Chapter 8
Nuclear Pore Complexes, Genome
Organization and HIV-1 Infection

Francesca Di Nunzio

Abstract Nuclear pore complexes (NPCs) are dynamic structures embedded in
double lipid layer of the nuclear envelope (NE), which act as guardians of nucleo-
cytoplasmic transport, and contribute to genome organization, genome stability
and gene expression regulation. Some of these cellular functions orchestrated by
NPCs are usurped by viruses that replicate in the nucleus. Non-mitotic cells are
one of the major targets of HIV-1, thus the passage of the virus through the NPC
is a key step for viral replication. In recent years, research regarding multiple
aspects of the early steps of HIV-1 life cycle highlights dynamic and concerted
interactions between viral components, NPC and chromatin state. HIV-1 is a
member of this host-pathogen activity which ensures favourable conditions for the
production of its own progeny. This chapter aims to review the existing and emer-
ging concepts showing how individual nucleoporins (Nups) may be a “cellular
code” that dictates HIV-1 fate in infected cells.

Keywords HIV-1 - nucleoporins - nuclear translocation - integration - viral
transcription

8.1 Introduction

Eukaryotic chromosomes are protected and enclosed by the NE, a double-lipid
bilayer, which allows the communication between the inner and the outer sides of
the nucleus. This link is mediated by dynamic windows, called NPCs, which are
uniformly or unequally distributed depending on the cell cycle (Maeshima et al.
2006). Nuclear pore components play critical roles in some vital cellular functions
and can be also hijacked by viruses. Some Nups are also directly involved in the
nuclear entry of viruses that replicate in the nucleus. Recent studies highlighted
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the importance of Nups for viral nuclear import and viral replication of different
viruses that replicate in the nucleus: Human Immunodeficiency Virus (HIV),
Hepatitis B Virus (HBV), Herpes Simplex Virus (HSV), Influenza Virus, and
Adenovirus (Brass et al. 2008; Copeland et al. 2009; Di Nunzio 2013; Di Nunzio
et al. 2012, 2013; Konig et al. 2008; Lelek et al. 2015; Matreyek et al. 2013;
Schmitz et al. 2010; Trotman et al. 2001). In particular, RanBP2/Nup358, main
component of the cytoplasmic fibrils, and Nupl153, the most dynamic Nup, are
involved in HIV-1 docking at the pore and nuclear translocation respectively
(Di Nunzio et al. 2012, 2013; Matreyek et al. 2013; Schaller et al. 2011). The main
component of the nuclear basket of the NPC, Tpr, regulates the chromatin landscape
around nuclear pores and is critical for HIV-1 replication (Lelek et al., 2015).

This manuscript provides a detailed view of the recent advances in the early
steps of HIV-1 infection, taking into account results obtained by crystal structures
for interactions between viral components and host factors, next generation
sequencing methods to identify integration sites, as well as new cutting-edge
microscopy to visualize the viral journey into the host cell.

