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Abstract

The chromatin associated cellular proteins LEDGF/p75 and LEDGF/p52 have been implicated in
transcriptional regulation, cell survival and autoimmunity. LEDGF/p75 also appears to act as a
chromatin docking factor or receptor for HIV-1 and other lentiviruses and also to play a role in
leukemogenesis. For both the viral and cellular roles of this protein, a key feature is its ability to
act as a molecular adaptor and tether proteins to the chromatin fiber. This chapter reviews the
emerging roles of LEDGF/p75 and LEDGF/p52 in diverse cellular processes and disease states.

1. History and nomenclature: transcriptional coactivator p75, LEDGF/p75,
DFS70

Between 1998 and 2003, research in four apparently unrelated fields — transcriptional
regulation, cell survival, autoimmunity and virology — independently identified a
polypeptide that migrated in denaturing SDS gels with an approximate molecular weight of
75 kDa [15, 34, 65, 82]. The initial discovery came from micro-sequencing of a protein that
co-purified with the general transcriptional coactivator positive cofactor 4 (PC4) [34]. Two
splice variant cDNAs were identified, one encoding the 75 kDa species (p75) and the other a
smaller polypeptide, p52. Like PC4, both proteins enhanced activity of the general
transcription machinery in vitro and so were designated transcriptional coactivators p75 and
p52. A year later, p75 was isolated from a mouse lens epithelium library and was reported to
protect these cells from oxidative damage [82]. These workers named the protein Lens
Epithelium-Derived Growth Factor p75 (LEDGF/p75), in part because it is one of seven
members of the Hepatoma-derived growth factor (HDGF) family [22]. The latter term has
entered common usage. The implied possibilities that LEDGF/p75 might be secreted or act
as a signal-transducing growth factor have been discarded on the basis that the protein is
constitutively nuclear [15, 49, 53] and is not detectable in culture supernatants or serum (our
and others unpublished data). In addition, LEDGF/p75 knockout mice show no defects in
lens development [87]. The general view at present is that LEDGF/p75 is a ubiquitously
expressed nuclear transcription factor-type protein with a role in transcriptional regulation
[27-29, 34, 45, 73, 75, 76, 98]. In 2000, p75 was again identified by screening of a cDNA
library with human serum reactive against the nuclear auto-antigen dense fine speckled
protein of 70 kDa (DFS70) [65]. This line of work has suggested a role for LEDGF/p75 in
autoimmunity [32, 65] and additional studies have suggested roles in cell survival and
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prevention of apoptosis [33, 76]. More recently, the protein was isolated by Cherepanov et
al. as a polypeptide that co-immunoprecipitated with human immunodeficiency virus type 1
(HIV-1) integrase (IN) when the latter was over-expressed outside the viral context [15].

LEDGF/p75 and LEDGF/p52 bind chromatin tightly [50, 64, 89] and interact with other
nuclear proteins [5, 6, 34, 35, 55, 98]. Several of these proteins are tethered to the chromatin
fiber by LEDGF/p75. These properties underlie roles for these proteins in transcriptional
regulation, which in turn appears to influence the processes of cellular transformation,
differentiation, and survival. We now also know that lentiviruses, the genus of retroviruses
to which HIV-1 belongs, have exploited the chromatin tethering capacity of LEDGF/p75
during their obligate life cycle step of integration into a host chromosome [48, 78, 92].
LEDGF/p75 dependence is found not only in the primate group of lentiviruses, but also in
the two other main groups (ungulate and feline lentiviruses) [10, 12, 48, 49, 56]. Here we
will discuss evidence for the cellular and the viral cofactor activities of LEDGF/p75,
concentrating on recent findings. For additional reviews that focus on the HIV-1 cofactor
role comprehensively see [18, 26, 68, 90].

1.1 Gene organization and splice variants

LEDGF/p75 and LEDGF/p75 are illustrated in Figure 1. Both are encoded by the gene
PSIP1 (PC4- and SFRS-interacting protein 1) which is 35.7 kb in length and located on
human chromosome 9p22.3 [80]. There are 15 exons and 14 introns. Gene to protein
relationships are presented in Table 1. The two encoded splice variants share the same N-
terminal 325 amino acids (encoded by exons 1-9), but have different C-termini, 8 amino
acids in the case of p52 and 205 in the case of p75. This C-terminal portion of LEDGF/p75
contains the IN binding domain (IBD, residues 340-417) which is central to the protein’s
virological and cellular significance [14, 93].

