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Human immunodeficiency virus type 1 (HIV-1), feline immunodeficiency virus (FIV), and Moloney murine
leukemia virus (MoMLV) integrases were stably expressed to determine their intracellular trafficking. Each
lentiviral integrase localized to cell nuclei in close association with chromatin while the murine oncoretroviral
integrase was cytoplasmic. Fusions of pyruvate kinase to the lentiviral integrases did not reveal transferable
nuclear localization signals. The intracellular trafficking of each was determined instead by the transcriptional
coactivator LEDGF/p75, which was required for nuclear localization. Stable small interfering RNA expression
eliminated detectable LEDGF/p75 expression and caused dramatic, stable redistribution of each lentiviral
integrase from nucleus to cytoplasm while the distribution of MoMLV integrase was unaffected. In addition,
endogenous LEDGF/p75 coimmunoprecipitated specifically with each lentiviral integrase. In vitro integration
assays with preintegration complexes (PICs) showed that endogenous LEDGF/p75 is a component of functional
HIV-1 and FIV PICs. However, HIV-1 and FIV infection and replication in LEDGF/p75-deficient cells was
equivalent to that in control cells, whether cells were dividing or growth arrested. Two-long terminal repeat
circle accumulation in nondividing cell nuclei was also equivalent to that of LEDGF/p75 wild-type cells. Virions
produced in LEDGF/p75-deficient cells had normal infectivity. We conclude that LEDGF/p75 fully accounts for
cellular trafficking of diverse lentiviral, but not oncoretroviral, integrases and is the main lentiviral integrase-
to-chromatin tethering factor. While lentiviral PIC nuclear import is unaffected by LEDGF/p75 knockdown,
this protein is a component of functional lentiviral PICs. A role in HIV-1 integration site distribution merits
investigation.

The least understood interval in the retroviral life cycle is the
series of trafficking and maturation steps that follows the entry
of the viral core into the target cell cytoplasm and culminates
with integration. These steps must involve interactions with
cellular proteins and macromolecular assemblies (51), but the
timing and spatial details of particle uncoating, the evolving
molecular structure of the preintegration complex (PIC), its
passage into the nuclear environment, and in particular, in-
tranuclear preintegration trafficking are all poorly defined.
Lentiviruses, a group of species-specific complex retroviruses
that cause progressive degenerative diseases, are especially
interesting and complex in this regard. Their ability to achieve
integration in nondividing cells, e.g., macrophages, stands in
intriguing and pathogenetically important contrast to the re-
quirement that genetically simpler gammaretroviruses (e.g.,
murine oncoretroviruses) have for host cell mitosis (40, 63). A
consensus about the underlying mechanisms—in particular,
how lentiviral PICs transit the nucleopores of mitotically inac-
tive cells—has been elusive (27). Karyophilic properties of PIC
components have deservedly attracted considerable interest
and also debate. Candidate effectors of PIC nuclear transloca-
tion have included signal-mediated transport directed by pep-
tide determinants within the matrix (MA) (3, 4, 22–24, 28, 31,

73), Vpr (19, 31, 61), and integrase (22). Divergent views exist
on the particular roles of nuclear localization signals (NLSs) in
MA (21, 24), and MA-deficient viruses can infect nondividing
cells with approximately wild-type efficiency under some cir-
cumstances (62). Vpr is dispensable in most nondividing cell
targets but is needed for efficient replication in macrophages
(9, 31, 72). The central DNA flap (18, 74, 78) has also been
implicated functionally (18, 78), again with countervailing
views (14, 43).The dependence of PIC import on importin-7
has been suggested in semipermeabilized cell assays (17). For
reviews, see references 27 and 71.

The role of integrase in PIC trafficking is similarly unre-
solved. This 32-kDa virion-incorporated enzyme has concep-
tual appeal as a PIC-targeting determinant because it is an
obligate constituent until integration. A suggestive experimen-
tal observation is that the human immunodeficiency virus type
1 (HIV-1) integrase protein localizes to cell nuclei (7, 13, 22,
57, 58), a property that it confers to some but not all (37)
recombinant fusion proteins. A number of studies have sought
to identify discrete NLSs in HIV-1 integrase. A canonical bi-
partite NLS comprised of two basic amino acid stretches has
been reported (22), but contrasting data exist (12, 57, 70). A
different peptide initially appeared to be a transferable NLS
(1), but follow-up studies clarified that it is not (14, 42). In
addition, nonprimate lentivirus integrase proteins lack se-
quences homologous to these putative peptide NLSs (see ref-
erence 64 for an alignment of feline immunodeficiency virus
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[FIV] and HIV-1 integrases). An NLS has been reported in the
integrase of avian sarcoma virus (55), an alpharetrovirus that
can infect but cannot productively replicate in nondividing cells
(34), and in the integrase of the yeast retrotransposon Ty1 (36,
53).

Interactions of integrase with cellular factors could also in-
fluence intranuclear PIC trafficking as well, although such roles
have not been established (5). The determinants of PIC traf-
ficking after nuclear import are unknown but are of consider-
able clinical importance, since recent data have established
that HIV-1 integration is not entirely random. HIV-1 inte-
grates preferentially in regions downstream of promoters of
active genes (66, 76). In contrast, Moloney murine leukemia
virus (MoMLV) integrations show a predilection for promoter
regions of genes (76). Integration site preference has impor-
tant implications for HIV-1 latency and recrudescence after
antiretroviral therapy (32) as well as for insertional mutagen-
esis risks in human gene therapy.

Despite the sufficiency of the purified enzyme to catalyze the
early integration reaction steps in vitro (10), interactions of
HIV-1 integrase with host proteins in cells have been demon-
strated (5, 33, 52). Examples include BAF (39, 44), HMG I(Y)
(15), INI-1 (33, 77), DNA-PK (11), hRad18 (54), and most re-
cently, lens epithelium-derived growth factor/p75 (LEDGF/
p75) (6, 50). LEDGF/p75 is a widely expressed transcriptional
coactivator known to interact with components of the gen-
eral transcription machinery and with the transcription activa-
tion domain of VP16. It was originally identified as a 75-kDa
protein that copurified with the coactivator PC4 (26). The ac-
ronym derives from an independent isolation from a lens epi-
thelial cell library (68), which, along with other studies, has sug-
gested roles in cellular stress responses and as an auto-antigen
in inflammatory diseases (67). An alternatively spliced 52-kDa
product of the same gene, which lacks the 205 C-terminal
amino acids of p75, acts more potently and with broader spec-
ificity as a transcriptional coactivator. Both p75 and p52 display
predominantly nuclear localization (56). LEDGF/p75 interacts
with HIV-1 integrase in cells (6). Transient small interfering
RNA (siRNA) knockdown was reported to produce a diffuse,
pancellular distribution of an otherwise nuclear green fluores-
cent protein (GFP)-integrase fusion protein (50); the cellular
distribution of HIV-1 integrase protein itself in the absence of
LEDGF/p75 has not been determined. It is also not known if
LEDGF/p75 is a component of PICs, if it interacts with inte-
grases of other retroviruses, or what the functional implica-
tions of this interaction are for the viral life cycle.