8.2 Early Steps of HIV-1 Infection

HIV-1 has the peculiarity to infect non-dividing cells and, hence, it enters the
nucleus through the NPC channel. The life cycle of HIV-1 begins with binding of
the viral envelope glycoproteins to receptor CD4 and co-receptors CCRS or
CXCR4 on the target cell, followed by viral fusion to the cellular membrane and
release of the viral core into the cytoplasm. The viral genome packaged into the
capsid (CA) shell, the viral core, is formed by two positive strands of RNA that
are retrotranscribed in DNA which forms the pre-integration complex (PIC) when
coupled with other known, such as the integrase (IN), and unknown factors. The
PIC has been estimated to have a size ~ 56 nm (Miller et al. 1997) which far
exceeds the size of molecules that can pass through the NPC channel, thus, it is
generally accepted that the nuclear import of the HIV-1 PIC is an energy-
dependent active process that is governed by different viral and cellular factors.
Once inside the nucleus, the PIC can integrate into the host chromatin. This step is
considered to be essential for productive replication and ensure the stable insertion
of the viral genome sequence in the host chromatin. HIV-1 inserts its genome in
the active chromatin located near NPCs (Lelek et al. 2015; Marini et al. 2015).
Viral and host factors directly or indirectly influence the selection of the target
site. These include nucleoporins, chromatin structure, the viral integrase and chro-
matin tethering factors like lens-epithelium-derived growth factor/p75 (LEDGF/
p75). One of the latest findings shows that chromatin organization around NPCs is
determinant for the fate of viral progeny. In fact, the nuclear basket of the pore
maintains an open chromatin that is favourable for viral replication (Lelek et al.
2015). Therefore, even if the majority of integrated proviruses are transcribed to
ensure their progeny, a small fraction remains silent and forms viral reservoir,
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which is the most critical barrier for the eradication of HIV-1. The passage through
the pore can determine directly or indirectly HIV-1 integration sites as it has been
shown in infected cells depleted for some Nups, such as RanBP2/Nup358, Nup153,
Nup98 and Tpr (Di Nunzio et al. 2013; Lelek et al. 2015; Ocwieja et al. 2011;
Schaller et al. 2011). A particular euchromatin landmark, H3K36me3, associated to
viral integration sites has been found in the chromatin near the nuclear basket. Its
location near the pore channel is regulated by the presence of Tpr, in fact cells
depleted for Tpr have less H3K36me3 near the NPC (Lelek et al. 2015).
Interestingly, infected lymphocytes depleted for Tpr show a silent virus while the
global profile of gene expression is not altered. Results obtained by super resolution
imaging identified a peak density of H3K36me3 at approximately 500 nm from the
NPC position (Lelek et al. 2015), this is in agreement with data obtained by DNA
FISH showing that HIV-1 preferentially integrates at the nuclear periphery, within
1 pm from the nuclear envelope (NE) (Marini et al. 2015). In contrast, proviral inte-
grations are disfavoured in the chromatin associated with the nuclear lamina (Marini
et al. 2015). This chromatin located between pores is poor in marks of active genes,
such as H3K36me3, and weakly associated with integration sites (Lelek et al.
2015). It is clear that the fate of HIV-1 integration is dictated by PIC-host nuclear
factor interactions and the chromatin landscape near the NPC, in particular, the
chromatin located in the vicinity of the nuclear pore complex creates a favourable
environment for HIV-1 integration sites selection.

