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everse transcription, which converts the single-stranded RNA
genome into linear double-stranded DNA, and the subsequent integration of this DNA molecule into a host cell chromosome are key steps in the early phase of the human immunodeficiency virus type 1 (HIV-1) replication cycle. The viral enzymes
reverse transcriptase (RT) and integrase (IN), along with the
genomic RNA, enter the cell enclosed in a cone-shaped shell or
core comprised of the viral capsid (CA) protein, and reverse transcription is linked to the partial dissolution of the core through a
process known as uncoating (1). 3= processing of the viral DNA
ends by IN converts the reverse transcription complex into the
preintegration complex (PIC) (2, 3). The HIV-1 PIC is actively
imported into the nucleus (4, 5) through nuclear pore complexes
(NPCs). In the nucleus, the PICs locate to sites of chromosomal
DNA for IN-mediated integration (see reference 6 for a recent
overview of retroviral reverse transcription, nuclear import, and
integration).
Retroviral integration is nonrandom, and different viruses
have different integration specificities (reviewed in reference 7).
Local DNA sequence preferences, which typically consist of
⬃12-bp palindromes, have a modest effect on integration site selection (8–10). PICs also sense certain aspects of higher-order
chromatin structure during integration. Lentiviruses, which
include HIV-1, target the bodies of active genes and favor transcriptionally active gene-dense regions of chromosomes (11).
The integration of Moloney murine leukemia virus (MLV), a
gammaretrovirus, also favors active gene-dense regions, although
to a lesser extent than does HIV-1 (12). In contrast to the lentiviruses, MLV preferentially integrates into promoter regions and
affiliated CpG islands rather than the internal regions of genes
(13). Viruses derived from other retroviral genera, including al-
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pharetroviruses (14, 15), deltaretroviruses (8), and spumaviruses
(16, 17), have less specificity for chromatin structural features
than lentiviruses or MLV, showing weak preferences for gene promoter regions.
Although the mechanisms by which most retroviruses target
chromatin during integration are unknown, the binding of lentiviral IN protein to the host binding protein lens epithelium-derived growth factor (LEDGF)/transcriptional coactivator p75 in
large part defines the preference of this genus for the bodies of
active genes. Cells depleted for LEDGF/p75 expression by RNA
interference (RNAi) (18, 19) or gene knockout (20–22) support
significantly lower overall HIV-1 integration than controls. The
proviruses that do form under these conditions are found much
less frequently in active genes (20–23), with an associated rise in
integrations near promoters and affiliated CpG islands (20–22).
LEDGF/p75 has a C-terminally located IN-binding domain (IBD)
(24, 25) and N-terminal elements that bind chromatin (26, 27).
Novel fusion proteins comprising the LEDGF/p75 IBD and foreign chromatin binding domains redirect HIV-1 to integrate at
positions where the heterologous binding partner preferentially
binds, demonstrating a direct role for the host factor in targeting
lentiviral integration (28–30). Neither the preference for the local
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Retroviruses integrate into cellular DNA nonrandomly. Lentiviruses such as human immunodeficiency virus type 1 (HIV-1) favor the bodies of active genes and gene-enriched transcriptionally active regions of chromosomes. The interaction between lentiviral integrase and the cellular protein lens epithelium-derived growth factor (LEDGF)/p75 underlies the targeting of gene bodies, whereas recent research has highlighted roles for the HIV-1 capsid (CA) protein and cellular factors implicated in viral
nuclear import, including transportin 3 (TNPO3) and nucleoporin 358 (NUP358), in the targeting of gene-dense regions of chromosomes. Here, we show that CA mutations, which include the substitution of Asp for Asn74 (N74D), significantly reduce the
dependency of HIV-1 on LEDGF/p75 during infection and that this difference correlates with the efficiency of viral DNA integration. The distribution of integration sites mapped by Illumina sequencing confirms that the N74D mutation reduces integration
into gene-rich regions of chromosomes and gene bodies and reveals previously unrecognized roles for NUP153 (another HIV-1
cofactor implicated in viral nuclear import) and LEDGF/p75 in the targeting of the viral preintegration complex to gene-dense
regions of chromatin. A role for the CA protein in determining the dependency of HIV-1 on LEDGF/p75 during infection highlights a connection between the viral capsid and chromosomal DNA integration.

