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To replicate, a retrovirus must integrate a DNA copy of
its RNA genome into a chromosome of the host cell.
Integration is not random in the host genome but favors
particular regions, and preferences differ among retroviruses. Several mechanisms might play a part in this
favored integration targeting: (i) open chromatin might
be preferentially accessible for viral DNA integration; (ii)
DNA replication during cell division might facilitate
access of integration complexes to favored sites; and
(iii) cellular proteins bound to the host chromosome
might tether integration complexes to favored regions.
This review summarizes recent advances in understanding the mechanisms of retroviral integration,
focusing on LEDGF/p75 – the first cellular protein
shown to have a role in directing HIV DNA integration.
Studies on LEDGF/p75 indicate that it directs HIV
integration site selection by a tethering interaction,
whereas the chromatin accessibility or cell cycle models
are less well supported. Understanding viral integration
will help improve the safety of retrovirus-based vectors
used in gene therapy.

Introduction – retroviral integration
The location of viral genome integration has important
consequences for both the virus and the host. Viral gene
activity varies in different chromosomal locations [1–3].
Efficient transcription of viral genes, following integration
in active transcription units, can facilitate productive host
infection. By contrast, repression of transcription can
occur when the virus integrates into centromeric heterochromatin, resulting in impaired viral replication and
providing a potential mechanism for transcriptional
latency [1–3].
Retroviral integration can also affect gene expression in
the host cell owing to the insertion of viral promoters or
enhancers near cellular genes. One consequence that has
been thoroughly studied in animal models is insertional
activation of oncogenes, which results in tumorigenesis.
Gene inactivation by retroviral integration is also well
documented in animal models [4,5].
Unfortunately, insertional mutagenesis leading to
oncogene activation has recently also been seen in
human gene therapy using retroviral vectors. Retroviral
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vectors are one of the most popular vehicles for clinical
gene delivery because they can stably and precisely insert
new DNA sequences into a wide variety of cell types.
Retrovirus-based gene therapy has been successful in
treating X-linked severe combined immunodeficiency, but
in three out of 11 patients treated, the cellular LMO-2
oncogene was activated by insertion of the murine
leukemia virus-based vector used, contributing to the
development of leukemia in these patients [6,7]. These
setbacks have resulted in intense interest in integration
target site selection by the integrating vectors used for
gene therapy.
The retroviral life cycle
After binding and recognition of cellular receptors by the
viral envelope, fusion between the viral and the cellular
membranes occurs, either at the plasma membrane or in a
vesicle following endocytosis, leading to release of the viral
core into the cytoplasm. The viral RNA genome is then
reverse transcribed to yield a linear double-stranded DNA
copy. The DNA remains associated with viral and host
cellular proteins in a nucleoprotein complex known as the
preintegration complex (PIC). This complex is subsequently translocated to the nucleus where the viral
DNA becomes integrated into the host chromosome. Once
integrated, the viral DNA uses cellular machinery to
transcribe viral genomes and express its proteins, which
assemble at a cellular membrane. After the budding of
new viral particles, the viral protease processes the viral
polyproteins into mature proteins, yielding infectious
particles (Figure 1) [4].
The integration mechanism
The initial steps of DNA integration are catalyzed by the
viral integrase enzyme (IN) (Figure 2) [4,5]. First, IN
cleaves two nucleotides from the 3 0 end of each viral DNA
strand (terminal cleavage reaction), exposing a 3 0 -OH
group. Second, IN simultaneously breaks the host DNA
and joins it to the viral 3 0 end (strand transfer) by a single
step transesterification reaction [8]. The third step of
integration is thought to involve host DNA repair proteins
to remove the two nucleotide overhang and to fill in the
DNA gaps [9].
IN alone is sufficient to perform the first two steps of the
integration reaction in vitro. Nevertheless, in vitro integration assays showed that IN activity can be increased by
the presence of some viral and cellular proteins [10–19],
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Figure 1. An overview of the retroviral life cycle. The virion attaches to a target cell through an interaction between the viral envelope and a specific receptor (in HIV, depicted
here, the viral envelope interacts sequentially with two receptors: the CD4 molecule and co-receptor molecule CCR5 or CXCR4), followed by the fusion of the viral and cellular
membranes and the release of the viral core into the cytoplasm of the host cell. Subsequently, the viral genomic RNA is reverse transcribed into a linear double stranded DNA
by the virally encoded reverse transcriptase. The viral DNA, still associated with incoming viral proteins and cellular proteins, in the PIC, migrates to the nucleus, where the
viral integrase promotes the integration of the viral DNA into the host genome. The cellular RNA polymerase II synthesizes the viral RNAs (genomic RNA and mRNA
transcripts) from the proviral DNA. Following protein synthesis, new virions assemble and bud from a cellular membrane (internal or plasma membrane). The processing of
virion proteins by the viral protease leads to mature and infectious viral particles.