8.3 Role of NPC Components in HIV-1 Replication
8.3.1 Nups and HIV-1 Uncoating

After fusion to the cellular membrane, HIV-1 releases the viral core into the cyto-
plasm. The HIV-1 core then travels through the microtubule network of the host cell
to traffic towards the nucleus (McDonald et al. 2002). This pathway is used only
by HIV-1 carrying an envelope WT, while HIV-1 delta Env pseudoptyped with
VSV-G, commonly used for the investigation of the early steps of HIV-1 life cycle,
enters in the cytoplasm by endocytosis (Campbell and Hope, 2015). However, only
the VSV-G pseudotyped virus is able to escape from endosomes and is highly infec-
tious, giving the virus 20- to 130-fold higher infectivity (Aiken, 1997; Luo et al.
1998). Even if the two viruses enter in contact with different cytoplasmic compo-
nents, both need the NPC to enter the nucleus (Di Nunzio et al. 2012). Once at the
NPC, the viruses dock at the pore through RanBP2/Nup358 (Di Nunzio et al. 2012),
spending several hours before translocating inside the nucleus. HIV-1 needs to
uncoat (loss of the integrity of core) before integrating. This is one of the most intri-
guing steps of the HIV-1 life cycle. In the past years, the most accredited model
defined the uncoating as the process by which the capsid core dissociates from the
rest of the RTC immediately after viral infection (Aiken 2006). Furthermore, some
studies suggest that CA remains associated with the RTC before to translocate into
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the nucleus (Arhel et al. 2007; Di Nunzio et al. 2012, 2013; Jacques et al. 2016;
Lelek et al. 2012; Matreyek et al. 2013; Price et al. 2014). Uncoating may occur fol-
lowing three principal models that have been proposed (Campbell and Hope 2015):
(1) immediately after viral fusion with the cellular membrane (Francis et al. 2016;
Mamede et al., 2017); (2) during cytoplasmic trafficking (Francis et al. 2016; Hulme
et al. 2011); (3) with the aid of nuclear pore factors (Di Nunzio et al. 2012, 2013;
Lelek et al. 2015; Price et al. 2014). A recent study using an artificial system for
viral imaging observed that the majority of HIV-1 cores uncoat soon after release
into the cytoplasm. Less than 5% of viral particles uncoat gradually during their
cytoplasmic journey and only a small fraction shows a late uncoating at the pore
(Francis et al. 2016). Recent studies attributed the CA shell an important protective
role versus the viral genome avoiding its exposure to cytosolic DNA sensors. This
observation is not compatible with a model of premature uncoating (Rasaiyaah
et al. 2013). Interestingly, results from different teams and techniques have shown
that inhibition of reverse transcription delays uncoating (Hulme et al. 2011; Yang
et al. 2013). The peak of reverse transcription is around 7-8 hrs from infection
(Butler et al. 2001), suggesting a late uncoating. Other studies show that the CA is
the viral determinant for HIV-1 nuclear import (Yamashita et al. 2007) through the
interaction with cellular host factors (Brass et al. 2008; Di Nunzio et al. 2012,
2013; Konig et al. 2008; Lee et al. 2010; Matreyek et al. 2013; Schaller et al.
2011). Because of the large size (120 nm X 60 nm X 40 nm), the viral core cannot
translocate through the NPC channel, which has an estimated diameter of ~ 39nm
(Pante and Kann 2002). Thus, current models propose that uncoating begins before
to enter in the nucleus (Ambrose and Aiken 2014; Arhel et al. 2007; Chen et al.
2016; Fassati 2012; Hilditch and Towers 2014; Burdick et al., 2017). Nups have
been found to have an active role in PIC maturation and in the uncoating processes
(Bichel et al., 2013). The peculiarity of lentiviruses with respect to retroviruses in
usurping the NPC could be due to the specific interaction of the lentiviruses CA to
particular Nups. The first Nup that the viral CA can meet is RanBP2/Nup358. The
interaction between them has been well documented (Di Nunzio et al. 2012;
Schaller et al. 2011). The C-terminus of RanBP2/Nup358 comprising a cyclophilin
(cyp)-homology domain has a major contribution to the in vitro cores binding,
probably helped by FG repeats dispersed along the entire protein (Di Nunzio et al.
2012). A recent study highlights the possibility that the CA isomerization mediated
by the cyclophilin-homology domain of RanBP2/Nup358 may be preserved by
HIV-1 to target the nuclear pore and synchronize nuclear entry with CA uncoating
(Bichel et al. 2013). Interestingly, the cyclophilin A binding loop is an exclusive
feature of lentiviruses capsid, while retroviruses do not have this loop in their CA
preventing their docking at nuclear pores. Another critical Nup for HIV-1 infection
is Nup153. This Nup plays multiple cellular functions and also participates in the
replication of several viruses. HBV, for example, binds Nup153 to help the uncoat-
ing and the release of its DNA genome into the nucleus (Schmitz et al. 2010).
HIV-1 CA also binds the human Nupl153 (Di Nunzio et al. 2013). It is possible
that Nupl53 participates in HIV-1 uncoating, but the mechanism is still under
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investigation. Interestingly, the multifaceted role of viral CA can determine the dif-
ferences between the two retroviral subfamilies, gamma retroviruses and lenti-
viruses. In the case of gamma retroviruses, like MLV, the uncoating step is better
understood than for lentiviruses, such as HIV-1. MLV uncoating is triggered by an
accessory pl2 protein that interacts with MLV cores, preventing uncoating and
ensuring completion of reverse transcription. The C-terminus tail of p12 binds con-
densed chromatin, which is typical during mitosis, and tethers the CA-associated
PIC to the chromatin helping with the integration step (Elis et al. 2012; Wight
et al. 2014). Consistent with this mechanism, when the mitosis ends and the NE
reassembles, p12 is released and orchestrates CA uncoating (Schneider et al. 2013).
In contrast to retroviruses, lentiviruses have a more unstable core, and in vitro
studies have failed to show association of CA with PIC (Farnet and Haseltine
1991; Fassati and Goff 2001; Forshey et al. 2002; Miller et al. 1997). The high
fragility of HIV-1 CA increases the difficulty of studying the fate of viral CA
traveling into the host cell environment. Microscopy studies could overcome the
problems correlated with the CA stability, but the limited number of cores that can
mature in functional PICs poses a problem for the interpretation of the imaging
results. Recent new advances in imaging approaches have led to a better compre-
hension of the molecular mechanism underlying the uncoating step (Chin et al.
2015; Lelek et al. 2012, 2015; Peng et al. 2014; Burdick et al., 2017) and might
aid in the design of new compounds to specifically target this step.