Viral and Cellular Factors of HIV-1 DNA Integration

MATERIALS AND METHODS
Plasmid constructs. Plasmids that encode single-round luciferase reporter viruses included the MLV-HIVLAI chimera (33, 40), pNLX.Luc(R-)
(41), and pHI-Luc (42). The backbone of pNLX.Luc(R-) was modified by
BstEII-XmaI digestion, and the ends were repaired with the Klenow
fragment of Escherichia coli DNA polymerase and religated to yield
pNLX.Luc(R-)⌬AvrII. HIV-1 CA mutations were generated by sitedirected mutagenesis of the HIV-1NL4-3-based packaging construct
pHP-dI-N/A (39, 43) or pNLX.Luc(R-)⌬AvrII. The pN/N.Luc(R-)
plasmid expressed the D64N/D116N IN active-site mutant virus, and
the vesicular stomatitis virus G (VSV-G) glycoprotein was expressed
from pCG-VSV-G (41). Sequencing was used to show that the PCRmutated DNAs carried only the desired mutations.
Cells, viruses, and infections. HEK293T, HeLa, and mouse embryo
fibroblast (MEF) cells were propagated in Dulbecco’s modified Eagle medium supplemented to contain 10% fetal bovine serum, 100 IU/ml penicillin, and 100 g/ml streptomycin. There were two matched pairs of
Psip1 knockout MEFs: the E1f/⫹ control and E2⫺/⫺ knockout and the E6f/f
control and E6⫺/⫺ knockout (22).
Single-round viruses were pseudotyped with the VSV-G envelope following transient transfection of HEK293T cells with two or three different
plasmids as described previously (39). The levels of virus production were
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monitored using a 32P-based assay for exogenous RT activity, and MEFs
(1.6 ⫻ 104/well) seeded 24 h before infection in 48-well plates were infected in duplicate with 2 ⫻ 105 RT counts per minute (cpm) for 24 h to
determine single-round viral infectivities. At 48 h postinfection (hpi),
cells were processed for duplicate luciferase assays, and results were expressed as relative light units (RLU) normalized to the concentration of
the total protein in the cell extract (39). MHIV inocula were adjusted so
that all infections were within approximately 2 log RLU/g of control
MEFs. Where applicable, cyclosporine (Sigma-Aldrich, St. Louis, MO)
was added at the time of infection to a final concentration of 5 M.
Normalized infectivity data were log transformed, and statistical analyses
were performed by paired two-tailed Student’s t tests.
Quantitative PCR. MEFs (1.6 ⫻ 105/well) seeded 24 h before infection
in 6-well plates were incubated with 2 ⫻ 107 RT cpm of DNase-treated
wild type (WT) or CA mutant virus for 2 h, after which the cells were
washed with phosphate-buffered saline and replated into separate wells of
a 12-well plate. DNA was extracted from the infected cells at various times
using the QIAamp DNA minikit (Qiagen, Valencia, CA), and the DNA
samples were analyzed in duplicate or triplicate by quantitative PCR (QPCR) to determine the total amount of HIV-1 DNA at 7 hpi. The amount
of integrated proviruses was determined at 48 hpi using nested BBL-PCR
(an assay that uses mouse B1, B2, and long interspersed element 1
[LINE-1] repeats) essentially as described previously (22, 39). DNA was
prepared from parallel infections conducted in the presence of 25 M
azidothymidine (AZT) to determine the background residual transfected
plasmid DNA in the Q-PCR assay. This background was subtracted from
the experimental values (AZT-treated samples averaged 1.8% of the total
and 7.7% of the BBL-PCR peak values). Plasmid DNA [pNLX.Luc(R-)]
was used to generate the HIV-1 DNA standard curve, and a polyclonal
population of E6f/f MEFs infected at a relatively low multiplicity of infection with an HIV-1-based pHI-puro single-round virus and selected for 3
weeks in 2 g/ml puromycin was used to prepare the cellular DNA for the
integration standard (39). Twofold dilutions of this DNA were mixed with
DNA prepared from uninfected E6f/f cells to prepare the standard curve.
The Q-PCR primers and probes for total HIV-1 detection have been described (39). The BBL-PCR primers and probes were also as described
(22), except that AE3014 and AE3013 replaced the first- and secondround primers AE2257 and AE989, respectively, to increase the specificities of the amplifications (44).
Integration site libraries. HeLa cells (2.5 ⫻ 104) were transfected in
48-well plates with 40 nM short-interfering (si) control or NUP153-targeting RNA 1 (39), pooled (2.5 ⫻ 106 cells), and infected 3 days later with
2.5 ⫻ 108 RT cpm of WT or N74D mutant virus derived from pNLX.Luc
(R-)⌬AvrII. After 2 days, the cells were harvested, and DNA was purified
as described above. The methods used to prepare the DNA fragments and
to amplify and sequence the integration sites were similar to those described by Gillet et al. (45). Briefly, 5 g of the DNA was sheared into
⬃300- to 500-bp fragments by adaptive focused acoustics (Covaris Inc.,
Woburn, MA) and purified using AMPure XP magnetic beads (Beckman
Coulter Genomics, Danvers, MA). The sheared DNA was end repaired,
deoxyribosyladenine (dA) tailed, and ligated to a double-stranded DNA
linker as described in Illumina’s sequencing protocol. Both the first- and
the second-round amplifications were done in multiple aliquoted reaction mixtures to increase the diversity of the integration site libraries. The
resulting PCR products were sequenced using standard chemistry on an
Illumina GA2x machine. Sequences that contained the 3=processed viral
DNA through the canonical CA dinucleotide on one end and the ligated
linker on the opposing end and that matched a genomic location at ⬎95%
identity for a minimal stretch of 20 bp were counted as HIV-1 integration
sites. The genomic sequences were parsed for features such as genes, CpG