and several of these might also be involved in target site
selection (discussed in the next section).
Integration target site selection differs among
retroviruses
With the completion of the human genome sequence, it
has become possible to investigate the characteristics of
retroviral integration in vivo using genomic methods. To
perform genome-wide studies of integration, Schroder,
A.R. et al. infected cultured cells with viral particles and
amplified DNA fragments spanning host-virus DNA
junctions by ligation-mediated PCR [20]. This method
involves (i) digestion of the genomic DNA extracted from
the infected cells with restriction enzymes; (ii) ligation to a
compatible linker; (iii) PCR amplification of retroviral
integration sites using one primer specific to the viral long
terminal repeat (LTR) and another primer specific to the
linker; (iv) cloning and sequencing of the integration sites.
The sequences are then trimmed to remove the viral
primer and the viral LTR end, and aligned with the
human genome sequence. Chromosomal features at or
www.sciencedirect.com

near the integration sites, such as transcription units
(TUs), repeated sequences and G/C content, can then be
identified and tabulated. Transcriptional profiling of
infected cells can also be performed to assess the
transcriptional activity of genes hosting integration
events. To determine whether integration is favored in a
specific genomic feature, results are compared with a
random set of genomic sites generated in silico. As another
control, integration can be carried out in vitro using naked
human DNA as an integration target and the integration
sites can be sequenced. Under these conditions, in vitro
integration seemed to be almost random [20]. Control and
experimental integration sites are then compared statistically to identify chromosomal features that affect
integration frequency.
Such genome-wide studies have shown that retroviral
integration into the host genome does not occur randomly
but that certain chromosomal features were favored
(reviewed in Ref. [21]). With regard to nucleotide sequence
at the point of integration, weak preferences have been
observed when many in vivo sites were aligned, which
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Figure 2. The integration of viral DNA into the host cell. (i) The viral DNA (bold line)
is associated with viral and cellular proteins in the PIC (in green). The circles
represent the 5 0 ends of the DNA. (ii) The viral integrase (a component of the PIC)
cleaves two nucleotides off each viral DNA strand, leaving a dinucleotide 5 0
overhang. (iii) The viral integrase simultaneously breaks the target DNA (5-bp apart
from the HIV IN) and joins it to the 3 0 recessed viral DNA end. (iv) The integration
intermediate contains unpaired bases at each viral-target DNA junction. (v) The
DNA repair machinery of the host is hypothesized to fill in the five nucleotide gaps
and cleave out the 5 0 protruding viral DNA ends. (vi). The integrated proviral DNA is
surrounded by a 5-bp duplication of the host genome (for HIV).

differed among HIV, murine leukemia virus (MLV) and
avian sarcoma leukosis virus (ASLV) [22–24]. Synthesis of
the expected favored target site from HIV integration and
testing in vitro revealed that HIV PICs did favor
integration at the favored sequence, but other sites were
also targeted fairly efficiently [22]. For HIV, integration at
the chromosomal level occurs preferentially in transcription units (TUs) that are transcriptionally active; there is
no preference for introns or exons (Table 1) [3,20,25–29].
www.sciencedirect.com