8.3.2 Nups and HIV-1 Translocation

HIV-1 is a component of Retroviridae family. Contrary to other subclasses, the
lentivirus category, which includes HIV-1, has the ability to infect non-dividing
cells as well as dividing cells, likely sharing the same nuclear import mechanism
(Katz et al. 2003). Larger complexes are more efficiently translocated in nuclei of
actively dividing cells with respect to quiescent cells, probably due to the depen-
dency of the nuclear import on the phosphorylation of some critical factors and on
cell metabolism (Feldherr and Akin 1994). NPCs are the exclusive controllers of
nucleocytoplasmic trafficking and regulate the passage of macromolecules in and
out the nucleus. Recent experiments based on atomic force microscopy suggest
that Nups containing FG repeats form condensates in the centre of NPC channel
that may transiently dissolve to transport larger cargoes (Stanley et al. 2017).
Viruses are also subjected to the nucleocytoplasmic transport rules. Herpesviruses
and adenoviruses, possess a large and relatively stable icosahedral capsid (CA),
which envelops the viral genome. Since their capsids are larger than the nuclear
pore channel, these viruses need to uncoat before entering the nucleus. Viral
capsids dock at the NPC cytoplasmic side, and the interaction with Nups is used
as a cue to trigger genome nuclear release. Herpesviruses bind to the NPC via an
importin B-dependent interaction with RanBP2/Nup358 and the interaction with
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Nup214 triggers DNA release in the nucleus of the target cell (Cohen et al. 2011).
The CA of adenovirus recruits histone H1, importin f, importin 7 and hsp70
(Mercer et al. 2010) which trigger the disassembly/conformational changes
required for the import of viral DNA into the nucleus through the NPC (Cohen
et al. 2011; Hsieh et al. 2010). Different retroviruses have different behaviours
during nuclear entry. MLV enters the nucleus during mitosis while HIV-1 reaches
the chromatin during interphase. Both pathways are regulated by different cellular
factors that play critical and indispensable roles in retroviruses nuclear import.
The differences between these two retroviruses, MLV and HIV-1, have been one
of the most intriguing observations in the field of viral nuclear import.
Biochemical data suggest that the divergence between the two retroviruses could
be attributed to a different stability of viral CA. In the case of HIV-1, the presence
of CA as component of the PIC is still uncertain, however, increasing evidences
suggest that this viral protein is a determinant of HIV-1 nuclear import. Low levels
of HIV-1 CA has been observed associated with the reverse transcription (RTC)
and the PIC (Farnet and Haseltine 1991; Fassati and Goff 2001; Forshey et al.
2002; Miller et al. 1997). For many years it was believed that the traffic through
the pore was independent on the viral CA. Recently several teams showed the
critical role of viral CA in HIV-1 translocation and integration, highlighting a new
role for HIV-1 CA in the early steps of viral infection (Brass et al. 2008; Chen
et al. 2016; Dharan et al. 2016; Di Nunzio et al. 2012, 2013; Jacques et al. 2016;
Konig et al. 2008; Lelek et al. 2015; Matreyek et al. 2013; Ocwieja et al. 2011;
Saito et al. 2016; Sowd et al. 2016). Direct interactions between viral cores and
Nups have been shown to be essential for an efficient viral translocation (Di
Nunzio et al. 2012, 2013; Lelek et al. 2015; Matreyek et al. 2013; Schaller et al.
2011). Some groups detected the presence of CA inside of the nucleus (Chin et al.
2015; Hulme et al. 2015; Peng et al. 2014) and its interaction with nuclear factors,
such as the polyadenylation factor CPSF6 which is a mRNA processing protein
that shuttles between the nucleus and the cytoplasm (Chin et al. 2015; Lee et al.
2010). This factor predominantly localizes inside the nucleus due to the presence
of a serine/arginine (SR)-rich nuclear localization signal located at the C-terminus