Additional LEDGF/p52 splice variants were identified recently by mRNA analyses in
promyelocytic leukemia cells [43]. They elaborate the theme of variant C-terminal domains
determining diverse bi-molecular adaptor roles in tandem with the chromatin-binding
properties of the N-terminal portion. One, p52b, was highly expressed at the mRNA level. In
the putative encoded protein, the last eight amino acids of p52 are substituted by 25 extra
amino acids derived also from intron 9 of the gene. The other three LEDGF/p52 variants are
expressed at lower levels and they lack exon 6 and exhibit other sequence modifications
[43]. However, endogenous protein expression of these p52 splice variants has not been
documented.

Northern blots have identified a 1.8 kb species of MRNA corresponding to LEDGF/p52 and
two additional species of 3.4 and 2.8 kb that correspond to p75 [34]. These mMRNAs and
proteins are ubiquitously expressed, with LEDGF/p75 being considerably more abundant in
the majority of tissues, although greater relative amounts of p52 mRNA were detected in the
brain, testis and thymus [34], suggesting that splicing of PSIP1-derived mRNAs can be
regulated in tissue-specific fashion.

2. Chromatin binding

LEDGF/p75 and p52 are nuclear proteins that attach to chromatin avidly throughout the cell
cycle, though as determined by studying GFP fusions, p52 may have a more restricted intra-
nuclear distribution [64]. The major determinants of sub-cellular distribution are located in
the shared N-terminal region (Figure 1) [50, 52, 89, 93]. Nuclear import is determined by a
nuclear localization signal (NLS) at residues 148-156 [52, 81, 93]. This NLS belongs to the
classical basic (SV40 large T antigen) family and nuclear import requires functional Ran,
the adaptor protein importin-alpha, and the nuclear import receptor importin-beta [52, 93].

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 May 13.
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NLS deletion leads to cytoplasmic localization of newly synthesized LEDGF/p75. However,
in dividing cells, the NLS is actually dispensable for nuclear localization. The protein is
chromatin-trapped with such efficiency during mitotic mingling of nuclear and cytoplasmic
contents that stably expressed NLS-mutants are seen only in tight association with
chromosomes [93]. Chromatin binding is mediated in part through the N-terminal PWWP
domain (residues 1-93) [50, 77, 89]. Importantly, although there is extensive homology
between the PWWP domain of LEDGF/p75 and the same domain in a related IBD-
containing HDGF family member, hepatoma derived growth factor-related protein 2
(HRP-2), this latter protein (and any associated IN) dissociates from chromatin in mitosis
and does not display the tight Triton-resistant chromatin binding of LEDGF/p75 in any part
of the cell cycle [93]. It is thus clear that the chromatin binding of PWWP-containing
proteins is greatly influenced by other protein regions.

LEDGF/p75 resists extraction from chromatin when cells are lysed in isotonic buffers
containing the detergent Triton X-100 [50]. Triton-resistance is determined primarily by the
cooperative interaction of the PWWP domain with two downstream AT hook motifs
(residues 178-198, Figure 1). Flanking relatively charged regions (CR1, CR2, and CR3)
contribute to a lesser extent [50]. Turlure et al. also implicated the NLS region in chromatin
binding [89]. Mutations that disrupt the PWWP domain partially impair Triton-resistant
chromatin binding, while simultaneous mutational inactivation of the PWWP and the AT
hook domains completely abolishes it [50]. Although such mutants localize to the nuclear
compartment during interphase, they are excluded from chromatin during mitosis [50, 77].
Shun et al. have further identified specific amino acid mutations within the domain that
disrupt chromatin binding, e.g. W21A [77].

Sub-nuclear distribution analyses of LEDGF/p75 and p52 were performed with GFP fusion
proteins [64]. Although LEDGF/p52 and p75 might be predicted to display quite similar
sub-nuclear distributions, it turns out that these are distinct with respect to the cell cycle
[64]. In G1, LEDGF/p52 was found in the nuclear periphery, while p75 was distributed
diffusely throughout the nucleus, recapitulating the characteristic dense fine speckled pattern
observed with auto-antibodies. During metaphase, LEDGF/p52 was observed to form a
cylindrical pattern surrounding chromosomes whereas LEDGF/p75 associated with
chromosomes in a striated pattern. At cytokinesis, LEDGF/p75 nuclear localization was
diffuse while LEDGF/p52 retained the cylindrical pattern [64]. These observations imply
that the respective C-terminal regions govern the finer aspects of intra-nuclear segregation.
The localization of LEDGF/p75 is likely to be modulated by interactions with other
chromatin bound proteins, some of which are discussed below. Alternatively, the presence
of the long C-terminal region of LEDGF/p75 could modify interactions of the shared N-
terminal region with chromatin.

