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Abstract. HIV integrates a DNA copy of its genome
into a host cell chromosome in each replication cycle.
The essential DNA cleaving and joining chemistry of
integration is known, but there is less understanding of
the process as it occurs in a cell, where two complex
and dynamic macromolecular entities are joined: the
viral pre-integration complex and chromatin. Among
implicated cellular factors, much recent attention has
coalesced around LEDGF/p75, a nuclear protein that
may act as a chromatin docking factor or receptor for

lentiviral pre-integration complexes. LEDGF/p75
tethers HIV integrase to chromatin, protects it from
degradation, and strongly influences the genome-wide
pattern of HIV integration. Depleting the protein
from cells and/or over-expressing its integrase-binding
domain blocks viral replication. Current goals are to
establish the underlying mechanisms and to determine
whether this knowledge can be exploited for antiviral
therapy or for targeting lentiviral vector integration in
human gene therapy.
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Introduction: integration as a viral strategy

Viruses, viewed most fundamentally, are short seg-
ments of nucleic acid that have evolved myriad ways to
propagate themselves by parasitizing the replicative
metabolism of cells. It is no surprise that tracking their
intracellular journeys has frequently provided impor-
tant insights into cell biology. From the perspective of
a cell biologist, retroviruses are the most subversive of
viruses because they invade not only the cell but also
its genome. Shortly after its core enters the host cell
cytoplasm, a retrovirus copies its single-stranded
RNA genome into a double-stranded cDNA, which
is maneuvered to the nucleus by still unclear mecha-
nisms and integrated into a chromosome. There the
provirus behaves for the most part like any of the cell’s
other 25000 or so Pol II-transcribed genes. For HIV
and other lentiviruses, the only really fundamental
post-integration peculiarity in the nucleus is a neces-
sary mechanism to bypass the cell’s splicing check-

point for the viral genome RNA and some coding
mRNAs. Perhaps only prions infiltrate their hosts
more intimately.

The numerous survival advantages that follow from
integration include acquisition by an RNA virus of the
long-term stability of chromosomal DNA, the capaci-
ty to replicate through mitosis, and the ability to
forego considerable genetic encumbrance by para-
sitizing the elaborate cellular transcriptional appara-
tus. Thus, while the exceptional ability of HIV-1 to
evade and slowly destroy human immunity rests on
many mechanisms, the most fundamental may be
integration. A stably integrated provirus can occupy a
spectrum of transcriptional states, allowing it to evade
immune surveillance through latency while retaining
the capacity to scale up transcription rapidly and
initiate progeny production [1, 2]. Chromosomal
archiving of drug-resistant HIV genomes in long-
lived cells can also permanently foreclose the utility of
antiretroviral drugs or entire drug classes, which often
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Figure 1. HIV-1integrase: derivation, structure and key residues. (A) IN is derived from the Gag/Pol precursor by viral protease cleavage.
The protein has three distinct structural and functional domains: an N-terminal domain (NTD, amino acids 1-50), which contains an
HHCC zinc-binding motif, the core catalytic domain (CCD, residues 51-212, the dimer interface of which interacts with p75) and the C-
terminal domain (CTD, residues 213—-288). Of the three, the CTD is the least conserved between retroviral integrase proteins; it is involved
in DNA binding, but all three domains likely contribute to this as well as to multimerization. D64, D16 and E152 coordinate magnesium
ionsin the catalytic center. They can be mutated to produce pure (class I) IN catalysis deficits without confounding (class IT) effects on other
Gag/Pol precursor functions. Class II effects are frequent, such that mutagenesis of the protein requires cautious assessment of multiple
parts of the viral life cycle, including assembly. Some IN residues located in the pocket at the p75-IN dimer interface are highlighted at the
bottom of the three-domain illustration, with those N-terminal to E152 in one monomer, and those C-terminal to E152 in the other
monomer of the IN dimer. Although its exact oligomeric state and abundance in the PIC are still ambiguous, a wealth of in vitro enzymatic
and virological complementation studies suggest that IN functions to integrate both long terminal repeat (LTR) ends into host DNA in a
coupled (concerted) fashion, and that it acts as a multimer, with a tetramer likely [73, 154, 157, 158, 188-192]. In vitro, an IN dimer is
sufficient for 3’ end processing, but a tetramer appears needed for DNA strand transfer activity [154, 157, 158]. In cells, p75 binds tetrameric
IN [73]. (B) Alignment of the central part of the IN CCD for lentiviruses from the three main subgenera. Identity is indicated by asterisks
and residues with conserved biochemical features by dots. IN alpha helices are indicated below, and the segments primarily involved in
forming the IBD-binding pocket are indicated by heavy overlying black bars; see Figure 5 for placement of these protein elements in the

IN-CCD interface. For an alignment that shows this region for additional ungulate lentiviruses and HIV-2 as well, see [100].

prevents achieving the durable viral suppression
necessary for stable health. For these and other
reasons, integration is not only the most defining
feature of the retroviral life cycle, it has high priority as
a therapeutic target. Blocking this step was in the past
regarded as potentially problematic because the
targeted process is a single pair of DNA cleaving
and joining reactions per viral replication round
(compared to about 20000 enzymatic cycles for
reverse transcription, for example). However, a timely
new class of antiretroviral drugs, at this point best
exemplified by the HIV integrase strand transfer
inhibitor raltegravir (FDA approved in October 2007)
has proved that integration is a robust therapeutic
target [3, 4].

Host cell factors and integration

The integration reaction is catalyzed by the virally
encoded integrase (IN) protein (Fig.1). The main
DNA cleaving and joining steps are the initial removal
of a terminal dinucleotide from each end of the
reverse transcribed cDNA (3" processing) and strand
transfer (Fig. 2). The latter is a single-step transester-

ification reaction in which staggered cleavage of
opposite target DNA strands provides the energy to
join the newly recessed viral 3’ ends to them [5-9]. In
the third main step of integration, gap repair, extra
nucleotides are trimmed from the 5’ ends of the viral
cDNA, and these are joined to host DNA 3’ ends. This
‘closing of the second joint’ involves host cell DNA
repair enzymes, but the full details remain to be
elucidated [10]. Both 3’ processing and strand transfer
can be detected when the purified enzyme is combined
with model DNAs, e.g. oligonucleotides, that serve as
surrogate viral and host substrates [6, 11-14]. Such
experiments have provided the framework for the
goal of understanding HIV integration as it occurs in a
cell, where two much more complex structures are
joined, the viral pre-integration complex (PIC) and
chromatin.

The PIC is a macromolecular assemblage that consists
of the viral cDNA, a subset of viral proteins retained
from the initial reverse transcription complex and
probably host cell proteins [5, 15-19]. Similarly,
chromatin is compositionally and structurally intri-
cate. Furthermore, protein-protein and protein-DNA
interactions are highly dynamic within chromatin [20,
21]. They are also likely to evolve within the PIC as it
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Figure 2. The integration reaction. A blunt-ended linear viral
genome cDNA is the precursor to integration. 3’ processing occurs
largely or entirely before nuclear entry for most retroviruses,
including lentiviruses. Removal of a terminal dinucleotide from the
linear cDNA molecule generates a recessed CA at the 3’ end. This
first reaction step may serve to remove extra nucleotides occa-
sionally added by reverse transcriptase [193] and promote stable
complex formation [154, 194]. The CA is invariable in all
retroviruses, while the removed terminal dinucleotide is not (it is
TT for MLV, for example). Binding to host DNA is followed by a
concerted transesterification reaction in which the 3’-OH groups of
the newly recessed A nucleotides are used to attack opposite strand
phosphodiester bonds separated by four to six bases in the 5
direction (this interval is five for HIV). Therefore, the joinings
occur on the same face of the double helix, flanking a major groove.
Note that 3’ processing and the subsequent strand transfer are
really the same reaction chemically [7, 8]. In each case a hydroxyl
group carries out a direct nucleophilic attack on an internucleotide
phosphodiester bond. The only difference is that in 3’ processing
the attacking hydroxyl group is from a water molecule and in strand
transfer it is the 3’ hydroxyl group of the conserved, recessed A. In
other words, this same 3’-OH is the leaving group in 3’ processing
and the attacking nucleophile in the strand transfer. An exogenous
energy source is not required because this is supplied by the
breaking of the chromosome DNA phosphodiester bond [5]. The
process is completed by the third main step, gap repair, yielding a
duplication of host DNA flanking the provirus (e.g., the five dark
shaded bases shown here for HIV). Like the first two steps [6, 11,
13, 14, 195], gap repair can also be modeled in vitro [196, 197]. It
appears to involve host cell DNA repair systems [10]. The N- and
C-terminal domains of IN are essential for proper interaction with
substrates. This aspect is illustrated by the reverse of the strand
transfer reaction, which is termed ‘disintegration’ [198]. More
orderly than it sounds, it is detected in vitro as cleavage of a
substrate that mimics one viral DNA end joined to a target DNA.
Disintegration can be carried out by the isolated catalytic core
domain (CCD), since only in this instance are the viral DNA ends
properly prepositioned; in contrast, the N- and C-terminal domains
of HIV integrase are needed for 3’ processing and strand transfer,
presumably because without them the CCD cannot correctly
position the viral cDNA termini at the active site [115]. See [8] fora
detailed overview of integration.

transits the nucleus and completes the integration
process [22]. Most aspects of the nuclear trajectory of
the PIC have been persistently enigmatic: nuclear
import, intra-nuclear trafficking, molecular evolution
during transit and the engagement with chromatin
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[23]. Paralleling vibrant current interest in the roles
cellular proteins play in other early retroviral life cycle
events [24-29], the integration field is focusing on
how cellular molecules participate either positively or
negatively in these steps, in the integration reaction
itself and in determining the site of integration within
the host cell genome [10, 23, 30-33].

