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Mouse cells do not support human immunodeficiency virus type 1 (HIV-1) replication because of host range
barriers at steps including virus entry, transcription, RNA splicing, polyprotein processing, assembly, and
release. The exact mechanisms for the suppression, however, are not completely understood. To elucidate
further the barriers against HIV-1 replication in mouse cells, we analyzed the replication of the virus in
lymphocytes from human CD4/CXCR4 transgenic mice. Although primary splenocytes and thymocytes allowed
the entry and reverse transcription of HIV-1, the integration efficiency of the viral DNA was greatly reduced in
these cells relative to human peripheral blood mononuclear cells, suggesting an additional block(s) before or
at the point of host chromosome integration of the viral DNA. Preintegration processes were further analyzed
using HIV-1 pseudotyped viruses. The reverse transcription step of HIV-1 pseudotyped with the envelope of
murine leukemia virus or vesicular stomatitis virus glycoprotein was efficiently supported in both human and
mouse cells, but nuclear import of the preintegration complex (PIC) of HIV-1 was blocked in mouse cells. We
found that green fluorescent protein (GFP)-labeled HIV-1 integrase, which is known to be important in the
nuclear localization of the PIC, could not be imported into the nucleus of mouse cells, in contrast to human
cells. On the other hand, GFP-Vpr localized exclusively to the nuclei of both mouse and human cells. These
observations suggest that, due to the dysfunction of integrase, the nuclear localization of PIC is suppressed in
mouse cells.

A small animal model for AIDS would provide a valuable
tool for the study of its pathogenesis and the evaluation of
vaccine candidates and antiviral drugs. However, attempts to
produce small animal models have been hampered thus far by
species-specific host range barriers to infection by human im-
munodeficiency virus type 1 (HIV-1). CD4, the cellular recep-
tor for HIV-1 (41, 49), was first identified as a host range
barrier because mouse CD4 (muCD4) does not bind HIV-1
Env (46). Human CD4 (huCD4) transgenic (Tg) mice, how-
ever, were not susceptible to HIV-1 infection, suggesting the
presence of additional barriers (47). Chemokine receptors
were later identified as entry coreceptors (9, 22), but primary
lymphocytes from mice transgenic for huCD4 and either
huCXCR4 (70) or huCCR5 (13) exhibited little to no signs of
productive infection.

Cyclin T1 (CycT1) is responsible for a transcriptional
level barrier (3, 4, 26, 30, 58). CycT1 protein is a component
of the TAK/pTEFb transcription factor complex (51, 78), and
huCycT1 binds Tat and activates transcription from the promoter
in the long terminal repeat (LTR). However, muCycT1 cannot

bind Tat. Nevertheless, introduction of the huCycT1 protein to
rodent cells together with a mixture of human receptors was
insufficient to induce productive viral infection (11, 52).

Additional barriers have been reported in the late steps of
the viral life cycle (11, 27, 40, 42, 43, 53). These late-stage
defects can be rescued by fusing HIV-1-infected rodent cells to
uninfected human cells (11, 52), indicating that the defects are
due to the lack of necessary factors in rodent cells rather than
the presence of dominant inhibitors of HIV-1 replication.
CRM1, a nuclear export factor that functions in association
with Rev, and p32, a splicing inhibitor and Rev-binding pro-
tein, are suggested to be necessary late-phase factors (67, 83).

We previously produced Tg mice carrying the HIV-1 provi-
ral genome in which the pol gene is deleted (HIV-Tg) (36).
Although transgene expression in lymphoid tissues is barely
detectable under normal physiological conditions, relatively
high levels of p24 Gag protein were detected in the serum (up
to 400 pg/ml) after injection of bacterial lipopolysaccharide
(74). All mRNA species, including unspliced, singly spliced,
and multiply spliced mRNAs were produced normally. Thus,
once the viral genome is integrated into the host chromosome,
viral genes are expressed at a reasonable efficiency even in
mouse cells, suggesting that the major host range barriers are
present in the early stage of infection (prior to viral DNA
integration) rather than in the late stage. However, it is not yet
known whether there are any additional host range barriers in
the early steps.
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In this report, we investigated additional barrier steps of
HIV-1 replication in mouse cells and found that the efficiency
of viral genome integration into the host chromosome was low
in huCD4/CXCR4 Tg mice. As this result suggested an addi-
tional barrier in the early steps of viral infection, we examined
nuclear transport of the viral genome and demonstrated that
integrase (IN)-dependent nuclear import of the preintegration
complex (PIC) is blocked in mouse cells.

MATERIALS AND METHODS

Transgene construction. The huCD4 Tg vector (pCT4) was constructed as
follows. The 0.85-kb XhoI-EcoRV fragment containing the muCD4 enhancer/
promoter was ligated to a 1.8-kb EcoRV-HindIII fragment containing the
huCD4 open reading frame, and then a 1.95-kb HindIII-SpeI fragment contain-
ing a rabbit �-globin intron sequence and a simian virus 40 (SV40) polyadenyl-
ation [poly(A)] signal was inserted into the HindIII-SpeI site downstream of the
huCD4 gene (29) (Fig. 1A). To construct the huCXCR4 Tg vector, an XhoI-NotI
fragment containing the entire coding region of huCXCR4 was isolated from
pBCMGSNeo/HM89 (61), and the huCXCR4 fragment was blunted by T4 DNA
polymerase, followed by insertion into the EcoRV site of pCDGH. pCDGH
consisted of the muCD4 enhancer/promoter and a human growth hormone gene
with its poly(A) signal but devoid of its initiation codon (pCFG) (80) (Fig. 1A).
The XhoI-SpeI fragment from pCT4 and the XhoI-NotI fragment from pCFG
were then purified and coinjected into the male pronuclei of fertilized mouse
eggs (C3H/HeN) (80). The transgenes were detected by dot blot hybridization
using DNA prepared from mouse tails (34). Mice were kept under specific-
pathogen-free conditions in an environmentally controlled clean room at the
Center for Experimental Medicine, the Institute of Medical Science, the Uni-
versity of Tokyo. All equipment and supplies were sterilized, including the cages,
water bottles, wood chips, and food pellets. All experiments were conducted
according to the institutional ethical and safety guidelines for animal experi-
ments and safety guidelines for gene manipulation experiments.