2.1 Interactions with cellular and viral proteins

In in vitro assays with recombinant LEDGF proteins and purified general transcription
factors, LEDGF/p52 interacted functionally with a number of viral transcriptional activation
domains, e.g., VP16, the pseudorabies immediate early protein and adenovirus E1A, as well
as with the cellular transcription factor Sp1 and PC4 [34, 35]. In these in vitro systems p52
fulfilled general transcriptional coactivator criteria; however, with the exception of the VP16
activation domain, LEDGF/p75 did so only marginally [34]. In addition, LEDGF/p52, but
not p75, has been reported to interact with the essential splicing factor ASF/SF2, thus
modulating pre-mRNA splicing [35]. Therefore, LEDGF/p52 has been proposed to be a
coordinator between transcription and pre-mRNA splicing [35].

The differential interaction of LEDGF proteins with cellular proteins is informative
considering that both proteins share the same N-terminal chromatin-interacting region which

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 May 13.
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corresponds to 97.6% of p52. These examples provide further evidence for the long C-
terminal region determining diverse molecular partner interactions and we speculate that
they may explain the differences in sub-nuclear localization discussed above [64]. In support
of this hypothesis, a polyclonal antibody raised against LEDGF/p52 recognized both p52
and p75 in immunoblots but immunoprecipitated only LEDGF/p52 from cellular extracts,
suggesting that native p75 is not recognized, perhaps because amino acids 326-530 or
bound cellular interactors mask N-terminal epitopes [34].

The IBD interacts with lentiviral IN proteins, the c-Myc interactor JPO2 [5, 55], the menin/
MLL histone methyl transferase complex (Figure 2) [98], and the pogo transposable element
with ZNF domain (pogZ) [6]. The IBD surfaces involved are not completely overlapping.
For example, mutation of D366, which is located in an interhelical loop that extends into the
IN dimer interface, abrogates interaction with lentiviral IN proteins but does not affect
interaction with JPO2 or pogZ [5, 6, 55]. However, an F406A mutation in an adjacent loop
impairs the binding of these three proteins. Site-directed mutagenesis of LEDGF/p75 IBD
residues implicated in IN binding show more overlap with residues required for pogZ than
for JPO2 binding. Interestingly, lentiviral INs and pogZ belong to the DDE domain family
[6]. The significance of the JPO2 and pogZ interactions is not clear at present. Analogously
to its effects on over-expressed HIV-1 IN [47], LEDGF/p75 protects JPO2 from proteolysis
and tethers this protein to chromatin during all phases of the cell cycle [5, 55]. By contrast,
interaction with pogZ yields a tightly chromatin bound complex in cells in interphase, but no
apparent chromosome tethering during mitosis [6].

LEDGF/p75 interaction determinants are well understood for two protein complexes, the
lentiviral IN dimer and the menin/MLL complex. LEDGF/p75 tethers both of them to
chromatin [49, 53]. Tethering appears to direct integration of lentiviruses into active
transcription units [18, 19, 56, 78]. For Menin/MLL, LEDGF/p75 forms a trimolecular
complex that serves to target menin/MLL to genes such as Hoxa9 and so acquire
transforming activity [98] (reviewed in [71]).