We observed that FIV and other nonprimate lentiviral inte-
grases lack putative peptide NLS sequences proposed for HIV-
1 integrase and decided to analyze the comparative karyophilic
properties of the integrase proteins of three biologically di-
verse retroviruses: HIV-1, FIV, and MoMLV. Since the two
lentiviruses infect nondividing human cells (40, 59) and
MoMLV, a gammaretrovirus, does not (40), we initially sought
to correlate karyophilic properties of integrase proteins with
viral phenotypes. Stable, Rev-independent expression of the
integrases was enabled to facilitate analyses of interactions
with endogenous cellular proteins and to avoid the overexpres-
sion artifacts to which integrase proteins are prone. Potential
transferable NLSs were investigated with pyruvate kinase (PK)
fusions (60). Stable siRNA knockdowns of LEDGF/p75 were

performed, and the relevance of this protein to the karyophilic
properties of the various integrases was studied. Finally,
whether LEDGF/p75 is a component of lentiviral PICs and its
potential role in the viral life cycle were analyzed.

MATERIALS AND METHODS

Integrase plasmids. pFIN, pHIN, and pMIN express C-terminally Myc epi-
tope-tagged versions of integrase proteins from FIV 34TF10, HIV-1 YU-2, and
MoMLV, respectively. These were constructed by PCR amplification. Primers
for FIV were 5�-ATATTCTAGAATGTCTTGGGTTGACAGAATTGAG-3�
and 5�-ATATGGGCCCCTCATCCCCTTCAGGAAGAG-3�. Primers for HIV-
1 were 5�-ATATTCTAGAATGTTTTTAGATGGAATAGATAAGGCCC-3�
and 5�-ATATGGGCCCATCCTCATCCTGTCTACCTGCC-3�. The amplicons
were inserted as Xba/ApaI fragments into pCMV-Myc, which contains the pro-
moter and intron A of the human cytomegalovirus (CMV) immediate early gene
(45). MoMLV integrase was amplified with 5�-ATATGAATTCATGATAGAA
AATTCATCACC-3� and 5�-TATAGAATTCTTACAGATCCTCTTCTGAGA
TGAGTTTTTGTTCGGGGGCCTCGCGG-3� and inserted as EcoRI frag-
ments into pCMV and pCMV2, which lacks intron A. For use in generating
stable cell lines, plasmids pFIN.ip, pHIN.ip, and pMIN.ip were created by in-
serting into the homonymous plasmids an internal ribosome entry site (IRES)-
puromycin resistance gene (pac) cassette distal to the integrase C termini.

pPK-HIN and pPK-FIN express fusion proteins in which PK (Myc tagged) is
fused to the amino termini of HIV-1 and FIV integrases, respectively. These
plasmids were constructed by inserting integrase cDNAs into pMyc-PK (69),
which was a gift of Gideon Dreyfuss (University of Pennsylvania) and is a
pcDNA3-based version. The FIV integrase cDNA insert was synthesized with
PCR primers 5�-ATATCTCGAGTCACTCATCCCCTTCAGGAAGAG-3� and
5�-ATATGGTACCGCTGGGTTGACAGAATTGAGGAAGC-3�. The HIV-1
(YU-2) integrase insert was synthesized with 5�-ATATGGTACCGCTTTTTAG
ATGGAATAGATAAGGCC-3� and 5�-ATATCTCGAGCTAATCCTCATCC
TGTCTACCTG-3�. Both were inserted as KpnI-XhoI fragments into pMyc-PK.
pMyc-PK-M9 (69) was used as a positive control.

siRNA expression plasmids. The LEDGF/p75 siRNA target sequence 1340
(50) is 5�-AAAGACAGCATGAGGAAGCGA-3�, with the numbering indicat-
ing the position from the start codon of the mRNA. We also selected an siRNA
target sequence at nucleotide (nt) 1428 (5�-AAGACTCTAAATGGAGGATC
T-3�). Both are chosen to be distal to the p52/p75-differentiating splice junction
to target only LEDGF/p75 while leaving the LEDGF/p52 mRNA unaffected. To
construct cells lines stably expressing these anti-LEDGF/p75 siRNAs, 64-nt
sense and antisense oligonucleotides with the internal loop of Brummelkamp et
al. (2) were synthesized (1340, 5�-GATCCCAGACAGCATGAGGAAGCGAT
TCAAGAGATCGCTTCCTCATGCTGTCTTTTTTTGGAAA-3� and 5�-AGC
TTTTCCAAAAAAAGACAGCATGAGGAAGCGATCTCTTGAATCGCTT
CCTCATGCTGTCTGG-3�; 1428, 5�-GATCCCGACTCTAAATGGAGGTTT
CAAGAGAAGATCCTCCATTTAGAGTCTTTTTTGGAA-3� and 5�-AGCTT
TTCCAAAAAAGACTCTAAATGGAGGATCTTCTCTTGAAAGATCCTC
CATTTAGAGTCG-3�). These were annealed to form adaptors and placed
downstream of an H1 or a U6 Pol III promoter by ligation between the BamHI
and HindIII sites of pSilencer3.1-H1puro and pSilencer2.1-U6hygro (Ambion),
resulting in pSi1340 and pSi1428. psiScram, a control derived from pSilencer2.1-
U6hygro, expresses a scrambled siRNA (Ambion) validated to avoid silencing of
human cellular mRNAs, was used to make control stable cell lines.

Cell culture, transfections, and selection of stable cell lines. Jurkat, HeLa, and
293T human embryonic kidney cells were obtained from the American Type
Tissue Culture Collection and grown in 10% RPMI and Dulbecco’s modified
Eagle’s medium (Gibco BRL), respectively, supplemented with 10% fetal calf
serum, penicillin, and streptomycin. Other transfections were performed by the
calcium phosphate coprecipitation method with a total of 2 �g of DNA per well
of a six-well plate or 1 �g of DNA per chamber in a two-chamber LabTek II glass
chamber slide (Nalge Nunc, Naperville, Ill.). Briefly, cells were transfected 24 h
after being plated in 2 ml of medium at 0.45 � 106 cells/well or 1 ml of medium
at 0.8 � 106 cells/chamber. After 14 to 16 h, the transfection mix was replaced
with fresh culture medium. Cells were harvested or used for indirect immuno-
fluorescence 40 to 48 h after the transfection mix was added. For stable cell lines,
3 � 106 293T cells were plated in 75-cm2 flasks and cotransfected the next day
with 7 �g of DNA that had been linearized at a restriction site in the prokaryotic
backbone. After 14 to 16 h, the transfection mix was replaced with fresh culture
medium. To generate Jurkat stable cell lines, 107 cells were electroporated with
10 �g of linearized plasmid and 20 �g of carrier pCDNA3. At 48 h after transfection,
puromycin (3 to 0.6 �g/ml) or hygromycin (200 to 800 �g/ml) was added.
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Immunoblotting and confocal immunofluorescence microscopy. For Western
blotting, cells were lysed in 150 mM NaCl, 0.5% deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 1% NP-40, and 150 mM Tris-HCl (ph 8.0) plus a protease
inhibitor cocktail (Complete-mini; Boehringer). Proteins (30 �g/lane) were re-
solved in SDS–10% polyacrylamide gels and transferred to Immobilon P mem-
branes (Millipore). Blocked membranes were incubated overnight at 4°C with
anti-Myc monoclonal antibody (MAb) (clone 9E10; Covance), anti-�-tubulin
MAb (clone B-5-1-2; Sigma), and anti-LEDGF/p75 MAb (BD Transduction
Laboratories) in Tris-buffered saline–5% nonfat milk plus 0.05% Tween 20.
After washing, membranes were incubated with the appropriate horseradish
peroxidase-tagged secondary antibody. Bound antibodies were detected by en-
hanced chemiluminescence (Amersham Pharmacia Biotech). Indirect immuno-
fluorescence detection of Myc-tagged proteins was performed by confocal fluo-
rescence microscopy with an anti-Myc epitope MAb (clone 9E10; Covance) or
a polyclonal anti-Myc antibody (Santa Cruz) when costained. Endogenous
LEDGF/p75 was detected by using anti-LEDGF/p75 MAb (BD Transduction
Laboratories). MoMLV IN was detected with a rabbit polyclonal antiserum (a
gift from S. Goff). Cells grown in LabTek II chamber slides (Nalge Nunc) were
then fixed with 4% formaldehyde in phosphate-buffered saline (PBS) for 10 min
at 37°C, washed with PBS, and then permeabilized with ice-cold methanol for 2
min at room temperature. Fixed cells were blocked in 10% fetal calf serum, 20
mM ammonium chloride, and PBS for 30 min at room temperature and then
incubated with the appropriate antibodies, followed by Alexa-488- or Texas
Red-conjugated goat anti-mouse antibody or goat anti-rabbit antibody (Molec-
ular Probes, Eugene, Oreg.). Nuclear DNA was stained with 4�,6�-diamidino-2-
phenylindole (DAPI; Sigma).