Northern blot hybridization. Northern blot analyses were carried out as pre-
viously described (80). The EcoRV-SpeI fragment of huCD4 and the XhoI-NotI
fragment of huCXCR4 used for transgene construction were used as templates
to make probes detecting huCD4 and huCXCR4 mRNA, respectively. The
autoradiograms were developed, and the radioactivity of each band was quanti-
fied with a BAS 2000 Bio-Image analyzer (Fuji Film, Tokyo, Japan).

Plasmids. The HIV-1 pNL4-3 (X4-tropic, accession no. M19921) vector was
obtained from A. Adachi (1). The HIV-1 pNL43luc�env vector, in which the env
gene is defective and the nef gene is replaced by the firefly luciferase (Luc) gene,
the pNL4-3 vector containing a mutation at the IN catalytic site (D116G), and
an amphotropic Moloney murine leukemia virus (MuLV) envelope expres-
sion vector (pJD-1) were kindly provided by T. Masuda (54, 65, 76). A
vesicular stomatitis virus G (VSV-G)-expressing plasmid (pMD-G) was ob-
tained from L. Naldini (5, 62). The pGEM/NL-2-LTR plasmid was kindly
provided by Y. Koyanagi (73).

The HIV-1 pNL43luc�env vector carrying a IN protein tagged with the SV40
nuclear localization signal (NLS) was constructed by using overlap extension
PCR (33). First, two different PCRs were performed using HIV-1 pNL43luc�env
vector as the template: one with the AflII-sense primer, 5�-CATCTTAAGACA
GCAGTACAAATGGCAGTA-3�, and NLS-antisense primer, 5�-GGCCTTTC
TCTTCTTTTTTGGATCCTCATCCTGTCTACTTGCC-3�, and the other with
the NLS-sense primer, 5�-CCAAAAAAGAAGAGAAAGGCCTAACACATG
GAAAAGATTAGT-3�, and PflMI-antisense primer, 5�-CTCTTTTTCCTCCA
TTCTATGGAGACTCCCTG-3�. These two PCR amplicons were then com-
bined and used as the template for the third PCR with outer primers AflII-sense
and PflMI-antisense. The final PCR product was digested with AflII and PflMI
and ligated to the SpeI/AflII and SpeI/PflMI vector fragments of HIV-1
pNL43luc�env. The nucleotide sequence of the construct was confirmed by
sequencing.

To prepare the expression vector for HIV-1 IN N-terminal fusion to enhanced
green fluorescence protein (EGFP) (GFP-IN), the entire coding region of HIV-1
IN was amplified by PCR and inserted into the pEGFP-C2 expression vector
(Clontech Laboratories, Palo Alto, CA) at its EcoRI and ApaI sites. The primers
used to amplify the HIV IN were GFP-IN-sense, 5�-CCGGAATTCCGGGCC
ATAGCGGCCTTTTTAGATGGAATAGAT-3�, and GFP-IN-antisense, 5�-TC
CGGGCCCGGATTAATCCTCATCCTGTCTACT-3�. To generate the expres-
sion vector for the HIV-1 Vpr N or C terminus fused to EGFP (GFP-Vpr,
Vpr-GFP), the entire coding region of HIV-1 Vpr was amplified by PCR and

inserted into the pEGFP-C2 or pEGFP-N1 expression vector at the HindIII and
ApaI or HindIII and BamHI sites, respectively. The primers used to amplify
HIV-1 Vpr were GFP-Vpr-sense, 5�-CCCAAGCTTGGGGGACGCCATGGA
ACAAGCCCCAGAA-3�, and GFP-Vpr-antisense, 5�-TCCGGGCCCGGACT
AGGATCTACTGGCTCCATT-3�, or Vpr-GFP-sense, 5�-CCCAAGCTTGGG
GACATGGAACAAGCCCCAGAA-3�, and Vpr-GFP-antisense, 5�-CGCGGA
TCCGCGGAGGATCTACTGGCTCCATT-3�, respectively. The amplified regions
and the cloning junctions were confirmed by DNA sequencing.

Cell culture and isolation of human PBMCs and mouse splenocytes and
thymocytes. Human fibroblast-like cell lines (293T and HeLa), a mouse embryo
fibroblast-like cell line (NIH 3T3) derived from an NIH Swiss mouse (Fv-1n), and
a mouse rectum carcinoma cell line (Colon-26) from a BALB/c mouse (Fv-1b)
were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen, Tokyo, Ja-
pan) supplemented with 10% fetal bovine serum (FBS). The Colon-26 cell line
was obtained provided from the Cell Resource Center for Biomedical Research
Institute of Development, Aging, and Cancer, Tohoku University, Japan (75).
Human T-cell lymphoma cell lines (MT-4 and Jurkat) and mouse T-cell lym-
phoma cell lines (EL4, YAC-1, and BW5147) were cultured in RPMI 1640
(SIGMA, Tokyo, Japan) containing 10% FBS. Human peripheral blood mono-
nuclear cells (PBMCs) were obtained from peripheral blood. Briefly, buffy coats
from the peripheral blood of healthy HIV-seronegative blood donors were sep-
arated over a Ficoll-Hypaque gradient (Ficoll-Paque PLUS; GE Healthcare
Bio-Sciences, Tokyo, Japan). C3H/HeN mice (Charles River, Tokyo, Japan)
were sacrificed at 8 weeks, and the splenocytes and thymocytes were isolated by
passage through nylon mesh. Human PBMC suspensions and mouse splenocytes

FIG. 1. (A) Transgene constructs. huCD4 or CXCR4 cDNA was
placed downstream of the muCD4 enhancer/promoter and ligated to
the SV40 poly(A) signal (huCD4) or to a defective human growth
hormone gene containing the poly(A) signal (huCXCR4). (B) Trans-
gene expression in lymphatic organs. Northern blot hybridization anal-
ysis was performed using 10 �g of total RNA prepared from the
thymus, spleen, or lymph nodes of WT or Tg mice. The positions
expected for huCD4, huCXCR4, muCXCR4, and �-actin mRNA are
indicated on the right.
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and thymocytes were stimulated with 1% phytohemagglutinin (SIGMA, Tokyo,
Japan). These cells were grown in RPMI 1640 medium containing 4 ng/ml of
recombinant human interleukin 2 or mouse interleukin 2 (Peprotech EC Ltd,
London, United Kingdom) per ml and 10% FBS. After 1 week, human PBMCs
and mouse splenocytes and thymocytes were �96% T cells and �40% activated
cells, as judged by fluorescence-activated cell sorter analysis using anti-CD3 or
anti-CD69 monoclonal antibodies (BD Biosciences, Tokyo, Japan), respectively
(data not shown).