The integration of simian immunodeficiency virus (SIV) in
human or simian cells showed a similar pattern of favored
integration in active TUs [30–32], indicating that lentiviruses as a group might have similar target site
preferences. MLV, by contrast, favors integration at or
near gene promoter regions, as defined by location at the 5 0
end of TUs and CpG islands [26,30,31,33]. ASLV integration is almost random, showing only a weak preference
for transcription units [26,27,34]. Recently, foamy viruses
(which are from a distinct retrovirus subfamily) have
shown to have yet another integration distribution
pattern, with a modest preference for CpG islands, but
no preference for TUs [35].
Most studies so far were performed in human cells,
revealing a specific integration pattern for each retrovirus. But how much does the species of the target cell
affect integration site selection? To investigate this
question, Barr et al. analyzed integration sites from
human and chicken cells infected with HIV or ASLV
[27]. They found that HIV favored integration in TUs in
chicken cells, as seen for human cells. ASLV integration
patterns were also similar in chicken and human cells.
Hematti et al. analyzed MLV integration sites from simian
hematopoietic stem cell infection, and showed that they
were located predominantly in transcription start sites
and CpG islands [30], consistent with a previous study of
MLV integration in human cells [33]. Thus, so far,
integration site preferences have not varied significantly
in cells from different vertebrate species, suggesting that
cellular machinery directing integration site selection
is conserved.
We next consider three models (which are not mutually
exclusive) to explain these integration target site preferences: (i) accessibility of chromatin: (ii) cell cycle effects;
and (iii) binding to tethering protein(s) [21].
The chromatin accessibility model
One hypothesis to explain integration target site selection
is that ‘open chromatin’ is preferentially accessible to the
PIC [36]. Thus, transcribed regions become exposed,
thereby facilitating access of retroviral integration
complexes. Therefore, one might expect that if chromatin
accessibility has a major role in integration site selection,
all retroviruses would preferentially integrate at the same
accessible hotspots. Retrovirus integration sites, however,
differ among viruses, at odds with the simplest version of
the model. In vitro, nucleosome-associated and highly
distorted DNA is actually favored as a target over naked
DNA, inconsistent with the idea that packing DNA in
nucleosomes obstructs integration [37–40].
Another line of evidence comes from analysis of DNase I
hypersensitive (HS) sites, which are thought to be
markers for accessible chromatin. Recently, Crawford et
al. carried out a high-throughput analysis of DNase I HS
sites on the human genome in quiescent CD4C T cells
[41,42]. These studies showed that DNase I HS sites were
enriched near genomic features such as CpG islands,
regions upstream of genes and active transcription units.
DNase I HS sites correlated with MLV favored locations
for integration, but not with favored sites for HIV
integration (M.K. Lewinski et al., unpublished). This is
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Table 1. Integration frequency in transcription units and repeated sequences in human cells
Chromosomal feature
Transcription unit catalog
RefSeq
Repeats
SINEs Alu
SINEs MIR
DNA elements
LTR elements
LINEs

HIVa,b

MLVa,c

ASLVa,d

Matched randome

68.9%f

42.3%f

43.5%f

33.8%

13.0%f
3.1%
3.5%
4.5%f
17.4%f

7.8%f
7.9%f
4.4%f
6.4%f
12.7%f

7.1%f
4.9%f
4.1%
8.3%
20.7%

9.5%
3.1%
3.2%
8.7%
22.7%

a

There are slight differences in the frequencies of integration compared with those given in earlier publications, which reflect more stringent analysis criteria.
Pooled HIV integration sites from infected 293T, IMR90, Jurkat, PBMC, SupT1, HeLa and H9 cells [3,20,22,25,28,33].
MLV integration sites from infected HeLa cells [33].
d
Pooled ASLV integration sites from infected 293T-tva and HeLa cells [26,35].
e
Matched random integration sites are computer-generated random sites, corrected for experimental biases as a result of restriction site placement.
f
Significantly different from random, P!0.05.
b
c

