate in upstream 
events prior to nuclear import. In cells treated with a caspase-3 
inhibitor, MVM capsids were frequently observed at the cyto-
plasmic side of the nuclear envelope, suggesting that cytoplas-
mic trafficking to the nuclear envelope was not affected by the 
inhibitor. Importantly, infection of mouse fibroblasts by MVM 
showed that treatment with a caspase-3 inhibitor reduced not 
only nuclear entry but also the number of infected cells, each 
by ~50%, linking the two processes.127 Furthermore, although 
caspase-3 activity remained at a basal level following the infec-
tion, the enzyme appeared to re-locate to the vicinity of the dis-
ruptions in the nuclear lamina.127 In addition, a 16 kDa lamin 
B fragment, consistent with caspase-3 cleavage of lamin B2, 
appeared in the MVM infected cells. The investigators proposed 
that caspase-3 cleavage of lamin B2 leads to NE deformation and 
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virions that enter a cell are non-infectious, this issue may be dif-
ficult to resolve.

Summary and Concluding Remarks

Many viruses use the nucleus for replicating their genomes and 
assembly. However, most are larger than the ~39 nm central pore 
of NPC.12 Therefore viruses have evolved a range of strategies for 
nuclear entry of their genomes. It is not surprising that the pre-
vailing strategy is transport of the genome after its release from 
the too-large capsid. The emerging exceptions are members of 
the parvoviridae and polyomaviridae.

The mechanism of NPC entry of different viruses var-
ies (Fig. 1). Lentiviruses and orthomyxoviruses uncoat in the 
cytoplasm and their genomes, attached to viral proteins (PIC 
or RNPs respectively), enter through the NPC. Polyomaviruses 
were suggested to use a similar mechanism following disassem-
bly in the ER. Herpesviruses and adenoviruses also transport 
their genomes into the nucleus through the NPC. However 
these viruses uncoat only after docking at the nuclear pore 
and release their DNA following the required conformational 
changes. Hepadnaviruses and parvoviruses are sufficiently small 
to enter the NPC intact. However this necessitates exposure of 
NLS signals present at internal domains of their respective capsid 
protein. Both virus families evolved mechanisms for extruding 
those domains to facilitate NPC transport. Interestingly poly-
omaviruses and parvoviruses appear to be able to transverse the 
nuclear membrane and enter the nucleoplasm directly, bypassing 
the NPC.

Research on viruses that enter the nucleus through NPC 
has identified a number of host proteins that participate in this 
process. The intimate interaction of viral elements with these 
host factors is a reflection of their evolutionary adaptation to the 
host cellular machinery. An exciting possibility is that MVM 
and polyomaviruses, which appear to directly traverse the NE, 
will be used as probes for future discovery of unknown cellular 
processes.

Nuclear entry of viruses has been so far investigated to only a 
limited extent. For many virus families a single or few represen-
tatives have been studied. In view of the wide range of nuclear 
entry strategies, it will not be surprising if other members of the 
same families have evolved different nuclear entry mechanisms. 
For example, lentiviruses, which are part of retroviridea, have 
developed their own strategy for entering the nucleus of non-
dividing cells.

Some viruses have developed a few nuclear entry mecha-
nisms, probably adapting to different organisms or cell types. 
The different preferences of avian influenza and mammalian 
influenza for the importin α isoform of their specific host spe-
cies is an example.71 Therefore, some of the controversies in the 
field may be attributed to the particular system being studied. 
For example, there may be a difference in the entry mechanism 
in cell lines as compared with primary cells, or in cells derived 
from the virus natural host vs. cells derived from a different 
species. Additional studies are anticipated to present a fuller 

accompanied by one or more of the NLS-containing capsid 
proteins.144

After capsid disassembly within the ER lumen, the SV40 
genome associated with some viral capsid proteins exists from the 
ER to the cytoplasm via the ER-associated degradation (ERAD) 
of misfolded prtoeins pathway.142,145 Viral proteins, DNA and full 
capsids are present in the cytoplasm at 10–12 h post infection.146 
Exit from the ER to the cytoplasm would be required for genome 
entry into the nucleus through the NPC. However recent stud-
ies (Butin-Israeli and Oppenheim, unpublished) demonstrated 
presence of VP1 aggregates in the cytoplasm starting at 6 h post 
infection, some of which were co-localized and co-immunopreci-
pated (following cross-linking) with vimentin, suggesting that at 
least some of those are aggresomes. These findings raise the pos-
sibility that the ERAD pathway is part of the host defense protein 
quality control rather than a step in the infection pathway.

SV40147 and murine polyomavirus148 appear to exit the ER via 
porins created by the internal capsid proteins VP2 and/or VP3. 
It was shown that VP2/3 integrate into the ER membrane, creat-
ing local disruption in the integrity of the membrane that enable 
disassembled viral particle, or the minichromosome, to exit the 
ER. Both groups pointed out that exit from the ER may be either 
to the cytosol, or directly into the nucleus via the INM, since the 
ER and the ONM are contiguous.