In addition to the catalytic core domain (CCD) [11, 53, 70], the N-terminal domain (NTD)
of IN also interacts with the IBD [53]. Detailed structural information is now available for
both interactions [13, 16, 38]. As shown in Figure 3, the IBD is a compact structure
comprised of a pair of alpha-helical hairpins [16]. The IBD-CCD interface occurs in a
pocket that forms between helices a1 and a3 of one IN monomer and helices a4 and o5 in
the other IN monomer. In particular, residues connecting IN helices a4 and o5 (the alpha 4—
5 connector) and hydrophobic residues in the other monomer engage two inter-helical loops
of the IBD respectively (Figure 3) [13]. Alanine-scanning of this region of the IBD indicated
that residues 1365, D366, F406 and V408 play essential roles in the LEDGF/p75-IN
interaction. Mutation of 1365, D366, or F406 disrupts LEDGF/p75-IN interaction [16] and
the mutants lack HIV-1 cofactor activity [48, 78, 92]. Differences in these regions of other
retroviral IN proteins explain their failure to interact with LEDGF/p75 [10, 12, 49]. Within
the lentiviral genus of retroviruses, the consistency of IN-LEDGF/p75 interaction despite
limited direct sequence homology in key IN residues (Figure 4) suggests a significant
selective advantage during viral evolution. The relatively small, deep cleft occupied by the
IBD [13] suggests as well that small molecules could interfere with the LEDGF/p75-IN
interaction. Recent progress has been made toward this end [23, 42]. The IBD-IN NTD
interface involves charged interactions that differ from the more lock-and-key IBD-CCD
interaction, with acidic residues in the NTD (E6, E10 and E13) interacting with basic amino
acids in the IBD (K401, K402, R404 and R405) [38].

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 May 13.
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3. Arole in transcriptional regulation

As discussed above, p52 and p75 were initially identified by co-purification with PC4 in
HeLa cell nuclear extracts and displayed transcriptional coactivator activity in vitro [34].
Over-expression of LEDGF/p75 was also found to augment transcription of a set of stress-
related genes [27-29, 45, 57, 73-76, 79, 82, 88] that include heat shock protein 27 [82], aB-
crystallin [82], antioxidant protein 2A [29] and involucrin [45]. In all of these cases,
LEDGF/p75 induced the expression of the endogenous proteins as well as reporter genes
introduced under the control of the homonymous promoters [28, 29, 45, 75, 79]. The
transcriptional regulation was mediated by LEDGF/p75 binding to heat shock and stress-
related elements in the promoters. Binding to these DNA sequences was identified by
electrophoretic mobility shift assays (EMSA) and binding specificity was confirmed using
competitor oligonucleotides, supershift induction with antibodies to LEDGF and ablation of
interaction following mutagenesis of LEDGF-binding sites in the target oligonucleotides. In
addition, the interaction of LEDGF/p75 with some of these promoters was detected by
DNase | footprinting. Moreover, mutation of binding sequences in promoters of the LEDGF/
p75-responsive genes abrogated the transcriptional coactivator role [28, 29, 45, 75, 79]. In
contrast, however, specific binding of LEDGF/p75 to oligonucleotides containing the
reported LEDGF/p75-binding sequences was not seen in independent surface plasmon
resonance and electrophoretic mobility shift assays. Instead, LEDGF/p75 was reported to
bind nonspecifically to DNA through the two AT-hook motifs and the NLS domain [89].
Further studies to clarify the specificity of interaction of LEDGF/p75 with these sequences
are necessary.

More recently, LEDGF/p75, but not p52, was implicated in transcriptional regulation of
genes involved in the pathogenesis of myeloid leukemias and in the establishment of the
embryonic body plan during development [98]. Cytogenetic evidence has identified a
translocation that generates a fusion protein between the nucleoporin Nup98 and LEDGF/
p75 in patients with acute or chronic myeloid leukemia (Figure 2) [1, 36, 44, 59]. Nup98
translocation occurs commonly in these types of cancers and more than 15 different partners
are known to fuse to it. In all these fusion proteins the N-terminal GLFG repeats of Nup98
are linked to the C-terminal region of the partner genes [3, 63, 85]. Expression of the mRNA
of Nup98-LEDGF fusions was observed only during active disease. One patient exhibited a
fusion of the first 362 residues of Nup98 with a LEDGF/p75 or p52 lacking their first 152
amino acids [1, 36], whereas another chimera was generated by the fusion of exon 8 of
Nup98 with exon 4 of PSIP1 such that the first 96 amino acids of LEDGF are missing [59].
The third reported fusion protein contained the first 316 amino acids of Nup98 and all of
LEDGF/p75 distal to amino acid 25 [44]. Importantly each of these fusion proteins lack a
functional PWWP domain of LEDGF/p75. The presumed loss of the tethering component
may lead to alteration of LEDGF/p75-dependent transcriptional regulation.