From this perspective, HIV research is poised to learn
more about a substantial mystery: the nuclear life of
the PIC. The numerous proteins that have been
suspected to influence integration can be grouped
into three main categories: those that (i) interact with
IN directly; (ii) bind to the viral DNA to influence the
process; or (iii) participate in the final gap repair step.
Of equivalent interest is deciphering the roles cellular
proteins are likely to play in genome-wide patterns of
retroviral integration [34—-46]. Experimental capabil-
ities in this area changed with the availability of the
human genome sequence, commensurately advancing
bioinformatics and more recently, a second wave of
high-throughput sequencing methodologies [47, 48]).
Before such analyses, most evidence had suggested
that retroviral integration was largely random except
for highly local biases related to distortion of the
double helix as it accommodates to nucleosome
structure [49-54]. Exons account for only about
1.1% of human DNA. Since human exons average
only 50 codons and are generally separated by much
larger introns, transcription units comprise roughly
30-40% of the genome, depending on the particular
gene catalogue used [55, 56]. Thus, random integra-
tion by HIV would be predicted to produce about this
percentage of active transcription unit hits, whereas
approximately twice this has been observed [34].
Moreover, each retrovirus genus appears to follow
different targeting biases. Broadly sketched, lentivi-
ruses favor integrating in active transcription units
without favoring the promoter regions in particular
[34, 35, 38, 39, 43, 45, 46], MLV favors the promoter
regions of genes (transcription start sites and CpG
islands) [35, 38], and ALV appears, in general, to show
less specificity for transcription units [36, 37, 42].
MMTYV shows none at all and is so far the most
random integrator [57]. Foamy viruses are not found
in excess within genes per se, but those that are tend to
favor transcriptional starts and CpG islands [58, 59].
Within the overall patterns lie further mysteries, as
some sites appear to be targeted as much as several
hundredfold greater than random [34, 41, 54, 60]. HIV
integration is also strongly disfavored in centromeric
heterochromatin [34, 61], which is transcriptionally
repressed and a poor substrate for viral transcription
[62, 63]. Analyses that exploit deeper genome anno-
tation have potential to reveal further mechanistic
possibilities [48].
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Figure 3. The modular basis for IN-to-chromatin tethering: molecular domain structure of LEDGF/p75. Lengths of protein elements are
drawn to scale. The amino-terminal domain ensemble participating in chromatin binding is primarily the PWWP domain and the AT hook
domain, with CR1-CR3 being relatively charged regions that influence chromatin binding to a lesser extent. However, PWWP-CRI is
necessary to transfer chromosome binding to GFP, and the N-terminus up to CR2 is required to transfer full chromatin avidity (see text).
HRP-2is shown at top. Outside of the PWWP domain, AT hooks and the integrase binding domain (IBD), HRP-2 is substantially divergent
from p75. Numbers indicate the amino acids that comprise each domain. The IBD is strongly conserved in vertebrates [79-81]. See [81] for

an alignment of the IBD across a variety of species.

p75: identification and putative cellular function of a
lentiviral IN interactor

This remainder of this review will focus mostly on the
host cell protein LEDGF/p75 (p75), which falls into
the first of the three groups of host proteins noted
above since it interacts directly with all lentiviral
integrase proteins. I review the existing p75 literature
[64-110], consider models for cofactor action, and
discuss perspectives and opportunities for future
research. ‘HIV’ denotes HIV-1 throughout. The
main features of retroviral integration, including
pertinent biochemical and structural considerations,
as well as aspects of retrotransposon integration
targeting, are also covered in Figure 1, 2, and 5 or at
relevant points in each text section. For in-depth
reviews of these areas and other cellular factors
implicated in the integration process, see [8—10, 31—
33,111-117];[29] provides a current overall review of
host factors utilized by retroviruses.

p75 is a ubiquitously expressed 530 amino acid
product of the gene PSIPI [64, 65]. A 333-amino
acid splice variant, LEDGF/p52 (p52), shares p75’s N-
terminal 325 residues (Fig. 3). The two proteins have
unique C-termini derived by alternative splicing, 8
amino acids in the case of p52 and 205 amino acids for
p75 [64, 65]. p75 and p52 were first identified as
proteins that copurified with PC4, a transcriptional
coactivator [64]. Both p52 and p75 were shown to have

transcriptional coactivator activity as well, with p52
being more active [64] and also having a more
restricted intranuclear distribution [69]. This func-
tional assignment remains provisional, since little
subsequent work on the transcriptional role of either
protein has followed. Transcriptional profiling in p75-
deficient human cells revealed significant global
changes (approximately 1000 mRNAs changed sig-
nificantly in each direction), but Gene Ontology
annotation did not suggest regulation of a coherent
developmental or physiological program [85]. In —/—
mouse embryonic fibroblasts (MEFs) fewer genes
were up- or downregulated (<200), and again, a
particular transcriptional network was not identified
[101]. Studies focused on other biological questions
have implicated p75 in modulating apoptosis and
other cellular responses to stress and have suggested a
role as an auto-antigen in certain disease states [66—
68,70-72, 84, 107]. However, p75 depletion does not
disproportionately alter stress-responsive gene tran-
scription, nor does HIV appear to preferentially target
such genes [85, 101, 110].

Nearly coincident with the initial descriptions, vision
science researchers isolated the cDNA from a lens
epithelium library and coined ‘lens epithelium-de-
rived growth factor/p75 (LEDGF/p75)’, which has
entered common usage [66]. The acronym has the
advantage (not trivial) of retrieving few if any
confounding hits from biomedical databases, but this
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nomenclature is otherwise somewhat unsatisfactory
since the protein is neither lens-specific nor a growth
factor. Rather, it is a ubiquitously expressed and
constitutively nuclear transcription factor-type pro-
tein that is not secreted from the cell. Two different
p75 knockout mice have had normal lenses [94, 101].
The knockouts also revealed that p75 is not essential
for cell or organism survival. Knockout mice feed
poorly in the perinatal period, leading to some
mortality, but survivors display mild skeletal and
neurobehavioral abnormalities and the derived MEFs
grow normally [94]. In addition, stable knockdown is
well tolerated in human cell lines, so far producing no
discernible differences in growth rates, morphology or
phenotypes other than lentivirus susceptibility [75, 80,
85, 95, 96, 110].

Interaction with lentiviral integrase proteins and the
trafficking of integrase

The seminal finding for the HIV field was the isolation
by Cherepanov et al. from 293T cells of an approx-
imately 75 kDa protein by coprecipitation with HIV-1
IN, which mass spectrometry revealed to be LEDGF/
p75 [73]. Confirmatory affinity-based proteome
screens were subsequently reported [76, 86]. The
interaction between p75 and IN is direct [73], and it is
confined to only one of the seven retroviral genera,

DNA
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Figure 4. p75 and IN colocaliza-
tion in cells and RNAi-induced
untethering. (A) 293T cells stably
expressing IN were double-
stained for IN (green) and p75
(red) and analyzed by confocal
microscopy. Colocalization is
seen in uncondensed interphase
chromatin and in condensed mi-
totic chromatin (see circled
cells). (B) HIV IN is un-tethered
from chromatin by p75 depletion.
Western blotting of these paired
cell lines expressing control and
active shRNAs respectively is
shown at left. The antibody rec-
ognizes an N-terminal region
present in both p75 and p52.
Note that only p75 levels were
reduced. HIV IN was stably ex-
pressed by puromycin selection
in these cells. Reproduced with
permission from ref. [75].

