JOURNAL OF VIROLOGY, Sept. 2010, p. 8650-8663
0022-538X/10/$12.00  doi:10.1128/JVI1.00508-10

Vol. 84, No. 17

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Importin o3 Interacts with HIV-1 Integrase and Contributes to HIV-1
Nuclear Import and Replication”

Zhujun Ao,'f Kallesh Danappa Jayappa,'f Binchen Wang,' Yingfeng Zheng,' Sam Kung,>
Eric Rassart,” Reinhard Depping,” Matthias Kohler,” Eric A. Cohen,® and Xiaojian Yao'*
Laboratory of Molecular Human Retrovirology, Department of Medical Microbiology," and Department of Immunology,>

Faculty of Medicine, University of Manitoba, 508-745 William Avenue, Winnipeg R3E 0J9, Département des Sciences Biologiques,
Université du Québec a Montréal, CP 8888 Succ. Centre-ville, Montréal H3C 3P8,> and Laboratory of Human Retrovirology,

Institut de Recherches Cliniques de Montréal, Montreal H2W IR7, and Department of Microbiology and Immunology,
Université de Montréal, Montreal H3C 3J7,° Canada, and Universitiit zu Liibeck, Institut fur Physiologie,
23538 Lubeck,* and Departments for Nephrology and Hypertension, Reha Clinic Damp and
University Hospital Kiel, Kiel,> Germany

Received 8 March 2010/Accepted 8 June 2010

HIV-1 employs the cellular nuclear import machinery to actively transport its preintegration complex (PIC)
into the nucleus for integration of the viral DNA. Several viral karyophilic proteins and cellular import factors
have been suggested to contribute to HIV-1 PIC nuclear import and replication. However, how HIV interacts
with different cellular machineries to ensure efficient nuclear import of its preintegration complex in dividing
and nondividing cells is still not fully understood. In this study, we have investigated different importin o
(Impa) family members for their impacts on HIV-1 replication, and we demonstrate that short hairpin RNA
(shRNA)-mediated Impa3 knockdown (KD) significantly impaired HIV infection in HeLa cells, CD4™ C8166
T cells, and primary macrophages. Moreover, quantitative real-time PCR analysis revealed that Impa3-KD
resulted in significantly reduced levels of viral 2-long-terminal repeat (2-LTR) circles but had no effect on HIV
reverse transcription. All of these data indicate an important role for Impa3 in HIV nuclear import. In an
attempt to understand how Impa3 participates in HIV nuclear import and replication, we first demonstrated
that the HIV-1 karyophilic protein integrase (IN) was able to interact with Impa3 both in a 293T cell
expression system and in HIV-infected CD4™ C8166 T cells. Deletion analysis suggested that a region (amino
acids [aa] 250 to 270) in the C-terminal domain of IN is involved in this viral-cellular protein interaction.
Overall, this study demonstrates for the first time that Impa3 is an HIV integrase-interacting cofactor that is

required for efficient HIV-1 nuclear import and replication in both dividing and nondividing cells.

HIV-1 replicates productively in nondividing cells, such as
monocytes (49, 61, 74), macrophages (23, 37, 59, 65, 71), den-
dritic cells (47, 64), and resting CD4" T lymphocytes (86),
through its ability to undergo active nuclear import by hijack-
ing the host nuclear import machinery. Moreover, active nu-
clear import is not only required for nondividing-cell infection
but also plays a role in the infection of proliferating cells (35).
This ability of HIV-1 to enter the nucleus at interphase may
contribute significantly to the very high replication rate ob-
served in infected individuals (30, 70, 73) and is one of the
crucial steps in HIV-1 replication, which plays a leading role in
the establishment of infection and AIDS pathogenesis.

The viral double-stranded DNA (dsDNA), which associates
with viral and cellular proteins, forms a high-molecular-mass
nucleoprotein complex called the preintegration complex
(PIC) in the cytosol of an infected cell (15, 51). This large
complex has to actively enter the nucleus through the intact
nuclear membrane in order to be integrated. At the molecular
level, the active nuclear import ability of HIV-1 is attributed to
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the karyophilic properties of viral PICs. It is known that several
viral nucleophilic proteins, including integrase (IN), matrix
(MA), and Vpr, are associated with this nucleoprotein complex
and play significant roles in HIV-1 nuclear import (8, 20, 22,
29, 53, 72). Moreover, a unique DNA structure in the viral
cDNA, known as the central DNA flap, has also been impli-
cated in this viral replication step (3, 17, 70, 84, 85). Interest-
ingly, HIV-1 IN and the central DNA flap collectively contrib-
ute to HIV-1 nuclear import not only in nondividing cells but
also in dividing cells. On the other hand, even though Vpr and
MA have been shown to be involved in PIC nuclear import (29,
72, 81), later studies have questioned the significance of the
MA or Vpr protein in this step: a virus with a complete dele-
tion of the MA nuclear localization signal (NLS) can still
support HIV-1 replication (58), and HIV-1 without Vpr was
able to replicate efficiently in susceptible cells (20). Hence, in
contrast to IN and the DNA flap, it is quite possible that MA
and Vpr may act only as accessory factors in PIC nuclear
import (56).

IN is a key enzymatic protein of 32 kDa produced by pro-
teolytic cleavage of the Pol polyprotein and is incorporated
into progeny viruses during viral assembly. The presence of IN
was initially identified as an absolute requirement for genomic
integration of viral cDNA. Later studies have demonstrated
the involvement of IN at various stages of HIV replication,
including nuclear import. However, the precise molecular
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mechanism by which HIV-1 IN contributes to PIC nuclear
import is still not fully understood. In particular, it remains to
be determined which host nuclear import pathway(s) is em-
ployed by HIV IN to ensure active HIV nuclear translocation.
To date, at least three cellular nuclear import factors, including
importin al (Impal), Imp7, and transportin-SR2 (TRN-SR2),
have been suggested to interact with HIV-1 IN and are in-
volved in viral nuclear import (2, 10, 16, 20). Imp7, a member
of the Impp family, was initially identified as one of the recep-
tors that mediates the nuclear import of ribosomal proteins
and the glucocorticoid receptor (18, 31). Recently, our lab and
Fassati et al. have demonstrated, by using cell-based coimmu-
noprecipitation and in vitro pulldown assays, respectively, that
Imp7 is able to interact with HIV-1 IN (2, 16). However, the
exact function of this host protein in HIV-1 nuclear import is
still controversial (2, 16, 83, 87). TRN-SR2 is an Imp family
member and shuttles the serine/arginine (SR)-rich pre-mRNA
splicing factors from the cytoplasm into the nucleus (34, 44,
45). TRN-SR2 has recently been implicated in HIV-1 nuclear
import by two functional genomic screening studies (7, 42).
Interestingly, using a yeast two-hybrid system and in vitro pull-
down assays, Christ et al. showed that HIV IN interacts with
TRN-SR2 and revealed that the knockdown (KD) of TRN-
SR2 affected the formation of 2-long-terminal-repeat (2-LTR)
circles and the nuclear translocation of fluorescently labeled
PIC (10). However, the latest study of Krishnan et al. indicated
that the HIV-1 capsid (CA), not IN, determines TRN-SR2
dependency during HIV-1 replication (43).