Nup98-LEDGF/p75 fusions retain the ability of LEDGF/p75 to interact with the menin/
MLL histone methylase complex, which may be implicated in leukemogenesis [71, 98].
MLL is targeted by numerous translocations that lead to oncogenic MLL fusion proteins,
and LEDGF/p75 normally tethers unrearranged MLL to target genes with Menin essentially
serving as a connector between LEDGF/p75 and MLL (Figure 2) [98]. MLL is a nuclear
protein containing a SET domain that functions to methylate lysine 4 on histone 3, a genetic
modification associated with active transcription. Moreover LEDGF/p75-dependent
recruitment of the menin/MLL complex is mediated by the IBD. The recruitment of menin/
MLL leads to transcriptional regulation of several genes including Hox genes [98]. Properly
regulated expression of the latter genes is necessary for the establishment of the vertebrate
body plan during development and altered Hox gene expression during embryogenesis leads
to homeotic skeletal transformations similar to those observed in LEDGF/p75 knockout

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 May 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Llano et al.

Page 6

mice [87]. Dysregulation of Hox gene expression has also been observed in LEDGF/p75-
deficient cells [19]. Over expression of Hox genes is a salient feature of MLL-associated
leukomogenesis as well. Chromosomal translocations that generate MLL fusion proteins
have leukomogenic activity and LEDGF/p75-mediated tethering is required during leukemic
transformation induced by them [71].

3.1 Effects on cell survival

Over expression of LEDGF/p75 or treatment of cells with recombinant LEDGF/p75 has
been reported to rescue a variety of cell types from death induced by diverse environmental
insults including serum starvation, oxidative damage, heat shock and UVB irradiation [2, 43,
51, 57, 62, 82, 83, 95]. Protection has in general been ascribed to regulation of stress-
responsive gene transcription.

A role for LEDGF/p75 in maintaining lysosomal integrity was also recently proposed [20].
LEDGF/p75 knockdown with siRNAs induced lysosomal-dependent cell death in malignant
cell lines but not in immortalized or primary cells. These observations contrast with the
normal viability observed in CD4+ T cell leukemic lines in which a 97% reduction of
LEDGF/p75 mRNA was achieved by stable expression of specific ShRNAs [48].
Proliferative capacity, morphology and other aspects, e.g., susceptibility to infection by
gammaretroviral vectors, were indistinguishable from control cells expressing higher levels
of LEDGF/p75 [48]. Effects of LEDGF proteins on cell morphology have been reported in
other systems however. For example, intracellular over-expression of LEDGF/p52 has
recently been shown to stimulate dendritic arborization and axonal elongation in neural cells
[99, 100]

A role in cell survival processes was further suggested by evidence that these proteins are
targeted by caspases [8, 95]. LEDGF/p75 has been reported to be a substrate for caspase-3
and -7 during apoptosis, which results in protein fragments that lack the pro-survival activity
of the full-length protein. Three caspase-cleavage sites were identified at residues 30 and 85
within the PWWP domain, and at amino acid 486 in the C-terminal region.

In contrast to the pro-survival role of LEDGF/p75, p52 over-expression has been reported to
promote apoptosis in tumor cells, a phenomenon dependent on the eight amino acids long C-
terminal region [8]. However, as noted above, in rat retinal ganglion cells LEDGF/p52
overexpression did not affect viability of these cells and induced neurite growth [100].

3.2 LEDGF/p75 and auto-immunity

The alternative name of DFS70 (nuclear auto-antigen dense fine speckled protein of 70 kDa)
arose when LEDGF/p75 was found to be recognized by autoantibodies present in patients
with several chronic inflammatory diseases and cancer [32, 33, 65]. A high prevalence (11—
22%) of LEDGF/p75-autoantibodies has also been reported in healthy individuals [61, 94].
Their pathogenic significance is not clear but it has been proposed that they are natural auto-
antibodies that are overproduced in some disease states [32]. Epitope mapping conducted
with LEDGF/p75 auto-antibody-positive serum from 93 patients and 38 healthy controls
indicated that 94% of the samples in both groups reacted to a recombinant LEDGF/p75
protein containing residues 349-435, a region that contains the IBD [66]. Reactivity against
other regions was considerably underrepresented leading to a conclusion that the IBD is the
major auto-immunity determinant.