of the protein (Lee et al. 2010; Price et al. 2012). The first study showing the criti-
cal role of CPSF6 for HIV-1 infection was based on a mouse cDNA-expression
screen that identified the truncated form of CPSF6 lacking the C-terminal SR rich
domain, which accumulated in the cytoplasm and prevented HIV-1 nuclear import
(Lee et al. 2010). The direct binding between CPSF6 and in vitro cores was later
shown (Fricke et al. 2013). Overall these findings uncovered that HIV-1 usurps
the nuclear pore machinery to dock, translocate and integrate into the host chroma-
tin. These steps are concerted to aid the PIC to mature and allow the provirus to
integrate into the host genome to replicate (Fig. 8.1). Nups also have a key role in
HIV-1 translocation in fact, the depletion of particular Nups induces a block in
HIV-1 nuclear entry. Several studies have determined the individual role of Nups
in major viral steps, such as viral docking at the pore and nuclear translocation.
The depletion of RanBP2/Nup358, which is exclusively located in the outer side
of the pore, reduces HIV-1 nuclear entry by up to ten fold (Di Nunzio et al. 2012;
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Schaller et al. 2011). This is similar to the depletion of Nup153, a Nup predomi-
nantly located in the nuclear side of the NPC (Di Nunzio et al. 2013; Matreyek
et al. 2013). Outwardly, these two Nups showing opposite locations at NPCs seem
to participate at the same step of HIV-1 infection. But several differences in their
roles have been identified. RanBP2/Nup358 is involved in the docking step of the
virus at the pore (Di Nunzio et al. 2012), while Nup153 is required for nuclear
translocation, which is mediated by its flexible C-terminus domain (Di Nunzio
et al. 2013; Lelek et al. 2015; Matreyek et al. 2013). According to in vitro studies,
the Cyp loop of CA determines the interaction with the Cyp-like domain of
RanBP2/Nup358 (Lin et al. 2013), while a specific region of the C-terminus
domain of Nup153 that interacts with the interphase CA (NTD)-CA (CTD) in the
CA hexamer is responsible for the binding to the viral core (Matreyek et al. 2013).
This CA pocket is present only in assembled or partially assembled core but not in
monomers, suggesting that Nupl153 interacts and favours HIV-1 nuclear entry
through the binding of CA hexamers (Figs. 8.1 and 8.2). Similarly to HIV-1, the
yeast ortholog of human Nup153, Nup124p binds gag of the retrotransposon Tf1
to help nuclear import (Varadarajan et al. 2005). This Nup contains 29 FG repeats
at its terminal tail, which are responsible for this binding as it has been shown
in vitro (Matreyek et al. 2013) and in vivo (Lelek et al. 2015). Even if Nup153 is
predominantly located at the nuclear basket, it has also been observed at the cyto-
plasmic side of the pore aiding nuclear import of cargo (Lim et al. 2007). Nup153
can assume two conformations a “collapse” conformation for cargo transport and
a “release” for cargo interaction in the cytoplasmic side of the NPC (Cardarelli
et al. 2012). This motion of Nup153 could correlate with the motion of the mole-
cules actively transported through the NPC. This cellular process could be usurped
by HIV-1 to translocate inside the nucleus (Fig. 8.1). However, the mechanistic
requirements underlying the in vivo viral nuclear translocation mediated by
Nup153 or other factors and the state of the viral CA during translocation have yet
to be formally demonstrated. In summary, the viral core is believed to dock onto
the cytoplasmic side of the NPC through interactions with RanBP2/Nup358 (Di
Nunzio et al. 2012; Schaller et al. 2011). HIV-1 subsequently interacts with some
Nups, such as Nup153, Nup98-Nup96, Tpr, and factors like TNPO3 and CPSF6,
directly or indirectly to release the PIC into the nucleoplasm (Di Nunzio et al.
2012, 2013; Krishnan et al. 2010; Lee et al. 2010; Lelek et al. 2015; Matreyek
et al. 2013; Price et al. 2014; Valle-Casuso et al. 2012).