inconsistent with the idea that chromatin accessibility, as
reported by DNase I hypersensitivity, is responsible for
integration site selection because the effect is retrovirus
specific. Together these data suggest that favorable effects
of open chromatin are unlikely to fully account for the
mechanism of integration targeting, although chromatin
structure might still affect integration site selection to
some extent.
Cell cycle effects
Another hypothesis is that the cell cycle phase at the time
of integration might affect site selection. Retroviruses
differ in their ability to infect dividing and non-dividing
cells. HIV can infect dividing and non-dividing cells,
whereas MLV PICs require cell division to enter the
nucleus and integrate [33,43]. It is therefore possible that
the cell-cycle phase at the time of infection might influence
the placement of integration sites of the incoming virus,
accounting for the differences in integration targeting
between HIV and MLV.
To begin to investigate this hypothesis, HIV integration
site selection was compared in dividing and non-dividing
cells. We compared non-dividing primary lung fibroblast
IMR-90 cells, which were arrested by serum starvation
and contact inhibition, with dividing IMR-90 cells [29].
Our analysis of HIV integration targeting revealed no
reduction of integration in TUs in non-dividing IMR-90
compared with that in dividing IMR-90 cells [29],
suggesting that cell division was not important for this
bias. Analysis of HIV integration sites in macrophages,
another non-dividing cell type that is a clinically relevant
HIV target, showed similar results [44]. The effect of
arrest in other phases of the cell cycle on the distribution
of integration sites by HIV and other retroviruses has yet
to be determined. However, the data available so far have
failed to make a compelling case that the cell cycle phase
at the time of integration is a major determinant.
Integration targeting by cellular tethering protein(s)
The tethering model proposes that cellular proteins serve
as a ‘bridge’ between the PIC and specific sites in cellular
DNA. Integration targeting by tethering is implicated in
site selection by the Ty retrotransposons of Saccharomyces
cerevisiae [45–48]. Ty elements lack an envelope gene and
thus an extracellular step in their life cycle, but otherwise
replicate like retroviruses. Ty elements integrate into the
www.sciencedirect.com

genome of the host cell through integrase enzymes related
to the retroviral integrases. All the steps of retrotransposition occur within the same cell, thus the choice of
integration site is important, because any disruption of
the host genome can be lethal for both the host and the
transposon. The favored target sites for the Ty5 element
are heterochromatin at telomeres and the silent mating
loci of the yeast genome, which do not disrupt gene
activity. These sites are bound by the Sir4p protein, which
specifically recruits the Ty5 IN, promoting integration at
nearby sites [47]. Similarly, Ty3 IN requires RNA
polymerase III transcription factors to direct highly
selective integration into Pol III transcript start sites
[45,46,49], a target that does not impair Pol
III transcription.
In principle, any component of the retroviral PIC, viral
or cellular, could serve as a docking point for a cellular
tethering factor that targets retroviral integration. Among
the candidates potentially affecting HIV integration site
selection are the viral PIC proteins, MA, Vpr, IN and
cellular factors associated with PIC, such as barrier to
autointegration factor (BAF), High Mobility Group A1
(HMGA1), EED, p300, Integrase Interactor 1 (Ini-1) and
LEDGF/p75 [3,21,48,50–53,73]. Recent data indicate that
LEDGF/p75 in particular influences HIV target site
selection [28].
The LEDGF/p75 protein
LEDGF/p75 was first identified by several laboratories
because of its ability to bind tightly to HIV IN [18,52].
LEDGF/p75 binding is specific for lentiviral IN proteins
(e.g. those of HIV, SIV and FIV) (Box 1) [54–56]. LEDGF/
p75 binding also protects IN against proteolysis in vivo
[18,57].
Box 1. The integrase enzyme
Viral integrase proteins range from 288 to 450 amino acids in length.
Integrase proteins are composed of three domains: the N-terminal
domain contains a Zinc-finger-like motif (HHCC motif), the catalytic
core domain containing the essential acidic residues DD35E and the
C-terminal domain, which is the least conserved. The lentiviral
integrases are more closely related to each other than viral
integrases. The a-retrovirus group, including ASLV, forms another
clade. The g-retroviruses including MLV form another distinct clade
[70–72]. Only the lentiviruses have been found to bind to LEDGF/p75,
potentially providing an explanation for some of the differences in
integration site distribution.
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LEDGF/p75 was originally isolated and characterized
as a general transcriptional co-activator. Ge et al.
identified two transcriptional cofactors using functional
assays in vitro, p75 and p52, that are encoded by
differentially spliced transcripts derived from PSIP1
[58]. Both proteins share the same first 328 amino acids
and differ only in their C-terminal portion. They can both
interact with transcriptional activators, although
different ones, and also interact with components of the
basal transcription machinery [58]. In an early study,
Singh et al. screened a human lens epithelial cell library
to identify proteins involved in lens epithelial cell
growth and survival, yielding a protein named lens
epithelium-derived growth factor (LEDGF) [59,60],
which proved to be identical to the transcriptional
co-activator p75 (hence the name LEDGF/p75). LEDGF/
p75 has been suggested to increase cell survival following