Immunoprecipitation. Cytoplasmic and nuclear fractions were isolated by us-
ing the method of Cherepanov et al. (6). Briefly, 107 cells stably expressing HIV
or FIV integrase were lysed for 10 min on ice in modified CSK buffer [10 mM
piperazine-N,N�-bis(2-ethanesulfonic acid) (PIPES, pH 6.8), 10% (wt/vol) su-
crose, 1 mM dithiothreitol, and 1 mM MgCl2 plus an EDTA-free protease in-
hibitor mixture (Roche Molecular Biochemicals)] supplemented with 0.5% NP-
40 and 100 mM NaCl. Nuclear and cytoplasmic fractions were separated by
centrifugation for 5 min at 500 � g. The supernatant (cytoplasmic fraction) was
then centrifuged at 6,000 � g for 2 min and used in immunoprecipitation
experiments. The nuclear fraction was washed twice in the lysis buffer and
incubated for 5 min on ice in CSK buffer with 0.5% NP-40 and higher salt (400
mM NaCl), followed by centrifugation at 6,000 � g for 2 min. Nuclear and cyto-
plasmic fractions from FIV IN-expressing cells were mixed with 3 �l of a feline
anti-FIV serum (kindly provided by M. Barr; Petaluma) or normal feline serum.
Fractions from HIV IN-expressing cells were mixed with 6 �l of a mixture of 3
anti-HIV IN rabbit antisera or normal rabbit serum. These samples were incubated
on ice for 20 min, then 30 �l of protein A-Sepharose was added, and samples were
incubated at 4°C for 1 h on a rotating platform. Beads were washed three times
in CSK buffer containing 0.5% NP-40 and boiled in Laemmli buffer plus �-mer-
captoethanol. Samples were separated by SDS-polyacrylamide gel electrophore-
sis and analyzed by Western blotting with an anti-LEDGF MAb as described above.

Lentiviral vector and reporter virus production. Vesicular stomatitis virus
glycoprotein G-pseudotyped internally promoted vectors (three plasmid systems)
and reporter viruses with env deletions (two plasmid systems) were produced by
calcium phosphate cotransfection in 293T cells. FIV vectors have been previously
described (46–49) and were produced by cotransfection of 293T cells with 3 �g
of FIV packaging plasmid pFP93, 3 �g of enhanced GFP (eGFP) transfer vector
pGiNWF or lacZ transfer vector pCT26, and 1 �g of pMD.G. FIV viruses with
env deletions were produced by transfecting 293T cells with pCT5efs (35) and 1
�g of pMD.G. For HIV-1 vectors, 3 � 106 293T cells were cotransfected with the
three-plasmid system (79): pCMdeltaR8.9 (3 �g), pHR�CMVlacZ (3 �g), and
pMD.G (1 �g). To produce HIV-1 reporter viruses, 293T cells were cotrans-
fected with 1 �g of pMD.G and 6 �g of pHIVeGFP, an HIV-1 NL4-3-derived
clone with a deletion in HIV-1 env and an insertion of egfp to replace the nef
open reading frame. Alternatively, we used 1 �g of pMD.G with 6 �g of
pNL43.Luc.R�E� or pNL43.Luc.R�E� (9), which have firefly luciferase (luc)
replacing the nef gene, as well as a frameshift in env and vpr or a deletion in env,
respectively. Packaging plasmids with the class I integrase mutations (49, 64)
were substituted to produce the control preparations described in the preceding
section. Eighteen hours after transfection, the culture medium was replaced, and
48 h after transfection, the supernatant was harvested, clarified by low-speed
centrifugation, filtered (0.45 �M), and stored at �80°C. Reverse transcriptase
(RT) activities and titers on 293T cells were determined for all preparations.

In vitro integration assay and PIC immunoprecipitation. PICs were isolated
as described by Farnet and Haseltine (16) and Lin and Engelman (44) with minor
modifications. Briefly, 3 � 106 293T cells were transduced with vesicular stoma-
titis virus glycoprotein G-pseudotyped vectors or viruses with env deletions at a

multiplicity of infection (MOI) of 5. As a control in some experiments, class I
integrase mutant HIV and FIV vectors were used which had their RT activities
normalized to those of the wild-type preparations. The class I integrase mutant
vectors were produced with a packaging plasmid which had mutations (D64N/
D116N for HIV-1 and D66V for FIV) as described previously (64). After the
addition of virus, cells were left undisturbed for 9 h, at which point they were
harvested by trypsinization and washed three times in Dulbecco’s modified Ea-
gle’s medium with 10% fetal calf serum. Cells were then lysed for 10 min on ice
in 800 �l of buffer K (20 mM HEPES [pH 7.6,] 150 mM KCl, 5 mM MgCl2, and
1 mM dithiothreitol plus an EDTA-free protease inhibitor mixture [Roche Mo-
lecular Biochemicals]) supplemented with 0.25% NP-40. Cytoplasmic fractions
were isolated by centrifugation of the cellular lysate at 500 � g for 5 min and
used, with and without intervening PIC immunoprecipitation, in integration
assays. For PIC immunoprecipitations, 3 �g of anti-LEDGF or control (anti-
Myc) MAbs were added to 300 �l of the cytoplasmic fractions and incubated on
ice for 20 min. Then 30 �l of magnetic beads coupled to anti-mouse immuno-
globulins (Dynabeads) was added and incubated at 4°C for 1 h with rotation.
Beads were then washed three times in buffer K containing 0.25% NP-40. In vitro
integration assay were done as described previously (16, 44). PICs from 70 �l of
total cytoplasmic fractions, or immunoprecipitated PICs, were mixed with 750 ng
of PstI-linearized PhiX174 RF I DNA in buffer K and incubated for 45 min at
37°C in a rotary shaker. For a control to establish DNA target dependence, PICs
were incubated in the absence of phage DNA. Integration reactions were stopped by
treatment with proteinase K (1 mg/ml) in 10 mM EDTA plus 0.5% SDS for 30
min at 55°C. DNA was then recovered by phenol-chloroform extraction and
ethanol precipitation. Integration products were analyzed by Southern blotting
with random-labeled 32P probes that hybridize within gag-pol of HIV or FIV.