4. An integration cofactor for HIV-1 and other lentiviruses

Following the discovery that LEDGF/p75 co-immunoprecipitated with over-expressed
HIV-1 IN [15], and a series of studies that characterized domain properties and confirmed

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 May 13.
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the necessary and sufficient role for LEDGF/p75 in mediating IN nuclear and chromatin
location [10, 13, 14, 16, 24, 47, 49, 50, 52-54, 89, 93], a fundamental role in integration of
HIV-1 and other lentiviruses and was demonstrated in several systems [24, 41, 48, 77, 78,
92]. Among the seven genera of retroviruses, this cofactor role has turned out to be strictly
lentiviral-specific. Accordingly, LEDGF/p75-deficient cells are resistant to infection by
HIV-1, feline immunodeficiency virus (FIV) and equine infectious anemia virus (EIAV) but
are permissive to infection by the gammaretrovirus murine leukemia virus (MLV) [48].
Protein interaction studies are consistent with this, showing that LEDGF/p75 interacts
directly with all lentiviral INs tested so far but not those of alpha-, beta-, delta and gamma-
or spuma-retroviruses [10, 12, 49]. This lentiviral selectivity is notable since this cellular
protein, and in particular the IBD, is widely conserved — species-specific positive selection
is not evident — suggesting it has been available to diverse retroviruses since at least the
emergence of bony fishes. LEDGF/p75 mutants that lack either chromatin or IN interaction
capacity can not rescue HIV-1 infection in LEDGF/p75-deficient cells, suggesting that the
tethering function is central [48, 78, 92]. This mechanism is also supported by the change in
viral integration site distribution observed in LEDGF/p75-deficient cells [18, 19, 56, 78].

HIV-1 IN has two enzymatic activities that are deployed in sequence during viral integration
[7]. After reverse transcription, IN removes a dinucleotide from the 3’ end of the viral DNA,
a process that appears to occur in the cytoplasm. This 3’ processing step is preserved in
LEDGF/p75-null cells [78]. The viral genome (the pre-integration complex or PIC) is then
imported into the nucleus where IN carries out the second step, strand transfer. This involves
the generation of single strand breaks in the opposite strands of the host DNA 5 bases apart,
and concerted ligation of both of the viral 3’ ends to chromosome 5’ ends. Interestingly, PICs
isolated from these cells were competent for in vitro integration although in vivo integration
was markedly impaired.

In cells, LEDGF/p75 associates with tetrameric IN [15]. The IBD has been demonstrated in
vitro to stabilize IN subunit-subunit interactions, promoting the formation of a tetramer [58].
Importantly, tetramers of IN are implicated in the bona fide strand transfer reaction [46].
Therefore, LEDGF/p75 appears to influence higher order structures of IN and this effect
may influence its enzymatic activity. Effects of LEDGF/p75 on IN catalysis have been
studied using in vitro integration assays that mix designed un-proteinated DNA fragments
with purified recombinant LEDGF/p75 and IN proteins [12, 14, 15, 58, 69, 91]. LEDGF/p75
or the IBD significantly increased IN-mediated 3'-processing of relatively short, 21-mer,
double-stranded synthetic oligonucleotides [58]. In addition, LEDGF/p75 and to a lesser
extent the IBD enhance IN strand transfer activity [12, 14]. The effect of p75 on concerted
integration in in vitro assays has differed between different lentiviral IN proteins, enhancing
full-site integration (properly concerted insertion of both ends) for EIAV IN but promoting
uncoupled (half-site) integration with HIV-1 IN [12]. Promotion of the half-site reaction was
corroborated in others studies [58, 69] although the balance of half and full site integration
has also appeared to vary with IN protein concentration and other assay parameters [67].
PIC nuclear import is not defective in the absence of LEDGF/p75 nor is nuclear stability of
the imported viral genome altered in LEDGF/p75-deficient cells since abundant non-
integrated genomes are detected in the form of two-L TR circles [48, 78, 92]. However, in
these cells the amount of integrated viral genomes is reduced [48, 78] and the characteristic
favoring of active transcription units by HIV-1 [72] is also diminished [19, 56, 78]. These
data suggest the possibilities that intra-nuclear trafficking, chromatin attachment, strand
transfer or repair of the semi-ligated integration intermediate by host enzymes could be
defective in LEDGF/p75-deficient cells. Direct and definitive evaluation of these variables
remains to be done.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 May 13.
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The effects of IBD over-expression (as GFP-1BD or GFP fused to somewhat longer
fragments of the C-terminal region) are interesting and incompletely understood [21, 48].
For example, over-expression of such proteins inhibits HIV-1 integration to roughly the
same extent as RNAI. When knockdown is sufficiently stringent to strip LEDGF/p75 from
the Triton X-100 resistant chromatin fraction, inhibition of single round HIV-1 reporter
virus infection is about 10-30 fold. Roughly the same effect occurs with GFP-IBD over-
expression, but combination of the two modalities leads to synergistic (> 500-fold)
inhibition [48], and up to approximately 10%-fold inhibition has since been observed (our
unpublished data). Moreover, passage of HIV-1 in the presence of such dominant interfering
IBD proteins leads to selection of adaptive escape mutations in the IN dimer interface,
namely A128T and E170G [41].