lentivirinae [75, 87, 100]. A number of laboratories
established the role of p75 in chromatin tethering,
mapped relevant functional domains and worked to
answer the question of virological relevance [74-82,
85-91, 93, 95-97, 100-105, 108-110]. The first
indication of the protein’s significance was the clar-
ification it provided about the vexing issue of the
intracellular trafficking of retroviral integrase pro-
teins. When HIV IN is expressed outside the viral
context it is karyophilic [118-121] and chromatin-
associated [73-75, 86, 122, 123]. This property is
characteristic of the entire lentivirus genus since IN
proteins from the two nonprimate (feline and ungu-
late) subgenera behave identically [75, 87, 100]. In
contrast, gamma-retroviral (MLV) IN localizes to the
cytoplasm [75]. A number of earlier studies had, quite
logically, sought autonomous nuclear localization
(NLS) signals in HIV IN itself (see [23, 124] for
reviews). However, it is now clear that lentiviral IN
proteins are cytoplasmic in the absence of p75. First,
p75 and integrase were seen to precisely colocalize in
association with condensed or uncondensed chroma-
tin through all phases of the cell cycle (Fig. 4A) [73,
75]). Second, when p75 was depleted by RNAI,
integrase shifted completely to the cytoplasm
(Fig. 4B) [74, 75]). Third, IN mutants that are unable
to interact with p75 lose chromatin association [86].
The consensus outcome was a tethering model in
which p75 links IN to chromatin.
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An experimental proviso that also emerged is that
while fluorescent protein fusions are convenient (e.g.,
GFP-IN), they frequently produce ambiguous or
artifactual phenotypes, with signal found in both
nucleus and cytoplasm. In contrast, immunofluores-
cence studies with anti-IN antibodies or with small
antigenic epitope-tagged versions of IN produce strict
nuclear and cytoplasmic lentiviral IN distributions in
the presence and absence of p75 respectively [75, 80];
see also [120], which first identified the nuclear
location of epitope-tagged HIV IN. Further illustrat-
ing the point, fusions of IN to larger proteins, e.g.,
pyruvate kinase or beta-galactosidase, disrupt the p75-
IN interaction entirely [75, 80, 123, 125]. Therefore,
fluorescent protein-IN fusions are no longer preferred
for subcellular trafficking experiments. To give one of
a number of examples where this has been relevant,
GFP-IN®'** does not segregate with mitotic chromo-
somes like GFP-IN, but it is indistinguishable from the
latter in other cell cycle phases, with both proteins
being virtually completely nuclear [86]. This pheno-
type suggested that p75 interaction is not required for
nuclear localization of IN, whereas tracking IN with-
out a GFP fusion partner makes it clear that p75 is
necessary (e.g., Fig. 4B and [75, 80]). Nuclear import
must also be distinguished from nuclear localization,
since whether IN protein is trapped by p75 after
import or is cotransported with it through the
nucleopore is not yet clear, although studies with
nuclei from digitonin-permeabilized cells suggest
nuclear import can occur independently of p75 [86].
NLS-mutant p75 can sequester HIV IN in the
cytoplasm [77, 80], and attachment of heterologous
NLS sequences to the IBD of p75 can lead to nuclear
import of IN [80].

The interest in the intracellular trafficking of IN has in
part reflected longstanding interest in determining the
mechanism by which HIV and other lentiviruses/
lentiviral vectors infect non-dividing cells, e.g., macro-
phages and, in the gene therapy setting, many post-
mitotic cell types [126, 127]. This now legendary
problem remains unsolved [23, 124]. Despite the
initially provocative correlation between intracellular
trafficking of integrase proteins expressed outside the
viral context and the differential capability of these
retroviruses for non-dividing cell infection — HIV IN is
nuclear, MLV IN is cytoplasmic — the weight of current
evidence tilts against integrase or the integrase-p75
interaction being the determinant [75, 95, 96, 101, 121,
128-133]. As is discussed below, however, a role for
p75 in PIC nuclear import is not definitively excluded.

Integrase, LEDGF/p75 and HIV replication

Structure and the modular nature of the tether

The domain structure of p75 is illustrated in
Figure 3. Discrete functional modules govern vari-
ous activities. Nuclear localization of p75 is the
outcome of two mechanisms, NLS-mediated nucle-
ar import and chromatin trapping. A single trans-
ferable classical NLS is located in the N-terminal
region (*RRGRKRKAEKQ"®) [77, 80]. Four
central basic residues, RKRK, are critical for NLS
activity.

Chromatin linkage of IN is mediated by specific
domains located at opposite ends of p75, hence the
tether metaphor (Fig. 3). An 83-amino acid C-termi-
nal integrase binding domain (IBD, residues 347-429)
binds to IN [79, 80]. The crystal structure of the IN
catalytic core domain (CCD)-IBD complex revealed
critical contacts at the interface [82]. The structural
data correlate with in vitro yeast two-hybrid and
alanine scanning experiments that have mapped p75
interaction to the IN CCD [86, 102]. The IBD, which is
highly conserved in vertebrates [79, 80], forms a right-
handed alpha helix bundle that resembles so-called
HEAT domains from other proteins (Fig. 5) [81]. A
less-structured inter-helical loop of the IBD extends to
bind in a pocket at the IN CCD dimer interface,
especially residues 166—171 from one IN monomer,
which connect IN alpha helices 4 and 5, and a
hydrophobic patch composed principally of alpha
helices 1 and 3 of the second IN monomer (Figs 1B, 5)
[82]. Side chains of certain residues in the alpha-4/5
connector, e.g., Q168 and R166, do not interact
obviously with IBD residues directly but rather form
contacts within the same IN monomer (R166 salt-
bridging with E69) or between opposite monomers
(Q168 hydrogen bonding across the dimer interface
with W132) (Fig. 5). Therefore, substitutions of alpha-
4/5 connector amino acids are predicted to disrupt the
structural integrity of IN and abrogate interaction
with p75 either directly or indirectly [82]. Interpreting
their viral phenotypes is complex, an issue that is
discussed further below. The minimal IBD fragment
that will interact with IN is not precisely determined.
For example, residues 330—417 bound IN normally
[80].

IBD residues identified in IN-p75 binding experi-
ments are in good agreement with the crystal struc-
ture. For example, D366 is likely to hydrogen-bond
with the backbone amides of E170 and H171 in the
alpha-4/5 connector of one IN monomer (Fig.5).
These residues are not conserved in non-primate
lentiviral IN proteins (Fig. 1B), which is consistent
with the predicted interaction with the peptide back-
bone rather than the amino acid side chains [100]. The
loss of a single negative charge through an Asp — Asn



Cell. Mol. Life Sci. Review Article

Vol. 65, 2008

1409

Figure 5. Structure of the HIV IN CCD-IBD interface. (A) An IN dimer interacting with the p75 IBD. (B) close-up view of the tri-
molecular interface. The figures were made with PYMOL, using Protein Data Bank crystal structure file 2BJ4 (www.pdb.org) from [82].
The IN CCD monomers are colored orange and pink and the IBD is colored green. Catalytic center residues D64, D116 and E152 are
portrayed with red sticks. p75 contributes most of the amino acid side chains that make direct IN-p75 contacts, and mutagenesis of single
IBD loop residues (e.g., 1365, D366, F406) more definitively abrogates binding than do single amino acid changes in IN. For further details
see text. Single-domain crystallographic or NMR (nuclear magnetic resonance) structures for IN were previously available for the CCD
and the other two individual domains [199-202] as are two-domain structures for the CCD with either of the other two [203,204]. A full-
length IN structure is a long-sought but still unrealized goal. Ideally but ambitiously, this would reveal the protein complexed with LTR
termini and possibly a chromatinized DNA target, with p75 a component also now to be considered. Solubility of IN has been a recurring
challenge for structural biology and certain mutations are useful in this regard, in particular F185K [205]. See [206] for an updated review of

HIV IN structural biology.

change at residue 366 (D366N) disrupts binding to IN.
Mutants such as D366N and D366A have been useful
for demonstrating specificity of effects in HIV repli-
cation experiments [90, 95-97, 101, 105, 109]. Anoth-
er significant interaction is a salt bridge between K364
and E170 (Fig.5), although mutation of the lysine
alone is not sufficient to disrupt the interaction [79].
On the other IN monomer, multiple hydrophobic
interactions predominate (e.g., W131 with p75 resi-
dues V408 and F406). IBD loop residue 1365, muta-
tion of which abrogates IN binding, is situated in a
hydrophobic pocket formed by W132 and some other
local resides, such as L102, A128 and M178 [82]. The
lack of conservation among primate and non-primate
lentiviral IN proteins at this interface extends to more

than the alpha-4/5 connector residues noted above;
other key contacts such as A128, W131, W132 and
Q168 are also poorly conserved (Fig. 1B). Therefore,
structure begets deep insight into function, since as
noted by Cherepanov [100] the preservation of p75
interaction by all lentiviral INs despite these sequence
differences is remarkable, implying a major functional
advantage and a conserved role in the evolution of the
lentiviral genus as a whole rather than, e.g., fortuitous
binding to a common structural motif.

