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In an in vitro assay employing reconstituted nuclei, importin 7 (IPO7) has been implicated in nuclear
translocation of human immunodeficiency virus type 1 (HIV-1) cDNA. Using RNA interference technology, we
inhibited expression of IPO7 by 80 to 95% in primary macrophages and in HeLa cells and monitored their
ability to support HIV-1 and simian immunodeficiency virus (SIV) cDNA synthesis, nuclear translocation, and
infection efficiency. Marked IPO7 deficiency did not alter the rate or extent of HIV-1 or SIV cDNA synthesis
or nuclear translocation. The infection efficiency of HIV-1 was similarly unaltered. Therefore, in natural,
nondividing targets of HIV-1, IPO7 may be dispensable for infection.

Following infection of the cell by lentiviruses and retrovi-
ruses, viral cDNA is synthesized within a reverse transcription
complex (RT complex). The RT complex containing nascent
viral cDNA is subsequently translocated to the host cell nu-
cleus, where viral cDNA integrates into cellular DNA. A strik-
ing feature of primary lentiviruses, such as human immunode-
ficiency virus type 1 (HIV-1), is their ability to infect
nondividing cells (3, 9, 12). This feature requires that the viral
RT complex traverse the intact nuclear envelope prior to con-
tacting cellular DNA. While several virion proteins with karyo-
philic properties are present in the RT complex, there is no
consensus as to which of these proteins directs nuclear trans-
location (2, 6, 7). Presumably, virion proteins contained within
the RT complex interact with proteins of the cellular nuclear
import apparatus, but the nature of the cellular import recep-
tors that regulate nuclear import of HIV-1 ¢cDNA are not
known.

Importin 7 (IPO7) is a nuclear import receptor which can
form a heterodimer with importin $ and has been shown to
participate in import of histone H1 (1, 8). A recent investiga-
tion of the mechanism of the HIV-1 RT complex nuclear
import has identified IPO7 as a potential mediator in an in
vitro cell permeabilization nuclear import assay (5). IPO7 to-
gether with a Ran mix were sufficient to induce accumulation
of RT complexes at the nuclear envelope, while importins 4, 5,
9, and 13 displayed little to no such activity.

The potential impact of this discovery led us to investigate
the role of IPO7 in HIV-1 and simian immunodeficiency virus
(SIV) nuclear import using a more biologically relevant exper-
imental system. The advent of RNA inhibition (RNAI) tech-
nology has allowed the unique capability to examine the impact
of specific protein targets on HIV-1 infection in living primary
macrophages during the course of a natural infection process
(4, 11). Utilizing this method, we could find no conditions
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under which loss of IPO7 in macrophages or HeLa cells af-
fected HIV-1 or SIV nuclear import or infection.

We initially studied the effect of RNAi-mediated knockdown
of IPO7 on HIV-1 infection of HeLa cells. Cells in a 24-well
plate were transfected once a day for 2 days (Fig. 1A) with 60
pmol of one of two IPO7-specific small interfering RNA
(siRNA) sequences (DNA target sequences 5'-GGCAGGTG
TTATCTATCTG-3" [Ambion 17721] or 5'-GATGGAGCCC
TGCATATGA-3' [IPO7-1395]; QIAGEN [5]) or a nonspecific
control (NS; 5'-TTCTCCGAACGTGTCACGT-3"; QIAGEN
or Ambion) siRNA in OptiMEM (Invitrogen) using Oligo-
fectamine reagent (Invitrogen). Equivalent IPO7 knockdown
and other data obtained were the same using either [PO7
siRNA; therefore, results were combined. The extent of IPO7
mRNA knockdown was determined on the day following trans-
fection using RNA isolated with TRIzol reagent (Invitrogen).
Real-time quantitative RT-PCR (Quantitect Sybr Green Kkit;
QIAGEN) was performed using IPO7-specific primers (IPO7-
941F, TGGCAATGTTTCCAAGGAGTA; IPO7-1143R, TAT
GGGGCTTCAGATTCTTCC), and mRNA equivalence was
determined using DNA ligase 3 primers (LIG3-up, GGCTGG
GAAGAGCTGGAAGATAAT; LIG3-dn, TGATCTGGGTC
TTCGTGTTGTAGC).