(a)
1
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stress-induced apoptosis, in part through the induction of
stress-related gene expression [61,62]. LEDGF/p75 is
ubiquitously expressed and contains a nuclear localization
signal (NLS), consistent with a role in transcription in the
nucleus. Although particular DNA sequences have been
reported to be bound by LEDGF/p75 in vitro, LEDGF/p75
has been shown recently to bind to many unrelated
sequences, suggesting that its DNA-binding ability is not
sequence specific [63].
The NLS of LEDGF/p75 drives the nuclear localization
of HIV IN when both proteins are produced at high levels
[54,64,65]. However, during infection, HIV IN nuclear
localization is not dependent on LEDGF/p75 [54,65],
suggesting that multiple mechanisms exist to mediate
the nuclear translocation of the HIV PIC. In addition to
the NLS, LEDGF/p75 contains a PWWP domain (i.e. ProTrp-Trp-Pro, a domain implicated in protein–protein
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Figure 3. LEDGF/p75 recruits the HIV PIC and promotes HIV integration at a nearby site. (a) The structure of LEDGF/p75, showing the location of its domains (PWWP, NLS, AT
hook and IBD). (b) LEDGF/p75 directs integration via a tethering mechanism. The PIC (containing IN and other proteins), shown in green, surrounds the viral DNA. The viral IN
interacts with the LEDGF/p75 protein (shown in grey). Whether LEDGF/p75 is initially bound to the host genomic DNA, or first binds the PIC in solution, has yet to be
determined. The LEDGF/p75–IN association promotes HIV DNA integration near the chromosomal sites of LEDGF/p75 binding, via a tethering mechanism.
www.sciencedirect.com
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interactions), an AT-hook motif and an integrase-binding
domain (IBD) (Figure 3a). Both the NLS and AT-hook
motifs have been shown to be involved in DNA-binding
and chromosome association [19,65].
The LEDGF/p75-HIV IN interaction is mediated by
the IBD, consisting of LEDGF/p75 residues 341–429
[54,65–68], and the core domain of HIV IN [55]. The crystal
structure of the catalytic domain of HIV IN (residues
50–212) in a complex with IBD has been solved; it revealed
a pair of LEDGF-IBD molecules bound at symmetryrelated positions at the interface of the IN dimer [67,68].
Interhelical loop residues (I365, D366 and F406) of the IBD
become buried and interact with exposed residues at the
dimer interface, specifically V165 to K173, and with a
hydrophobic patch composed of residues A129 to W132.
LEDGF/p75 is conserved among vertebrate species [66].
Human LEDGF/p75 shares 92% identity with murine
LEDGF, 69% with chicken LEDGF and 56% with frog
LEDGF. Interestingly, the LEDGF-IBDs are O83% identical, providing a potential explanation for the maintenance
of HIV integration site selection in chicken cells [27].
Nevertheless, LEDGF/p75 seems dispensable for HIV
replication in cell culture because HIV infectivity is
unaffected when cells are knocked down for LEDGF/p75
by RNA interference [19,28,54]. However, one caveat is
that residual expression of LEDGF/p75 protein could
suffice for function, thus potentially explaining the
absence of phenotype on HIV replication, although knockdowns with !10% residual expression have
been characterized.
LEDGF/p75 in targeting HIV integration
Recently, using cells knocked-down for LEDGF/p75, we
showed that LEDGF/p75 can affect HIV integration site
distribution [28]. We used RNA interference to knockdown the expression of LEDGF/p75 to undetectable levels
(as assayed by western blot) in 293T and Jurkat-derived
cells, and to a lesser extent in HOS cells. After infection,
HIV integration was favored in TUs in the control cell
lines, as in previous studies, but all three cell lines
depleted for LEDGF/p75 showed reduction in the
frequency of integration into TUs. However, the preference for HIV to integrate into TUs was not completely