On the amino-terminal end of the p75 tether, the
situation is more complex, but the first 198 amino acids
of the protein contain a modular chromatin-binding
ensemble [93] (Fig. 3). There are two dominant ele-
ments, a ‘PWWP domain’ (residues 1-93) and an AT-
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Hook pair ("*PKRGRPAATEVKIPKPRGRPK'®).
The PWWP domain is found in numerous other
nuclear proteins [134, 135]. Deletion of this domain or
just its beta-barrel subdomain from p75 disrupts
microscopically detectable tethering to condensed
chromosomes [93]. There is some disagreement,
however, since Turlure et al. reported chromosome
tethering to be fully preserved after PWWP domain
deletion [89]. Analyzed biochemically, deletion of the
domain impairs high affinity (Triton X-100-refracto-
ry) chromatin binding, and additional deletion of the
AT Hook domain abolishes it [93]. Similarly, the
PWWP domain in conjunction with an adjacent
segment of 49 relatively charged amino acids (CR1)
is sufficient to tether GFP to condensed chromo-
somes, but transfer of Triton-resistant binding to GFP
is negligible without addition of the AT hook pair [93].
Two additional charged regions (CR2 and CR3) in the
N-terminal region also enhance the dominant activity
of the PWWP and AT hook domains, with full Triton-
resistance only achieved when the N-terminal donor
to GFP extends all the way through CR2 [93]. The p75
NLS has been reported to influence p75 chromatin
interaction, perhaps through non-specific DNA bind-
ing properties [89]. However, the NLS-mutant protein
(p75.NLS) is cytoplasmic when transiently expressed
but becomes efficiently chromatin-trapped as soon as
cells transit mitosis; when stably expressed p75.NLS
displays the same constitutively chromatin-bound
phenotype as the normal protein, suggesting that the
significant role of the NLS is rather to mediate nuclear
entry [80]. The stable nuclear residence of p75.NLS~
thus appears to result from efficient capture by
chromatin during the mingling of nuclear and cyto-
solic contents at cell division. If the PWWP domain is
removed from p75.NLS’, it loses this chromatin-
trapped property entirely, confirming the central
role of this domain [93]. Detailed PWWP domain
mutagenesis is indicated to pinpoint the amino acids
required for chromatin interaction of p75 and other
PWWP domain proteins.

The specific chromatin ligands of p75 are unknown.
The relative contributions of binding to DNA versus
protein in chromatin are not known either, for this
protein or for PWWP domain proteins in general.
While sequence-specific in vitro DNA binding of p75
to certain short stress response and heat shock
elements was reported [68], this was not verified in a
later study [89]. Non-specific in vitro DNA binding
activity was detected for the NLS-AT hook region, but
deletion of both these elements (or even the PWWP
domain in addition) had only minor effects on in vitro
integration [89], highlighting further the disconnect
between such assays and the true in vivo situation.
However, there is much about p75 modulation of
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targeting in relation to local DNA composition that is
interesting and incompletely explained. Lentiviral
integration sites have an average G/C content signifi-
cantly lower than other retroviruses, an observation
that stands in intriguing paradox to the overall
tendency to integrate into transcription units, which
are in general G/C-rich [136]. It can be reasonably
speculated that the p75 AT hook pair participates in
this relative A/T targeting, since an increase in HIV
integration into G/C-rich regions of chromatin has
been seen repeatedly in p75-deficient cells [85, 101,
110].

Other members of the HDGF family

The IBD is found in only one other human protein,
hepatoma-derived growth factor (HDGF)-related
protein (HRP-2). p75 and HRP-2 belong to the
HDGF family, of which six human members are
known (p52, p75, HDGF, HRP-1, HRP-2 and HRP-
3). All six share the conserved N-terminal PWWP
domain, but only p75 and HRP-2 contain the IBD and
only they interact with lentiviral integrases [79, 80,
137,138]. Outside the PWWP domain and IBD, HRP-
2 and LEDGF/p75 are strongly divergent (Fig.3).
Note that HRP-2 possesses virtually the same PWWP
and AT Hook domains but lacks CR1-3, and it is not
tethered to chromatin constitutively [80]. HRP-2’s
most recognizably distinctive compositional feature is
its repetitive polyserine-acidic residue motifs. Clus-
tered serine, aspartate and glutamate residues com-
prise 33 % of the protein. Similar motifs, which seem
likely to be relatively unstructured regions linking
functional domains, have been identified in some
other eukaryotic proteins, all of which are nuclear;
generally, they are cellular and viral transcription
factors [139-144].

P75 and integrase protein degradation in cells

In addition to chromatin tethering, and mechanisti-
cally separable from it, there is a second outcome of
the p75-IN interaction: a striking increase in IN
stability [78]. HIV IN is ubiquitylated and is subject
to degradation in the proteasome [78, 123, 145].
Nevertheless, it is readily expressed from the IN
cDNA at substantial levels provided Rev-dependence
is taken into account [75]. In contrast, in p75-deficient
cell lines IN was barely detectable despite IN mRNA
levels equivalent to non-deficient cells [78]. p75 re-
expression rescued IN expression, while neither p52
nor IBD-deleted p75 were effective [78]. Moreover, it
is clear that the location of the IN-p75 complex in the
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cell is irrelevant, since a nuclear localization signal-
mutant version p75, which complexed with IN in the
cytoplasm, still provides robust protection from
degradation [78, 80]. How the interaction of the
proteins is protective — whether it shields IN from a
specific E3 ubiquitin ligase, for example —is not clear,
but the effect is consistent with the concept of a stable
p75-IN complex that is not perceived as structurally
aberrant by protein recycling machinery. It could have
direct virological relevance. For example, PIC-asso-
ciated IN could become vulnerable to the proteasome
at some point in its nuclear trajectory unless com-
plexed with p75. It has also been noted that inhibition
of the proteasome can enhance HIV infection under
certain conditions, suggesting that the proteasome
may target incoming virions or host proteins involved
in the early steps of infection [146, 147]. Establishing a
clear connection between the latter effect, the IN-
stabilizing effect of p75 and the viral cofactor role
requires further investigation. In addition, a cellular
protein, von Hippel Lindau binding protein 1 (VBP1),
has recently been suggested to foster transition of the
nascently integrated PIC to transcriptional compe-
tence by facilitating IN degradation [148]. Whether
and how VBP1-mediated IN degradation intersects
with p75 protection of IN [78] or with the post-strand
transfer gap repair step are unknown.

Lentiviral specificity

Each property discussed above — integrase interac-
tion, chromatin tethering, proteasome protection —
occurs only with the integrase proteins of lentiviruses
[75, 87, 100]. As will be examined further below, the
viral cofactor role is also lentivirus-specific. This has
the convenient effect, aesthetically congenial to
retrovirologists, of allowing gamma-retroviral vectors
to be used for efficiently re-expressing p75 in RNAi-
or knockout-depleted cell lines or as genus specificity
controls in virus challenge experiments.

Viral cofactor role

Despite the increasingly provocative data from IN
protein expression studies, the significance of p75 in
the HIV life cycle was not initially clear. First, it should
be emphasized that ectopic overexpression of free IN
protein fails to recapitulate its normal context in
important ways. IN exists as a discrete protein only
after it is cleaved by the viral protease from the Gag/
Pol precursor (this polyprotein includes Matrix, Cap-
sid, Nucleocapsid, Protease, and Reverse Transcrip-
tase as well as IN). Cleavage into the individual virion
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proteins occurs during late stages of assembly and IN
remains PIC-associated post-entry. There is no evi-
dence that p75 interacts with IN prior to cleavage of
the latter from Gag/Pol. No producer cell interaction
or virion incorporation has been detectable and no
virological effects assignable to events in the producer
cell have been found [75, 86, 90, 95, 96]. Thus, all p75-
INinteractions are currently believed to occur with the
PIC post-entry. Whether these can happen before and
after nuclear import is not clearly resolved at present,
but immunoprecipitation experiments have detected
p75 within integration-competent PICs [75]. When
PIC-associated IN engages p75 is an important ques-
tion because it bears directly on mechanistic scenarios.
Evidence for an HIV integration cofactor role was
first presented by Vandekerckhove et al., who re-
ported delayed HIV replication in RNAi-depleted
HeLa-P4 cells [95]. The inhibition observed was
relatively small in virological terms, with slight delays
detected at low virus inputs, e.g., approximately 70
versus 130 ng of HIV p24 produced at nine days at
MOI = 0.002 infection, but it was rescued by p75 re-
expression [95]. Also in favor of a cofactor role,
knockdown of p75 changed the genomic distribution
of HIV integration [85]. Three main effects were seen:
the lentiviral bias for integrating into active genes was
reduced about a third to halfway towards random, AT-
rich DNA targeting decreased, conceivably due to the
loss of p75 AT hook domain effects, and p75-regulated
genes were relatively disfavored as well [85]. These
integration pattern results have been confirmed and
extended in two new studies that are described in
more detail below [101, 110]. Since IN is the viral
determinant of retroviral targeting specificity [149],
the data are consistent with the exclusive interaction
of p75 with lentiviral IN proteins [75, 87, 100]. In vitro,
chimeric lambda repressor-IBD proteins were also
found to increase recombinant IN-mediated strand
transfer near lambda repressor-binding sites in a DNA
target [150].