Viral infections. For infections, cell lines were seeded in six-well plates at
0.45 � 106 cells/well. Twenty-four hours later, cells were treated with aphidicolin
(10 �g/ml), which was verified by flow cytometry to produce full G1-S arrest.
Cells were transduced 24 h after the aphidicolin block. Aphidicolin was replen-
ished with all medium changes. Dividing cells were seeded at 0.45 � 106 cells/well
in a six-well plate and transduced 24 h later. Dividing and nondividing cells were
transduced with RT-normalized stocks of HIV-1 or FIV vectors. The transduc-
tion supernatant was removed 24 h after transduction. At 48 h after transduction,
cells transduced with eGFP-expressing vectors were fixed with 1% formaldehyde
and analyzed by flow cytometry (FACScan; Becton Dickinson, Mountain View,
Calif.). Jurkat cells were infected overnight with HIV-1 NL4-3 at a 0.1 MOI.
After infection, cells were washed three times and cultured for 2 weeks. �-Ga-
lactosidase activity was analyzed in lacZ vector-transduced cells with 5-bro-
mo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal). Luciferase activity was
measured in a TopCount apparatus (Packard). HIV-1 p24 was measured by
enzyme-linked immunosorbent assay (Coulter).

Quantification of 2-LTR circles. LEDGF/p75-deficient (si1340 cells, si1340/
1428) and control (siScram) cells were treated with 10 �g of aphidicolin/ml 24 h
before transduction with eGFP-expressing vectors. Hirt DNA was collected at 3,
6, 12, and 18 h posttransduction. Two-long terminal repeat (2-LTR) circles were
quantified by real-time PCR in a Roche LightCycler with primers specific to the
2-LTR circle junctions of FIV and HIV-1 by using the Roche FastStart DNA kit.
The HIV-1 primers used were 5�-AACTAGGGAACCCACTGCTTAAG-3� and
5�-TCCACAGATCAAGGATATCTTGTC-3�; FIV primers are described in ref-
erence 64. Five hundred nanograms of HIRT DNA was used for each FIV
reaction, and 750 ng was used for each HIV reaction. A 2-LTR circle template
was constructed by deleting viral sequences between the two LTRs of pCT5 (59)
or pYU-2, a gift of G. Shaw (41). Tenfold dilutions of these templates served as
standards. Real-time PCR quantification of human mitochondrial DNA was
used to normalize the samples. The identity of PCR products was also confirmed
by electrophoresis in agarose gels.

LEDGF/p75 RT-PCR. cDNA was prepared from 500 ng of total RNA from
control or LEDGF/p75-deficient cell lines by random hexamer priming. Minus
RT controls omitted RT. One-seventeenth of the total cDNA was used in a PCR
with LEDGF/p75-specific sense (5�-GAAGCCAGAAGTTAAGAAAGTGG-3�)
and antisense (5�-GCTTTTTGTTTGGCCCTTTCTTCC-3�) primers. �-Actin
was amplified as a loading control.

RESULTS

To facilitate study of native FIV and HIV-1 integrase pro-
tein properties and interactions with endogenous cellular pro-
teins in the absence of other viral proteins or any fusion part-
ners, we first addressed two problems that are recognized to
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complicate integrase localization studies: Rev dependence (7,
58, 65) and the tendency of integrase to artifactually localize or
precipitate after transient transfection-mediated overexpres-
sion (7).

Intron A confers Rev independence to lentiviral integrases.
Integrase is normally expressed as a C-terminal proprotein
within the Rev-dependent Gag/Pol precursor, from which it is
cleaved by the viral protease. The integrase-encoding portion
of the pol mRNA contains particularly strong instability (INS
or CRS) elements that complicate expression from a subcloned
cDNA (8, 65). The use of other viral RNA transport elements
and placement of the Rev response element in the 3� untrans-
lated region of the integrase mRNA and supplying Rev in trans
(ordinarily quite successful for Rev-dependent genes) also
have not reliably enabled expression (58; data not shown), and
in any case, we wished to express integrase in the absence of
any other viral proteins, including Rev. Another option for
HIV-1 pol-encoded proteins, a codon-optimized cDNA (7, 65),
has not been synthesized yet for FIV.

After testing a variety of cellular and viral promoter arrange-
ments in expression plasmids, we found that incorporating in-
tron A of the human CMV immediate early gene enabled
Rev-independent expression of full-length FIV and HIV-1 in-
tegrase proteins (Fig. 1). Using the same CMV promoter with-
out intron A consistently failed to enable Rev-independent
expression, as did a variety of other commercially available ex-
pression plasmids (Fig. 1B). In contrast to the lentiviral inte-
grases, MoMLV integrase expression did not require the pres-
ence of intron A but was considerably enhanced by it (Fig. 1B).

Stable expression of integrase proteins. As previously ob-
served (7), we found that transient transfection in HeLa or
293T cells of integrase-expressing constructs could produce
heterogeneous artifactual inclusions in cytoplasmic or perinu-
clear locations (data not shown). These bore no resemblance
to the intracellular distributions ultimately observed with sta-
ble, lower expression. This source of artifact was not a problem

in our hands if the integrase was part of a larger fusion with a
nonviral protein such as GFP or PK, but we deemed it critical
to study the properties of native, unfused integrase proteins as
well. Because stable expression would enable lower, more
physiologically relevant and more consistent integrase expres-
sion levels and improve analysis of interactions with endog-
enously expressed cellular proteins, it is the principal method
used here for both FIV and HIV-1 integrase. To accomplish
this, we inserted poliovirus IRES-linked selectable marker
genes downstream of the integrase cDNAs in the intron A-
containing plasmids described above (Fig. 1A). In addition, to
exclude artifactual localizations that have been shown to result
from cryptic splicing (14, 42) or that could result from protein
degradation, the expression of single proteins of predicted size
was confirmed by immunoblotting in all experiments described
in subsequent sections.

Intracellular distribution of retroviral integrases. The sta-
bly expressed HIV-1 and FIV integrases were consistently lo-
cated in the nucleus. Integrase expression was clearly identified
by immunostaining in more than 90% of cells selected in pu-
romycin, with some variation in intensity of expression from
cell to cell, and was always nuclear (Fig. 2A). Myc epitope-
tagged integrases detected with anti-Myc antibodies and un-
tagged integrase detected by polyclonal antibodies to HIV-1
and FIV integrase had identical appearances (data not shown).
Immunoblotting showed single, predicted-size proteins when
performed with either anti-Myc antibodies (Fig. 2B) or poly-
clonal antisera against FIV, HIV-1, and MoMLV integrases
(data not shown). In clear contrast to the lentiviral integrases,
stably expressed MoMLV integrase was found exclusively in
the cytoplasmic compartment. This subcellular localization was
observed whether the cells were stained with an anti-MoMLV
polyclonal antibody (Fig. 2A) or with an anti-Myc MAb (data
not shown). An interesting finding was that when stable cell
lines employing the same plasmid background (including in-
tron A) were evaluated on Western blots with the same anti-
Myc antibody, MoMLV integrase was consistently seen to ac-
cumulate to lower levels than the lentiviral integrases but was
nevertheless readily detected.