islands, and transcriptional activity as described previously (28). Integration site libraries prepared from HIV-1-infected E1f/⫹ control and E2⫺/⫺
knockout MEFs (22) were also analyzed by Illumina sequencing.
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DNA sequence at the site of HIV-1 integration (20–22) nor the
preference for gene-dense regions of chromosomes (12, 20) seems
to be influenced by LEDGF/p75. In vitro experiments with prototype foamy virus showed that mutations in IN affected the preference for the local DNA sequence at the site of integration (31).
This result suggests that the local target site sequence preferences
of other retroviruses, including HIV-1, might also be dictated by
IN. Recent work has suggested that viral and cellular factors implicated in PIC nuclear import, including CA (32, 33) and the host
proteins transportin 3 (TNPO3) and nucleoporin 358 (NUP358)
(12), play a role in determining the preference of HIV-1 to target
gene-dense regions of chromosomes during integration.
Work with MLV–HIV-1 (MHIV) chimeric viruses that contain MLV proteins in place of their HIV-1 counterparts first
showed that Gag structural determinants can play a role in HIV-1
integration targeting (12, 34). From the N terminus, HIV-1 Gag is
composed of matrix (MA), CA, spacer peptide 1 (SP1), nucleocapsid (NC), SP2, and p6 proteins, whereas MLV is composed of
MA, p12, CA, and NC (Fig. 1A). The MHIV-mMA12CA chimera,
which has MLV MA, p12, and CA in place of HIV-1 MA and CA
(Fig. 1A), integrated into genes at a frequency that was intermediate to those of HIV-1 and MLV (34) and, in contrast to the
parental viruses, did not favor gene-dense regions of chromatin
(12). The gene density targeting profile of MHIV-mMA12CA was
similar to what was seen with HIV-1 when either TNPO3 or
NUP358 was depleted from HeLa cells by RNAi (12). Work with
additional MHIV chimeras, including MHIV-mMA12 (Fig. 1A),
and with CA missense mutations, including N74D, revealed CA as
the dominant genetic determinant of TNPO3 (35–38), NUP358
(32, 37), and NUP153 (32, 37, 39) dependency during HIV-1 infection. The N74D mutation, in particular, ablated integration
targeting of the PIC to gene-dense regions of chromosomes (32),
highlighting a link between PIC nuclear import, CA, and integration targeting. Here, we show that CA mutations alter the dependency of HIV-1 on LEDGF/p75 and that the IN-binding host
factor concordantly influences the targeting of HIV-1 PICs to
gene-dense regions of chromosomes. Furthermore, our results reveal a subsidiary role for NUP153 in the targeting of transcriptionally active regions of chromosomes during HIV-1 integration.
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FIG 1 Both CA and IN affect the dependence of HIV-1 infection on LEDGF/p75. (A) Schematic drawings of the parental HIV-1 (white boxes) and MLV (gray boxes)
Gag and Pol proteins and the chimeric viruses. PR, protease (other abbreviations are defined in the text). Note that the MLV Gag p12 protein does not have a
corresponding counterpart in HIV-1. (B) The absolute viral titers (left graph: black, E1f/⫹ cells; white, E2⫺/⫺ cells) and relative viral titers of HIV-1, MLV, and the MHIV
chimera in E2⫺/⫺ knockout cells expressed as a percentage of the E1f/⫹ control cell infections (right graph) are shown. Data are means ⫾ standard errors of the mean
(SEM) for two independent experiments, each conducted in duplicate. (Right graph) Statistical comparison of relative titers versus WT HIV-1 (notation above bar) or
between chimera viruses (brackets) was performed by paired two-tailed Student’s t tests. n.s., not significant (P ⬎ 0.05); *, P ⬍ 0.05; **, P ⬍ 0.005. (C) Same as for panel
B, except that the E6f/f WT and E6⫺/⫺ knockout MEF cell pair was analyzed. In this case, the comparison of MHIV-mMA12CA to WT yielded a P value of 0.052.
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dency of MHIV-mMA12CA on LEDGF/p75 was seen over a 100fold range in the virus inoculum (data not shown). However, we
noted that the MHIV-mMA12CA chimera was significantly more
dependent on LEDGF/p75 than was the MHIV-mIN and that the
addition of MLV IN to MHIV-mMA12CA caused significant further reductions in the dependency of the Gag chimera virus on the
integration cofactor (Fig. 1B and C). These data confirm the primary role of IN in the dependency of HIV-1 infection on LEDGF/
p75 and reveal a significant but secondary role for the CA protein.
CA missense mutations or cyclosporine treatment reduces
HIV-1 dependency on LEDGF/p75. Our chimeric viral analysis
revealed a role for the CA protein in determining the dependency
of HIV-1 infection on LEDGF/p75. Because the HIV-based
MHIV-mMA12CA chimera contained the heterologous MLV CA
protein, we next analyzed missense mutant viruses to test whether
minor changes in CA would alter HIV-1 dependency on LEDGF/
p75. Eight CA mutations were selected based on their effects on
the dependency of HIV-1 infection on host factors cyclophilin A
(CypA), TNPO3, NUP358, and NUP153. The G89V and P90A
mutations are within the CypA binding loop of the CA N-terminal
domain and reduce CA binding to CypA (51, 52). These mutations also affect the dependency of the virus on TNPO3 (32, 35),
NUP358 (32), and NUP153 (39). Cyclosporine (CsA) is a small
molecule that binds the CypA active site (53), and the A92E and
G94D mutations confer CsA dependence on HIV-1 replication in
certain cell types (54, 55); the mutations marginally reduce
TNPO3 dependency (35) and cause a modest increase in the dependency of infection on NUP153 (39). Three of the other mutant