However, uncertainties and perplexities persisted for
several years after the identification of the p75-IN
interaction. In the same knocked-down cell lines in
which IN protein was found to be entirely cytoplasmic
and in which integration patterns were altered (e.g.,
the cells used in Fig. 4B, although other cells produced
the same phenotypes) [75, 85], and in similar experi-
ments with siRNAs [90], changes in overall levels of
HIV integration and replication were either entirely
absent [75, 85, 90], or modest (two-fold) [91]. Puz-
zlingly, no laboratory could detect significant effects in
single-cycle infection analyses with HIV reporter
viruses or vectors, whether the experiments were
siRNA- or shRNA-based, or whether they were
conducted in adherent fibroepithelial cell lines or in
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CD4+ T cell lines [75, 85, 90, 95]. In Ciuffi et al., two
different laboratories independently tested a variety
of p75-depleted knockdown lines from various sour-
ces and found no viral replication impairment [85].
Vandegraaff et al. came to similar conclusions using
siRNAs [90].

Another line of potential evidence for a cofactor role
came from mutant virus experiments. For example,
Emiliani et al. found that a mutation of HIV IN
residue Q168, which they elegantly identified by two-
hybrid screening of a high-complexity random IN
fragment library, disrupted the IN-p75 interaction in
vitro while preserving viral 3’ processing and strand
transfer activity; in cells the mutation untethered IN
protein from chromatin [86]. HIV engineered to have
the mutation was also incapable of replication (this
virus was dead, representing the most severe p75-
attributed block reported to date). The Q168 mutant
virus defect was assigned to an integration block by
PCR tracking of post-entry viral cDNA forms [86].
Here it is worth noting that mutagenesis of IN is
notorious for producing poorly understood pleiotrop-
ic effects on other life cycle steps (particle assembly,
release, reverse transcription) by virtue of secondary
(‘class II") effects on other functions of the Gag/Pol
precursor and its cleavage products (see [151] for a
review). In this regard, the Q168A mutation was
subsequently reported to only partially diminish IN
binding to p75 [102, 105], and also to have some class
II properties when placed in the virus, e.g., a defect in
reverse transcription [105]. As such, it is presently
uncertain whether the profound replication block is
solely or even primarily attributable to abrogation of
p75 interaction rather than perturbation of IN (or
Gag/Pol) structural integrity or monomer interactions
(see also the above discussion of crystal structure-
informed considerations for Q168). Characterization
of a number of other relevant IN mutations at the
same time revealed that p75-IBD binding affinity
correlates inconsistently with viral fitness, with a
number of viral deficits likely the result of confound-
ing class II effects related to perturbed structural
integrity in and around the binding cleft rather than
solely to loss of p75 interaction [ 102, 105]. Such studies
have also shown that the ability to correlate viral
fitness with in vitro binding of IN to a host factor is
frequently constrained by the unpredictable depend-
ence of binding on various assay particularities such as
the pull-down domains used (e.g., GST vs. Hisg) or
their C- vs. N-terminal placement [102, 105]. In
summary, analysis of IN mutants defective for p75
interaction has been essential for defining critical
contacts to the host factor but has produced largely
ambiguous evidence concerning the viral cofactor
role. The example of p75 attests to the comprehensive
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array of approaches — from in vitro biochemistry to
viral life cycle dissections — that are needed to fully
characterize any given retroviral IN mutation.

Appreciating the strong chromatin avidity of p75 was
important for understanding its viral cofactor role. As
noted above, when cell lines were engineered to stably
express a nuclear localization mutant of p75, it was
found only in nuclei, where it was always detected as
strictly chromatin-bound throughout the cell cycle
[80]. The implication was that p75 is very efficiently
chromatin-trapped. Consistent with this, the majority
of the protein is refractory to Triton X-100 extraction
and requires treatment with DNase and salt to
mobilize it [93]. These and other experiments led to
the hypothesis that even in apparently drastically
knocked down cells, a virologically significant resid-
uum of p75 might be confounding clear interpretation.

Definitive studies: three avenues to clarity

Faced with these ambiguities, investigators developed
three basic experimental approaches: intensified
RNAI [96], p75 knockout mice [101]) and overex-
pression of the IBD [96, 97, 109]. Prior RNAI experi-
ments had used either siRNA transfection or plasmid-
based shRNAs. Lentiviral vectors that coencoded
sortable fluorescent markers and shRNAs were used
to intensify RNAI in relevant HIV targets, i.e., human
CD4+ T cell lines [96]. Controls included equivalently
expressed control shRNAs, repeated derivation of
stable lines, challenges with another lentivirus (FIV)
and with a non-lentiviral retrovirus (MLV), and re-
expression of shRNA-resistant p75 alleles to validate
specificity [96]. Triton-resistant chromatin-bound p75
[93] was specifically correlated with infectivity of
HIV-1 [96]. Human CD4+ T cells with no immuno-
blot-detectable p75 in whole-cell lysates but a scant
detectable residue of p75 in the Triton-resistant,
DNAse I- and salt-extractable chromatin fraction
(S2 fraction-positive cells) were fully HIV-suscepti-
ble. In telling contrast, in cells in which the RNAi had
resulted in undetectable p75 in the S2 fraction,
infection was reduced 30-fold in multiple independ-
ently derived cell lines [96]. The required RNAi
intensification was also evident at the mRNA level:
only cells in which mRNA was reduced to less than
3% of baseline levels were S2 fraction-negative and
resistant to infection. Thus, for HIV, p75 is function-
ally super-abundant, and must be stripped from the
DNAse- and salt-extractable chromatin fraction to
produce a substantial block to HIV integration [96].
Note that this model does not imply a separate
chromatin-localized reservoir of the protein that is
not in exchange with the total cellular pool, but rather
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the opposite. Appreciating the strengths, limitations
and proper controls [152, 153] for RNAI in its various
forms has been and remains important in unraveling
the cofactor role. p75 is a clear example of how
apparently effective RNAi (see Fig.4B) can be
inadequate to reveal a protein phenotype because
fractionally small residua retain potent biological
activity. This has added significance when the target
protein is spatially concentrated in a functionally
critical way, as in this case, where it is sequestered with
the cellular component of the key reaction.

The cofactor role of p75 is lentiviral-specific, applies
to both single round infection and replicating virus
challenge at high MOIs, and maps to integration [96].
Intra-nuclear circularization of HIV genomes (2-LTR
circles) is also increased by knockdown, as expected
with an integration block [95, 96]. Targeting HRP-2
did not produce similar effects, and HRP-2 over-
expression did not rescue the p75 defect. Rescue
required as well that the re-expressed p75 protein
have functionally intact modules at both ends of the
tether. For example, p75 lacking the PWWP and AT
hook domains retains the function of protecting IN
from proteasomal degradation but loses HIV infec-
tion-rescuing function [96].

Overexpression of chimeric GFP-IBD fusion proteins
has also resulted in substantial inhibition of viral
replication, which is specifically abrogated by mutat-
ing Asp366 at the heart of the CCD-IBD interface [96,
97, 109]. (Overexpressing the IBD alone has not
proved feasible, because of instability that N-terminal
fusion partners appear to mitigate.) An important
observation is that the effects of knockdown and GFP-
IBD expression appear to be multiplicative, inducing
over 500-fold defects in single round infectivity [96],
which has now been extended to several thousandfold
in subsequent experiments [our unpublished data]. It
is likely that this synergy reflects the abundance of
endogenous p75, such that without the knockdown,
the GFP-IBD protein is in limiting competition with
wild type protein. Note that, in vitro, the disembodied
IBD does not stimulate IN catalysis [79].

Most recently, comprehensive HIV life cycle analyses
and genome-wide integration site mapping in embry-
onic fibroblasts from p75 knockout mice have pro-
vided clear additional evidence for the viral cofactor
role [101]. The data from this study are on the one
hand corroborative of the effects of stringent p75
knockdown on viral replication as well as multiple
aspects of genome-wide targeting. Both ends of the
tether were again shown to be required to rescue HIV
infection. However, the knockout mice studies added
the intriguing new information that HIV displays an
MLV-resembling increase in promoter region and
CpG island targeting in —/—~ MEFs [101]. This latter

Review Article 1413

aspect was recently confirmed when MEFs from an
independently derived knockout [94] and S2 fraction-
negative human T cells [96] were studied [110]. The
effect on genome-wide integration patterns in the
human T cell lines was also greater than in the
previously analyzed [85] human cells with weaker
knockdowns [110]. The notion these two studies [101,
110] suggest, that removing p75 uncovers a default
gamma-retroviral targeting pattern, is interesting
since it might imply action of other tethering factors
or targeting mechanisms that the ubiquitous presence
of p75 obscures for lentiviruses (Fig. 6, factor ‘X”). In
addition, analysis of 15 lentiviral integration site data
sets from 10 un-manipulated primary cell types and
cell lines showed a linear correlation between the
frequency of integration in transcription units and the
cell-type-specific level of p75 expression [110]. Con-
sidered with the intensified RNAi data [96] and the
prior targeting data [85], the latter result indicates that
genome-wide integration patterns are affected at a
range of p75 levels that are higher than the severely
reduced (chromatin-stripping) levels needed to block
to integration per se, and that the two effects might be
functionally separable.