While the contribution of either the IN-Imp7 or the IN-
TRN-SR2 interaction to HIV-1 nuclear import and viral rep-
lication remains unclear and controversial, another well-char-
acterized Impo/Impp-mediated nuclear import pathway
(reviewed in references 24 and 46) was also suggested to be
utilized by HIV-1 for efficient nuclear import of viral DNA. In
fact, an earlier study by Gallay and coworkers suggested for the
first time that HIV-1 may infect nondividing cells through the
recognition of IN by the host importin/karyopherin pathway
(20). Their study showed that HIV-1 was able to interact with
the cellular import adaptor Impa1/Rchl (a 32-amino-acid [aa]
N-terminally truncated form of Impal) in an in vitro pulldown
assay and found that two IN mutants, the K186Q and Q214L
Q216L mutants, were unable to bind to Rch1. This observation
was further confirmed by another in vitro binding study by
Hearps and Jans (27). However, the functional significance of
this Impal-mediated nuclear import pathway and the impact
of the IN-Impa1 interaction on HIV-1 replication still remain
to be elucidated. Intriguingly, it is known that the Impa family
contains six isoforms in human cells: Impa1/Rchl (13), Impa3/
Qip1 (38, 62), Impa4 (38), Impa5 (12, 75, 76), Impa6 (38), and
Impa7 (41). These six isoforms are grouped into three sub-
families (41). Sequence analysis revealed that different subfam-
ilies have about 50% sequence identity. Within a subfamily, the
identity is at least 80%. Some in vitro studies have indicated
that various isoforms can recognize the same NLS-bearing
proteins, but each isoform has a different binding efficiency
(40, 41, 52, 77). However, the question of whether Impa iso-
forms can substitute for one another in vivo is still controver-
sial, and several Impa isoforms have been shown to have spe-
cific substrates during nuclear import (5, 40, 50, 57, 63, 77).
Importantly, some studies have provided evidence for a differ-
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entiation-associated alteration of Impa isoform gene expres-
sion in human cells. During neural differentiation of embryonic
stem cells, Impal expression was drastically reduced to nearly
undetectable levels, whereas high levels of Impa3 and ImpaS
expression were induced (82). A similar observation was also
made when human leukemia HL-60 cells were induced to
differentiate into monocytes/macrophages (67) and when rat
pancreatic AR42J cells were stimulated for differentiation to-
ward a neuroendocrine phenotype (39). This appears to be a
common phenomenon during cell differentiation. Since HIV-1
is capable of infecting both proliferating CD4™* T cells and
differentiated macrophages, it is interesting to investigate how
different Impa isoforms can contribute to HIV infection.

In the present study, we have investigated the contributions
of different Impa isoforms to HIV-1 replication, and we dem-
onstrate that Impa3 is required for efficient HIV infection
of various susceptible cells, including primary macrophages.
Quantitative PCR analysis revealed that Impa3-KD resulted in
a significantly reduced level of viral 2-LTR circles, suggesting a
role for Impa3 in HIV nuclear import. Moreover, we demon-
strate that HIV-1 IN is able to interact with Impa3 and that a
region (aa 250 to 270) in the C-terminal domain (CTD) of IN
is involved in this viral-cellular protein interaction. All of these
results provide evidence that Impa3 may be hijacked by HIV-1
IN for efficient HIV nuclear import and replication in both
dividing and nondividing cells, including macrophages.

MATERIALS AND METHODS

Construction of different expression plasmids and HIV proviruses. The cDNA
encoding Homo sapiens importin a3 (karyopherin a4) was PCR amplified from
pCMV6 Entry Impa3-myc (OriGene Technologies) using primers 5'-ATAGGA
TCCGTCGACGCGGACAACGAGAAACTGG-3' (forward) and 5'-CTGCGG
ATCCAGCGGCCGCGTACGCGT-3' (reverse), which introduced a BamHI
and a NotI restriction site, respectively. The amplified fragment was subcloned
into the SYCMVin-T7 vector at the 3’ end of a T7 tag by using BamHI and Notl
restriction sites and was named T7-Impa3. To construct pAcGFP-IN, a cDNA
fragment encoding full-length HIV IN was digested from yellow fluorescent
protein-labeled IN (YFP-IN) (2) using the BglII/BamHI enzymes and was cloned
into the pAcGFP1-C vector (Clontech) at the 3’ end of green fluorescent protein
(GFP). To construct IN deletion mutants pAcGFP-IN, _,,,, pAcGFP-IN|_,5(,
PAcGFP-IN| 5,0, andpAcGFP-IN5, ,g5, the corresponding coding fragments
were PCR amplified from AcGFP-IN by using specific primers and were sub-
cloned into the pAcGFP-C expression vector at the 3" end of GFP. The MA-YFP
expression plasmid has been described previously (2), and Vpr-YFP was con-
structed by inserting an HxBru Vpr cDNA (no ATG) into the pCMV-YFP-N1
vector. The Moloney murine leukemia virus (MMLYV)-based vector pFB-Luc was
purchased from Stratagene. The HIV-1 proviral clone pNL4.3-Nef"/GFP*
(pNL4.3-GFP) and the HIV-1 provirus pNL-BruABgl/Luc have been described
previously (2, 4). To generate the pNL-BruABgl/Luc/R™ provirus, the Apal-Sall
region in pNL-BruABgl/Luc was replaced by the same fragment from a previous
HIV provirus, HxBru-R™ (80).

Antibodies and chemicals. The antibodies and chemicals used in this study are
as follows. The rabbit anti-GFP polyclonal antibody, the mouse anti-T7 mono-
clonal antibody, and the mouse anti-Impa3 antibody were obtained from Mo-
lecular Probes, Novagen, and Abcam, Inc., respectively. The mouse anti-HIV
p24 and anti-CD4 monoclonal antibodies used in this study have been described
previously (1, 80). The rabbit antibody against hemagglutinin (HA) was obtained
from Sigma. The horseradish peroxidase (HRP)-conjugated anti-GFP antibody
and anti-HA were purchased from Miltenyi Biotec. The HRP-conjugated donkey
anti-rabbit IgG and sheep anti-mouse IgG were purchased from Amersham
Biosciences. The rabbit anti-IN antibodies (catalog no. 757) and the purified
recombinant HIV-1 NL4.3 IN protein (catalog no. 9420) were obtained through
the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH. The Western blot detection ECL kit was purchased from Perkin-Elmer
Life Science (Boston, MA). NP-40 Alternative and puromycin were obtained
from Calbiochem.
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Cell culture, transfection, establishment of Impa KD cell lines, and cell
proliferation assay. Human 293T cells, HeLa cells, and MLV packaging phoenix
cells were maintained in continuous culture using Dulbecco’s modified Eagle
medium (DMEM) supplemented with 1% penicillin-streptomycin and 10% fetal
calf serum (FCS). CD4" C8166 T lymphocytes were maintained in RPMI 1640
medium containing 1% penicillin-streptomycin and 10% FBS. Peripheral blood
mononuclear cells (PBMC) were isolated from the blood of healthy adult vol-
unteers by sedimentation on a Ficoll (Lymphoprep; Axis-Shield) gradient, plated
at the desired density in 12-well plates, and grown in DMEM containing 10%
fetal bovine serum (FBS) and 10 ng/ml macrophage colony-stimulating factor
(M-CSF; R&D Systems) for 1 week, until they differentiated into mature mac-
rophages. The DNA transfection experiments were carried out in 293T cells or
HelLa cells by a standard calcium phosphate DNA precipitation method or the
Lipofectamine 2000 transfection protocol. At 48 h posttransfection, the cells
were harvested and subjected to further experiments.

To stably knock down different Impa isoforms, pLKO.1 lentiviral vectors
harboring short hairpin RNA (shRNA) targeting Impal, Impa3, Impas5, and
Impa7 were obtained from Open Biosystems. The hairpin consists of a 21-base
stem and a 6-base loop. The sense oligonucleotide sequence targeting Impal,
Impa3, ImpasS, and Impa7 are as follows: 5'-CTACCTCTGAAGGCTACACT
T-3', 5'-GCCCTCTCTTACCTTACTGAT-3', 5'-GCAGTTATTCAAGCGGA
GAAA-3', and 5'-GCTGCCATGTTCGATAGTCTT-3'. First, vesicular stoma-
titis virus glycoprotein G (VSV-G)-pseudotyped lentiviral particles (LVPs)
harboring each shRNA were produced in 293T cells by cotransfecting pLKO1-
shRNA, an HIV packaging plasmid (p.CMVARS.2), and a VSV-G expression
plasmid. The pLKO.1 vector plasmid expressing scrambled shRNA (ScRNA)
(obtained from Open Biosystems) was used to produce control vector particles.
At 48 h posttransfection, the LVPs from supernatants were pelleted by ultra-
centrifugation (32,000 rpm for 1.5 h) and were used to transduce HeLa and
C8166 T cells. After 48 h posttransduction, cells were cultured with fresh medium
containing puromycin (0.5 to 2 pg/ml). After selection for 6 to 7 days, the
knockdown levels of each Impa isoform were evaluated by Western blotting
using corresponding antibodies, and meanwhile the cell lines were prepared for
different analyses, including HIV infection experiments. To produce Impa3-KD
and ScRNA-treated monocyte-derived macrophages (MDMs), the MDMs were
treated with M-CSF for 1 week in 12-well plates and were then treated with LVPs
harboring SCRNA or Impa3 shRNA twice in a 24-h interval. Both transduced
and nontransduced MDMs were analyzed for their morphology and KD effi-
ciency at day 4 posttransduction, as well as for HIV infection.