Lack of transferable NLSs in lentiviral integrases. To eval-
uate whether FIV and HIV-1 integrases have transferable
NLSs that determine their observed karyophilia, we construct-
ed fusion proteins in which each was fused in frame to the
carboxyl terminus of N-terminally Myc-tagged chicken PK
(Fig. 1A). PK is commonly used in this way as an indicator to
identify NLSs because it is a large (ca. 55 to 60 kDa), normally
strictly cytoplasmic and monomeric protein that exceeds the
diffusion limit of nucleopores (1, 20, 69). As shown in Fig. 3A,
PK localizes, as expected, to the cytoplasm. As a positive con-
trol, PK was transported into the nucleus when fused in frame
with M9 (60), a 38-amino-acid NLS from the hnRNP A1 pro-
tein (Fig. 3A). In contrast, the fusions of PK with FIV and
HIV-1 integrase remained cytoplasmic. Single bands corre-
sponding to full-length fusion proteins were verified in immu-
noblots (Fig. 3B). The same results were obtained when HeLa
cells were used instead of 293T cells (data not shown). These
data established that neither lentiviral integrase contains a
transferable NLS as assayed by fusion to PK. By comparison,
we found that smaller integrase fusion proteins that do not
clearly exceed the nucleopore diffusion limit (e.g., when GFP

FIG. 1. Intron A is necessary and sufficient for Rev-independent
HIV-1 and FIV integrase expression. (A) Expression plasmids; (B) in-
tron A dependence. 293T cells transfected with the indicated plasmids
were analyzed by Western blotting (WB) with an anti-Myc MAb. �,
present; �, absent.
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was fused to either integrase), produced inconsistent localiza-
tions with variable distribution between the nucleus and cyto-
plasm, but nuclei were favored on average (data not shown). In
addition, we constructed the PK-integrase fusion proteins in a
pcDNA3.1 background. Other experiments (data not shown)
confirmed the recent report (14) that aberrant proteins gener-
ated by cryptic splicing caused the apparent nuclear localiza-
tion previously observed with pcDNA1 constructs encoding
HIV-1 integrase fused to PK.

FIV integrase interacts with endogenous LEDGF/p75. FIV
and HIV-1 integrase share three conserved amino acids in-
volved in catalysis (D64, D116, and E152) (64), but the level of
homology between the two proteins (37% overall identity)
precluded assuming from the known interaction with HIV-1
integrase (6) that FIV integrase would interact with LEDGF/
p75. We found, however, in confocal immunofluorescence
analyses of the stably expressing cells that this nonprimate
lentiviral integrase does colocalize with endogenous human
LEDGF/p75, both of which were found to be prominently nu-
clear (Fig. 4A). Colocalization of FIV integrase with LEDGF/
p75 was identical to the pattern seen when HIV-1 integrase
was stably expressed (data not shown). Colocalization to con-

densed chromosomes in mitotic figures was also observed, which
is consistent with a strong interaction with chromatin (Fig. 4A).

The stable cell lines also facilitated direct evaluation of in-
teractions of endogenous LEDGF/p75 with the endogenously
expressed lentiviral integrases. We immunoprecipitated FIV
and HIV-1 integrase from nuclear and cytoplasmic fractions of
the respective stable integrase-expressing cells by using anti-
integrase-specific antisera. Immunoprecipitated proteins were
immunoblotted for LEDGF/p75 with a specific MAb. As shown
in Fig. 4B, LEDGF/p75 coimmunoprecipitated with both HIV-1
integrase and FIV integrase. It is noteworthy that the lentiviral
integrase-LEDGF interactions are detected by coimmunopre-
cipitation from both the cytoplasmic and nuclear compart-
ments despite the strongly nuclear colocalization detected by
immunofluorescence. LEDGF/p75 may be a shuttle protein or
the proteins may interact before either is imported into the
nucleus. Secondly, nuclear LEDGF is tightly bound to chro-
matin (Fig. 4A), which may reduce the amount recovered from
nuclei and result in an apparently larger amount of LEDGF in
cytoplasm by sensitive immunoprecipitation assays.

Generation of LEDGF/p75-deficient cell lines. To further
evaluate the role of LEDGF/p75, we stably expressed siRNAs

FIG. 2. Karyophilic properties of retroviral integrase proteins in stable cell lines. (A) Confocal immunofluorescence microscopy of puromycin-
selected 293T cells stably transfected with pHIN.ip, pFIN.ip, and pMIN.ip. The primary antibody used in the left three panels was an anti-Myc
MAb. In the rightmost panel, an anti-MoMLV IN antibody was used. The bottom panels are overlays with nuclear DAPI staining. Photographic
exposure times were equal. (B) Immunoblotting of the same cell lines. HIV-1, FIV, and MoMLV integrase are 34, 32, and 46 kDa, respectively.
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to generate LEDGF/p75-deficient 293T and Jurkat cell lines.
To avoid introducing viral sequences that could subsequently
confound analyses of retroviral integrations, all knockdown
lines were made by stable plasmid transfection rather than
transduction. siRNA target sites downstream of the p52/p75-
differentiating splice junction were used to achieve p75-specific
targeting. Two 21-nt sequences, one at nt 1340 and the other at
nt 1428 of the coding sequence, were targeted by using siRNA
constructs in which an intervening 9-nt loop connects the sense
and antisense portions (2). These two siRNAs were selected
for use after their potencies were determined by transient co-
transfections of the expression plasmids with or without a
LEDGF/p75 expression plasmid. Each proved potent, elimi-
nating not only detectable endogenous LEDGF/p75 but also
exogenously cotransfected protein (data not shown). The 1340
and 1428 hairpin siRNA sequences are under the transcrip-
tional control of Pol III promoters (H1 and U6, respectively),
with separate Pol II-promoted transcription units encoding
puromycin (1340) or hygromycin (1428) resistance.

Stable cell lines expressing these siRNAs and control cells
stably expressing a scrambled siRNA were then generated. The
resulting drug-resistant cell lines were highly polyclonal, rep-
resenting stable outgrowth in puromycin or hygromycin from
at least 1,000 separate stable transfection events. As shown
in Fig. 5A, polyclonal 293T cells stably expressing the 1340
siRNA (si1340 cells) or both the 1340 and 1428 siRNAs
(si1340/1428 cells) lack detectable expression of LEDGF/p75
protein. LEDGF/p75 was never detectable on Western blots in
these cell lines, even with maximal film exposure (data not
shown), while the control siRNA line (designated siScram

cells) and the parental cell line express large and equivalent
amounts of LEDGF/p75. Moreover, the siRNAs had no effect
on the expression of the p52 variant of LEDGF, providing a
rigorous intrasample control for loading and blotting sensitivity
with the N terminus reactive antibody and proving that the
siRNA specifically targets the spliced p75 mRNA as planned
(Fig. 5A). No differences in morphology, growth rate, or ad-
herence were discernible between si1340, si1340/1428, siScram,
and parental cell lines, and continued propagation under se-
lection for multiple passages over several months did not result
in the emergence of increased LEDGF/p75 expression in the
silenced cells. In agreement with the lack of detectable protein
by immunoblotting, LEDGF/p75 was also not detectable by
immunofluorescence microscopy in either the si1340 cell line
or the si1340/1428 cells but was prominently seen under the
same conditions in the nuclei of siScram cells (data not shown).
The drastic extent of the siRNA knockdown was confirmed at
the RNA level by RT-PCR (Fig. 5B). mRNA could be detected
in si1340/1428 cells only intermittently and was at the limit of
detection, i.e., only with 40 cycles of PCR in some assays (Fig.
5B) but not others (data not shown); from the comparisons
with siScram cells, we estimate an approximate 4 to 5 log
knockdown.