It remains unclear where these dominant-interfering proteins act in the post-entry series of
events that culminate in integration or, more generally, where endogenous LEDGF/p75 first
engages the viral complex. HIV-1 and FIV PICs isolated from the cytoplasm of cells could
be immunoprecipitated with antibodies to LEDGF/p75 [49]. While no significant pull down
was observed in a similar experiment [97], LEDGF/p75 was noted to restore integration
activity to salt-stripped cytoplasmic HIV-1 PICs [91]. Whether or not it interacts with IN in
the incoming PIC prior to nuclear entry, LEDGF/p75 has not been detected in free virions
and it has not been implicated convincingly in PIC nuclear import.

When HIV-1 IN is expressed as a free protein in the absence of other viral components (a
situation without a correlate in the viral life cycle) it is readily detected in the nuclei of cells.
However, in addition to shifting to the cytoplasm in the absence of LEDGF/p75, IN is also
markedly de-stabilized, such that it is difficult to detect by confocal microscopy or
immunoblotting [47]. IN mRNA levels are unaffected, however, indicating a post-
translational effect. IN was also found to be ubiquitinated and pharmacological inhibition of
the proteasome restored wild type levels of the protein [47]. While LEDGF/p75 mutants
lacking IN-binding activity fail to shield IN from the proteasome, mutants that selectively
impair chromatin binding or nuclear localization of the LEDGF/p75-IN complex still
prevent degradation [47]. Recently, it has been reported that IN is targeted for proteasome
degradation by binding to the von Hippel-Lindau (VHL) binding protein 1(VBP1), which in
turn recruits the Cullin2-based VHL E3 ubiquitin ligase, leading to IN ubiquitination and
proteosome degradation [60]. LEDGF/p75 and VBP1 binding sites on IN overlap. While
direct evidence is lacking, this suggests that LEDGF/p75 may prevent protesome-mediated
degradation of IN by competing with VBP1 binding. The role, if any, of this proteasome
shielding mechanism for IN within the HIV-1 PIC is not clear, and it is certainly not
sufficient, because chromatin binding mutants that stabilize over-expressed IN do not rescue
infection [48].

LEDGF/p75 dependency is observed in murine cells although there is no evidence for a
lentivirus that naturally infects rodents [56, 78]. Lentiviral vectors with minimized viral
sequences are also dependent [48, 78] which suggests that viral genome complexity, size or
nucleotide composition (e.g., A-richness) are not involved. Although the chromatin tethering
activity of LEDGF/p75 has been established to play a key role, the molecular mechanism is
not completely understood (reviewed in [26, 68]).

4.1 LEDGF/p75 as a therapeutic target

Current HIV therapies utilize combinations of drugs that target viral proteins involved in
different steps of the viral life cycle. Toxicity, resistance development and expense remain
limitations. The now clearly demonstrated efficacy of strand transfer inhibitors such as
raltegravir verifies that integration can be targeted with success [86]. The appropriateness of
the LEDGF/p75-IN interaction for therapeutic targeting is supported by the multiple lines of

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 May 13.
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evidence for its role as an HIV-1 dependency factor, the limited physiological effects
observed when cells are rendered deficient in this protein, and also by the possibility that
resistance potential may be less because one half of the interface is a cellular protein. The
interaction appears amenable to small molecule inhibition because of the excellent structural
definition that exists, the relatively small size and depth of the IN binding pocket, and the
susceptibility of binding to abrogation by single amino acid changes [13]. Cell-based and
recombinant protein interaction-based screening systems have been used for such screening
[9, 23, 42]. Compounds identified have been reported to have anti HIV-1 activity, providing
additional support for the concept that LEDGF/p75 plays a fundamental role in HIV-1
infection [23, 42].
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Figure 1.
Domain structure and binding partners of LEDGF/p75 and LEDGF/p52.
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Figure 2. Structure of NUP 98-LEDGF/p75 fusion proteins