8.3.3 Nups and HIV-1 Integration

The regulation of nucleocytoplasmic transport is the major known role of NPC.
However, recent evidences show Nups as regulators of different processes in the
cell. In particular, Nups can affect fundamental genome functions independently
of their nuclear transport function (Ibarra and Hetzer 2015). The multifaceted role
of Nups could be attributed to particular domains present in them. In particular,
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Nups are able to influence the chromatin landscape. The association of active
decondensed chromatin to NPCs has been interpreted as the link between the tran-
scription of active genes with mRNA export (Blobel 1985). The functional reason
for the presence of active chromatin at NPCs could be the presence of the tran-
scriptional activator SAGA and the mRNA export machinery at the nuclear basket
(Cabal et al. 2006; Dieppois et al. 2006; Garcia-Oliver et al. 2012; Iglesias et al.
2010; Rodriguez-Navarro et al. 2004; Taddei and Gasser 2004). In yeast, gene
regulation regulated by Nups-chromatin interactions is spatially confined at the
nuclear periphery. In metazoans, Nups can exist in two populations, one asso-
ciated with the pore and the other free in the nucleoplasm. Thus, gene regulation
mediated by Nups-chromatin interactions is more complicated. In Drosophila, the
silencing of nuclear basket Nups, Nup153 and Mtor/Tpr, reduces the expression
of thousands of genes. Interestingly, these Nups are associated with active chro-
matin marks (Vaquerizas et al. 2010). It is possible that the same Nup can partici-
pate in different transcriptional regulation events depending on their location at
the NPC or off-NPC. For example, in Drosophila Nup98 shows preferential bind-
ing for active genes only if located out of the pore (Kalverda et al. 2010).
However, in human cells, Nup98 also participates in gene activation at the pore
(Liang et al. 2013). Nups seem to organize chromatin topology, controlling the
accessibility of transcription factors. The complex formed by NPCs and the under-
lying chromatin could act as a functional hub that recruits the enzymatic machin-
ery that leads to epigenetic reformatting and the transcriptional regulation of
particular genes. This model might explain the role of Nups in transcriptional
memory, in which Nup98 favours specific chromatin structure changes, such as
H2A.Z deposition and H3K4me2 (Ahmed et al. 2010; Brickner et al. 2007; Light
et al. 2010, 2013). NPCs also play a critical role in chromatin organization, defin-
ing active and silent regions near the pore. During interphase the chromatin is well
organized within the nucleus. In particular, condensed chromatin (heterochroma-
tin) is associated with nuclear periphery, interrupted by stretches of less condensed
chromatin (euchromatin) at NPCs (Krull et al. 2010; Ma et al. 2015; Raices and
D’Angelo 2012) (Fig. 8.1). The chromatin near the pore represents actively tran-
scribed regions and it is also the target of HIV-1 PIC (Lelek et al. 2015; Marini
et al. 2015). This might ensure/promote efficient viral gene expression after inte-
gration. HIV-1 integrase (IN) binds to LEDGF/p75, which was the first cellular
factor identified to help HIV-1 integration into active genes (Cherepanov et al.
2003; Ciuffi et al. 2005). LEDGF/p75 promotes efficient infection (Llano et al.
2006; Shun et al. 2007) and tethers IN to favour target sites (Fig. 8.1). The HIV-1
integration machinery must also interact with many additional host factors during
infection, including nuclear trafficking and pore proteins during nuclear entry, his-
tones during initial target capture, and DNA repair proteins during completion of
the DNA joining steps. The NPC has been described as the link between
HIV-1 translocation and integration into the host chromatin (Di Nunzio 2013;
Lelek et al. 2015). It is possible that HIV-1 cores recruit cellular factors that pro-
mote or participate in these concerted steps. The viral-host complexes can favour
the accessibility to viral components, usually hided in the inner core, or modify