The 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disul-
fonate (WST-1) assay (Roche) was used to measure the proliferation of Impal-,
Impa3-, Impa5-, and ScCRNA-treated C8166 cell lines. Briefly, after different
shRNA-transduced C8166 cell lines were generated for 6 to 7 days, each cell line
was cultured at a density of 15 X 103 cells/well in a 96-well format and was
maintained at 37°C. On different culture days, WST-1 was added to the culture
at 10 pl/well and was incubated at 37°C for 4 h. After a thorough shaking for 1
min, the absorbance at 490 nm was recorded using a microplate (enzyme-linked
immunosorbent assay [ELISA]) reader. To examine the expression of the CD4
receptor on the surfaces of C8166 T cells transduced with different shRNAs,
equal amounts of cells were incubated with a monoclonal anti-CD4 antibody
(OKT4) at 4°C, followed by the addition of a fluorescein isothiocyanate (FITC)-
conjugated anti-mouse antibody. After three washes with phosphate-buffered
saline (PBS), cell populations were analyzed by a fluorescence-activated cell
sorter (FACS) (FACSCalibur; Becton Dickinson).

In vitro binding assay and cell-based coimmunoprecipitation (co-IP) experi-
ments. To test the HIV IN-Impa3 interaction by an in vitro binding assay,
glutathione S-transferase (GST) and Impa3-GST fusion proteins expressed in
Escherichia coli JM101 were purified as described previously (19). Equal
amounts of purified GST and Impa3-GST were incubated with AcGFP- or
AcGFP-IN-transfected 293T cell lysates. Then 100 pl of glutathione-Sepharose
4B beads (Amersham Biosciences) was added to the mixture and incubated for
2 h at 4°C. Beads were then washed five times with 0.25% NP-40 lysis buffer.
Bound proteins were eluted with sodium dodecyl sulfate (SDS)-gel loading
buffer, resolved by 12.5% SDS-polyacrylamide gel electrophoresis (PAGE), and
detected by Western blotting using mouse anti-GFP antibodies.

To detect the interaction between Impa3 and HIV IN, Vpr, MA, or different
IN deletion mutants in mammalian cells, 293T cells were cotransfected with
T7-Impa3 and the AcGFP-INwt/mut, MA-YFP, or Vpr-YFP expression plas-
mid. At 48 h posttransfection, the cells were harvested and washed with PBS.
Then 90% of the cells were lysed in NP-40 lysis buffer (199 medium containing
0.25% NP-40 Alternative and a protease inhibitor cocktail [Roche]) on ice for 30
min, and the lysates were clarified by centrifugation (13,000 rpm for 30 min at
4°C). After centrifugation, the clarified supernatant was subjected to immuno-
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precipitation using a rabbit anti-GFP antibody. The immunoprecipitates were
then resolved by 10% SDS-PAGE, and the T7-Impa3 that was pulled down
together with GFP-IN was analyzed by Western blotting using mouse anti-T7
antibodies. In addition, the presence of GFP-INwt/mut in the immunoprecipi-
tates was detected by an anti-GFP antibody. To detect the expression of T7-
Impa3 and/or GFP-IN wt/mut, 10% of the cells were lysed using Tris buffer
containing 0.5% NP-40 and were subjected to Western blotting using mouse
anti-T7 or anti-GFP antibodies, respectively.

To detect the binding of HIV-1 IN to endogenous Impa3 in HIV-1-infected
CD4" C8166 T cells, 10 X 10° CD4" C8166T cells were infected with an HxBru
or HxBru-IN-HA virus (2). After 72 h of infection, cells were lysed in NP-40 lysis
buffer and were immunoprecipitated with an anti-HA antibody. Then the im-
munoprecipitates were resolved by 10% SDS-PAGE, followed by Western blot-
ting using rabbit anti-Impa3 and anti-HA antibodies. Meanwhile, the intracel-
lular p24 protein was checked by loading 1/30 of the cell lysate onto an 12%
SDS-PAGE gel, followed by Western blotting using a mouse anti-p24 antibody.

Virus production and infection. To study the effect of Impa knockdown on
HIV replication, VSV-G-pseudotyped single-cycle-replicating pNL-Bru-ABgl/
Luc/R" and pNL-Bru-ABgl/Lucp24/R ™~ viruses and HIV-1 pNL4.3-GFP were
produced in 293T cells as described previously (1, 4). The virus titer was quan-
tified with an HIV-1 p24 antigen capture assay kit (purchased from the NCI—
Frederick AIDS Vaccine Program). A total of 0.5 X 10° Impal-, Impa3-, or
Impa5-KD or ScCRNA-treated HeLa or C8166 T cells were infected with equal
amounts of VSV-G-pseudotyped pNL-Bru-ABgl/Luc/R™" virus (5 to 10 ng p24).
After 2 h of incubation, cells were washed twice and were then cultured in
complete RPMI medium at 37°C for 48 h. Then 1 X 10° cells from each sample
were collected and lysed in 50 wl of luciferase (Luc) lysis buffer (Promega), and
10 pl of the cell lysate was subjected to the Luc assay by using a POLARstar
OPTIMA microplate reader (BMG Labtech, Germany). Luc activity was ex-
pressed as relative luciferase units (RLU). To test the effect of Impa3-KD on
HIV infection in macrophages, the macrophages were first transduced by LVPs
expressing an Impa3 shRNA or SCRNA. After 4 days of transduction, cells were
infected with a VSV-G-pseudotyped pNL-BruABgl/Luc/R" or pNL-BruABgl/
Luc/R™ virus (30 ng of p24/sample). After overnight infection, the cells were
washed, cultured in complete DMEM, and harvested at different time intervals.
All cells were lysed in Luc lysis buffer, and equal amounts of cell lysates (adjusted
by protein concentration) were subjected to the Luc assay.

To monitor HIV-1 replication kinetics in Impa3-KD C8166 cells, pNL4.3-
GFP™ viruses (multiplicity of infection [MOI], 0.02) were used to infect C8166 T
cells, and at different time points after infection, HIV replication levels were
monitored by measuring the HIV-1 Gag antigen present in the supernatant using
an HIV-1 p245“¢ ELISA. In addition, at day 4 postinfection, the GFP-positive
HIV-1 infected cells were fixed with 4% paraformaldehyde in PBS and were
observed by fluorescence microscopy. Meanwhile, the levels of HIV p245%¢ pro-
tein in the infected cells were analyzed by Western blotting with an anti-p24
antibody.

For the production of VSV-G-pseudotyped MLV vector particles, an MLV-
based retroviral plasmid (pFB-Luc; purchased from Stratagene) containing the
luciferase gene and a VSV-G plasmid were cotransfected into the MLV pack-
aging phoenix cell line. After 48 h, supernatants containing MLV particles were
filtered through a 0.45-pm-pore size filter and were used to infect CD4™ C8166
T cells. At 48 and 72 h postinfection, the level of MLV infection was monitored
by measurement of Luc activity.

Real-time quantitative PCR (RQ-PCR) analysis. Stable C8166 cell lines with
Impa3 knockdown or SCRNA were infected with the pNL4.3-GFP virus stock,
which was produced from C8166 T cells infected with the same virus strain.
pNL4.3-GFP viruses were used to infect C8166 T cells, followed by PCR analysis,
in order to avoid carryover plasmid DNA contamination. Heat-inactivated virus
(pretreated at 65°C for 30 min) was used as a negative control for infection. After
infection, cells were incubated for 2 h at 37°C, washed twice, and cultured in
complete RPMI medium. To restrict viral replication to a single cycle, azidothy-
midine (AZT) was added to the cell cultures after 12 h of infection. At 12 and
24 h postinfection, 1 X 10° infected cells were harvested, and DNA was isolated
using a QIAamp blood DNA minikit (Qiagen). The total levels of HIV-1 DNA,
2-LTR circles, and integrated DNA were quantified in an Mx3000P real-time
PCR system (Stratagene, CA) with the following protocols. The quantitative
PCR for total HIV-1 DNA was carried out using primers targeting the Gag
region outside the HIV genomic sequence of PLKO.1 shRNA (Open Biosys-
tems). The reaction was carried out in a 20-pl final volume, consisting of 1x
FastStart DNA Master SYBR green I (Roche Diagnostics, Germany) and 0.2
pM (each) sense (TD-Gag Fr [5'-ATCAAGCAGCCATGCAAATG-3']) and
antisense (TD-Gag-Rv [5'-CTGAAGGGTACTAGTAGTTCC-3']) primers.
The 2-LTR circle DNA was quantified using primers MH535 (5'-AACTAGGG
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FIG. 1. shRNA-mediated knockdown of Impal, Impa3, Impa5, and Impa7 in HeLa cells inhibited infection with VSV-G-pseudotyped HIV-1.
(A) HeLa cells were transduced with lentiviral vectors harboring Impal, Impa3, Impas5, or Impa7 shRNA or a scrambled sShRNA (ScRNA) and
were selected with puromycin (2 pg/ml) for 7 days. Cells were subsequently analyzed for Impal, Impa3, Impad, or Impa7 knockdown (KD) by
Western blotting using the corresponding antibodies. B-Actin is included as an internal control. The results shown are representative of three
different experiments. (B) A total of 0.2 X 10° HeLa cells with KD of Impa1, Impa3, Impa5, or Impa7, or transduced with a vector harboring
ScRNA, were challenged by VSV-G-pseudotyped, luciferase (Luc)-expressing HIV-1 (pNL-BruABgl/Luc) (10 ng virus-associated p24 antigen).
The same amount of cells was collected after 48 h of infection and analyzed for Luc activity. (C) HeLa cells with Impa3-KD or ScCRNA were
transfected with the pNL-BruABgl/Luc provirus or an MMLYV vector carrying a luciferase gene plasmid (pBp-STR Luc™). Forty-eight hours later,
the same amount of cells was collected and analyzed for Luc activity. Data shown are means and standard errors and are representative of the