Using this transfection scheme, IPO7 mRNA levels on the
day following transfection were 13% of NS control transfected
cells (data not shown). To assess protein levels, Western blot-
ting was performed on protein extracts using a rabbit anti-
IPO7 polyclonal antibody (5). Densitometry revealed that
IPO7 protein knockdown was substantial, with 10% remaining
on day 2, decreasing to <3% by day 4 (Fig. 1A).

Upon nuclear import of the RT complex, cellular activities
cause circularization of a proportion of the viral DNA to form
two-long-terminal-repeat (2LTR) circles. The quantity of
2LTR circles can be measured using real-time PCR as an
indicator of nuclear import. Serum-starved HeLa cells were
infected following IPO7 siRNA transfection (Fig. 1A) with
vesicular stomatitis virus G protein (VSV-G)-pseudotyped
HIV-1, 4;, and total DNA was recovered 20 h postinfection
using DNAzole. DNA was treated with Dpnl to eliminate
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FIG. 1. HIV-1 nuclear import in HeLa cells. Nuclear import of VSV-G-pseudotyped HIV was analyzed in HeLa cells following siRNA-
mediated IPO7 knockdown. (A) Experimental timeline showing that cells were transfected twice with siRNA and infected, and DNA or cells were
taken for PCR or flow cytometric analysis, respectively. Western blotting shows IPO7 knockdown; numbers below lanes indicate the relative
fraction of IPO7 protein remaining. Each lane was loaded with 20 pg total protein. FACS, flow-activated cell sorting; M, size marker. (B) Total
DNA collected from cultures 20 h postinfection was analyzed for 2LTR circles/cell and late cDNAs/cell. No effect from IPO7 knockdown was
observed. White bars, 2LTR circles; black bars, late cDNAs. (C) Magi cells were siRNA transfected before infection with serial dilutions of
wild-type enveloped HIV. At high virus concentrations, cell death was considerable and accounts for lower V,,, values. Kinetic analysis of product
formation was measured to determine V... (D) NS control and IPO7-depleted HeLa cells infected with VSV-G-pseudotyped HIV/GFP and
analyzed by flow cytometry 4 days postinfection. The proportion of GFP™ cells was greater in IPO7-deficient cells than in NS control cells.

possible plasmid DNA carryover and subjected to real-time
PCR in order to quantify 2LTR circles (forward primer, TAG
ACCAGATCTGAGCCTGGGA,; reverse primer, GTAGTTC
TGCCAATCAGGGAAGQG), late viral cDNA products (late
cDNAs; forward primer, GGGAGCTCTCTGGCTAACT; re-
verse primer, GGATTAACTGCGAATCGTTC), and CCRS
gene copies (for cell equivalents) (10). The number of 2LTR
circles/cell in IPO7 knockdown cells was 0.117/cell, compared
to 0.103/cell in NS control cells, indicating loss of IPO7 did not
influence the ability of the RT complex to be imported into the
nucleus (Fig. 1B). Quantitation of late cDNAs showed that the
amount of viral cDNA formed was similar between IPO7
knockdown (1.27/cell) and NS control (0.691/cell) cells and,

therefore, a potential difference in LTR circles was not masked
by a difference in infection.