8 Nuclear Pore Complexes, Genome Organization and HIV-1 Infection 193

the conformation of the CA influencing the engagement of other host factors that
mediate the nuclear translocation and integration of the PIC into the host chromo-
somal DNA. The viral CA shows some plasticity in the use alternative pathways
to aid the PIC nuclear entry and HIV-1 CA mutants insensitive to certain Nups
show different integration sites pattern than wild type viruses (Schaller et al.
2011). For example, HIV-1 CA carrying point mutations, like N74D, which is
unable to recruit the cellular factors CPSF6 and RanBP2/Nup358, shows a differ-
ent pattern of integration sites than wild type HIV-1 (Koh et al. 2013; Schaller
et al. 2011; Sowd et al. 2016). Other HIV-1 CA mutants, such as N57A, which
are more severely defective in arrested cells than dividing cells (Yamashita et al.
2007), also show a different integration pattern than the wild type virus (Schaller
et al. 2011). It is possible that HIV-1 CA mutant engages different host factors
determining a viral nuclear entry at a different cell cycle step than the wild type
virus. The results underscore the plasticity of HIV-1 CA and its ability to recruit
different host factors to reach and integrate in cellular chromosomes to guarantee
new viral progeny. Beside the role in HIV-1 nuclear import, CPSF6 is also involved
in defining the distribution of HIV-1 integration sites. Interestingly, the depletion of
CPSF6 provokes changes in the kinetics of viral infectivity and reduces integration
into transcriptionally active and spliced genes. CPSF6 binds CA and it has been
proposed to drive the PIC to actively transcribed chromatin (Chin et al. 2015; Sowd
et al. 2016). The integrase-LEDGF/p75 interaction, on the other hand, promotes
integration into gene bodies where nucleosomes are remodelled for an efficient
HIV-1 integration (Lesbats et al. 2011; Sowd et al. 2016). A double CPSF6 and
LEDGF/p75 knockout diminishes integration into genes below the levels observed
for each of them. These observations support a model in which NPC components
act in concert with other cellular factor to favour HIV-1 replication.