Virus preparation and infection assays. HIV-1 strain NL4-3 was propagated in
MT-4 cells, and the supernatants were filtered and stored at �80°C until use. For
single-round infection assays, pseudotyped viruses were generated by cotrans-
fection of 293T cells with pNL43luc�env vector and an amphotropic Moloney
MuLV envelope expression vector (pJD-1) or a VSV-G envelope expression vector
(pMD-G) using Lipofectamine PLUS (Invitrogen) (76). The pNL43luc�env vector
containing a mutation at the IN catalytic site (D116G) was used as a control (54).
The culture supernatants of the transfected 293T cells were harvested at 48 h
posttransfection, filtered through 0.45-�m filters, and used as the virus prepara-
tions. Each virus preparation was treated with DNase I (40 �g/ml; Worthington
Biochemical Co., Lakewood, NJ) in the presence of 10 mM MgCl2 at 37°C for 1 h
to avoid DNA contamination. An aliquot of each virus preparation was incu-
bated at 65°C for 1 h and used as a heat-inactivated control. To monitor viral
gene expression from the pNL43luc�env vector carrying a IN protein tagged with
the SV40 NLS, luciferase activity in transfected 293T cells was measured on a
Lumat LB9507 luminometer (BERTHOLD, Technologies, Bad Wildbad, Ger-
many). At 48 h posttransfection, 293T cells were lysed with 1 ml of luciferase lysis
buffer (Promega). One microliter of each cell lysate was subjected to the lucif-
erase assay. Human PBMCs (5 � 106) or HeLa (5 � 105), MT-4 (5 � 106), Jurkat
(5 � 106), mouse splenocytes (5 � 106), mouse thymocytes (5 � 106), NIH 3T3
(5 � 105), BW5147 (5 � 106), EL4 (5 � 106), or YAC-1 (5 � 106) cells were
infected with an aliquot (2 ml; containing approximately 500 ng [NL4-3], 200 ng
[HIV-1/MuLV], or 50 ng [HIV-1/VSV-G] of p24) of DNase-treated virus. The
infection proceeded in the presence of Polybrene (SIGMA, Tokyo, Japan) (10
�g/ml) at 37°C. After 6 h, the viruses were removed, and the cells were overlaid
with fresh media and incubated at 37°C. For p24 CA analysis, the infected cell
supernatants were removed on the indicated days following infection. The levels
of HIV-1 p24 antigen were determined by an enzyme immunoassay system
(RETRO-TEK; ZeptoMetrix Corp., Buffalo, NY). For luciferase analysis, in-
fected cells were harvested 4 days after infection, and the total cell pellets from
each well were washed twice with phosphate-buffered saline (PBS) and lysed in
luciferase lysis buffer (Promega). Luciferase activity (measured in a relative light
units [RLU]) was measured on a Lumat LB9507 luminometer (BERTHOLD,
Technologies, Bad Wildbad, Germany).

Analysis of HIV-1 DNA synthesis and formation of 2-LTR circles. Cells were
harvested 24 h after infection. After washing with PBS, nucleic acids were
extracted as described previously (81). Briefly, cells were disrupted in urea lysis
buffer (4.7 M urea, 1.3%, sodium dodecyl sulfate [SDS], 0.23 M NaCl, 0.67 mM
EDTA, and 6.7 mM Tris-HCl [pH 8.0]), phenol-chloroform extracted, and eth-
anol precipitated. The DNA pellet was resuspended in distilled H2O, and an
aliquot of each sample was analyzed by PCR. For ex vivo infection of primary
lymphocytes from huCD4/CXCR4 Tg mice, partial reverse transcripts of the viral
DNA were quantified by semiquantitative PCR. The primers used were as
follows (37, 45, 81): R-U5, R, 5�-GCCTCAATAAAGCTTGCCTTG-3� (sense,
positions 522 to 542); U5, 5�-CCACTGCTAGAGATTTTCCAC-3� (antisense,
positions 616 to 638); Gag forward, 5�-TGGGGGGACATCAAGCAGCCATG
CA-3� (sense, positions 1360 to 1385); Gag reverse, 5�-CTATGTCACTTCCCC
TTGGTTCTCT-3� (antisense, positions 1474 to 1498). The PCR program was 30
cycles at 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min in the presence of
[32P]dCTP. The PCR products were electrophoresed on an 8% polyacrylamide–
Tris-borate-EDTA gel. The autoradiograms were developed, and the radioac-
tivity of each band was quantified by a BAS 2000 Bio-Image analyzer. For
single-round infections, the DNA was measured by quantitative PCR using an
ABI PRISM 7900HT qPCR machine (Applied Biosystems, Tokyo, Japan). The
PCR primer pairs were as follows: R-U5 (M667/AA55), R-gag (M667/M661)
(76), and the 2-LTR junction’s sequence (2-LTR-S/2-LTR-AS) (73). The cycling
conditions included a hot start (50°C for 2 min, 95°C for 10 min), followed by 40
cycles of denaturation (95°C for 15 s) and extension (60°C for 1 min). To
compensate for varying DNA sample recovery, the data are presented as ratios
of HIV-1 DNA to �-actin DNA.