results for duplicate samples from two independent experiments.

AACCCACTGCTTAAG-3" and MH536 (5'-TCCACAGATCAAGGATATCT
TGTC-3") and the 2LTR probe (3'-6-carboxyfluorescein [FAM]-ACACTACTT
GAAGCACTCAAGGCAAGCTTT-6-carboxytetramethylrhodamine [TAMRAJ-
5"), targeting LTR-LTR junctions, as described previously (9). The integrated
viral DNA was quantified by an Alu-LTR-nested PCR procedure as described
previously (68), with minor modifications. Briefly, the first round of PCR was
carried out using primers targeting Alu (Alu-Fr [5'-TCCCAGCTACTCGGGA
GGCTGAGG-3']) and the Gag region (Int-Gag [5'-GTCCAGAATGCTGGT
AGGGCTATACA-3']) outside the HIV genomic sequence of the PLKO.1-
ShRNA vector. The second round of PCR was carried out using primers TD-Gag
Fr and TD-Gag Rv as described above. A first-round PCR without 7Tag DNA
polymerase was followed by a second round of PCR to rule out background
amplification from unintegrated viral DNA. Total DNA, 2-LTR circle DNA, and
integrated DNA were expressed as copy numbers per cell, with the DNA tem-
plate normalized by B-globin gene amplification using primers Bglo1 (forward)
(5'-CAACTTCATCACGTTCACC-3") and glob2 (reverse) (5'-GAAGAGCCA
AGGACAGGTAC-3).

RESULTS

Inhibitory effects of shRNA-mediated knockdown of Impa1,
Impa3, Impa5, and Impa7 on VSV-G-pseudotyped HIV-1 in-
fection in HeLa cells. In this study, we first investigated the
effects of different Impa isoforms on HIV-1 infection. A
shRNA-lentiviral vector system (pLKO1 lentiviral vector) was
used to knock down Impal, Impa3, ImpaS, or Impa7 in HeLa
cells, and four stable Impa knockdown (Impa-KD) cell lines
were generated. Briefly, lentiviral vector particles (LVPs) con-
taining Impal, Impa3, ImpaS, or Impa7 shRNA produced
from 293T cells, as described in Materials and Methods, were
used to transduce 0.2 X 10° HeLa cells. In parallel, LVPs
containing a scrambled shRNA (ScRNA) were used as a con-
trol. After 48 h, transduced cells were cultured in DMEM
containing puromycin (2 pg/ml) for 6 days. Then the knock-
down of each Impa was verified by immunoblotting with the

corresponding antibodies. It is worth noting that we could not
compare the relative expression levels of distinct Impa iso-
forms due to the different affinities of antibodies. However, the
results clearly showed that approximately 90 to 95% of Impal,
Impa3, and ImpaS was knocked down, and for Impa7, the
protein level was reduced to about 30% compared to the level
in ScCRNA-transduced cells (Fig. 1A).

We then tested a VSV-G-mediated single-cycle HIV infec-
tion in each Impa-KD or ScCRNA cell line by infecting with
equal amounts of VSV-G-pseudotyped, firefly luciferase-ex-
pressing HIV-1 (pNL-BruABgl/Luc) (10 ng of HIV p24 anti-
gen). After 48 h, the HIV-1 infection level was monitored by
measuring the luciferase (Luc) activity from an equal amount
of infected cells (Fig. 1B). Compared with ScCRNA cells, we
observed about 50% inhibition of HIV-1 infection in Impal-
or Impa5-KD cells, and a 3.5-fold reduction of infection in
Impa3-KD cells. In contrast, no decrease in Luc activity was
found in Impa7-KD cells (Fig. 1B). Since the luc gene was used
to replace the nef gene in the virus, these findings suggest that
Impal, Impa3, and Impas$, especially Impa3, may be involved
in the steps before or at early gene expression during the HIV
replication cycle.

Since Impa3-KD was shown to have a significant inhibitory
effect on HIV infection, we next tested whether Impa3-KD-
mediated inhibition was due to its effect on HIV transcription
and gene expression. Impa3-KD and ScRNA-treated HeLa
cells were transfected with pNL-BruABgl/Luc proviral DNA,
and the Luc activity in the transfected cells was measured at
48 h posttransfection. Interestingly, Impa3-KD cells displayed
a Luc activity level similar to that of control cells, suggesting
that Impa3-KD did not affect HIV gene expression, at least
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FIG. 2. Effects of Impal-, Impa3-, and ImpaS5-KD on the infection of CD4* C8166 cells with VSV-G-pseudotyped HIV-1. (A) C8166 cells
were transduced with lentiviral vectors harboring either Impal, Impa3, or Impa5 sShRNA or a scrambled shRNA and were selected with puromycin

(0.5 pg/ml) for 7 days. Cells were subsequently analyzed for Impal,

Impa3, or Impa5 expression by Western blotting using the corresponding

antibodies. B-Actin was included as an internal control. The results shown are representative of three different experiments. (B) A WST assay was
performed to determine the growth of cell populations with Impal-, Impa3-, or Impa5-KD, or with SCRNA, at different time points, as indicated.
(C) A total of 0.5 X 10° C8166 T cells with Impal-, Impa3-, or Impa5-KD, or with SCRNA, were challenged with VSV-G-pseudotyped,
Luc-expressing HIV-1 (pNL-Bru-Luc*/E™) (10 ng virus-associated p24 antigen). After 48 h of infection, equal amounts of cells were collected and
were analyzed for Luc activity. (D) C8166 T cells with Impa3-KD or with SCRNA were infected with a VSV-G-pseudotyped MLV vector containing
the luc gene, and the Luc activity of infected cells was checked at 48 and 72 h postinfection. Data shown are means and standard errors and are
representative of the results for duplicate samples from a typical experiment, which were confirmed in two other independent experiments.

for Nef (Fig. 1C). Meanwhile, an MMLV vector plasmid
(pBpSTR-Luc™) in which Luc expression is driven by a cytomeg-
alovirus (CMV) promoter was also transfected into Impa3-KD
HeLa cells. Consistently, Luc activity was not reduced in
Impa3-KD cells (Fig. 1C). Taken together, these results provide
evidence to suggest that knockdown of Impa3 in HIV-1 target
cells might specifically impair early steps during HIV-1 replica-
tion, possibly at reverse transcription, nuclear import, and/or in-
tegration.