viruses have been shown to affect the stability of the assembled
capsid core. The E45A mutation has a stabilizing effect, and T54A/
N57A and Q63A/Q67A have destabilizing effects on the capsid
core (56, 57). The infectivities of each of these mutants displayed
less dependence on TNPO3 (35, 37, 38) or NUP153 (37, 39) than
the WT virus. The final CA mutation, N74D, which was selected
because it conferred resistance to the cytoplasmic restriction factor CPSF6-358 (37), reduced the dependency of HIV-1 infection
on TNPO3 (32, 35, 37, 38), NUP358 (32, 37), and NUP153 (32,
37, 39). MEF cells were challenged with equal RT cpm of WT and
mutant viral constructs that express luciferase. Although Thys et
al. have indicated that pseudotyping with VSV-G significantly reduced the dependency of the N74D mutation on TNPO3 (58),
subsequent reports showed that TNPO3 knockdown affected CA
mutants carrying VSV-G or HIV-1 envelope glycoproteins similarly (32, 35, 38, 39). The IN active-site mutant virus D64N/
D116N (N/N) was included as a control because it provides a
measure of viral titer in the absence of functional IN activity due to
weak expression from unintegrated viral DNA and/or low levels of
host-mediated DNA integration (39, 42).
Previously published reports showed that the Psip1 knockout
significantly decreased lentiviral DNA integration (20, 22); however, the relative titer of the N/N mutant virus in the E2⫺/⫺-E1f/⫹
MEF cell pair was unaffected (Fig. 2B, black bar) because the absolute titer of this mutant virus (⬃0.4% of WT) (Fig. 2A, black
bar) is independent of IN-mediated DNA recombination. The
reduction in the relative titer of the N/N mutant virus in the
E6⫺/⫺-E6f/f cell pair (Fig. 2D, black bar) is consistent with a transcriptional defect that we have identified for the HIV-1 long terminal repeat (LTR) in the E6⫺/⫺ cell line and in a subset of other
Psip1 knockout MEFs (Y. Koh and A. Engelman, unpublished
data). Five of the tested CA mutants (Q63A/Q67A, N74D, G89V,
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MLV CA confers loss of LEDGF/p75 dependency during HIV-1
infection. LEDGF/p75, which binds directly to lentiviral IN proteins, is an important cellular cofactor for HIV-1 integration (reviewed in references 46 and 47). Due to its central role in determining the distribution of integrated proviruses in chromosomes,
we hypothesized that HIV-1-based constructs that carry changes
in proteins other than IN, and that have altered integration site
preferences, might also have altered infectivity profiles in cells
depleted for LEDGF/p75. The MHIV-mMA12CA chimeric virus,
which carries the section of the MLV gag gene that encodes MA,
p12, and CA (Fig. 1A), is one such virus, as its integration site
distribution differed significantly from each of its parents (12, 34).
MEF cell lines in which the Psip1 gene (22), which encodes
LEDGF/p75 (48), was inactivated were challenged with MHIVmMA12CA and both parental viruses. Two different pairs of MEF
cell lines, E1f/⫹, which expresses the LEDGF/p75 protein and the
littermate-matched E2⫺/⫺ knockout, as well as the LEDGF/p75expressing cell line E6f/f and its matched E6⫺/⫺ knockout, were
used in the initial infectivity and integration experiments. Additional chimeric viruses that contained MLV IN in either the HIV-1
(MHIV-mIN) or MHIV-mMA12CA (MHIV-mMA12CAmIN)
background or carried MLV MA and p12 in place of HIV-1 MA
(MHIV-mMA12) (33, 40) were included to determine the contributions of these Gag determinants as well as IN under these experimental conditions (Fig. 1A). Because the infectivities of some
of the chimeric viruses, especially those that express the MLV IN
protein, are significantly lower than that of HIV-1 (33, 40), preliminary experiments were conducted to define the levels of the
viral inocula that infected the LEDGF/p75-expressing control cells
within approximately 2 orders of magnitude of the level needed
for WT HIV-1 to infect them. Appropriate volumes of the viral
stocks were then used to infect matched pairs of LEDGF/p75expressing and knockout cells. The resulting absolute levels of
viral infection, which are plotted with respect to the level of WT
HIV-1 infection of LEDGF/p75-expressing cells (Fig. 1B and C,
left panels), were regraphed as relative viral titers (percent infectivity in knockout cells compared to that in the matched LEDGF/
p75-expressing cell line) (Fig. 1B and C, right panels) to simplify
the interpretation of which mutation(s) alters the dependency on
LEDGF/p75.
As shown previously (22), HIV-1 infectivity was significantly
reduced by the Psip1 knockout, and MLV infectivity was either
unaffected (in the E1f/⫹ and E2⫺/⫺ cell pair) or affected to a much
smaller extent than was HIV-1 infectivity (Fig. 1B and C, left panels, compare white and black bars). The enhanced HIV-1 infectivity defect in the E6⫺/⫺ knockout cells (Fig. 1C) compared to E2⫺/⫺
knockout cells correlates with a virus-specific transcriptional defect in the E6⫺/⫺ cells (Y. Koh and A. Engelman, unpublished
observations; also discussed below). The relative titers of the
MHIV-mMA12 virus were very similar to those of HIV-1LAI in
both sets of cells, suggesting that the HIV-1 MA protein plays no
significant role in LEDGF/p75 dependency. LEDGF/p75 does not
interact with or bind to MLV IN (49, 50), and as expected, the
relative titers of MHIV-mIN and MLV were not significantly altered by the Psip1 knockout (Fig. 1B and C). The infectivity of
MHIV-mMA12CA, which expresses HIV-1 IN and MLV MA and
CA, was noticeably less dependent on LEDGF/p75 than either
HIV-1LAI or MHIV-mMA12 (Fig. 1B and C). This reduced depen-