Cassette ligation-mediated PCR and integration analysis. For the detection of
the HIV-1 integration form, we designed a cassette ligation-mediated PCR
system using an in vitro LA cloning kit (TaKaRa BIO, Shiga, Japan) (35) (see
Fig. 3A). Briefly, 5 �g of DNA was digested with EcoRI and ligated to double-
stranded DNA cassettes with compatible ends. The cassette-ligated restriction

fragments were then subjected to two rounds of PCR using the cassette- and
HIV-specific primers C1 (5�-GTACATATTGTCGTTAGAACGCGTAATACG
ACTCA-3�) and Gag reverse (described above) for the cassette, gag, and its
upstream region and C2 (5�-CGTTAGAACGCGTAATACGACTCACTATAG
GGAGA-3�) and U5 reverse (described above) for the cassette sequence down-
stream of C1 and the LTR region. PCR was performed according to the man-
ufacturer’s instructions. The amplification conditions were 30 cycles of 1 min at
94°C, 2 min at 54°C, 2 min at 72°C, and a final extension of 1 min at 72°C. The
amplified products were resolved on 2% agarose gels and stained with SYBR
green (FMC Bioproduct, Rockland, ME).

Fluorescence microscopy. HeLa (4 � 104), NIH 3T3 (3 � 104), and Colon-26
(3 � 104) cells were seeded onto 8-well culture slides (Nalge Nunc International,
Rochester, NY) and transfected with the indicated plasmids using Lipofectamine
2000 (Invitrogen). At 24 h posttransfection, the cells were washed once in PBS
and fixed with acetone for 5 min. After washing with PBS, the cells were mounted
in 90% glycerol–50 mM NaHCO3-Na2CO3 and covered by a coverslip. Confocal
microscopy was performed with a Nikon Optiphot-2 fluorescence microscope
with a Bio-Rad MRC 1024 laser confocal imaging system, and the digital images
were prepared using Adobe Photoshop software.

Particle preparation and Western blot analysis. The culture supernatant (5
ml) of HIV-1 producing plasmid-transfected 293T cells was collected at 48 h
postinfection. It was centrifuged thorough 20% (wt/vol) sucrose–PBS in an SW55
rotor (Beckman Coulter) at 4°C at 147,000 � g for 2 h (56), and the pellet was
resuspended in PBS. The viral pellets were hearted at 90°C for 10 min in the
presence of sample buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS,
5% 2-mercaptoethanol, 0.005% bromophenol blue). Then viral proteins were
electrophoresed on a 12% SDS–polyacrylamide gel containing 0.2% SDS. Fol-
lowing blotting of proteins onto a polyvinylidene difluoride membrane, the mem-
brane was first incubated with an antiserum from an AIDS patient (provided by
Y. Inagaki, Tokyo Medical and Dental University, Tokyo, Japan, and Y.
Koyanagi, Kyoto University, Kyoto, Japan), followed by horseradish peroxidase-
conjugated anti-human immunoglobulin. HIV-1 proteins were visualized using
an enhanced chemiluminescence detection system (GE Healthcare Bio-Science,
Tokyo, Japan).

Statistical analysis. Data were analyzed using Excel and Student’s t test. A P
value of 	0.05 was considered statistically significant, and all results are pre-
sented as means 
 standard errors of the means (SEM).

RESULTS

Lymphocytes from huCD4/CXCR4 Tg mice do not fully
support HIV-1 infection. To elucidate the host range barriers
of HIV-1 replication in mice, we analyzed the early processes
of HIV-1 infection in huCD4/CXCR4 Tg mouse splenocytes.
Transgenic mice were generated by introducing both huCD4
and huCXCR4 cDNA along with the muCD4 enhancer/pro-
moter into fertilized C3H mouse eggs (Fig. 1A). As shown in
Fig. 1B, the huCD4 and huCXCR4 mRNAs were detected
mostly in the thymus but also in the lymph nodes and spleen.
Two huCD4 mRNA species were detected due to alternative
splicing of the SV40 gene that was ligated to the huCD4 gene
(Fig. 1B). fluorescence-activated cell sorter analyses showed
that Tg splenocytes and thymocytes both expressed huCD4 and
huCXCR4 on their cell surfaces (data not shown).

To examine the susceptibility of these Tg mice to HIV in-
fection, splenocytes and thymocytes were isolated from the
mice and infected with T-tropic HIV-1 (NL4-3) or M-tropic
HIV-1 (JR-CSF). However, we could not detect any p24 anti-
gen in the culture supernatant of these Tg mouse-derived cells,
although significant levels of p24 (up to 80 pg/ml) were pro-
duced in human PBMC culture supernatant 12 days after in-
fection.

To determine the process by which the viral replication is
blocked, we analyzed the early infection steps by examining the
viral genomic structure. Twenty-four hours after HIV-1 infec-
tion of the huCD4/CXCR4 Tg splenocytes, cells were har-
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vested and total DNA was extracted. Early (R-U5) and late-
infectious intermediate products (R-gag) were determined
using semiquantitative PCR with specific primers. As shown in
Fig. 2A and B, both infectious intermediates were detected
specifically in the DNA isolated from the splenocytes of
huCD4/CXCR4 Tg mice exposed to HIV-1, indicating that
viral entry and reverse transcription had proceeded normally in
mouse cells provided that human viral receptors were supplied.
Similar results were also obtained in huCD4/CCR5 Tg mouse
splenocytes infected with HIV-1 JR-CSF (data not shown). In
contrast, the early infectious intermediate was not detected in
wild-type mouse splenocytes, indicating a block upon viral en-
try. Taken together, these results suggest that HIV-1 replica-
tion in huCD4/CXCR4 Tg splenocytes was blocked later than
the reverse transcription step(s).