Impa3-KD in CD4* C8166 T cells significantly inhibited
HIV-1 infection. The next question we asked was whether
knockdown of various Impa isoforms in HIV-susceptible cells
would have similar effects on HIV infection. Impal, Impa3, or
Impa5 shRNAs were introduced into CD4 " C8166 T cells by
use of the LVPs described above. After 1 week of selection
with puromycin, Western blotting showed that the expression
of Impal, Impa3, and ImpaS was reduced as much as 90% or
more (Fig. 2A). Moreover, specific knockdown of any one of
these isoforms did not affect the expression of the other Impa

isoforms. It was noticed that the efficient knockdown of Impa
lasted only for about 3 to 4 weeks. Subsequently, the expres-
sion of the targeted Impa isoform would be increased even in
the presence of puromycin (data not shown). Thus, after pu-
romycin selection for 1 week, each of the cell lines was pre-
pared for different analyses. First, the effect of each Impa-KD
on C8166 T-cell growth was monitored by using a WST-1 assay
(Fig. 2B). The results showed that the Impa5-KD C8166 T-cell
line grew at a rate similar to that of SCRNA-transduced cells.
However, the growth of C8166 T cells with Impal-KD or
Impa3-KD was moderately inhibited, even though the knock-
down of these importin isoforms was not lethal to the cells.
To determine the contribution of Impal, Impa3, or ImpaS
to HIV-1 infection in C8166 T cells, we first infected the same
amount of Impa-KD C8166 T cells with VSV-G-pseudotyped,
luciferase-expressing HIV-1, as described above. The data
showed that knockdown of Impa3 inhibited HIV-1 replication
4-fold, while the shRNA-mediated silencing of Impal or
ImpasS reduced Luc activity only about 50 to 60% from that in
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FIG. 3. Impa3 knockdown significantly inhibited the infection of CD4* C8166 T cells with wild-type HIV-1. (A) Inhibitory effect of Impa3-KD
on HIV-1 replication and progression in CD4* C8166 T cells. A total of 0.5 X 10° Impa3-KD or ScCRNA-transduced C8166 cells were infected
with HIV-1 pNL4.3-GFP at an MOI of 0.02. At various days postinfection (x axis), the supernatant was collected, and HIV p245 levels were
measured in order to monitor virus replication. (B) After 4 days of infection, the infected (GFP-positive) Impa3-KD and ScRNA-transduced
C8166 cells were visualized by fluorescence microscopy (left), and the viral protein p24%“¢ was detected by Western blotting using an anti-p24
antibody (right). (C) Levels of expression of the CD4 receptor on the surfaces of Impa3-KD, SCRNA-transduced, or normal (Mock) C8166 T cells

were observed by anti-CD4 staining and flow cytometry analysis.

shRNA-transduced cells (Fig. 2C). These results are consistent
with our observation for HeLa cells with KD of Impa (Fig.
1B). To further test whether such inhibitory effects were only
specific for HIV, we also tested a VSV-G-pseudotyped MLV
vector infection in Impa3-KD and ScCRNA-transduced C8166
T-cell lines. Since a luc gene was inserted into the MLV vector,
MLV infection was also monitored by the measurement of Luc
activity at 48 and 72 h postinfection (Fig. 2D). The results
showed that the MLV infection in dividing Impa3-KD C8166
T cells was reduced approximately 40 to 50% from that in
ScRNA-transduced cells. All of these studies indicate that
Impa3-KD in CD4™" T cells had a profound inhibitory effect on
HIV-1 infection and a modest inhibitory effect on MLV infec-
tion in Impa3 KD cells. It is possible that the modest impair-
ment of MLV infection is at least partially due to slower cell
proliferation, since the MLV PIC requires cell division.

To further investigate HIV-1 replication and spread in
Impa3-KD C8166 T cells, we infected 0.5 X 10° Impa3-KD or
ScRNA-transduced C8166 cells with equal amounts of wild-
type HIV-1 (pNL4.3-GFP™) (MOI, 0.02). At different time
intervals, the HIV replication kinetics were monitored by mea-
suring HIV p245“¢ production in the supernatant with an HIV
p24 ELISA. The results showed that HIV-1 replication pro-
gressed quickly in SCRNA-transduced cells and that viral rep-
lication peaked at day 4, at which time cells were rapidly killed

by HIV-induced cytopathic effects and syncytium formation. In
contrast, in Impa3-KD cells, viral infection was significantly
attenuated, and no viral p245“¢ was detected in the first 3 days.
At days 4 and 5, only low levels of p24 were detected by ELISA
(Fig. 3A) and by Western blotting (Fig. 3B, right). Similar
results were obtained by fluorescence microscopy (Fig. 3B,
left). At day 6 postinfection, viral replication started to in-
crease. To exclude the possibility that Impa3-KD-mediated
attenuation of HIV infection was the result of altered expres-
sion of the HIV-1 receptor on the cell surface, we measured
the levels of the CD4 receptor on Impa3-KD and ScRNA-
transduced C8166 cells by anti-CD4 staining and FACS anal-
ysis. No difference was observed between these two transduced
cell lines (Fig. 3C), indicating that Impa3-KD had no effect on
the expression of the CD4 receptor on the cell surface. Taken
together, our results indicate that Impa3-KD in CD4* C8166
T cells efficiently inhibited HIV-1 replication and spread.
shRNA-mediated Impa3 depletion resulted in reduced
HIV-1 2-LTR circle formation without affecting reverse tran-
scription. To pinpoint the step(s) at which HIV-1 replication
was affected in Impa3-KD cells, we examined HIV-1 reverse
transcription, 2-LTR circles, and integrated-DNA levels by
RQ-PCR analysis. First, C8166 T cells with Impa3-KD or
ScRNA were infected with the pNL4.3-GFP™* virus. After 2 h
of infection, the cells were washed and cultured in RPMI
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points after infection (12 and 24 h), DNA was extracted from infected cells, and HIV-1 late reverse transcription products (A), HIV-1 2-LTR
circles (B), and the integrated DNA level (C) were analyzed by RQ-PCR using the corresponding primers as described in Materials and Methods.
Data shown are means and standard errors and are representative of the results for duplicate samples from a typical experiment, which were

confirmed in two other independent experiments.

medium. To restrict viral replication to a single cycle, AZT was
added to the culture after 12 h of infection. At 12 and 24 h
postinfection, cells were harvested and DNA was extracted by
using a QIAamp DNA blood minikit to quantify late reverse
transcripts, 2-LTR circles, and the integrated provirus, as de-
scribed in Materials and Methods. The results showed that
similar levels of viral cDNA synthesis were detected in
Impa3-KD and ScRNA-transduced C8166 T cells (Fig. 4A).
However, a 4- to 5-fold reduction in the level of 2-L'TR circles
was steadily detected in HIV-infected Impa3-KD cells at both
12 and 24 h postinfection (Fig. 4B). Meanwhile, the integrated
proviral DNA in HIV-1-infected Impa3-KD and ScRNA-
transduced C8166 T cells was analyzed. At 12 h postinfection,
no integrated proviral DNA could be detected in either
Impa3-KD or ScRNA-transduced cell samples, but at 24 h
postinfection, the level of integrated proviral DNA observed in
Impa3-KD cells was approximately 7-fold lower than that in
ScRNA-transduced cells (Fig. 4C). These significant decreases
in the levels of both 2-LTR circles and integrated proviral
DNA were well correlated with the attenuated HIV replication
in Impa3-KD C8166 cells (Fig. 3). All of these data suggest
that HIV-1 replication was affected at a step(s) after reverse
transcription, which included HIV DNA nuclear import.
Interaction between Impa3 and HIV-1 IN. The results re-
ported above suggest that Impa3 is required for HIV nuclear
import. However, how Impa3 is involved in this HIV replica-
tion step is still an open question. It is possible that during the
early stages of viral replication, HIV may be able to recruit this
cellular importin by using its nucleophilic proteins to facilitate
PIC nuclear import. Since HIV IN plays an important role