While integration-competent HIV and FIV PICs
isolated from cytoplasmic fractions will coimmuno-
precipitate with p75[75], PICs isolated from either the
cytoplasm or nuclei of +/4+ and —/~ MEFs have
equivalent in vitro integration activities with naked
DNA targets [101]. Both results are consistent with
the present hypothesis that it is integration into
chromatin that is the decisive variable. The MEF
results also support the current consensus that earlier
effects on viral cDNA integrity, e.g., completing
reverse transcription properly, are not involved.

In contrast to the human T cell line studies, HRP-2
overexpression appeared to rescue the defect in p75 -/
—MEFs [101]. Previously, over-expressing this protein
in human cells did not rescue HIV replication, and
knockdown was not additive to the inhibitory effect of
p75 knockdown [96]. The virological relevance of
HRP-2 is thus unclear at present, but it deserves
further investigation. Its IBD displays about 50 %
identity and 70% similarity to the p75 IBD. Its
interaction with IN is probably of lower affinity [79,
80]. HRP-2 also has distinct chromatin interaction
properties. When overexpressed, it can rescue nuclear
targeting of IN in p75-deficient cells, but unlike p75 it
is Triton-extractable, and it does not constitutively
tether IN to chromatin [80]. Fivefold knockdown did
not influence HIV integration patterns [85]. As noted,
regions other than the PWWP domain and IBD are
quite divergent between these two HDGF family
members (Fig. 3). Double p75/HRP-2 knockout mice
may help clarify the role of HRP-2.
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Figure 6. Basic models for p75 function in HIV integration. The
chromatin fiber is depicted as a gray strand, without nucleosome or
solenoid detail. Components are schematic and not drawn to scale.
(A) p75 engages chromatin via the PWWP-CR1 elements and AT
hook domains primarily. The NLS, CR2 and CR3 are not shown,
but the latter two contribute to chromatin interaction. The
chromatin element indicated with a question mark represents the
unknown p75 ligand(s), which may include elements of the general
transcription machinery. The relative contribution of direct DNA
binding versus protein binding is unknown. In the presence of p75,
integration is favored into active transcription units (large arrow).
The four ovals represent a tetramer of integrase. (B) In the absence
of p75, integration is reduced (arrows are smaller) and active
transcription units are not favored. The IBD interaction may also
protect IN from degradation. In addition, two recent papers
indicate that promoter regions and CpG islands — the latter
genomic feature is enriched in the unusual CpG dinucleotide and is
associated with transcription start sites and regulatory regions — are
relatively favored by HIV in the absence of p75 [101, 110],
suggesting that removing p75 uncovers a gamma-retroviral-like
targeting proclivity. The speculative black box (‘X’) indicates this
could be mediated by a tethering factor or factors analogous to p75.
More complicated scenarios, such as interaction with p75 prior to
chromatin engagement, are not depicted, nor are p75-independent
palindrome-like local sequence preferences illustrated.
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p75 also interacts with a cellular c-Myc interactor,
JPO2, perhaps reflecting the role of p75 in cellular
transcription [98, 99]. JPO2 is in a narrow sense a
‘cellular counterpart’ of IN since it binds at or near the
IBD. There are several additional parallels. The
protein is protected from degradation by p75, it is
tethered to chromatin and it competes with IN for p75
binding. However, while the binding regions overlap,
they are different, since p75 proteins with IBD
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mutations that completely abrogate IN binding still
bind JPO2 [99]. In addition, when overexpression of
JPO2 was examined, it produced only a trivial
diminution in HIV infectivity; on the other side of
the life cycle, a small increase in HIV-1 Tat reporter
assay activity was seen as well [99]. Careful JPO2
knockdowns remain to be reported, but a significant
role for this protein in HIV replication is not apparent
so far. Rather, studies of p75 and JPO2 buttress the
view that p75 is a general adaptor between chromatin
and proteins or nucleic acid-protein complexes that
must be brought into the proximity of chromatin to
function, such as those involved in transcription (e.g.,
in c-Myc regulatory processes) or integration (lenti-
viral PICs). Considering further the issue of unknown
cellular proteins that may interact with the p75 C-
terminus, it can be deduced from domain deletion and
exchange experiments that the C-terminal segment of
p75 (amino acids 325-530) imparts some Triton-
resistant chromatin binding to the PWWP-deleted N-
terminal segment (i.e., to residues 94-325, which
display no chromatin interaction when fused instead
to GFP) [93]. This might suggest that, in addition to
the dominant N-terminal ensemble, some component
of p75 chromatin association may be mediated by
bridging via proteins like JPO2.

The most convincing evidence for specificity of an
antiviral effect is the evolution of mechanistically
coherent mutations at the predicted binding site in the
targeted viral protein. Hombrouck et al. have now
reported such counterevolution of HIV [109]. After
repeated passage of HIVin cells engineered to express
a GFP-IBD chimeric, informative mutations arose in
CCD residues that participate in the interface with p75
(E170G and A128T, which lie in opposite IN mono-
mers; see Fig.5). The induced mutations, which
conferred reduced IBD binding affinity [109], can be
reconciled well with the structural data: E170 forms a
salt bridge with K364 of p75 and A128 is part of the
hydrophobic pocket that engages 1365 of p75 (Fig. 5).
Avirus constructed to have both mutations was able to
replicate in the presence of the GFP-IBD chimeric but
remained as impaired as wild-type HIV by p75
knockdown, consistent with additional evidence
from Hombrouck et al. that the mutations disrupt
GFP-IBD interaction preferentially [109]. These
forced evolution studies suggest that escape is con-
strained by the need to retain affinity for endogenous
p75.

Modeling p75 function in the HIV life cycle

Table 1 lists a number of central findings. Main
conclusions for which there is now consensus are that
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p75 determines IN trafficking in cells, is essential for
efficient viral replication and is the first cellular
protein demonstrated to influence the genome-wide
integration distribution of a retrovirus. Taken togeth-
er, current evidence suggests a working model in
which p75 acts as a chromatin docking factor, and
potentially as a receptor for the lentiviral PIC prior to
chromatin engagement. The net effect in all variants
of this model is to enhance the probability of the PIC
completing its intranuclear journey, up to and includ-
ing integration. Three processes may be involved:
enhancing PIC capture by chromatin, enhancing
integrase catalysis and reducing IN or PIC vulner-
ability to degradation by cellular pathways. There is
some evidence to support each and they are not
mutually exclusive (Fig. 6).

p75 knockdowns and knockout studies are in agree-
ment, showing that in the absence of p75 infection
becomes much less efficient (10- to 30-fold). Addition
of a dominant-interfering GFP-IBD protein produces
three or more logs of inhibition. Nevertheless, up to
10% of PICs complete integration in the absence of
the cofactor. Several laboratories have also seen a 3- to
5-fold greater effect of p75 depletion on single-round
luciferase reporter virus expression than is accounted
for quantifying the integration deficit by techniques
such as Alu-PCR or Southern blotting. Most likely this
reflects the confluence of the two main effects:
impaired integration and a shift of integration into
chromosomal sites that are on average less conducive
to HIV transcription. It should be noted that re-
expressing p75 in S2 fraction-negative cells after HIV
integration had occurred (or conversely, knocking it
down in infected p75 wild-type cells) did not alter viral
expression [96], supporting the idea that the salient
variable is genomic location rather than transcrip-
tional modulation by the protein. The lack of an
absolute requirement of p75 for integration is com-
patible with the known ability of purified IN alone to
carry out 3’ processing and strand transfer with
oligonucleotide substrates in vitro. A probabilistic
process is also compatible with the gene targeting
effects, as this docking factor is a transcriptional
coactivator expected to be relatively increased in
abundance in the vicinity of genes. An optimally tuned
bias for integrating into transcriptionally active genes
may be advantageous for the virus since integration of
a portion of PICs into sites where transcription is
relatively repressed may foster establishing a diverse
latent viral reservoir [1, 2].

It now seems robustly established that shifting inte-
gration site distributions requires a less stringent
knockdown than does inhibiting integration [85, 96,
110]. These two effects might therefore be function-
ally separable. Conceivably, transcription unit target-
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Table 1. Properties of LEDGF/p75

Transcriptional coactivator.