HIV-1 infection of mouse cells is blocked at steps preceding
integration into the host chromosome. We next examined the
integration of the HIV-1 genome into the host chromosome.
The pNL4-3 vector containing a mutation at the IN catalytic
site (D116G) was used as a control (54). DNA from the in-
fected cells was digested with EcoRI, which cut proviral DNA
at only one site (nucleotide number 5743 of NL4-3, accession
no. M19921). The DNA was then ligated to an EcoRI-specific
cassette and subjected to the first round of PCR using primers
specific for the cassette and the gag region, followed by the
second round of PCR using primers for the cassette and the
LTR region (Fig. 3A). As a result, the integrated viral DNA
was visualized as smearing bands greater than 638 bp, which is

FIG. 3. Suppression of NL4-3 virus DNA integration in the mouse chro-
mosome. Human PBMCs and murine splenocytes were infected with equiv-
alent doses of DNase-treated NL4-3 virus. After 6 h, the virus was removed
and the cells were washed with growth medium. At 1 day postinfection, the
cells were harvested and used to extract total DNA. The DNA (5 �g) was
digested with EcoRI and ligated to double-stranded DNA cassettes with
compatible ends. The cassette-ligated DNA fragments were used as tem-
plates for nested PCR using cassette- and HIV-specific primers. (A) Sche-
matic representation of cassette ligation-mediated PCR and the primers used
to detect HIV integration into the host chromosome. (B and C) Detection of
the chromosome-integrated forms of viral DNA. (B) Human PBMC prepa-
rations from two donors (A and B) were infected with NL4-3-WT or inte-
grase mutant (D116G), and the DNAs were subjected to PCR analysis.
Markers: 23.1, 9.4, 6.6, 4.3, 2.3, 2.0, and 0.564 kb (�/HindIII). (C) DNA was
isolated from NL4-3-infected splenocytes or thymocytes from WT or Tg mice
or human PBMCs following infection and subjected to PCR analysis. Note
the smearing bands in virus-infected human PBMCs but not in huCD4/
CXCR4 Tg mice. Marker: �/HindIII.

FIG. 2. HIV infection of splenocytes and thymocytes of WT and
huCD4/CXCR4 Tg mice. Splenocytes or thymocytes from WT mice,
Tg mice, or human PBMCs were isolated and infected with equivalent
amounts of DNase-treated NL4-3 virus at 37°C for 6 h. After 6 h, the
viruses were removed and the cells were treated with trypsin (500
�g/ml) at 37°C for 10 min and then washed in growth medium. (A and
B) Splenocytes were harvested at 24 h postinfection. Total DNA was
extracted from the cells and subjected to PCR analysis with a primer
pair for R/U5 (A) or R/gag (B). The reaction was carried out using the
DNA preparation from 1 � 105 cells (�1) or 1 � 104 cells (�10�1). In
panel B, the lanes marked 5 � 102 and 5 � 103 represent PCR
products using 5 � 102 or 5 � 103 copies of the pNL4-3 plasmid as the
template.
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the original length between C2 and U5 reverse primers without
insertion. Smearing bands were clearly detected when the
DNA from HIV-1 wild type (WT)-infected human PBMCs was
analyzed. In contrast, no smearing bands were detected with
the DNA from HIV-1-D116G infected human PBMC, HIV-
1-WT infected splenocytes from WT, and huCD4/CXCR4
transgenic mice (Fig. 3B and C). These results suggest that
HIV-1 replication is also blocked in mouse cells at steps be-
tween the entry and viral DNA integration steps or at the viral
integration step in addition to the adhesion/entry step.

The infection of mouse cells with both HIV-1/pJD-1 and
HIV-1/VSV-G pseudotyped virus are blocked at a postentry
step. To examine the possibility that HIV-1 replication in
mouse cells is blocked at steps between the viral entry and
DNA integration steps, we analyzed the early steps of viral
infection using HIV-1 pseudotyped viruses in which the Env is
replaced by an amphotropic MuLV Env (HIV-1/pJD-1) or by
the G protein of VSV (HIV-1/VSV-G) and the nef gene is re-
placed by the firefly luciferase gene (76). The MuLV envelope
pseudotype uses a ubiquitously expressed phosphate transporter
as the receptor (55), and the VSV-G envelope pseudotype is
capable of infecting cells through a carbohydrate receptor and the
endocytic pathway (2). By using these pseudotyped viruses, we
overcame the barriers at the adhesion and entry steps.

Among the adherent cells tested, 293T and HeLa cells
showed high luciferase activity upon infection with both types
of pseudotyped viruses, whereas NIH 3T3 cells yielded 10- to
100-fold-lower signals (Fig. 4). Similarly, the mouse T-cell lines
BW5147, EL4, and YAC-1 displayed 100- to 1,000-fold-lower
signals than did the human T-cell lines MT4 and Jurkat. Fur-
thermore, luciferase expression efficiency was lower, by more
than 1,000-fold, in mouse primary splenocytes than in human
PBMCs. The relative sensitivity to infection of these cells was
similar between the two pseudotyped viruses, although the
efficiency of infection was approximately 10-fold higher in the
HIV-1/VSV-G infection. Thus, these results again support a
species-specific block in mouse cells subsequent to the entry
step.

Reverse transcription of HIV-1 proceeds normally in mouse
cells. We next evaluated the ability of mouse cells to support
HIV-1 DNA synthesis. One day after infection, total DNA was
harvested from various infected cells and subjected to quanti-
tative PCR analyses. Both early (R-U5) and late (R-gag) re-
verse transcription products were specifically detected in DNA
isolated from human and mouse cells exposed to both of the
pseudotyped viruses, HIV-1/pJD-1 (Fig. 5A) and HIV-1/
VSV-G (Fig. 5B). No R-U5 or R-gag products were detected
when heat-inactivated (65°C, 1 h) viruses were infected, indi-
cating that these products were not derived from the trans-
fected HIV-1 DNA carryover. The copy number of R-U5,
which reflects the efficiency of viral entry, was higher in mouse
cells (NIH 3T3, BW5147, and splenocytes) than in human cells
(HeLa, MT4, and PBMCs). The ratio of R-gag/R-U5 was cal-
culated to evaluate the efficiency of the reverse transcription
because R-U5 reflects the efficiency of entry (Fig. 5A and B,
lower panels). No significant difference in the efficiency of
reverse transcription was observed between mouse cells and
human cells exposed to HIV-1/pJD-1 (Fig. 5A) and HIV-1/
VSV-G (Fig. 5B). These results indicated that mouse cells

supported reverse transcription at an efficiency similar to that
of human cells.