during HIV nuclear import (1, 2, 6, 10, 16, 20), we first used an
in vitro pulldown assay to test for an interaction between HIV
IN and Impa3. The result showed that recombinant Impa3-
GST, but not GST alone, bound to GFP-IN that was overex-
pressed in 293T cells (Fig. 5A). To test whether HIV IN could
bind directly to Impa3 in vitro, similar amounts of purified
GST and GST-Impa3 were incubated with purified recombi-
nant HIV-1 IN in 0.25% NP-40 lysis buffer for 4 h at 4°C,
followed by an additional 1-h incubation with glutathione-
Sepharose 4B beads. Then the bound protein complex was
eluted out with 100 mM glutathione and was loaded onto a
12.5% SDS-PAGE gel, followed by Western blot analysis with
anti-IN antibodies. The results showed that the purified HIV-1
IN was able to interact with GST-Impa3 but not with GST
alone (Fig. 5A, right). Thus, IN may bind to Impa3 through a
direct protein-protein interaction. Then we checked the inter-
action between Impa3 and IN by a cell-based coimmunopre-
cipitation (co-IP) assay. In parallel, the interaction between
Impa3 and other HIV-1 karyophilic proteins, MA and Vpr,
was also tested. Briefly, a T7-tagged human Impa3 (CMV-T7-
Impa3) expresser was cotransfected with a plasmid expressing
GFP, GFP-IN, MA-YFP, or Vpr-YFP into 293T cells, as in-
dicated in Fig. 5B. After 48 h, cells were lysed with NP-40
buffer (0.25% NP-40 in 199 medium). The lysates were subse-
quently subjected to immunoprecipitation (IP) using a rabbit
anti-GFP antibody, and the coprecipitated Impa3 was detected
by Western blotting with a mouse anti-T7 antibody (Fig. 5B,
top). The results showed that T7-Impa3 could be detected in
the GFP-IN and Vpr-YFP IP samples, but not in the GFP or
the MA-YFP IP sample. These data indicate that both HIV-1
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FIG. 5. Impa3 interacts with HIV-1 integrase (IN) in vitro and in cotransfected 293T cells and HIV-infected C8166 T cells. (A) (Left) Cell
lysates from 293T cells expressing GFP or GFP-IN were incubated with either GST alone or a recombinant GST-Impa3 fusion protein. After GST
pulldown, the bound proteins were analyzed by Western blotting (WB) with an anti-GFP antibody. (Right) Equal amounts of GST and GST-Impa3
were incubated with purified recombinant HIV-1 IN followed by GST pulldown and were analyzed on an SDS-PAGE gel by Western blotting with
rabbit anti-IN antibodies. (B) Impa3 interacts with HIV-1 IN and Vpr in 293T cells. A full-length human T7-Impa3 expression plasmid was
cotransfected with a plasmid expressing GFP, GFP-IN, MA-YFP, or Vpr-YFP into 293T cells. (Top) After 48 h of transfection, 90% of the
transfected cells were lysed in 0.25% NP-40 buffer and were immunoprecipitated with a rabbit anti-GFP antibody. The immunoprecipitates were
resolved using 10% SDS-PAGE, and the bound T7-Impa3 was detected by WB with an anti-T7 antibody. (Center) The presence of GFP-INwt/mut
in immunoprecipitates was detected by an anti-GFP antibody. (Bottom) To check protein expression, the remaining 10% of the transfected cells
were lysed with 0.5% NP-40, run directly on a 10% SDS-PAGE gel, and probed with anti-T7 antibodies. (C) HeLa cells were transfected with a
GFP, GFP-IN, MA-YFP, or Vpr-YFP plasmid. After 48 h, cells were fixed and labeled with an anti-GFP antibody, and the nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI). Cells were then analyzed by fluorescence microscopy (with a 40X objective lens). (D) Impa3 interacts
with HIV-1 IN in virus-infected C8166 T cells. Approximately 10 X 10° C8166 T cells were infected with an HxBru or HxBru-IN-HA virus. (Top)
Seventy-two hours after infection, cells were lysed and immunoprecipitated with a rabbit anti-HA antibody, and the bound endogenous Impa3 was
detected by Western blotting using rabbit anti-Impa3. The normal C8166 cell lysate was loaded as a positive control (PC). (Center) The
immunoprecipitated HA-IN was also detected by WB using a mouse anti-HA antibody. (Bottom) Lysates from the infected C8166 cells were
directly loaded onto an SDS-PAGE gel to detect HIV p24%“¢ protein by WB using an anti-p24 antibody.

IN and Vpr, but not GFP or MA-YFP, were able to specifically
interact with Impa3 in 293T cells. Also, we investigated the
intracellular localizations of these fusion proteins in HeLa cells
and showed that while GFP-IN and Vpr-YFP were localized
predominately in the cell nucleus, MA-YFP was located out-
side the nucleus (Fig. 5C), confirming a previous observation
(14).

To further test whether the interaction between IN and
endogenous Impa3 occurs during HIV-1 infection, we infected
10 X 10° C8166 T cells with either an HxBru or an HxBru-
IN-HA virus (2), and at 72 h after infection, cells were lysed
and immunoprecipitated with an anti-HA antibody. Then im-
munoprecipitates were resolved by 10% SDS-PAGE followed
by Western blotting using rabbit anti-Impa3 and anti-HA an-

tibodies, respectively. These results revealed that endogenous
Impa3 was coprecipitated by IN-HA in the HxBru-IN-HA-
infected sample but not in the HxBru-infected sample (Fig.
5D, top and center, compare lanes 1 and 2). To confirm that
similar levels of infection occurred in the two infected cultures,
the HIV p24%“ level in each sample was examined, and the
levels in the two infected samples were found to be similar
(Fig. 5D, bottom, compare lanes 2 and 3). These results clearly
demonstrated the interaction between Impa3 and viral IN in
HIV-1-infected T cells.

The C-terminal region of HIV-1 IN is involved in its inter-
action with Impa3. We next tried to delineate the region(s) of
IN required for its interaction with Impa3. First, we cotrans-
fected either wild-type GFP-IN or the N- or C-terminal do-
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blotting (WB) with an anti-T7 antibody. (Top) Bound T7-Impa3 was detected by IP with an anti-GFP antibody followed by WB using an anti-T7
antibody. (Center) The immunoprecipitated GFP, wild-type GFP-IN, and GFP-IN deletion mutants were detected by WB with an anti-GFP
antibody. (Bottom) T7-Impa3 expression was detected with an anti-T7 antibody. (B) Plasmids expressing wild-type GFP-IN or the different IN
C-terminal deletion mutants, including GFP-IN, ,,,, GFP-IN,_,5,, and GFP-IN, _,,,, were each cotransfected with a T7-Impa3 expression plasmid
into 293T cells, and the Impa3 binding of each IN mutant was analyzed by the co-IP assay as described in Materials and Methods. (Top) Bound
T7-Impa3 was detected by IP with anti-GFP followed by WB using anti-T7 antibodies. (Center) The immunoprecipitated GFP, wild-type GFP-IN,
and GFP-IN deletion mutants were detected by WB with an anti-GFP antibody. (Bottom) Total T7-Impa3 expression in the transfected cells was
examined by Western blotting using an anti-T7 antibody. (C). Intracellular localizations of different GFP-IN mutants. HeLa cells were transfected
with plasmids expressing GFP, GFP-IN, GFP-IN,_,,,, GFP-IN,_,5,, or GFP-IN,_,,,. After 48 h, cells were fixed and labeled with an anti-GFP
antibody, and the nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Cells were then analyzed by fluorescence microscopy (with a

40X objective lens).

main deletion mutant (GFP-INsg5s5 or Grp-n,,,) With T7-
Impa3 in 293T cells and tested their binding abilities by a co-IP
assay. Interestingly, the results revealed that GFP-INy ,gq
bound to T7-Impa3 as efficiently as did GFP-IN (Fig. 6A, lanes
2 and 4). However, the C-terminal deletion mutant GFP-IN, ,,,
was unable to bind to T7-Impa3 (Fig. 6A, lane 3), suggesting
that the C-terminal domain (CTD) of IN may be required for
Impa3 binding.

To further clarify the region(s) in the CTD of IN that may
contribute to the binding to Impa3, we constructed another
two C-terminal deletion mutants, GFP-IN, ,5, and GFP-IN, ,,,
and tested their binding to T7-Impa3. As shown in Fig. 6B, the
GFP-IN, ,,, and GFP-IN,_,5, mutants were unable to bind
efficiently to Impa3. However, the GFP-IN,_,,, mutant re-
stored a strong binding ability. Meanwhile, we examined the
intracellular localization of each GFP-IN mutant by transfect-
ing each of them into HeLa cells. After 48 h of transfection,
cells were fixed, and the intracellular localization of each
GFP-IN mutant was visualized by an anti-GFP antibody fol-
lowed by an FITC-conjugated anti-rabbit antibody. The results
revealed that while GFP-IN, ,,, and GFP-IN, 5, were local-
ized outside the nucleus, GFP-IN, -, was located primarily in
the nuclei of transfected cells (Fig. 6C). All of these results
suggest that a region encompassing aa 251 to 270 in the C-
terminal domain of IN is required both for Impa3 binding and
for nuclear localization.