Koh et al.

FIG 2 Infectivities of CA missense mutants in the presence and absence of
LEDGF/p75. (A) Absolute titers of WT and indicated CA mutant viruses in
E1f/⫹ WT and E2⫺/⫺ cells. The black and dark-gray bars represent viral
infectivities in E1f/⫹ cells minus versus plus CsA, respectively, expressed as
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percentages of the WT virus infection in the absence of CsA, which was set at
100%. Light-gray and white bars represent infectivities in E2⫺/⫺ cells without
versus with CsA, respectively. (B) Relative titers of WT and CA mutant viruses
in knockout E2⫺/⫺ cells are expressed as a percentage of their infectivity in
control E1f/⫹ cells. White bars represent infections conducted in the presence
of CsA. Results are averages of three to five experiments performed in duplicate, with error bars denoting 95% confidence intervals. Asterisks directly
above the bars indicate statistical relevance in comparison to the WT virus
(determined by paired two-tailed Student’s t tests; *, P ⬍ 0.05; **, P ⬍ 0.005)
without versus with CsA; asterisks above the brackets indicate relevant titer
differences for the indicated viruses with versus without CsA. (C and D) Same
as for panels A and B except the E6f/f and E6⫺/⫺ MEF cell pair was analyzed in
three independent experiments.
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P90A, and A92E) were less affected by the Psip1 knockout (⬃2- to
2.5-fold) than was the WT virus (Fig. 2B and D, compare the black
bars). Although the absolute titers of some of the CA mutants,
including Q63A/Q67A and G89V, were reduced significantly
compared to the WT (Fig. 2A and C, black bars), the dependence
of the virus on LEDGF/p75 did not correlate with inherent infectivity; T54A/T57A, which was as dependent on LEDGF/p75 as the
WT virus (Fig. 2B and D), had the lowest absolute titer of any of
the CA mutants that we tested (⬃1% of WT), whereas N74D,
which was the least dependent on LEDGF/p75, had the greatest
absolute titer (⬃82% of WT) (Fig. 2A and C, black bars).
Either including CsA in the cell culture medium, which disrupts the CypA-CA interaction, or using viruses that have G89V
or P90A mutations in CA increased the integration of HIV-1 DNA
into gene-dense regions of chromosomes (32). The addition of
CsA reduced the dependence of the WT virus on LEDGF/p75 by
⬃2- to 3.5-fold in the knockout cells (Fig. 2A and C, compare
white bar to light-gray bar). CsA also reduced the dependence of
many of the CA mutant viruses on LEDGF/p75 (Fig. 2B and D, the
statistically significant differences in relative titers are denoted by
asterisks above the brackets). These data suggest that either pharmacological or genetic disruption of the CypA-CA interaction can
significantly reduce the dependency of HIV-1 infection on
LEDGF/p75. However, this relative increase in infectivity in the
presence of CsA, or the corresponding increases in relative titers
seen with the Q63A/Q67A and N74D mutants, failed to restore
infectivity to the level seen with the WT virus in the presence of
LEDGF/p75. In contrast, the N74D mutation could essentially
completely overcome the requirement for TNPO3 (32, 35, 37, 38),
NUP153 (37, 39), or NUP358 (32), host factors implicated in nuclear import that are predictably encountered before the PIC engages chromatin-associated LEDGF/p75.
CA mutations alter HIV-1 DNA integration. The presence or
absence of LEDGF/p75 influences the efficiency of HIV-1 DNA
integration as well as the distribution of the residual proviruses
with respect to bodies and promoter regions of active genes (46,
47). Prior studies of the effects of CA mutations have focused on
the distribution of integration sites (32, 34). To determine if CA
mutations might also influence the efficiency of integration, the
reverse transcription and integration profiles of two relatively
LEDGF/p75-independent CA mutant viruses, MHIV-mMA12CA
and N74D (Fig. 1 and 2), were assessed by Q-PCR. Because the
N74D mutation and the mMA12CA chimera were constructed in
two different HIV-1 backgrounds (HIV-1NL4-3 for N74D and
HIV-1LAI for mMA12CA), each WT strain was used as a positive
control. Due to the transcriptional defect in the HIV-1 LTR identified in E6⫺/⫺ knockout cells, the E2⫺/⫺-E1f/⫹ cell pair was used