Ubiquitously expressed.

Abundant in cell.

Nuclear and chromatin-associated throughout the cell cycle.
Tethers lentiviral IN proteins to chromatin.

Protects lentiviral IN proteins from proteasomal degradation.

Enhances lentiviral IN strand transfer with in vitro DNA targets
under most conditions.

e Primary determinants of chromatin binding: PWWP-CR1 and a
tandemly situated pair of AT hooks, with ancillary effects of
flanking segments.

o Nuclear import: mediated by a single classical NLS.
o C-terminal IBD mediates binding of p75 to IN.

e IBD is present in one other human protein, the HDGF family
comember HRP-2.

o IBD is well conserved in vertebrates.

o Structure of IN CCD-IBD interface is established at 2 &ngstrom
resolution.

o Single amino acid mutations in the IBD (e.g., D366N or D366A)
abrogate IN interaction, HIV cofactor activity.

o Detected in lentiviral PICs. PICs from p75 -/~ MEFs showed no
defect in 3’ processing or strand transfer into a DNA target in
vitro.

o Knockdown or knockout reduces lentiviral targeting of
transcription units. This correlates with decreased AT-rich DNA
targeting and also with emergence of gamma-retrovirus-
resembling CpG island/promoter region favoring.

o The shifts in integration site distributions occur with less-
intensive depletion than is needed to impair viral replication/
integration.

o Inhibition of viral infection requires RNAI effective enough to
eradicate detectable chromatin-bound p75 (shown in human
cells) or a knockout (shown in mouse cells).

o Overexpressed GFP-IBD chimeric proteins inhibit HIV
infection.

o Combination of RNAi and GFP-IBD expression leads to over 3
logs of inhibition of HIV infection.

e Viral replication in presence of GFP-IBD forces evolution of
specific IN resistance mutations at the IN dimer-IBD interface.

o Interaction with IN is lentivirus-specific. Consistent with this,
infection by other viruses from other retroviral genera is
unaffected by p75 depletion.

o JP02, a cellular protein, interacts with the p75 at the IBD,
although the binding interface differs from that of IN. A
virological role is not yet evident.

ing could involve PIC-chaperoning effects of p75 prior
to chromatin engagement. More speculatively, PIC-
p75 interactions could also be reversible. Alternative-
ly, the chromatin-bound pool may be the only func-
tionally critical one, which is consistent with the most
straightforward PIC-to-chromatin tethering scenario
in which the PIC is captured and activated by
chromatin-resident p75 (Fig. 6). This would also fit a
more passive scenario where the gene targeting and
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integration-fostering effects are not mechanistically
dissociable, if all segments of chromatin are approach-
ed by PICs with statistical equivalence and gene
targeting is simply a matter of rescue of those that
‘land’ near a p75-replete chromatin segment.

In terms of augmenting IN catalysis, p75 binding may
simply bring the PIC and chromosome DNA into
closer proximity or it may augment intrinsic catalytic
activity, acting as an ‘IN coactivator’ in analogy to its
role as a coactivator for the Pol II complex. In vitro
evidence supports an enzymatic cofactor role, since
recombinant p75 can augment purified IN protein
catalysis (the strand transfer component) with oligo-
nucleotide substrates [73,79, 87, 89]. The equivalent 3’
processing and strand transfer capacity of PICs
isolated from +/+ and —/— MEFs [101] is consistent
with the primary effect requiring engagement with
chromatin-resident p75. However, the caveat is that a
naked DNA template rather than chromatin is the
target in these kinds of PIC integration assays, so that
even if the PICs do ‘pre-load’” with functionally
significant p75 in +/4 cells, they might not score
differently than —/- cell-derived PICs. There is also
intriguing evidence that recombinant p75 can pro-
mote the functionally coupled insertion of both LTR
ends into a DNA target in vitro [100]. The literature
variously refers to this as coupled, concerted or full-
site integration. The two covalent joinings are not
necessarily simultaneous [154]. The full-site product
has the gapped, 5" staggered structure of the bona fide
strand transfer product shown in Figure 2. This
essential aspect of the in vivo reaction has typically
been difficult to recapitulate in vitro with the purified
enzyme, although recent adjustments to assay param-
eters have boosted efficiency [155, 156]. The effect of
p75 differed sharply between different recombinant
lentiviral IN proteins: its addition enhanced full-site
integration for EIAV IN, while HIV IN was instead
directed virtually exclusively to catalyze uncoupled
(half-site) integration in which only one viral DNA
end is joined to one strand of target DNA [100].
Preferential promotion of an HIV IN half-site reac-
tion by p75 was corroborated in a separate study [104].
Thus, the results could suggest that an additional host
or viral factor may be required specifically for HIV IN
to achieve the true concerted reaction that must occur
in vivo [100]. Alternatively, in the second study, p75
appeared to interfere with higher-order oligomeriza-
tion of recombinant HIV IN [104]. Since achieving the
full-site reaction in vitro is thought to require the
tetrameric form of the enzyme while the dimer
mediates half-site integration [154, 157, 158], properly
coupled joining may require that p75 binding occur
after assembly of a mature ‘synaptic complex’ in which
tetrameric HIV-1 IN is complexed to the viral cDNA
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ends [104]. A note of complexity was added by Pandey
et al., who found that full site integration by HIV IN
was promoted at lower p75 concentrations but in-
hibited at higher concentrations [103].

Consistent with a mechanism localized to chromatin,
the breakpoint for significantly impairing lentiviral
infection is achieving S2 chromatin fraction negativity
for p75 [96]. It cannot be entirely excluded at this
point that the latter is a surrogate for the total cellular
deficit and that the PIC acquires p75 earlier, perhaps
in interchromatin space [159] or even prior to nuclear
entry as was suggested by PIC coimmunoprecipitation
[75]. The lack of detail on this question parallels the
larger ignorance about whether retroviral PICs nego-
tiate intranuclear transit by specific directional proc-
esses or by random diffusion. For example, evidence
has been presented that the nuclear lamina protein
Emerin, which the PIC would presumably encounter
immediately after nuclear entry, is required for the
PIC to orient properly to the nuclear landscape and
access chromatin [160]. However, this result was
challenged by subsequent studies in Emerin-knockout
MEFs, in which HIV infection was unimpaired;
introduction of human Emerin into these cells was
also without effect [161]. Finally, the reality for p75
may be dynamically complex. Many chromatin-asso-
ciated proteins are highly mobile, such that they
rapidly and continuously exchange among chromatin
binding sites in a stop-and-go manner [20, 21]. The
inferred competition between endogenous p75 and
IBD fusion proteins would be consistent with a
situation whereby p75 interacts in such a manner
with both the PIC and chromatin [96, 97].
Completion of the integrated proviral state is a
process of survival. The susceptibility of HIV reverse
transcription complexes and HIV IN to the protea-
some in tandem with the striking protective effect of
p75 for IN [78] suggests that vulnerability of IN to
cellular degradative pathways could increase during
the late window of strand transfer and gap repair,
perhaps as it becomes more exposed in relation to
other PIC constituents. The nucleus is likely primed to
recognize the threat of a foreign DNA-protein com-
plex in a variety of ways that terminate in the
ubiquitin-proteasome pathway (Fig. 6B). p75 defense
from such mechanisms could result by shielding of the
preintegration synaptic complex from nuclear ligands
—1.e., ‘nuclear restriction factors’ — that channel it into
degradative or restrictive pathways. Perhaps the
underlying process is primarily kinetic, i.e., without
p75 the PIC might simply reside longer in the nucleus
in an un-integrated state, increasing the likelihood it
will be interdicted or lethally modified. However,
there is some evidence against p75-dependent in-
creases in wholesale lentiviral PIC degradation per se.
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Differential decay rates for functional nuclear PICs in
the presence and absence of p75 are not established.
But in p75-depleted cells in which integration is
impaired, the level of total late viral cDNAs is not
significantly decreased within the first 36—48 h after
infection and there is an increase in dead-end circu-
larized genomes [95, 96, 101]. This is the same
pathway to which class I mutant (and p75-binding)
IN viruses are routed. In addition, integration-capable
nuclear PICs were isolated from p75 —/— mouse cells
[101]. Although harder to address experimentally, it
has not been ruled out that the ensemble of host cell
enzymes that carries out gap repair is not properly
entrained in the absence of p75 and the semi-joined
provirus is ‘repaired’ by its removal; however, the
increases in 2-LTR circles that have been seen in p75-
deficient cells weigh against this. Note also that p75
knockout did not affect the well-established tendency
of retroviral integrations to occur at weakly conserved
yet virus and/or genus-specific DNA sequences with
palindrome-approximating symmetry [48, 61, 116,
136, 162, 163], indicating cofactor-independent, pre-
sumably IN-autonomous selectivity that depends on
the local DNA sequence irrespective of larger-scale
genomic features or the G/C content of the DNA
[101].