SV40 infection is very inefficient with only one in several hun-
dred of DNA-full virions able to lead to a productive infection.149 
The efficiency of infection varies between different cell types, 
presumably due to variations in cellular factors employed by the 
infecting virus.150 A recent study151 demonstrated that infection 
is severely obstructed by the nuclear envelope: most of the DNA 
of the infecting virions never enters the nucleus. Furthermore, 
downregulation of lamin A/C by siRNA was found to enhance 
infection (measured as T-antigen expression) by at least 7-fold, 
indicating that the infection is hindered by the INM.151 These 
findings are not compatible with nuclear pore entry and sug-
gest that the viral genome is transported directly from the ER 
to the nucleus through the INM bypassing the cytoplasm.151 
Supportive evidence for this model was provided by experiments 
demonstrating dramatic alterations of the INM that peaked at 
6 h post infection, just prior to nuclear entry.151 Furthermore 
those alterations were completely inhibited by caspase-10 and -6 
inhibitors. Notably, the same inhibitors also blocked the infec-
tion. The alterations included sequential dephosphorylation and 
re-phosphorylation of a specific lamin A/C epitope, leakage of 
lamin A/C to the cytoplasm and dramatic deformations of the 
nuclear envelope. The NE components lamin A/C, lamin B1 and 
NPC remain associated with the deformed nuclear envelope. The 
temporal correlation with nuclear entry, and the requirement of 
caspase-6 activity for lamina conformational changes as well as 
for T-antigen expression, strongly suggest that the two processes 
are linked and that the DNA enters the nucleus via the inner 
nuclear envelope.151

Is it possible that nuclear entry occurs by both pathways, via 
the NPC and directly through the INM? Further studies are 
needed to answer this question. However, since over 99% of the 
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indicated that only a limited number of genomes that enter the 
cell serve as template for progeny viruses.155,156 Possibly, limita-
tion of nuclear factors or constrains in nuclear architecture lead 
to this limitation, at least for Herpes.157 It appears that viruses 
compensate for their inefficient infectivity by producing a large 
number of progeny, many thousands, from every productively 
infected cell. During their cell binding and entry viruses induce 
a wide array of signaling networks, to facilitate their intracel-
lular trafficking and to combat host defense response. It is pos-
sible that the excess amount of virus particles that seem to be 
non-infective are needed for induction of the myriad of signals 
required for entry and propagation of the few.

The inefficient nuclear entry imposes a serious problem in 
uncovering entry mechanisms. As many of the infecting parti-
cles do not lead to productive infection, it is difficult to ascertain 
which ones represent the genuine entry pathway. We anticipate, 
however, that present and future technological development, 
such as single molecule detection, will be instrumental in resolv-
ing these intriguing issues.

Finally, as viral entry to the nucleus seems to be a major 
bottleneck in the infection cycle, it is attractive to propose that 
antiviral drugs targeted against this step will be highly effective. 
Hopefully, future research in this field will open the way for 
development of such potential therapies.
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understanding of these mechanisms and their differences from 
one host system to another.

Most capsid proteins carry NLS signals that allow import of 
the newly synthesized proteins for assembly of progeny viral par-
ticles inside the nucleus. This was thought in the past to be an 
indication of their role in nuclear entry. However recent stud-
ies showed that presence of an NLS signal does not necessarily 
implies a role of the respective protein in nuclear entry of the 
infecting particle. A striking example is the study of the NLS 
of IN, MA and Vpr proteins of lentiviruses, which were shown 
to be dispensable for nuclear entry. Therefore the role of NLS 
in nuclear entry of an infecting virus should be evaluated with 
caution.

Infectivity of many mammalian viruses, measured as the 
ratio of plaque forming units (pfu) to particle number, is very 
low. This inefficiency may be due to the presence of a large 
proportion of defective particles, or to the difficulty in passing 
through cellular barriers such as the nuclear envelope. These fac-
tors are not mutually exclusive, and they likely contribute to a 
different extent in diverse virus families. For example, Varicella 
Zoster virus (VZV, a herpesvirus, the causative agent of chicken-
pox) was shown to produce up to 85% light particles (particles 
that do not contain DNA),152 suggesting that its inefficiency is 
due to defective, “empty” particles. On the other hand, follow-
ing disassembly of SV40 in the ER, only few SV40 genomes are 
able to cross the nuclear membrane barrier, reaching the nucleus 
and initiating replication.151 Similarly, most MVM particles 
are unable to escape from the endosomes, therefore only few 
genomes enter the nucleus and initiate replication.153 In contrast, 
40% of adenovirus particles bound to the cell surface were sug-
gested to release their genomes into the nucleus.154

In addition to nuclear entry, additional factors may limit 
viral efficiency. Recent studies with herpesviruses and HIV have 
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