Nuclear import of the PIC is blocked in mouse cells. After
completion of reverse transcription, the PIC crosses the

FIG. 4. Analysis of HIV-1 pseudotype virus replication in mouse cells.
Human and murine cells were infected with equivalent doses of
pNL43luc�env that was pseudotyped with either MuLV (A) or VSV-G
(B) at 37°C for 6 h. After removal of the virus, cells were washed in growth
medium. Luciferase activity was measured at 4 days postinfection, and nor-
malized activities relative to the total protein quantity are shown. The data
represent the means 
 SEM of results from three wells. The data were
reproduced in three independent experiments.
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nuclear membrane and enters the nucleus. Ligases within
the nucleus then circularize the proviral DNA (2-LTR con-
taining circular DNA) before its integration into the host
chromosome (17, 57, 82). Although these 2-LTR circles are
nonfunctional, they can serve as a measure of viral nuclear

entry. To assess the efficiency of PIC transport into the
nuclei of mouse cells, we estimated de novo-synthesized
2-LTR circular-form DNA by PCR using primer pairs that
amplify sequences unique to this DNA form. The fragment
corresponding to the 2-LTR circular junction was clearly

FIG. 5. The efficiency of the reverse transcription of HIV-1 in mouse cells. Human and murine cells were infected with equivalent doses of
DNase-treated WT or integrase mutant (D116G) MuLV pseudotyped virus (A) or VSV-G pseudotyped virus (B). At 1 day postinfection, the cells
were harvested, and the total DNA was extracted and subjected to quantitative real-time PCR analysis using primer pairs for R/U5 (upper panels)
or R/gag (middle panels). The copy numbers of HIV-1 DNA per 1 �g �-actin are shown. The reverse transcription (RT) efficiency is calculated
by dividing the late RT product (R-gag) by the early RT product (R-U5) (lower panel). The data represent the means 
 SEM of results from three
wells. The data were reproduced in three independent experiments.
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detected at 1 day postinfection in the DNA samples from
HeLa, NIH 3T3, MT-4, BW5147, and human PBMCs in-
fected with HIV-1/pJD-1 pseudotyped virus (Fig. 6A, upper
panel). However, only a small amount of 2-LTR circle was
detected in the mouse splenocytes. A similar tendency was
observed in cells infected with the HIV-1/VSV-G pseudotyped
virus (Fig. 6B, upper panel). The 2-LTR DNA in mouse cells
was also measured at 2 and 4 days postinfection using both
pseudotyped viruses and provided similar results (data not
shown).

The ratio of 2-LTR/R-gag was calculated to evaluate the
efficiency of nuclear import because the copy number of
2-LTR in the nucleus should be dependent on the amount of
cytoplasmic R-gag, which represents the precursor of 2-LTR.
The efficiency was very low and not significantly different be-
tween human and mouse when wild-type HIV-1 pseudovirus
was infected (Fig. 6, lower panel). Because the nuclear con-
centration of 2-LTR is determined by the balance between
accumulation of PIC by nuclear import and loss of PIC from
the nucleoplasm by chromosome integration, we next used
an integration-defective mutant, D116G, to examine only

the efficiency of nuclear import. As shown in Fig. 6, the ratio
was significantly lower in NIH 3T3 cells than in HeLa cells
(33% or 43% of HeLa cells) and in BW5147 cells than in
MT4 cells (12% or 17% of MT4 cells) when they were
infected with HIV-1/pJD-1 or HIV-1/VSV-G, respectively
(Fig. 6A and B, lower panels). We were unable to compare
the efficiency of PIC import in human PBMCs and mouse
splenocytes because the 2-LTR circle was not detected in
mouse splenocytes. These results suggested that the nuclear
import of the PIC is blocked in mouse cells, especially in
splenocytes.

A block in the nuclear localization of the PIC is caused by a
defect in IN nuclear localization. As Vpr and IN play impor-
tant roles in importing the PIC into the nucleus, we hypothe-
sized that Vpr and/or IN is nonfunctional in mouse cells due to
the inability to utilize the cellular factors necessary for traf-
ficking to the nucleus. To directly examine the karyophilic
properties of HIV-1 IN in mouse cells, we generated an ex-
pression vector with HIV-1 IN in which the N terminus was
fused to EGFP (GFP-IN). Since it was reported that �-galac-
tosidase fusion to the C terminus of IN could not be located in

FIG. 6. Suppression of the 2-LTR circular form of DNA in mouse cells. Human and mouse cells were infected with equivalent doses of
DNase-treated WT or integrase-mutant (D116G) MuLV pseudotype virus (A) or VSV-G pseudotype virus (B). The DNA from the infected cells
was subjected to quantitative real-time PCR analysis using a primer pair specific for the 2-LTR circular form of the DNA (upper panels). The
nuclear import efficiency was calculated by dividing the 2-LTR products by the late reverse transcription products (lower panels). The data
represent the means 
 SEM of results from three wells, and the data were reproduced in three independent experiments. *, P 	 0.05; **, P 	
0.01 (determined by Student’s t test).
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the nucleus (44), we did not examine the C terminus fusion
construct (IN-GFP). We also generated HIV-1 Vpr expression
vectors in which the N or C terminus was fused to EGFP
(GFP-Vpr and Vpr-GFP, respectively). At 24 h postinfection,
HeLa, NIH 3T3, and Colon-26 cells were transfected with
the GFP fusion vectors, and the subcellular localization of
IN or Vpr was examined with a confocal microscope. We
used Colon-26 cells (Fv-1n) in addition to NIH 3T3 cells
(Fv-1b) because Fv-1 may exert its antiretroviral effect at a
postentry step, after reverse transcription and prior to inte-
gration (38, 79). Colon-26 cells and NIH 3T3 cells showed
similar levels of luciferase activity upon infection with both
types of pseudotyped viruses. Control GFP without IN or
Vpr was distributed uniformly throughout both the cyto-
plasm and the nuclei in all cells examined (Fig. 7A to C).
GFP-Vpr, on the other hand, accumulated almost exclu-
sively in the nuclei of HeLa (Fig. 7D), NIH 3T3 (Fig. 7E),
and Colon-26 (Fig. 7F) cells, although low levels of nuclear
membrane association were also observed in NIH 3T3 cells
(Fig. 7E). Vpr-GFP also accumulated almost exclusively in
the nuclei of HeLa (Fig. 7G), NIH 3T3 (Fig. 7H), and
Colon-26 (Fig. 7I) cells. These results indicated that HIV-1
Vpr has strong karyophilic properties and that, even in
mouse cells, it can be transported across the nuclear mem-
brane. In contrast, although GFP-IN accumulated almost

exclusively in the nuclei of HeLa cells (Fig. 7J), GFP-IN was
localized only in the cytoplasm of NIH 3T3 (Fig. 7K) and
Colon-26 (Fig. 7L) cells. Thus, our results demonstrate that
IN-mediated nuclear transport of HIV-1 PIC is impaired in
mouse cells of both Fv-1 genotypes.