These cell lines derived from 293T cells displayed the most
complete knockdown of cell lines we have so far tested. The
stable knockdown achieved in siRNA-expressing Jurkat cell
lines (designated si1340JK and si1340/1428JK cells) was only
partial at the polyclonal level (Fig. 5C). The addition of the
1428 siRNA to si1340JK cells did not result in enhanced knock-
down (data not shown). Immunoblotting of single cell clones
derived from the si1340JK cells by limiting dilution revealed
that the low levels of LEDGF/p75 seen in the polyclonal

FIG. 3. Lentiviral integrases lack transferable NLSs. (A) Cellular
distribution of PK fusion proteins. 293T cells were transfected with
pPK, pPK-M9, pPKHIN, or pPKFIN and analyzed by confocal immu-
nofluorescence microscopy with anti-Myc antibody. (B) Immunoblot-
ting of cells shown in panel A with an anti-Myc MAb.
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si1340JK cell population result from the contributions of high-
expressing clones amidst clones that expressed no detectable
LEDGF/p75 protein (Fig. 5C). Immunoblot-negative si1340JK
clones showed a drastic decrease in LEDGF/p75 mRNA, al-
though at 40 cycles of RT-PCR, mRNA was detectable (data
not shown). Because the 293T cell-derived si1340 and si1340/
1428 cells were more stringently defective for LEDGF/p75
expression than the Jurkat-derived lines, and because an ad-
herent cell line was more suitable for nuclear localization stud-
ies, we initially concentrated on them for analyses.

Endogenous LEDGF/p75 is required for nuclear localiza-
tion and chromatin tethering of two lentiviral integrase pro-
teins. We proceeded to introduce Myc-tagged HIV-1 and
FIV integrase constructs into the hygromycin-selected sta-
ble siScram and si1340 cell lines. Puromycin selection was
used. The expression of both LEDGF/p75 and integrase pro-
teins was evaluated by immunoblotting (Fig. 6A) and immu-
nofluorescence (Fig. 6B and C). HIV-1 and FIV integrases
localized in nuclei of the siScram cells as expected. In striking
contrast, both lentiviral integrases were restricted to the cyto-
plasm in cells specifically deficient in LEDGF/p75 (Fig. 6B
and C). In clear contrast to the striking relocalization of the
lentiviral integrases, the strictly cytoplasmic distribution of
MoMLV integrase was the same in both si1340 cells and
siScram cells (data not shown).

These data involving specific, stable, and highly effective
removal of LEDGF/p75 from cells with siRNAs show that both

lentiviral integrases depend on LEDGF/p75 for their nuclear
localization. It is also clear that in the absence of LEDGF/p75,
LEDGF/p52 does not supply this role. In addition, MoMLV
integrase is not affected by the siRNA targeting and lacks
nuclear targeting whether LEDGF/p75 is present or absent.
Thus, LEDGF/p75 direction of integrases to nuclei and teth-
ering to chromatin appears to be a lentiviral integrase-specific
phenomenon.

Endogenous LEDGF/p75 is a component of functional HIV-
1 and FIV PICs. Having characterized the interactions with
free integrase proteins, we asked whether endogenous LEDGF/
p75 associates with HIV-1 and FIV PICs in infected cells. 293T
cells were infected with single-round HIV-1 and FIV vectors.
As a control to confirm the detection of functional PIC inte-
grase activity, vectors of two types were used: those having
wild-type integrase and those having a class I integrase muta-
tion, i.e., a single amino acid change that selectively disables
only integrase catalytic function while leaving intact other as-
pects of the viral life cycle (38, 49, 64). PICs were isolated from
the cytoplasmic fraction of infected cells and evaluated in a
previously described in vitro integration assay that uses linear-
ized, double-stranded phiX174 phage DNA as an integration
target, followed by vector-specific Southern blotting to detect a
high-molecular-weight integration-specific band as well as a
more prominent lower band representing total PICs (44). PICs
of each vector were evaluated in this assay in two ways: directly
and after immunoprecipitation with an anti-LEDGF/p75 MAb

FIG. 4. Interaction of lentiviral integrases with LEDGF/p75. (A) FIV integrase colocalizes with endogenous LEDGF/p75. Cells stably
expressing FIV integrase were double stained with an anti-Myc polyclonal antibody and an anti-LEDGF MAb and analyzed by confocal
immunofluorescence microscopy. The arrow indicates a mitotic figure. (B) FIV and HIV-1 integrases coimmunoprecipitate with endogenous
LEDGF/p75. Samples were immunoprecipitated (IP) with a feline anti-FIV antiserum or rabbit anti-HIV integrase antiserum and then probed
with an anti-LEDGF MAb.
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or a control MAb (anti-Myc) (Fig. 7). Only PICs produced by
virions having wild-type integrase integrated into the target
DNA, establishing that the generation of this band requires a
catalytically functional integrase (Fig. 7, left panel). Formation
of an integration band also depended on inclusion of the
phiX174 target DNA in the reaction mixture. Three important
results were noted. First, as seen in the right panel of Fig. 7,
HIV-1 PICs were prominently immunoprecipitated with the
anti-LEDGF/p75 MAb but not by the control MAb. Second,
integrated HIV-1 vector genomes were detected in reactions
with the anti-LEDGF/p75 MAb-immunoprecipitated samples.
Third, the ratio of integrated to total PICs was similar to that
in nonimmunoprecipitated PICs shown in the left panel of Fig.
7. The same results were found when FIV vector PICs were
used (data not shown). These data show that LEDGF/p75 is a
constituent of integration-competent PICs of both lentiviruses.

Normal PIC nuclear import and single-round infection by
HIV-1 and FIV in drastically LEDGF/p75-deficient cells. Hav-
ing demonstrated that this protein that targets lentiviral inte-
grases to nuclei is also a component of functional lentiviral
PICs, it was of strong interest to determine the influence of
LEDGF/p75 on PIC nuclear import. siScram, si1340, and
si1340/1428 cells were growth arrested with aphidicolin treat-
ment and infected with HIV-1 and FIV vectors encoding a
reporter transgene. At 3, 6, 12, and 18 h postinfection, low-
molecular-weight DNA was extracted and 2-LTR circles were
quantified by real-time PCR. As shown in Fig. 8A, the kinetics
of 2-LTR circle formation were identical in both the siScram
and LEDGF/p75-deficient cell lines. These data indicated that

the knockout of LEDGF/p75 in these cell lines does not affect
the nuclear import of HIV-1 and FIV PICs.

We then assessed the ability of LEDGF/p75-deficient cells
to support infection with HIV-1 and FIV. siScram, si1340, and
si1340/1428 cells were first infected with pNL43.Luc.R�E� or
pNL43.Luc.R�E� (9). Infections were done over a wide dy-
namic range of viral input and under conditions of prolifera-
tion and growth arrest. The expression of luciferase was ana-
lyzed 48 h after infection. As shown in Fig. 8B, control and
LEDGF/p75-deficient cells displayed equivalent luciferase ex-
pression, whether dividing or growth arrested. Multiple other
experiments with various combinations of HIV-1 or FIV vec-
tors and viruses under different conditions were performed and
corroborated these and the 2-LTR circle results in showing a
lack of a simple antiviral effect from drastic LEDGF/p75 knock-
down (supplemental material is available at http://mayoresearch
.mayo.edu/mayo/research/poeschla/index.cfm). Briefly, no dif-
ferences in titer or in mean fluorescence intensity occurred
between siScram and si1340/1428 cells after either HIV-1 or
FIV eGFP vector transduction. Growth-arrested siScram and
si1340/1428 cells transduced with HIV and FIV lacZ vectors
having wild-type integrase or class I integrase mutations ex-
pressed substantial but equivalent amounts of �-galactosidase
at 48 h, which has previously been shown to be proportional to
unintegrated nuclear cDNA accumulation, predominantly 2-
LTR circles (64). This result suggests again that PIC nuclear
import was not affected. For both lentiviral vectors as well, �-
galactosidase expression was identical in control and LEDGF/
p75-deficient cell lines after 14 days of passage, consistent with