NUP98 contains eight N- terminal GLFG repeats that govern localization of the protein to
nuclear GLFG bodies. GLEBS is a sequence within the GLFG repeats that serves as docking
site to GLEyp, the yeast ortholog of human RAE; a protein involved in mMRNA nuclear
export. Nucleoporin RNA binding motif (NRM) is an octapeptide with partial homology to
the ribonucleoprotein motif. In the NUP98-LEDGF/p75 fusion proteins (I-111) described in
leukemic patients, the NUP98 GLFG repeats and the GLEBS element fuse to LEDGF/p75
segments that contain the IBD.
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Figure 3. Co-crystal structure of the HIV-1 IN CCD-IBD interface

The figure was constructed with MacPyMOL from Protein Data Bank file 2BJ4
(www.pdb.org, ref. [13]. LEDGF/p75 contributes most of the amino acid side chains that
make direct contact with IN. D366 engages in a pair of essential hydrogen bonds with the
main chain amides of E170 and H171 in the alpha-4/5 connector of one IN monomer.
Hydrophobic interactions predominate in interactions with the other IN monomer: IN
residues W132, W131, A128, L102 form a pocket in the vicinity of IBD residues F406 and
V408; this pocket buries IBD residue 1365). IN catalytic center resides D64, D116 and
E152, the mutation of which produce purely catalytic defects (reviewed in [25]) are shown
in the lower half of the figure for each IN monomer. Interaction between the HIV-1 IN NTD
and the IBD was previously established by biochemical evidence [53] and Hare et al. have
recently solved a co-crystal structure for the LEDGF/p75 IBD complexed with a two-
domain fragment of HIV-2 IN (NTD+CCD) [38]. Extensive structural contacts between the
IBD and the NTD were identified and characterized [38]. Charged interactions are
dominant, with conserved acidic residues in the HIV-2 IN NTD (E6, E10, E13) engaging
complementary basic residues in the IBD (K401, R404, R405). Moreover, the NTDs of
other lentiviral INs contain the same or closely adjacent glutamic acid residues.
Enhancement by LEDGF/p75 of concerted strand transfer activity in vitro was also shown to
be impaired by charge-reversing mutation of the basic IBD residues to glutamates in the
equine lentivirus (EIAV) IN [38]. This activity could then be partially restored by reciprocal
mutation of the acidic IN residues to lysines, verifying that these charged interactions are the
main structural feature. See ref. [17] for a recent review of HIV-1 IN structural biology.
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Figure 4. Alignment of the core catalytic domains of different lentiviral IN proteins

Alignment of the central part of the CCD for IN proteins from the three lentiviral subgenera
(primate, feline, ungulate). Identity is indicated by = 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 bold-face font and
brackets. The relative lack of sequence conservation in these regions, e.g., the alpha 4/5
connector, is evident. Figure 2 shows the placement of these protein elements for the
interface of HIV-1 IN with LEDGF/p75; catalytic center residues (heavy black arrows here)
do not contact the IBD. Although its exact oligomerization state in the PIC is not
conclusively established, the weight of evidence is in favor of the enzyme acting as a
multimer, with a tetramer likely [4, 15, 30, 31, 37, 39, 40, 46, 84, 96]. In vitro, an IN dimer
enables 3’ end processing but a tetramer appears needed for DNA strand transfer activity
[30, 37, 46]. Of note, higher order multimers were defined in the Hare et al. co- crystal
structure of the IBD with HIVV-2 INNTp+ccp [38]- Their relevance to the oligmeric state in
the virus remains to be determined.
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Table 1

Gene-to-protein relationship in LEDGF proteins

Exon Aminoacids  Protein domain  p75 mRNA segment
1 1-23 PWWP 1-382
2 24-50 PWWP 383-459
3 51-96 PWWP, CR1 460-598
4 97-131 CR1 599-703
5 136-152 CR1, NLS 704-766
6 153-184 NLS, AT 767-863
7 185-210 AT, CR2 864-939
8 211-286 CR2, CR3 940-1168
9 287-326 CR3 1169-1287
10 327-344 1288-1343
11 345-368 IBD 1344-1414
12 369-402 IBD 1415-1516
13 403-472 IBD 1517-1731
14 473-511 1732-1843
15 512-530 1844-poly(A) signal
A *287-326 CR3
10-A *397.333  C-terminal region
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*
Exons 9-A and 10-A encode CR3 and the C-terminal region of LEDGF/p52. Exon 9 and exon 9-A have identical nucleotide sequences, except
different terminal amino acids are encoded (Q for 9, and H for 9-A)
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