Viral and Cellular Factors of HIV-1 DNA Integration

to simplify the interpretation of the results. PCR primers and
probes were designed to detect the total amount of HIV-1 DNA
(measured at 7 hpi, the approximate peak of reverse transcription
[59]) and the number of integrated proviruses (at 48 h). The alu
element, which is the chromosomal sequence routinely used in
Q-PCR assays to measure HIV-1 integration in human cells, is
primate specific (60). In the BBL-PCR assay, the mouse repeat
elements B1, B2, and LINE-1 are used to measure the number of
proviruses (22). Viral stocks were treated with DNase before the
target cells were infected to reduce plasmid carryover from transfected cells. DNAs prepared from cells infected in the presence of
25 M AZT were analyzed in parallel, and this background was
subtracted from the experimental data sets. Absolute levels of
DNA synthesis and integration (Fig. 3A and C) were regraphed as
relative levels to assess the dependency of DNA formation on
LEDGF/p75 (Fig. 3B and D).
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Consistent with our prior report (22), the total amount of
HIV-1 DNA in infected cells at 7 hpi was not significantly affected
by the LEDGF/p75 knockout (Fig. 3A). The amount of viral DNA
synthesized by the N74D mutant was reduced about 2-fold from
the WT viral vector independent of target cell type; however, the
amount of DNA synthesized by the MHIV-mMA12CA chimera
was reduced by about 2-fold in the knockout cells (Fig. 3A and B).
The level of N74D mutant DNA integration in WT cells mirrored
the level of reverse transcription (Fig. 3C). Because the level of
N74D integration in the knockout cells was similar to the level of
the WT virus in these cells, the CA mutant virus revealed about a
2-fold increase in the efficiency of viral DNA integration in the
knockout cells relative to the WT virus (Fig. 3C and D). Comparing the absolute values of MHIV-mMA12CA DNA integration to
those of its matched WT virus in the two cell types (Fig. 3C)
revealed a similar 2-fold increase in the efficiency of mutant viral
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FIG 3 HIV-1 DNA synthesis and integration in the presence and absence of LEDGF/p75. (A) Total HIV-1 DNA levels at 7 hpi, expressed as the percentages of
that of the indicated WT virus in E1f/⫹ cells. (B) The data shown in panel A were regraphed to highlight the DNA levels observed in the knockout cells relative
to those in control LEDGF/75-expressing cells. The dotted line represents background values obtained from corresponding AZT-treated samples, which averaged
1.8% of the level seen in untreated cells. (C and D) Same as for panels A and B, except the BBL-PCR assay measured the number of integrated proviruses at 48
hpi; the AZT-plus background in panel D was 7.7% of the uninhibited control. (E) Absolute virus infectivities determined by processing fractions of the infected
cells shown in panel A for luciferase activity and protein content at 48 hpi. (F) Relative titers of the viruses in E2⫺/⫺ versus control E1f/⫹ cells. Panels A through
D show averages and standard errors from duplicate Q-PCR assays that are representative of two independent experiments. Panels E and F average the results of
two experiments, with the error bars denoting 95% confidence intervals. Although comparisons of relative amounts of mutant viral DNA (D) and titers (F) to
the matched WT controls failed to achieve statistical significance in these experiments, we note that the fractional increase in N74D mutant viral DNA integration
versus the WT virus, 2.1-fold (D), virtually matched the fractional difference in N74D-to-WT viral infectivity (1.9-fold) (F).
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FIG 4 Infections and integration site preferences as functions of gene expression. (A) HeLa cells transfected with siNUP1531 (light-gray bars) or the siRNA
control (siCtr) (dark-gray bars) (39) were infected with the indicated virus.
The reported titers were calculated based on WT virus infection of siControltransfected cells, which was set to 100%. Data are the means ⫾ SEM from two
independent experiments. NUP153 depletion yielded a significant reduction
in WT viral titer (P ⫽ 0.026) as calculated by a one-sample one-tailed t test. (B)
Integration frequency as a function of gene expression in HeLa cells. The x axis
represents ⬎16,000 well-characterized human genes placed into bins of 100
according to level of gene expression. The number of integrations in each bin
is plotted for the four different infection conditions (A) (Table 1) versus the
random calculated average. (C) As described for panel B, except integration as
a function of gene expression was analyzed in mouse cells (Table 2).

Depletion of NUP153 from target cells also caused statistically
significant reductions in the tendencies of viral DNA to integrate
into gene-dense transcriptionally active regions of chromosomes,
although these effects were less dramatic than the effects caused by
the N74D mutation (Table 1; Fig. 4B and 5A). Although it is somewhat difficult to compare results across studies, the reduction in
the tendency of HIV-1 to target gene-dense regions upon NUP153
depletion would appear to be more modest than the magnitude of
the reductions caused by either TNPO3 or NUP358 depletion
(12). NUP153 depletion did not significantly influence the distri-
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DNA integration in the knockout cells (Fig. 3D). Moreover, the
fractional increase in integration frequency mirrored the increase
in the relative titer of the N74D mutant virus (Fig. 3, compare D
and F). However, the impact of the MHIV-mMA12CA mutation
on the relative infectious titer was approximately 2.4-fold greater
than the impact on provirus formation (Fig. 3D to F). From this
we inferred that the impact of the N74D mutation on the overall
integration frequency determined, in large part, the impact of the
mutation on relative infectious titer. The difference seen between
the effects on relative titer and integration frequency of MHIVmMA12CA could be due to the low level of integration of the
parental HIV-1LAI control in the knockout cells, which was less
than 2-fold above the assay background, or to some other property of this mutant virus, for example its dependence on cell division for infection (12, 33).
Differential effects of the N74D CA mutation and NUP153
and LEDGF/p75 depletion on integration site distribution. As
discussed above, HIV-1 CA missense mutations, including N74D,
reduce the dependency of HIV-1 replication and integration on
cellular factors implicated in PIC nuclear import, including
TNPO3, NUP358, and NUP153 (32, 35, 37–39). The distribution
of HIV-1 integration sites was similarly affected by TNPO3 or
NUP358 depletion (12) or the N74D mutation (32). We and others previously reported that knockdown of NUP153 reduced
HIV-1 infection and integration (39, 61), but the effect of depleting this factor on the distribution of the integration sites has not
been reported. Integration site libraries were prepared from
NUP153-depleted and control cells, which were infected with WT
HIV-1 or an isogenic N74D mutant virus (Fig. 4A). HeLa cells
were used for this analysis to simplify a comparison of our results
and those of other studies (12, 32, 34). As expected, siRNA-mediated knockdown of NUP153 reduced the titer of the WT virus
approximately 10-fold without appreciably affecting the efficiency
of infection by the mutant virus (39). Genomic DNA harvested 2
days postinfection was sheared by sonication, repaired, and amplified by ligation-mediated PCR for analysis using Illumina deep
sequencing. Resulting sequences from each infection condition
were parsed to remove duplicate insertion sites, yielding from approximately 1,300 (WT virus in NUP153 knockdown cells) to
23,000 (N74D virus in siRNA control-transfected cells) unique
sites for the four infection conditions. Features of the sites, such as
genes, gene density, start sites, and transcriptional activity, were
compared among the four sets and to a computer-generated set of
10,000 random sites (Table 1; see Fig. 5 for statistical analyses).
Consistent with a recent report (32), the N74D mutation
markedly reduced the tendency of HIV-1 DNA to integrate into
gene-dense, transcriptionally active regions of chromosomes; the
integration sites for this mutant had an average value of 5.7 genes/
Mb, which is significantly less than the random calculated value of
7.7 (Table 1; Fig. 5A). The N74D mutation also significantly affected the distribution of integration sites with respect to the other
evaluated markers, including within genes, near CpG islands or
promoters, and transcriptional activity (Table 1; Fig. 4B and 5A).
We note that Schaller et al. (32) previously reported similar significant responses for the N74D mutant virus, with the exception
of integration near CpG islands. We conjecture that these effects
of the N74D mutation on DNA integration site selection may be a
contributing factor to the reduced replication capacity of this mutant, which can be observed under conditions of spreading viral
replication (32, 62).
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TABLE 1 Integration sites in control and knockdown HeLa cells
Value at each integration sitea
Genomic feature