FIG. 5. Generation of LEDGF/p75-deficient cell lines. (A) Immunoblotting. LEDGF/p75 protein expression was evaluated by Western blotting
with anti-LEDGF MAb in siScram cells and si1340 cells (left) and si1340/1428 cells (right). (B) mRNA levels. LEDGF/p75 mRNA was quantitated
by RT-PCR in the same cell lines. (C) LEDGF/p75 protein expression in Jurkat cell lines.
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FIG. 6. LEDGF is required for nuclear localization of lentiviral
integrase proteins. (A) Stable HIV-1 and FIV integrase expression in
si1340 cells and siScram cells; (B and C) subcellular distributions of
lentiviral integrase proteins in the same cells were analyzed by confocal
immunofluorescence microscopy with anti-Myc antibody.
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equivalent levels of integration and stable transgene mainte-
nance in the presence and absence of LEDGF/p75. Similarly,
in multiple LEDGF/p75-deficient si1340JK cell clones, an
HIV-1 GFP reporter virus produced a percent transduc-
tion and mean fluorescence intensity equivalent to those of
siScramJK cells or parental Jurkat cells. The use of viruses that
lack Vpr and vectors that lack the central DNA flap and Vpr
rules out any LEDGF/p75-overriding contribution by these
potentially karyophilic elements.

Taken together, these results show that, despite its profound
effect on free integrase trafficking, removal of LEDGF/p75
does not alter susceptibility to infection of the cell lines tested
here with HIV-1 or FIV, whether the cells are dividing or
nondividing. In addition to indicating that a simple antiretro-
viral effect does not result from knockdown, they also suggest
that despite the strong association of LEDGF/p75 with chro-
matin, knockdown does not alter integration site distributions
to a degree that is sufficient to strongly influence aggregate
short-term proviral expression after integration.

To determine whether the presence of LEDGF/p75 in the
producer cell is important (e.g., similar to APOBEC3G/CEM15),
we produced HIV-1 NL43.Luc.R�E� in si1340/1428 and
siScram cells, normalized for RT activity, and determined in-
fectivity on si1340/1428, siScram, and 293T cells. The LEDGF/
p75 expression status of the producer cells did not affect lucif-
erase expression, whether target cells were LEDGF/p75 posi-
tive or LEDGF/p75 negative (data not shown). The same equiv-
alence was observed when cells were evaluated 1 week after
transduction.

HIV-1 replication in a LEDGF/p75-deficient T-cell line. We
next evaluated whether HIV-1 replicates normally when CD4�

T cells that are permissive for productive replication are made
LEDGF/p75 deficient. As noted above, Western blotting re-
vealed a substantial but still partial knockdown in the poly-
clonal si134JK cells, which was shown by single-cell cloning to
represent variable, clonally distinct LEDGF/p75 expression
levels, which range from wild type to undetectable (Fig. 5C).
Two clones in which LEDGF/p75 was not detected, Cl-2 and
Cl-12, were selected (Fig. 8C). Cl-2 and Cl-12 were verified by
flow cytometry to have substantial cell surface CD4 and

CXCR4, equivalent to that of parental Jurkat cells (data not
shown). RT-PCR confirmed severe LEDGF/p75 knockdown
(data not shown). These two si1340JK single cell clones were
then back complemented by stable transfection of a LEDGF/
p75 cDNA mutated in the siRNA target region (and linked by
an IRES to a puromycin resistance gene), thus generating
clone pairs positive and negative for LEDGF/p75. The seven
introduced nucleotide changes in the siRNA target site were
synonymous, preserving the protein sequence. This is the most
rigorous strategy for such experiments, since it eliminates the
potential for the oligoclonal selection artifacts that could even-
tuate from simply comparing populations of Jurkat cells se-
lected to express the active and scrambled siRNAs; it also
ensures that any observed phenotype is due specifically to lack
of the protein in question (25). Back complementation in each
si1340JK cell clone was confirmed by immunoblotting (Fig.
8C). Both LEDGF/p75-deficient and back-complemented cells
were then infected at a 0.1 MOI, as were parental Jurkat cells.
Viral replication was not affected by the absence of LEDGF/
p75 (Fig. 8D). Engineering of supranormal levels of LEDGF/
p75 in parental Jurkat cells (Jurkat BC cells; Fig. 8C) also had
no significant effect on HIV-1 replication (Fig. 8D).

DISCUSSION

Here we identify specific interactions of the transcriptional
coactivator LEDGF/p75 with the PICs and integrase proteins
of two different lentiviruses. These interactions are evolution-
arily conserved between primate and nonprimate lentiviruses
and are not observed with the integrase of a murine oncoret-
rovirus, MoMLV, suggesting a role specific to the biology of
lentiviruses. Further extension of this comparative approach to
nonlentiviruses and nongammaretroviruses will be informative.

It is clear that the interaction of LEDGF/p75 with FIV and
HIV-1 integrases fully explains each protein’s karyophilia. The
striking permanent redistribution to the cytoplasm in cells
made stably deficient in LEDGF/p75 by siRNA expression
from integrated Pol III transcription units provides direct, de-
finitive evidence that it is LEDGF/p75 that determines lenti-
viral integrase protein trafficking rather than long-sought, clas-
sically acting NLSs within these proteins. The failure of

FIG. 7. LEDGF/p75 is a component of functional PICs. HIV-1 vector PICs were isolated and used in an in vitro DNA integration assay before
(left) and after (right) immunoprecipitation with an MAb to LEDGF/p75 or a control (anti-Myc) MAb. Integration products are detected as a
larger band that is a fraction of the nonintegrated PICs. The reaction is shown to require both a functional integrase (IN mutant tested is D64V)
and the presence of the target DNA. Single asterisk, HIV-1 PICs prominently immunoprecipitated with anti-LEDGF/p75 MAb; double asterisk,
integrated HIV-1 vector genomes detected in reactions with anti-LEDGF/p75 MAb-immunoprecipitated samples. The same results were obtained
with FIV PICs (data not shown).
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LEDGF/p75 to colocalize with MoMLV integrase is similarly
consistent with the observed lack of nuclear targeting of this
integrase. It is unlikely that HIV-1 integrase has a weak NLS,
as has been suggested by some studies. Our siRNA and PK
fusion data indicate that such a hypothesis would require pos-
tulating either an unknown cytoplasmic binding partner that
sequesters integrase in the cytosol in the absence of LEDGF/
p75 or a nuclear export signal that is dominant only in the
absence of LEDGF/p75.

In addition to using stable expression and knockdowns, and
its comparative virology, our study differs from others in its
focus on the analysis of native integrase proteins having no
fusion partner at all or only a minimal epitope tag. Our data
show that in the absence of LEDGF/p75, HIV-1 integrase is
entirely excluded from the nucleus, a result that differs from
the diffuse cellular location of the GFP-HIV integrase fusion
protein in a study by Maertens et al. (see Fig. 9 in reference
50). Our data support a model in which LEDGF/p75 is the
principal actor mediating nuclear import and chromatin teth-
ering of lentiviral integrase proteins. While the immunofluo-
rescence analyses detected LEDGF/p75 and the associated
lentiviral integrases overwhelmingly in the nucleus, we also
found that LEDGF/p75 could be coimmunoprecipitated from
both cytoplasmic and nuclear compartments with antibodies to
HIV-1 or FIV integrase. One explanation is that tight associ-
ation with chromatin (Fig. 4A and 6C) is likely to reduce the
relative recovery of nuclear versus preimport cytoplasmic
LEDGF-integrase complexes in coimmunoprecipitations. These
data are also consistent with a model in which LEDGF/p75
may be a shuttle protein.