Addition of the SV40 NLS to the C terminus of HIV-1 inte-
grase enhances viral infectivity in mouse cells. To analyze the
role of IN in nuclear localization of HIV-1, we constructed an
HIV-1 pNL43luc�env vector with the SV40 NLS at the C
terminus of IN (IN-NLS), and pseudotyped virus was gener-
ated by cotransfection of 293T cells with the pNL43luc�env
wild type or IN-NLS vector and VSV-G expression vector.
Luciferase activity in the cell lysate of 293T cells transfected
with IN-NLS was increased 2.5-fold compared to that trans-
fected with wild-type virus (Fig. 8A). To verify that the gag-pol
polyprotein processing was completed in IN-NLS virus parti-
cles, we performed Western blot analysis using an AIDS pa-
tient serum. No difference of the viral components was ob-
served between parental WT and IN-NLS viruses (Fig. 8B).
The content of p24 protein of the IN-NLS was also shown to be
normal using a specific monoclonal antibody (data not shown).
These results showed that addition of NLS to IN significantly
activates viral replication.

Then we tested the susceptibility of HeLa, NIH 3T3,
BW5147, and MT4 cells to IN-NLS infection. Addition of the

FIG. 7. Inhibition of IN-dependent GFP nuclear import in mouse cells. HeLa (A, D, G, and J), NIH 3T3 (B, E, H, and K), and Colon-26 cells
(C, F, I, and L) were transfected with plasmids expressing GFP only (A, B, and C), GFP fused to the HIV-1 Vpr N terminus (GFP-Vpr) (D, E,
and F), GFP fused to the HIV-1 Vpr C terminus (Vpr-GFP) (G, H, and I), and GFP fused to HIV-1 IN (J, K, and L) using Lipofectamine 2000.
At 24 h posttransfection, the cells were fixed and visualized by confocal fluorescence microscopy. Note that the nuclear localization of GFP-IN is
inhibited in mouse cells (K and L).
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SV40 NLS to the C terminus of IN significantly enhanced viral
infectivity in all cell lines used (Fig. 8C). As the NLS fusion at
the C terminus of IN disrupted the vif gene, we did not analyze
the infectivity to human PBMC, which was nonpermissive to
vif-deficient virus (24, 69). Interestingly, the effect of the NLS
on viral infection was significantly stronger in mouse cells than
in human cells (Fig. 8D).

We also analyzed the karyophilic property of GFP-IN-NLS
in which EGFP was fused to the N terminus and the SV40 NLS
at the C terminus of IN. GFP-IN-NLS accumulated almost
exclusively in the nucleus of NIH 3T3 cells, in contrast to
GFP-IN (Fig. 8E). These results indicate that the addition of
functional NLS to IN compensates the functional defects of IN
in mouse cells.

DISCUSSION

HIV-1 replication in rodent cells is blocked at multiple steps,
including viral entry, transcription, nuclear export of the
mRNA, assembly, and budding (77). In this study, we demon-
strated that an additional host range barrier is present in
mouse cells at the PIC nuclear transport step. We suggest that
this restriction is caused by the dysfunction of the HIV-1 IN-
dependent PIC import system.

We found that the ratio of the 2-LTR circular product to the
late reverse transcription product (R-gag), which are produced
in the nucleus and cytoplasm, respectively, was decreased in
mouse splenocytes relative to human PBMCs after infection
with both HIV-1/MuLV and HIV-1/VSV-G pseudotyped vi-

FIG. 8. Enhancement of viral infectivity to mouse cells by the addition of SV40 NLS to the C terminus of IN. (A) Luciferase activity in an HIV-1
pNL43luc�env vector (WT) or pNL43luc�env vector carrying an SV40 NLS-ligated IN (IN-NLS)-transfected 293T cells were measured at 2 days
posttransfection. The data were reproduced in 10 independent experiments. (B) Virus particles were collected at 48 h posttransfection and
resuspended in PBS. The viral pellets were hearted at 90°C for 10 min in the presence of sample buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol,
2% SDS, 5% 2-mercaptoethanol, 0.005% bromophenol blue). Then viral proteins were electrophoresed on a 12% SDS–polyacrylamide gel. Viral
proteins were detected with AIDS patient serum. Positions of the major viral proteins are indicated together with molecular weight markers.
(C) Human and mouse cells were infected with equivalent amounts of WT (�) or IN-NLS (■ ) virus at 37°C for 6 h, and then the virus was removed.
The luciferase activity was measured 4 days after infection, and the activity was normalized relative to the total amount of protein. Means 
 SEM
are shown. (D) Relative Luc activities of IN-NLS virus-infected cells compared to WT virus-infected cells were calculated using the data shown
in panel C. Means 
 SEM are shown. (E) NIH 3T3 cells transfected with a plasmid expressing GFP, GFP-IN, or GFP-IN-NLS fusion protein were
analyzed by confocal microscopy. At 24 h posttransfection, cells were fixed and GFP was detected by a confocal fluorescent microscope. *, P 	
0.05; **, P 	 0.01; ***, P 	 0.001 (by Student’s t test).
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ruses (Fig. 6, lower panels). This indicates a reduction in nu-
clear import of the PIC. The efficiency of nuclear transfer of
the viral PIC was recently reported to be reduced in mouse T
cells relative to human T cell lines, but not in NIH 3T3 cells
(7). These results are consistent with ours, although we cannot
explain their lack of reduction in the NIH 3T3 cells. Our
system using the IN mutant virus is probably more sensitive in
detecting the defect.