Importance of Impa3 for HIV-1 infection in primary mac-
rophages. Productive infection of nondividing cells, such as
macrophages, depends on the active nuclear import of the
HIV-1 PIC. Since the results described above provide evidence
for the requirement of Impa3 for HIV nuclear import, it is
important to investigate whether Impa3 is also necessary for
the infection of primary macrophages by HIV-1. First, periph-
eral blood mononuclear cells (PBMC) were isolated from
healthy donors and cultivated in DMEM supplemented with
10% FBS for 2 h, and nonadherent cells were removed. The
adherent cells were cultured for 1 week in the presence of
macrophage colony-stimulating factor (M-CSF) (10 ng/ml) to
allow differentiation into monocyte-derived macrophages
(MDMs) (Fig. 7A). Then the MDMs were transduced with
equal amounts of lentiviral vectors containing either scrambled
shRNA or Impa3 shRNA. After 4 days of transduction, both
transduced and nontransduced MDMs were analyzed for their
morphology (Fig. 7A) and the efficiency of Impa3-KD. The
results showed that at 4 days after the introduction of the
Impa3 shRNA, the Impa3 expression level in macrophages
was suppressed by 75 to 80% (Fig. 7A, top).

Then Impa3-KD and ScRNA-transduced macrophages
from donors 1 and 2 were infected with VSV-G-pseudotyped
pNL-BruABgl/Luc/R™ HIV-1 (30 ng virus-associated p24 an-
tigen), and at different time points (3, 5, 7, and 9 days for donor
1; day 7 for donor 2) after infection, macrophages were lysed
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FIG. 7. Inhibitory effect of Impa3-KD on HIV-1 infection in human primary macrophages. (A) MDMs from different donors were transduced
with equal amounts of lentiviral vectors carrying SCRNA or Impa3 shRNA. (Top) At day 4 posttransduction, endogenous Impa3 expression in
Impa3 shRNA- and ScCRNA-treated macrophages was detected by Western blotting using an anti-Impa3 antibody. B-Actin was included as an
internal control. (Bottom) Nontransduced (a), ScCRNA-transduced (b), and Impa3 shRNA-transduced (c) MDMs were observed under a
microscope with a 20X objective lens. (B and C) Impa3 shRNA- or SCRNA-transduced MDMs from donor 1 or donor 2 were infected with
VSV-G-pseudotyped pNL-Bru-Luc*/R" HIV-1. Equal amounts of cells were collected and analyzed for Luc activity at various days postinfection
(B) or at day 7 (C). (D) Impa3 shRNA- or ScRNA-transduced MDMs from donor 3 were infected with a VSV-G-pseudotyped R* or R™
pNL-Bru-Luc™ virus. After 7 days of infection, equal amounts of cells were collected and analyzed for Luc activity.

and subjected to Luc assays to analyze viral replication (Fig. 7B
and C). In ScCRNA-transduced macrophages, the Luc activity
reached a peak at day 7 after infection. In contrast, HIV could
not establish a productive infection in Impa3-KD MDMs (Fig.
7B). At the peak time of virus infection, the Luc activity de-
tected in Impa3-KD MDMs was more than 10-fold lower than
that in SCRNA-transduced macrophages. A similar difference
was also seen for donor 2 (Fig. 7C), clearly indicating that
Impa3 is required for productive HIV infection in macro-
phages.

Since HIV Vpr was also able to bind to Impa3, the possible
role of their interaction was also tested. The MDMs were
infected with equal amounts of VSV-G-pseudotyped Vpr* or
Vpr~ pNL-BruABgl/Luc viruses, and Luc activities were mea-
sured after 7 days of infection. In agreement with previous
studies, our results showed a requirement of Vpr for produc-
tive infection in macrophages, since the Luc activity produced
by Vpr~ virus infection was 4- to 5-fold lower than that pro-
duced by Vpr* virus in SCRNA-transduced macrophages (Fig.
7D, compare bar 3 with bar 1). However, we could not see a
correlation between Vpr and Impa3. The results from Fig. 7D
showed that while Luc activity induced by Vpr™ virus infection
was 7.6-fold lower in Impa3-KD macrophages than in SCRNA-

transduced macrophages (Fig. 7D, compare bar 2 with bar 1),
the Luc activity induced by Vpr~ virus infection in Impa3-KD
macrophages also showed a 6.6-fold decrease (Fig. 7D, com-
pare bar 4 with bar 3). These data suggest that the attenuated
HIV infection in Impa3-KD macrophages was Vpr indepen-
dent. Even though there were differences in HIV-1 suscepti-
bility from one donor to another, we consistently observed a
significant impairment of HIV infection in Impa3-KD macro-
phages derived from each donor, and these results were con-
sistent with the observations in HeLa and C8166 T-cell lines.
These findings strongly support the notion that Impa3 is an
important cellular importin that is involved in HIV-1 replica-
tion in macrophages.

DISCUSSION

HIV-1 employs the cellular nuclear import machinery to
actively transport its PIC into the nucleus for its integration.
Several viral karyophilic proteins and different cellular import
proteins have been suggested to contribute to HIV-1 PIC nu-
clear import and replication. In this study, by using a sShRNA-
mediated knockdown (KD) technique, we have demonstrated
that Impa3 contributes significantly to HIV-1 nuclear import
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and replication in CD4" T cells. Moreover, our data also
showed that Impa3 is required for HIV infection in primary
macrophages. In an attempt to unravel the mechanism under-
lying its contribution, we demonstrated that Impa3 was bound
by IN during HIV-1 infection in CD4"* C8166 T cells, and the
deletion analysis suggested that a region (aa 250 to 270) in the
C-terminal domain of IN was involved in this viral-cellular
protein interaction. All of these studies provide evidence that
Impa3, one member of the cellular Impa family, plays an
important role in HIV-1 nuclear import and replication by
interacting with HIV IN.

The Impo/ImpB-mediated nuclear import pathway is a well-
characterized pathway for numerous macromolecules (re-
viewed in references 24 to 26 and 46). The Impa family con-
tains six isoforms in human cells and acts as an adaptor by
binding both the import substrate and importin 3, which is
essential for the classical nuclear import pathway in living cells.
Accumulated evidence indicates that HIV-1 proteins, includ-
ing MA, Vpr, and IN, are able to interact with Impa1/Rchl (an
32-amino-acid N-terminally truncated form of Impal) in in
vitro binding assays (20, 21, 56, 72), even though the contribu-
tion of these interactions to HIV-1 replication remains to be
elucidated.

In this study, we first investigated the functional roles of
different isoforms of the importin « family, including Impal,
Impa3, Impa5, and Impa7, in HIV-1 replication by specific
knockdown of each isoform in human cells. By using the
pLKO1 lentiviral vector encoding small hairpin RNAs of
Impal, Impa3, Impa5, and Impa7, we were able to efficiently
knock down their expression in HeLa cells or C8166 cells and
to generate stable cell lines by using puromycin selection. In-
terestingly, the VSV-G-mediated single-cycle HIV infection
potential in various Impa-KD stable cell lines was significantly
varied. An approximately 4-fold reduction of HIV infection
was observed in Impa3-KD HeLa cells and C8166 T cells,
while only about a 0.8- to 1.2-fold decrease of HIV infection
was seen in Impal- and ImpaS5-KD cells (Fig. 1 and 2). How-
ever, knockdown of the expression of Impa7 in HeLa cells had
no effect on HIV-1 replication (Fig. 1B). Since a previous study
had revealed that downregulation of Impal, Impa3, Impas$, or
Impa7 by small interfering RNA (siRNA) affected HeLa cell
proliferation to different extents (57), we checked the prolif-
eration of Impal-, Impa3-,Imp o5-, and Impa7-KD C8166 T
cells by using a WST assay. We observed that the proliferation
of both Impal- and Impa3-KD cells was modestly inhibited
(30%) but that Impa5 and Impa7 downregulation did not
show an effect on cell growth (Fig. 2B; data not shown for
Impa7). Similar results were obtained by using a trypan blue
exclusion assay for SCRNA-transduced and Impa3-KD HeLa
cells (data not shown). The reason for Impa1- and Impa3-KD-
mediated proliferation inhibition is unknown. It is possible that
some proteins that are important for cellular proliferation
could not efficiently enter into the nucleus due to the specific
import receptor knockdown. However, the significant Impa3-
KD-induced attenuation of HIV-1 infection appears to be spe-
cific to the virus, since Impal induced a similar degree of
proliferation inhibition but inhibited HIV-1 infection only
modestly. Moreover, we did not detect any effect of Impa3
knockdown on the expression of an HIV-1 gene transfected
into Impa3-KD and ScRNA-transduced HeLa cells (Fig. 1C),
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suggesting that knockdown of Impa3 does not affect the cel-
lular environment required for HIV-1 gene expression. All of
these data indicate that Impa3 played an important role in the
early stages of HIV-1 replication in dividing T cells. Moreover,
since knockdown of Impal or Impas5 also resulted in ca. 50%
reduction of viral infection, we could not exclude the possibility
that these Impa isoforms also contribute to efficient HIV-1
replication. Interestingly, some previous studies have shown
that the expression levels of each importin a isoform may differ
in different cell and tissue types and may depend on the state
of cellular metabolism and differentiation (33, 52, 69). In this
regard, we could not exclude the possibility that HIV-1 IN may
employ various Impa isoforms for nuclear import of the virus
in different susceptible cell types and under different condi-
tions.