WT_siCtr (n ⫽ 5,390) WT_si153 (n ⫽ 1,318) N74D_siCtr (n ⫽ 22,682) N74D_si153 (n ⫽ 9,610) Random (n ⫽ 10,000)

Transcription unitsb
No. of promoters (⫾1 kb)
No. of CpG islands (⫾1 kb)
Genes per 1 Mb
Transcriptional activityc

3,604 (66.9)
40 (0.74)
17 (0.32)
12.2
400

902 (68.4)
15 (1.14)
2 (0.15)
10.9
316

13,582 (59.9)
111 (0.49)
19 (0.08)
5.7
120

5,504 (57.3)
49 (0.51)
10 (0.10)
5.5
119

3,960 (39.6)
167 (1.67)
81 (0.81)
7.7
173

a

Numbers in parentheses are percentage values. siCtr, siControl siRNA (39).
Refseq genes from human genome build hg19, UCSC Genome Bioinformatics website (http://genome.ucsc.edu/).
c
Total RNA tag counts per Mb surrounding each integration site.
b

act test was utilized to analyze the distributions of integration within genes,
and near transcriptional start sites (TSSs) and CpG islands, in the indicated
pairwise configurations for the data presented in Table 1. The Mann-Whitney
U test (Wilcoxon rank sum test) was used to analyze the number of average
genes/Mb and associated transcriptional activity. P values greater than 0.05 are
in bold italic type. (B) Mann-Whitney U test results of pairwise analyses of
integration into gene-dense regions of chromosomes and associated transcriptional activity in MEF cells (Table 2) are shown. Fisher’s exact test of all pairwise combinations of integration values within genes as well as near promoters
and CpG islands yielded P values of ⬍0.0001 (matrices not shown).
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FIG 5 Statistical analyses of HIV-1 integration distributions. (A) Fisher’s ex-

bution of WT HIV-1 integration sites with respect to any of the
other evaluated markers (Table 1; Fig. 5A). Because the N74D
mutant virus infects control and NUP153 knockdown cells with
similar efficiencies (Fig. 4A), the distribution of the integration
sites of the mutant virus in cells depleted for NUP153 predictably
mimicked the proviral distributions observed with siControltreated cells (Table 1; Fig. 4B and 5A). We noted that neither
NUP153 depletion nor the N74D mutation affected the local DNA
sequence specificity at the site of HIV-1 integration (data not
shown).
Although prior reports failed to ascribe a role for LEDGF/p75
in the targeting of HIV-1 integration to gene-dense regions of
chromosomes (12, 20), we found that mutations in CA can significantly alter the dependency of virus infection on the integration
cofactor (Fig. 1 and 2), prompting us to reevaluate the role of
LEDGF/p75 in this process. Integration site libraries were prepared from matched LEDGF/p75-expressing E1f/⫹ and E2⫺/⫺
knockout cells infected with either the WT or N74D CA mutant
virus, which yielded approximately 92,500 (WT infection of Psip1
knockout cells) to 524,000 (N74D virus in WT cells) unique sequences among the four infection conditions (Table 2). As expected (20–22), the integration of the WT virus within genes was
reduced significantly, from 73.5% to 49.4%, by the knockout, with
concomitant increases in targeting to CpG islands and gene promoter regions (Table 2). The integration distribution of the N74D
mutant virus was also significantly affected by the knockout, with
integration into genes dropping from 59.0% in the presence of
LEDGF/p75 to 39.0% in its absence (Table 2). Thus, although the
efficiency of N74D mutant virus integration is less affected by
the Psip1 knockout than is the efficiency of WT virus integration,
the distribution of mutant viral DNA integration, in large part,
remains LEDGF/p75 dependent (Fig. 3C and D). Accordingly,
N74D, like the WT virus, favors gene promoter regions and CpG
islands in the absence of LEDGF/p75, even though the mutant
virus tends to avoid these elements in the presence of LEDGF/p75
(Tables 1 and 2; Fig. 5). As observed in HeLa cells, the N74D
mutation significantly reduced the tendency of the PIC to target
active genes (Fig. 4B and C) and greatly reduced integration into
transcriptionally active, gene-dense regions of mouse chromosomes (Tables 1 and 2; Fig. 5). The Psip1 knockout, moreover,
reduced the average gene density for integration of the WT virus
from 18.2 to 14.8 genes/Mb, a statistically significant difference
(Table 2; Fig. 5B). We suggest that the difference in the significance of targeting of transcriptionally active gene-enriched regions of chromosomes observed here compared to previous reports (12, 20) may be due to different genomic annotations
(Marshall et al. [20] utilized mouse genome build mm8, whereas
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TABLE 2 Integration sites in control and LEDGF/p75 knockout MEFs
Value at each integration sitea
Genomic feature