p75 and future directions in HIV research and human
gene therapy

Four years of investigation have produced substantial
progress. p75 is the dominant IN-interacting factor in
cells. It explains IN chromatin association, is essential
for efficient HIV replication and is the first cellular
factor found to regulate a genome-wide retroviral
integration pattern. A satisfactory explanation for IN-
to-chromatin tethering by p75 has been deduced from
the modular organization of the protein, and the
structure of the IBD-IN interface is defined. A
hypothesis that p75 was the key to lentiviral PIC
nuclear import drew strong initial interest, but evi-
dence to date does not point to a significant role. This
has not been definitively excluded, however, and
further analyses in specific cell types, e.g., macro-
phages, and under conditions of growth arrest could be
revealing. It should also be noted in this context that
HIV-specific integration patterns are the same in
dividing and nondividing cells [44]. Whether similar
proteins contribute to effects observed for p75, most
notably HRP-2, will also be important to clarify. A
more general experimental lesson learned is that
cellular factors that engage the incoming HIV sub-
structure can have virological efficacy at fractionally
minute cellular levels. Proteins with significant roles

Review Article 1417

may be missed by RNAI screens of lower intensity. It
seems doubtful, for example, that p75 would have
been identified in a broad RNAI library screen. Gene
therapy to reduce cellular p75 levels also seems
unlikely to be an effective antiviral strategy.

Targeting the p75-IBD interaction

Two main possibilities for exploiting the p75-IN
interaction come readily to mind. First, is it drugga-
ble ? Targeting protein-protein interactions with small
molecule drugs has traditionally been viewed with
skepticism. Compared with enzyme active sites the
surfaces involved are generally much larger (and
flatter), known reaction substrates are not available to
template antagonist molecule design, and the higher
affinity of protein-protein interactions may prevent
drug molecule competition [164]. See [165] for a
recent reconsideration of these obstacles and a
description of successful precedents, e.g., [166, 167].
Optimistically, the IBD inserts into a relatively small
and deep cleft at the IN dimer interface (Fig.5). In
fact, prior to the recognition of this region as the p75-
binding site, there was evidence it could contain
hotspots for small-molecule binding. Molteni et al.
[168] reported the structures of two related small
molecules (tetraphenylarsonium and dihydroxyphe-
nyltriphenylarsonium) bound to the IN CCD, where
they were found to occupy what is now recognized as
the IBD-binding cleft (compare panel B of Fig. 5 with
Figure 3b of Molteni et al., which shows a similarly
rotated view of the CCD). Binding specificity ap-
peared to depend on a charge-charge interaction with
the carbonyl O atom of Q168. The second of these two
compounds also inhibited 3’ processing and strand
transfer in vitro, albeit weakly (ICs, = 150 uM). The
compounds consist of a core of arsenic surrounded by
four aromatic groups; replacing the arsenic center of
dihydroxyphenyltriphenylarsonium with phospho-
rous reduced the ICy,to 13.5 uM. Potency in disrupting
IBD-IN binding and the numerous other parameters
relevant to realistic lead compound development have
not been reported.

More recently, the binding site for an IN inhibitor with
similar in vitro activity (a coumarin derivative) was
found to be IN residues *AACWWAGIK"® [169].
This peptide overlaps with IBD contact residues
A128, A129, W131 and W132 (Fig. 5B). The inhibitor
appears to disrupt IN oligomerization, with mutations
of C130 and W132 conferring resistance to this effect
[169]. In addition, peptides derived from the p75 IBD
(fragments of the loop formed by residues 353-411)
have been reported to block HIV integration in vitro
and in cultured cells through a hypothesized mecha-
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nism involving a shift of IN to a tetrameric state
defective for the 3’ processing step [106]. It is there-
fore possible that appropriate library screens will
identify lead compounds that can that disrupt the p75-
IN interaction. Challenges will include the relatively
high affinity of the interaction and devising high-
throughput methods that surmount the relative insol-
ubility of IN.

Targeting lentiviral vectors

A second opportunity relates to the lentiviral integra-
tion-targeting properties of p75. Lentiviral vectors
derived from HIV-1 [170] and other lentiviruses [171,
172] have shown preclinical promise as the only gene
therapy vectors that reliably combine two properties:
integration (permanence) and non-dividing cell trans-
duction [173]. The largest safety concern with such
vectors is now believed to stem not from their
derivation from pathogenic lentiviruses, but rather
from the risk of oncogenic insertional mutagenesis.
Although little evidence for this problem has been
specifically attributable to lentiviral vectors per se, its
potential for any retroviral vector has long been
recognized from preclinical experiments [174]. It
became a reality after recent human gene therapy
carried out with gamma-retroviral vectors [175].
There are many caveats about generalizing from the
specifics of this trial to other vectors and settings [176],
and the relative disinclination of lentiviruses to target
promoters is reassuring. Nevertheless, an ability to
target lentiviral vectors to specific genome sites would
be a major advance. Such highly focused targeting may
prove difficult, but even developing the capacity to
generally shift lentiviral integration site profiles more
broadly — a feat achieved for the first time by p75
depletion [85, 101, 110] — could enhance safety and
possibly foster other desirable gene therapy proper-
ties.

For targeting, the modular separation of p75’s inte-
grase binding function from its chromatin interaction
domains suggests opportunities. As noted above,
when the IBD was fused to the DNA-binding domain
of phage lambda repressor, increased strand transfer
by purified integrase was observed near lambda
repressor-binding sites of a small naked DNA target
[150]. Moving from in vitro targets like this to
lentiviral vectors negotiating the human genome is
obviously a challenge. Two basic tests of principle can
be envisioned: randomizing integration by replacing
the p75 N-terminal domains with protein modules that
associate with chromatin promiscuously and narrow-
ing integration with ones having different gradations
of specificity. The initial questions to be addressed will
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be whether such proteins can rescue p75 cofactor
function, followed by the question of whether ge-
nome-wide integration patterns are shifted and, more
ambitiously, how narrowly targeting can be constrain-
ed.

For targeting lentiviral vectors, interesting success has
been achieved with chimeric fusions of IN directly to
DNA-binding proteins, although efficiency is not yet
sufficient for practical use [177, 178]. As noted by
Bushman et al., retroviral vector targeting strategies
are all challenged by the overwhelming excess of non-
specific competitor DNA, where sequence-specific
DNA-binding proteins can accumulate when not
bound to their specific sites [41]. However, more
sharply focused targeting of integration through
tethering of a viral integrase by a chromatin-associ-
ated protein has a striking natural precedent in yeast
LTR retrotransposons, which are under strong selec-
tion pressure to integrate benignly because they can
transpose in haploid cells and they cannot spread
horizontally, so that their genetic fates are bound to
that of the particular cell in which they reside [179].
Consider that the preference of HIV for active
transcription units is an approximately twofold effect,
albeit one established with incontrovertible rigor due
to the large number of independent events in the
samples. In contrast, fully 90-95 % of Ty5 retrotrans-
poson insertions occur within confined heterochro-
matic regions at yeast telomeres or at the silent mating
loci [180]. This process is mediated by a direct
tethering interaction between Ty5 IN and a hetero-
chromatin-associated protein, Sirdp [181]. In contrast
to the complex HIV IN dimer interface, a six-amino
acid peptide near the Ty5 IN C-terminus interacts with
Sirdp. This targeting domain (TD) must be phos-
phorylated at a single serine to function, and prevent-
ing that post-translational modification or substituting
other single amino acids in the TD can randomize Ty5
integration patterns [182].

Moreover, Ty5 can be retargeted by tethering of Sirdp
to ectopic DNA sites or by replacing the TD with
peptides that recognize alternative chromatin pro-
teins [183, 184]. There is even evidence that yeast de-
control TyS5 integration in times of environmental
stress by reducing TD serine phosphorylation [182].
By unleashing mutagenic genome-wide transposition
in this way, it was hypothesized that yeast enlarge the
mutation pool available for adaptive natural selection
[182]. The scenario is consistent with Barbara McClin-
tock’s proposal that cells activate transposable ele-
ment replication to restructure their genomes in
response to stress [185]. From this perspective, Ty5
and its Saccharomyces host are mutualists [182].
Commingling of retroelement and host cell genetic
fates through deep evolutionary time is the rule in
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many other genomes, including our own, almost half
of which is recognizably derived from retroelements
(8% from endogenous retroviruses) [55, 56, 186, 187].
Perhaps prions do not more intimately infiltrate their
hosts.

Finally, p75’s chromatin ligands are unknown. We do
not know either the versatility of the p75 tether.
Lentiviral INs and JP02 may be first members of what
will turn out to be a larger a group of p75-tethered
proteins. Illuminating how p75 engages the Pol 11
transcription machinery and/or other nuclear mole-
cules holds additional promise for understanding the
nuclear life of the PIC.
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