abolished in the cell lines that were depleted for LEDGF/
p75, suggesting either that residual expression of LEDGF/
p75 in the knock-down was sufficient for some function, or
that other factors are involved.
Furthermore, analysis of the GC content of HIV
integration sites indicated that relatively AT-rich regions
were more favored for integration than GC-rich regions in
cells when LEDGF/p75 was present. This is consistent
with the presence of an AT-hook motif in LEDGF/p75,
which has been shown in heterologous proteins to mediate
favored DNA-binding at AT-rich regions – thus
LEDGF/p75 binding to AT-rich sites apparently boosted
integration into these sequences.
Another approach to investigate the role of LEDGF/p75
queried the frequency of integration in LEDGF/
p75-modulated genes. LEDGF/p75 modulates gene
expression by binding to DNA, so LEDGF/p75-regulated
genes should have more bound LEDGF/p75 than
www.sciencedirect.com
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randomly selected genes, and thus should be preferential
integration targets. To investigate this possibility, we
performed transcriptional profiling of an LEDGF/p75
knocked-down cell line and matched control using
microarrays to identify differentially expressed genes
[28]. A comparison of differentially expressed genes with
those hosting HIV integration events indicated that
LEDGF/p75-modulated genes were favored targets in
the control cell line, but this preference was abolished in
LEDGF/p75 depleted cells, consistent with the idea that
LEDGF/p75 acts as a tethering protein. These data
suggest that LEDGF/p75 is involved in promoting HIV
DNA integration in TUs and in AT-rich regions, thus
providing the first example of an apparent tethering
protein for retroviral integration (Figure 3b).
This work was extended using studies of HIV integration in vitro. In these studies, the LEDGF/p75 IBD was
artificially tethered to a specific site on the integration
target DNA in vitro using synthetic fusion proteins.
Integration by HIV was found to favor integration at
DNA sites near the bound fusions. Thus a protein–protein
interaction between the LEDGF/p75 IBD and HIV IN can
cause favored local integration in vitro (A. Ciuffi et al.,
unpublished), modeling the proposed tethering
interaction in vivo.
Conclusions and perspectives
HIV integration is not random but occurs preferentially in
active TUs, probably as a result of a strategy to promote
efficient viral gene expression [1–3,20,69]. LEDGF/p75, a
transcriptional coactivator, is the first cellular protein
shown to affect HIV integration site distribution in vivo
[28] and provides evidence that a tethering mechanism
can mediate retroviral integration site selection. The
recently reported crystal structure of the LEDGF/p75
IBD bound to the HIV IN catalytic domain provides a
structural picture of a key interaction [67]. The observation that two IBD monomers bound simultaneously to
the catalytic domain dimer suggests that polyvalent
binding of LEDGF/p75 might increase the avidity of the
interaction in vivo and so have a cooperative effect.
However, LEDGF/p75 depletion reduces HIV integration
frequency in TUs but does not abolish it, so it seems likely
that there are other factors contributing to HIV integration site selection. Currently, there are no convincing
data to support the chromatin accessibility or cell cycle
models (but centromeres seem to be disfavored at the
chromosomal level, [22]), although it is certainly possible
that future experiments might also unveil a role for these
mechanisms. These recent studies help unravel the
mechanisms involved in retrovirus integration site selection and might eventually allow the modification of
retrovirus-based vectors to improve the safety of
gene therapy.
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