The importance of Impa3 in HIV-1 replication in dividing
and nondividing cells was further confirmed by infecting
Impa3-KD CD4% C8166 T cells with wild-type HIV-1
(pNL4.3-GFP). Viral replication was drastically attenuated,
and at day 4 postinfection, Impa3-KD led to a 10- to 15-fold
reduction in virus replication (Fig. 3). Moreover, in primary
macrophages, Impa3-KD also significantly inhibited HIV in-
fection (Fig. 7). To further test at which step HIV infection was
affected, we performed real-time PCR analysis to examine
HIV total-DNA synthesis, 2-LTR circles, and integrated-DNA
levels in HIV-1-infected Impa3-KD and ScRNA-transduced
C8166 T cells. Impa3-KD resulted in drastic reductions in the
levels of 2-L'TR circles and integrated DNA (Fig. 4B and C). In
contrast to HIV infection, infection with the VSV-G-
pseudotyped MLV vector was reduced only 40 to 50% in
Impa3-KD C8166 T cells (Fig. 2D). Since MLV replication is
dependent on cell mitosis, the modestly impaired MLV infec-
tion could be at least partially due to the slower proliferation
of Impa3-KD C8166 T cells, as shown in Fig. 2B. Thus, our
study strongly indicates that Impa3-KD in CD4" T cells had
profound inhibitory effects on HIV-1 infection by specifically
blocking viral nuclear import.

We next asked how HIV-1 hijacks Impa3 for efficient nu-
clear import and replication. It is known that several HIV
karyophilic proteins, including IN, MA, and Vpr, are associ-
ated with this nucleoprotein complex and participate in HIV-1
nuclear import (8, 20, 22, 29, 53, 72). Therefore, we examined
the possible interaction between Impa3 and these three HIV
karyophilic proteins. Interestingly, we identified Impa3 as a
novel partner of HIV-1 IN by an in vitro GST pulldown assay
and by in vivo co-IP assays in virus-infected C8166 T cells.
Moreover, our deletion analysis revealed that GFP-IN, ,,, and
GFP-IN, 5, lost the ability to bind to Impa3, but GFP-IN, -,
was able to bind to this cellular protein. These results provided
convincing evidence for the specificity of the IN-Impa3 inter-
action and suggested that a C-terminal region encompassing
residues 250 to 270 in HIV IN may be involved in this viral-
cellular protein interaction. Consistently, our localization study
also showed that the Impa3-binding-deficient mutants GFP-
IN, ,,, and GFP-IN, ,5, were excluded from the nucleus, while
the GFP-IN, _,,, mutant, like wild-type GFP-IN, was localized
predominantly in the nucleus (Fig. 6C). It is worth noting that
the role of the C-terminal domain of IN in assisting HIV-1
c¢DNA nuclear import has been observed in several studies.
Gallay et al. first reported that wild-type IN recognizes Impal
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and suggested that a bipartite nuclear localization signal (NLS)
exists at the catalytic core (;3KRK,gs) and the C-terminal
domains (,;sKELQKQITK,,,) (20). Our previous study also
showed that the K215A K219A and K240A K244E CTD mu-
tants affected the efficiency of HIV-1 cDNA nuclear import
(1). In the current study, our deletion analysis suggested that a
region from aa 251 to 270 in the C-terminal domain of IN may
contribute to the interaction with Impa3 and to the nuclear
localization of IN. All this information supports the notion that
the C-terminal domain of IN plays an important role in IN and
HIV PIC nuclear import by interacting with cellular proteins.
Interestingly, our previous study also revealed that an IN C-
terminal mutant (INKKRK) in which three lysines (K) at po-
sitions 240, 244, and 264 and an arginine (R) at position 263
were changed to alanines lost the ability to bind to Imp7 (2).
Since two of these amino acids are located within the region
from aa 251 to 270 in the C-terminal domain of IN, this raises
the possibility that a similar region in the C-terminal domain of
IN may be involved in the interaction of IN with two cellular
importins. Therefore, how HIV IN coordinates with these two
importins during HIV replication is another interesting ques-
tion requiring further investigation. It appears that Impa3
could be the major importin recruited during HIV nuclear
import, since previous studies, including ours, showed that
HIV replication was not significantly affected when HeLa cells
with an Imp7 siRNA were infected with the wild-type virus (2,
87). However, it is still possible that the presence of Imp7 may
facilitate HIV nuclear import (83). At this point, a more-
detailed substitution mutation analysis is under way to pre-
cisely define the critical interaction interfaces between IN and
Impa3.

In addition to HIV IN, another karyophilic protein, Vpr, was
also shown to bind to Impa3 (Fig. 5B). Consistent with this, a
recent study also indicates that HIV Vpr is able to bind to
three Impa isoforms (Impal, Impa3, and ImpaS) in an in vitro
binding assay (54). However, the evidence provided by our
study did not support the notion that the Vpr-Impa3 interac-
tion plays a major role in HIV replication. First, Impa3-KD
significantly inhibited HIV nuclear import and replication in
dividing HeLa and C8166 T-cell lines, while Vpr was shown to
be dispensable for HIV infection in these susceptible dividing
cell lines. Second, in Impa3-KD macrophages, similar degrees
of decrease in Vpr~ virus infection (6-fold reduced Luc activ-
ity) and Vpr™ virus infection (7-fold decrease) were observed
(Fig. 7C). These observations suggest that the impaired HIV
replication in the Impa3-KD dividing T-cell line and macro-
phage is Vpr independent. However, in agreement with previ-
ous observations (11, 29, 66, 72), our results also showed that
in the absence of Vpr, viral replication in both normal and
Impa3-KD macrophages was significantly attenuated (Fig. 7C,
compare bar 3 to bar 1), indicating that Vpr facilitates HIV-1
replication in macrophages, but possibly through a different
mechanism. Indeed, a number of studies have suggested that
Vpr is capable of binding to nuclear import factors, including
Impal and hCG1, and facilitates HIV nuclear import and
infection in macrophages (11, 28, 32, 48, 54, 55, 72). In addition
to HIV-1 karyophilic proteins, recent studies have also dem-
onstrated that the HIV-1 capsid (CA) protein plays an impor-
tant role in HIV-1 infection in growth-arrested cells (78, 79)
and is a determinant of the transportin-3 requirement for
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HIV-1 replication (43). These studies suggest that a substantial
shedding of components of PIC (uncoating) and/or a signifi-
cant conformational change in PIC is required for efficient
HIV nuclear import. It is possible that an uncoating process
mediated by CA is necessary in order for HIV-1 karyophilic
proteins to be accessible to recruiting cellular cofactors re-
quired for HIV-1 nuclear import. It is also possible that viral
uncoating and nuclear import of karyophilic proteins could be
independent but could both be required for efficient HIV PIC
nuclear import. We believe that these are very interesting
questions to be addressed in future studies.

It is known that HIV-1 nuclear import is essential for pro-
ductive infection not only in nondividing but also in dividing
cells. The roles of HIV IN and the central DNA flap in HIV-1
nuclear import in both types of susceptible cells have been
documented (1, 6, 84). The contribution of IN to HIV-1 nu-
clear import in dividing cells was also suggested by testing the
interaction between IN and Imp7 (2) and between IN and
TRN-SR2 (10). Consistent with this, other studies by Katz et
al. (35, 36) and Riviere et al. (60) indicate that efficient HIV-1
and Rous sarcoma virus (RSV) nuclear entry can occur inde-
pendently of mitotic nuclear disassembly in cycling cells. In the
present study, our results showed that, in addition to inhibiting
HIV infection in macrophages, Impa3-KD also affected HIV-1
2-LTR DNA levels and viral replication in dividing C8166 T
cells. Thus, we concluded that Impa3 is required for efficient
HIV-1 PIC nuclear transport and viral replication in both
dividing and nondividing cells. Further investigation into the
molecular mechanism of IN-Impa3 interaction and its contri-
bution to HIV replication in different natural virus target cells
will facilitate a better understanding of the HIV-1 nuclear
import process and will benefit the development of novel anti-
HIV strategies.
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