WT_WT
(n ⫽ 273,049)

N74D_WT
(n ⫽ 524,372)

WT_Psip1⫺/⫺
(n ⫽ 92,475)

N74D_Psip1⫺/⫺
(n ⫽ 440,756)

Random
(n ⫽ 100,000)

Transcription unitsb,c
No. of promoters (⫾1 kb)c
No. of CpG islands (⫾1 kb)c
Genes per 1 Mb
Transcriptional activityd

200,760 (73.5)
1,866 (0.68)
1,428 (0.52)
18.2
587

309,381 (59.0)
2,636 (0.50)
882 (0.17)
7.7
222

45,695 (49.4)
3,540 (3.83)
2,422 (2.62)
14.8
464

171,574 (39.0)
10,065 (2.28)
4,884 (1.11)
8.0
231

33,031 (33.0)
1,595 (1.60)
728 (0.73)
8.7
249

a

Percentage values are indicated in parentheses.
Refseq genes from mouse genome build mm9, UCSC Genome Bioinformatics website (http://genome.ucsc.edu/).
c
Pairwise comparisons by Fisher’s exact test in all cases yielded P values of ⬍0.0001.
d
Total RNA tag counts per Mb surrounding each integration site.
b
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An obvious limitation of our approach is the possibility that
knockdown or knockout of the cell factors could have an indirect
effect on the distribution of the integrated proviruses. NUP-associated regions of chromatin, which encompass approximately
25% of the Drosophila genome (64), are enriched for markers of
active transcription, including RNA polymerase II occupancy and
histone H4K16 acetylation. It therefore seems likely that depletion
of NPC components could significantly affect chromatin organization and/or the distribution of the chromosomes within the
nucleus, which could, in turn, affect the efficiency and/or distribution of viral DNA integration. Although LEDGF/p75 is a constitutive chromatin component and its depletion influences the
expression of large numbers of cellular genes (23), the fact that
novel LEDGF/p75 fusion proteins that contain foreign chromatin
binding domains quantitatively redirect HIV-1 integration (28–
30) shows that LEDGF/p75 has a direct role in HIV-1 DNA integration targeting.
Fortunately, the question of whether a host gene knockdown
can indirectly influence integration site selection does not apply to
the data obtained with the N74D mutant virus. Biochemical studies that characterize the details of virus-host interactions can also
help to delineate direct versus indirect effects. Two different
NUPs, NUP153 (65) and NUP62 (66), have been shown to bind to
HIV-1 IN, suggesting that it may be possible to configure novel
targeting constructs based on these factors as well. Our finding
that mutations in CA, which is the key HIV-1 determinant of PIC
nuclear import (33, 57), alter the dependency of the virus on cellular LEDGF/p75 supports a model whereby the mechanism of
PIC trafficking is linked to the efficiency and specificity of viral
DNA integration.
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mm9 was utilized here) and/or the deeper coverage in our integration site libraries.
Conclusions. This study extends our knowledge of the effects
that CA mutations and host cell factors have on the efficiency of
HIV-1 integration and distribution of the resulting proviruses. In
addition to affecting the targeting of gene-dense regions of chromosomes (32), we have shown that CsA treatment and CA mutations reduced the dependency of the virus on LEDGF/p75 (Fig. 1
and 2), which correlates with their effects on integration efficiency
(Fig. 3). The N74D mutation reduced integration into the bodies
of active genes and eliminated the targeting of transcriptionally
active gene-dense regions of chromosomes, whereas NUP153
played a subsidiary role in the targeting of gene-dense regions
(Tables 1 and 2; Fig. 4 and 5). By analyzing relatively large data
sets, we have shown that chromatin-associated LEDGF/p75 also
plays a role in the targeting of HIV-1 integration into gene-dense
regions of chromosomes (Table 2; Fig. 5B). It would appear that
LEDGF/p75 plays the dominant role in targeting integration into
the bodies of active genes, whereas host factors associated with
PIC nuclear import play the predominant role in the targeting of
gene-dense regions of chromosomes (12). An analysis of cells depleted for nuclear transport factors by gene knockout, which have
been described for NUP358 (63), would help to clarify potential
contributions of low levels of nucleocytoplasmic transport proteins to HIV-1 infection and viral DNA integration.
The relative insensitivity of HIV-1 CA mutant viruses to
LEDGF/p75 ablation supports at least two potential models. Based
on the relatively large gain in infectious titer by the mMA12CA
chimeric virus, we suggest that the HIV-1 CA protein, either indirectly or through a direct interaction with IN, impacts the functional interaction between LEDGF/p75 and the viral recombinase.
Concordantly, relatively minor CA changes, like the N74D missense mutation, in large part retain the IN-LEDGF/p75 interaction. Our data also raise the alternative possibility that HIV-1 CA
might interact with a cellular factor that bridges it to LEDGF/p75.
Given the similarity between the effects of a TNPO3 knockdown
and the N74D mutation on HIV-1 integration site selectivity (12,
32), a potential role for TNPO3 or TNPO3-interacting factors
should be considered. Notably, it has also been reported that
HIV-1 CA can enter the nucleus during infection but that the
transport of the N74D mutant CA into the nucleus is diminished
relative to the WT virus (38). Whether the mode of trafficking
through the NPC or the presence of CA in the PIC, or both, influences the subsequent interactions of IN with nuclear factors, including LEDGF/p75, will be important to determine.
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