Studies of different integrating genomic parasites show that their host chroma-
tin targeting preferences have evolved to optimize their coexistence with the host
and to favour the release of new viral progeny. One example comes from the yeast
Ty retrotransposons, which must coexist with their hosts indefinitely so they inte-
grate into host genomic locations that do not damage the survival of yeast cell
(Bushman 2003; Craig and Marszalek 2002). Instead, HIV-1 infected T cells typi-
cally survive only a day or two before to be killed by the cellular immune system
or by the toxicity of infection (Perelson et al. 1996). Thus, HIV-1 needs to push
the release of the newborn viruses within few days from infection. Viral integra-
tion within transcription units is usually favourable for efficient transcription
(Jordan et al. 2001; Lewinski et al. 2005) potentially explaining the targeting pre-
ference. But, HIV-1 can also coexist long time as chimera into the genome of
infected patients as latent virus (Razooky et al. 2015). The mechanisms underlying
the establishment of latency are under investigation and it is highly possible that
chromatin factors associated with nuclear entry proteins can play a critical role on
the persistence of HIV-1 in infected cells. Other retroviruses, such as gamma retro-
viruses favour integration near transcription start sites of cancer genes (Wu et al.
2003) to ensure a favourable environment for proviral transcription with the addi-
tional advantage to promote the proliferation and/or survival of the infected cells.
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Two recent studies (Lelek et al. 2015; Marini et al. 2015) have shown that the
classical nuclear entry pathway adopted by HIV-1, which involves the interaction
of the virus to canonical Nups, creates a favourable chromatin environment for
viral replication underneath the NPC. These Nups, in particular Tpr, organizes the
chromatin near the pore, which is the target of HIV-1 integration. In the NPC sur-
rounding chromatin there is a high density of the epigenetic landmark H3K36me3
(Lelek et al. 2015), which is highly present in HIV-1 integration sites (Wang et al.
2007), and LEDGF/p75 (Fig. 8.1). Depletion of Tpr results in the loss of the
nuclear basket and a concomitant loss of euchromatin containing the chromatin
feature H3K36me3, into the vicinity of NPCs (Fig. 8.2). Interestingly, the nuclear
import and integration of the viral DNA are not affected by Tpr depletion but the
viral genes are under expressed. Thus, in the absence of Tpr, HIV-1 integration
can occur but in silent chromatin. As a consequence the replication of the HIV-1
genome is attenuated (Lelek et al. 2015) (Fig. 8.2). Because NPC components
have a critical role in chromatin organization around pores, depletion of one that
changes the chromatin topology promotes the integration of the virus in other
available regions dictated by the new NPC composition. The PIC is probably
guided by CPSF6 and/or Nup153 to target active genes, spatially available near
the pores and maintained by the nuclear basket protein Tpr. Additionally, LEDGF/
p75 helps the virus to integrate into the body of active genes (Fig. 8.1). The inte-
gration sites are critical for the outcome of viral transcription. HIV-1 integrates
within transcriptional units in both acutely and latently infected cells (Wang et al.
2007). The viral persistence is characterized by viral reservoirs where a replication
competent virus persists for long time in a quiescent state (Van Lint et al. 2013).
This observation increases the complexity of how viral reservoir are established.
Interestingly, the loss of the nuclear basket due to the depletion of Tpr reproduces
a phenotype similar to that of persistent viral infected cells, in which the virus
integrates but does not replicate. According to this scenario, proviral transcription
is influenced by chromatin structure and epigenetic features at the viral integration
site. It is possible that the virus evolved the ability to establish a viral reservoir to
co-exist with the host for a long term, especially in unfavourable environmental
conditions (Lucic and Lusic 2016).

More extensive studies will help to elucidate the cellular mechanisms usurped
by the virus to promote its own survival and persistence. In fact, persistent
infected cells remain one of the most important limit to eradicate HIV-1.

8.4 Concluding Remarks

Studies based on the role of NPC components highlight the emerging role of
Nups at the pore and off-pore as organizer of chromatin structure and nuclear
topology. Furthermore, it is clear that the link between Nups and the transcrip-
tional machinery is critical for gene expression. A clear challenge consists in a
better comprehension of how, at a molecular level, Nups contribute to divergent
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genome-associated functions, such as transcriptional activation or repression. An
important step will be the understanding of the physical interactions between
Nups and chromatin-associated proteins. All these processes regulated by Nups
seem to play a role in HIV-1 life cycle. In particular, the NPC is the exclusive
pathway adopted by HIV-1 to reach the host chromatin in non-dividing cells and
probably also in dividing cells. Nuclear basket Nups bind particular chromatin
regions and regulate gene activity, however it is still under investigation how
Nups, chromatin factors and genes are concerted to orchestrate HIV-1 replication.
Nuclear basket Nups may be another “cellular code” for specifying HIV-1 fate
through their contacts with the underlying chromatin. With a deeper understanding
of the relationships between HIV-1 components, NPC and chromatin, it will be
possible to shed light on the cellular pathways underlying AIDS pathology.
Overall, new studies on this topic will undoubtedly gain insights into HIV-1 repli-
cation mechanisms and could serve in the development of new antiviral strategies.
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