Technical aspects of lentiviral integrase analyses apparent in
these experiments deserve comment. We have established that
intron A of human CMV permits Rev-independent integrase
expression. The nuclear degradation pathway triggered by INS
elements is not yet known, making unclear the mechanism by
which this maneuver prevents the otherwise rapid INS-medi-
ated decay of the integrase RNA. However, intron A has also
been shown to enable expression of a different Rev-dependent
cDNA (the envelope glycoprotein) at levels sufficient for DNA-
based vaccines (29). Thus, this approach can be a convenient
solution to Rev-independent expression of lentiviral proteins.

Our data also explain the contradictory findings previously
observed with various integrase fusion proteins. Fusions to
either a short epitope tag or eGFP are found entirely or pre-
dominantly in the nucleus, but GFP fusions are less clearly
informative because their smaller sizes do not exclude diffu-
sion. An important point to emerge from this study is that
conclusions drawn from analyses of integrase fusion proteins
are necessarily qualified and may produce contradictory find-
ings that are difficult to interpret in the absence of structural
information for the particular fusion protein. For example,
interaction with LEDGF/p75 should in principle direct trans-
port of PK-integrase fusions to the nucleus. Their observed
confinements to the cytoplasm, and failure to interact with
LEDGF/p75, may reflect steric interference by the PK moiety.
An alternative possibility is interference with proper folding
and/or dimerization of the lentiviral integrases. Like our PK-
integrase fusions, Kukolj and colleagues observed that a fusion
of a larger partner (�-galactosidase) to HIV-1 integrase re-
sulted in exclusion from nuclei (37), whereas in another study

of GFP and glutathione S-transferase fusions to FIV integrase,
nuclear targeting was preserved in the fusions and the N-
terminal zinc-binding domain, which is thought to be involved
in multimerization, was required (75). Our results are also
consistent with the data of Cherepanov et al. (6), who identi-
fied the interaction of LEDGF/p75 with multimeric forms of
the HIV-1 integrase, and Maertens et al. (50), who found that
transient siRNA knockdown of LEDGF/p75 caused a GFP-
integrase fusion protein to be located diffusely in both the
nucleus and cytoplasm. The relatively low identity in the pro-
tein sequences of FIV and HIV-1 integrases suggests that the
conserved interaction of these proteins with LEDGF/p75 is
less likely to occur via shared, discrete peptide determinants
but rather with discontinuous structures common to these pro-
teins in their multimerized states. Also in support of this con-
cept is a report that nuclear localization of HIV-1 integrase is
prevented by a point mutation that disrupts its ability to oli-
gomerize (57).

While LEDGF/p75 targets integrase proteins to nuclei and
mediates chromatin association, the role it plays in the PICs of
lentiviruses is not certain and is a priority for further study.
Lentiviral PICS were immunoprecipitated specifically by anti-
bodies to LEDGF/p75, suggesting that PIC-associated inte-
grase could recruit cytoplasmic LEDGF/p75. The immunopre-
cipitated PICs were also shown to be functional in that they are
competent for integration in vitro. Because the lentiviral spec-

FIG. 8. Lentiviral infection of LEDGF/p75-deficient cells. (A) Two-
LTR circle formation in growth-arrested control and LEDGF/p75-
deficient cells infected with HIV eGFP or an FIV lacZ vector (CT26).
(B) Infection of LEDGF/p75-deficient si1340/1428 cells (squares) and
siScram (diamonds) with pNL43.Luc.R�E� or pNL43.Luc.R�E�. Lu-
minescence units are shown on the y axes. (C) Back complementation
of si1340JK clones with LEDGF/p75. (D) HIV-1 NL4-3 replication in
si1340JK clones with or without back complementation with LEDGF/
p75. Jurkat BC cells are wild-type Jurkat E6 cells which were stably
transfected with the same LEDGF/p75 expression construct.
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ificity of the LEDGF/p75-integrase interaction correlates with
the differential capacity of lentiviruses and oncoretroviruses to
infect nondividing cells, and because of its presence in func-
tional PICs, we initially hypothesized that LEDGF/p75 could
mediate PIC nuclear import in a nonredundant manner, i.e.,
the protein would be required for or augment lentiviral infec-
tion of nondividing cells. However, our results establish clearly
that this is not the case, at least in the cell lines studied here.
LEDGF/p75-deficient Jurkat and 293T cells were as suscep-
tible to HIV-1 and FIV infection as wild-type or control
siRNA-expressing cells, whether or not these cells were divid-
ing or growth arrested. Also, cells analyzed several weeks after
infection with lentiviral vectors had equivalent transgene ex-
pression, indicating an absence of a gross defect in viral inte-
gration. Since several other PIC components have been pro-
posed to mediate HIV-1 PIC nuclear import, we took care to
extend our analyses to subgenomic vectors lacking both Vpr

and the central DNA flap. The vector and reporter virus data
were additionally corroborated when the kinetics of HIV-1 and
FIV cDNA nuclear import were found to be unaffected in
nondividing LEDGF/p75-deficient cells. Two markers of PIC
nuclear import, the traditional 2-LTR circle quantification (31)
and quantification of reporter gene expression from noninte-
grated viral genomes in growth-arrested cells (64), support this
conclusion. Again, these experiments were also designed with
accessory gene and flap-minus HIV vectors. Thus, LEDGF/
p75 cannot be considered a required cofactor for HIV-1 PIC
nuclear import or for HIV-1 integration. An unresolved ques-
tion is whether LEDGF/p75 is incorporated in the target cell
after infection or in the producer cell, e.g., in the manner of
APOBEC3G (30). However, we have established that a defi-
ciency of LEDGF/p75 in the producer cell does not lead to an
infectivity defect. It remains possible that, in other cell types or
in primary cells, LEDGF/p75 will have a critical role.

FIG. 8—Continued.
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We also conclude from the present data that a cellular en-
vironment in which virion-unassociated lentiviral integrase
proteins are karyophilic is dispensable for infection of nondi-
viding cells, since such infections proceed normally in cells in
which this is abolished. More generally, our data are consistent
with those of Petit et al. (57), who concluded that the karyo-
philic properties of HIV-1 integrase are not required for nu-
clear import of the proviral DNA. It is possible, however, that
a virion-derived integrase resident in the PIC may have differ-
ent properties than free integrase protein in this regard and
still modulate PIC karyophilia in the absence of LEDGF/p75.
Redundant mechanisms may regulate PIC import, and cell-
type-specific variation may occur. Mapping NLSs in LEDGF/
p75 and clarifying its interactions with nuclear import proteins
(17) will be of interest.

Determining the function of LEDGF/p75 interaction in the
viral life cycle thus remains an important goal. A yet unex-
plored but plausible role could be to modulate the distribution
of integration loci, which are now known to differ between
retroviruses (66, 76). Because LEDGF/p75 associates with
HIV-1 but not MoMLV integrase, it is possible that LEDGF/
p75 participates in modulating these biases or the local status
of chromatin after integration.
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