We showed that the infection efficiency, as determined by
luciferase activity, was 10 to 100, 100 to 1,000, and �1.000
times lower than in human cells in mouse adherent cells, T cell
lines, and primary cells, respectively (Fig. 4). As the PIC nu-
clear import reduction in mouse cells was at most 60 to 90%
compared to human cells (Fig. 6), it is clear that other barriers
are also involved in the HIV-1 replication restriction in mouse
cells. In this regard, we showed that the 2-LTR/R-gag ratio
following infection with WT HIV-1 was similar between HeLa
and NIH 3T3 cells and between MT4 and BW5147 cells, in
contrast to our observations with the IN-deficient mutant virus
(Fig. 6, lower panels). These results are explainable if the
R-gag products integrate rapidly into the host chromosome in
human cells compared to mouse cells, assuming that a constant
proportion of free R-gag products is converted into the 2-LTR
form. Thus, integration of the R-gag products into the host
chromosome may also be inhibited in mouse cells. In accor-
dance with this idea, we demonstrated that the integration
frequency of HIV-1 was greatly reduced upon infection with
WT HIV-1 in mouse cells transgenic for the huCD4/CXCR4
genes.

There are two formal explanations for the inability of the
mouse cells to support HIV-1 PIC nuclear import. One is the
absence of a required human-specific factor, and the other is
the presence of an inhibitory factor(s) in mouse cells. How-
ever, because mouse-human cell fusions allow viral replication,
mouse cells most likely do not have such an inhibitory factor
and are rather devoid of a critical factor for the import of the
HIV-1 PIC (52).

Although the mechanisms of PIC nuclear import have not
been elucidated completely, NLSs are present in three viral
proteins (MA, Vpr, and IN) as well as in a central DNA flap
produced during reverse transcription that also contributes to
the successful nuclear targeting of the PIC (59, 64, 71). Al-
though their respective contributions remain controversial and
unclear, it has been clearly shown that both Vpr and IN are
karyophilic and rapidly accumulate in the nuclei of infected
cells (6, 16, 19, 20, 25, 32, 48, 63, 66, 68). Meanwhile, localiza-
tion of MA to the nucleus is not well established (14, 23). In
this report, we demonstrated that GFP-fused IN remained in
the cytoplasm of NIH 3T3 cells, in contrast to its accumulation
in the nuclei of HeLa cells. On the other hand, when GFP-
fused Vprs were examined, they localized to the nuclei of both
NIH 3T3 and HeLa cells. The nuclear distribution of GFP-IN,
but not GFP-fused Vpr, was also inhibited in the Colon-26
mouse cell line. These observations indicate that Vpr can be
imported into the nucleus using separate pathways. IN, on the
other hand, cannot be imported efficiently into the nuclei of
mouse cells, and this is probably due to the inability of IN to
interact with mouse nuclear import system.

In support for this notion, we showed that nuclear import of
IN was much more enhanced in mouse cells than in human

cells when authentic SV40 NLS was added to IN (Fig. 8).
Furthermore, the addition of this NLS to IN significantly en-
hanced the infectivity of HIV-1 pseudovirus to mouse cells.
These results indicate that endogenous nuclear localization
signals of IN are not fully functional in mouse cells.

In this context, it is known that the NLSs within HIV-1 IN
are composed of basic amino acid-rich sequences that interact
with importin � through the adapter importin (25). We previ-
ously showed, however, that mutational disruption of the sug-
gested NLSs could not abolish the nuclear localization of a
GFP-IN fusion protein (76). Recent studies have shown that
nonclassical NLSs are necessary and sufficient to locate the
viral PIC into the nuclei (12). Depienne et al. suggested that
the in vitro nuclear import of IN does not require known
cytosolic transport factors, including karyopherin � family pro-
teins (18). Two proteins have recently been reported to medi-
ate PIC import. The first is lens epithelium-derived growth
factor (LEDGF/p75), a protein implicated in the regulation of
gene expression and cellular stress responses. LEDGF inter-
acts with HIV-1 IN in vitro and in living cells (50) and colo-
calizes with HIV-IN in the nuclei of human cells (15). The
second is importin 7, a mildly hydrophobic protein belonging
to the importin � superfamily. This protein is suggested to
interact with basic proteins, such as IN, that bind viral nucleic
acids (21). It is currently unclear which protein(s) is important
in these processes and defective in mouse cells. Clearly, further
work is necessary to identify the host cell factors that are
associated with IN in human cells and defective in mouse cells.

Thus far, several host restriction factors are known to be
involved in the suppression of HIV-1 replication in the early
phase of its life cycle in mouse cells. Friend virus susceptibility
factor-1 (Fv-1) is involved in the restriction of specific mouse
cell genotypes to MuLV (10, 28). The Fv-1 targets the MuLV
capsid and stops the nuclear import of the PIC (8, 39). How-
ever, recent reports have noted that there is no correlation
between HIV-1 susceptibility and cellular Fv-1 genotype (7,
31). Tripartite motif 5 � (TRIM5�), encoded by the gene Lv-1,
is another restriction factor (72). TRIM5� inhibits viral repli-
cation in rhesus macaque cells at a step after entry but before
the reverse transcription of HIV-1 by targeting the viral capsid
protein (60). Thus, both Fv-1 and TRIM5� function in pro-
cesses other than the transport of PIC into the nucleus.

In conclusion, we have demonstrated that PIC nuclear im-
port is blocked in mouse cells and that dysfunctional IN is at
least partially responsible for the barrier. Further character-
ization and identification of factors that are involved in PIC
nuclear import should provide new insight into the molecular
mechanisms of the PIC import step and clues to the develop-
ment of new therapeutics. Furthermore, identification of the
factors responsible for this step will assist in our generation of
transgenic small animal models that are permissive to HIV-1
infection.
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