A defect in RT complex nuclear import should also manifest
as a decrease in infection efficiency. We measured the infection
efficiency of wild-type enveloped and VSV-G-pseudotyped
HIV-1 in Magi cells and HeLa cells, respectively. In Magi cells,
IPO7 was knocked down before infection with HIV-1; 4;. After
2 days, B-galactosidase (B-Gal) expression was measured by
kinetic analysis of substrate formation and V, ., was deter-
mined (Fig. 1C). The V,,,, of IPO7-deficient cells was consis-
tently greater than that of NS control cells over a greater than
2,000-fold range of multiplicities of infection (MOI), indicating
IPO7 deficiency was not detrimental to Magi cell infection. To
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FIG. 2. IPO7 RNAI in macrophages. Macrophages were transfected with NS control or IPO7 siRNA according to the scheme in Fig. 1A. (A)
IPO7 Western blot assay showing knockdown of IPO7 for up to 4 days posttransfection. Numbers below lanes indicate relative fractions of [PO7
remaining. Each lane was loaded with 20 g total protein. M, size marker. (B) Macrophages were transfected with NS control or IPO7 siRNA once
a day for 2 days before infection with VSV-G-pseudotyped or wild-type enveloped HIV. Real-time PCR quantitation of viral DNA products was
performed 20 h postinfection. Neither VSV-G-pseudotyped nor wild-type enveloped virus displayed altered 2LTR circle or late cDNA formation.
(C) Kinetic analysis of 2LTR and late cDNA product formation in macrophages was performed starting at 24 h postinfection. Both 2LTR circles
and late cDNA products were similar between NS control and IPO7 knockdown infections.

test infection by VSV-G-pseudotyped virus, we infected HelLa
cells with HIV-1y; ,_5/GFP carrying a green fluorescent protein
(GFP) gene in place of nef as a marker for infected cells. IPO7
knockdown HelLa cells did not display an infection defect com-
pared to NS control cells, with 30% versus 13% GFP™, respec-
tively (Fig. 1D). These data indicate that loss of IPO7 did not
impair infection by wild-type enveloped or VSV-G-
pseudotyped HIV-1 in HeLa cells.

Macrophages are an important target of HIV-1 infection, in
which active nuclear transport of the RT complex is essential
(3, 12). IPO7 was knocked down in monocyte-derived macro-
phages seeded into 24-well plates with 180 pmol siRNA trans-
fected once a day for 2 days (Fig. 1A) using Lipofectamine
2000 (Invitrogen). IPO7 mRNA levels the day after transfec-
tion as measured by real-time RT-PCR were 23% of NS con-
trol (data not shown). IPO7 protein level was 17% of NS
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FIG. 3. Infection of macrophages. NS control and IPO7-depleted
macrophages were infected with HIV expressing GFP and analyzed by
flow cytometry 4 days postinfection. In each of three experiments, the
proportion of GFP™ cells was greater in IPO7-deficient cells than in
NS control cells.

control on day 2 and remained depleted through day 5 (Fig.
2A).

IPO7 RNAIi was performed, macrophages were infected
with either VSV-G-pseudotyped HIV-1, ,; or wild-type envel-
oped HIV-1, 4, and total DNA was isolated 20 h after infec-
tion (Fig. 1A). In independent experiments, analysis of 2LTR
circles found no significant difference in IPO7-depleted versus
NS control macrophages (P > 0.4; n = 3) (Fig. 2B). Synthesis
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FIG. 4. SIV nuclear import in macrophages. Macrophages were
infected with SIV following IPO7 knockdown and analyzed for RT
complex nuclear import and formation of late cDNAs by real-time
PCR. IPO7 knockdown did not affect 2LTR or late cDNA formation.
White bars, 2LTR circles/cell; black bars, late cDNAs/cell.

of late cDNAs in IPO7-depleted macrophages was also similar
to NS control cells (P > 0.3; n = 3) (Fig. 2B).

IPO7 knockdown could have altered the kinetics of RT
complex nuclear import, such that analysis of a single time
point may not have shown an apparent phenotype. To address
this possibility, we quantified 2LTR circles and late cDNAs at
24, 36, and 60 h following infection of IPO7-depleted or NS
control macrophages with VSV-G-pseudotyped HIV-1, 4;
(Fig. 2C). The quantity of 2LTR circles and late cDNAs was
approximately equivalent between NS control and IPO7-de-
pleted macrophages at all time points tested, demonstrating
that lack of a 2LTR circle phenotype in IPO7-depleted mac-
rophages was not due to choice of an improper time point for
analysis.

Similarly, when NS control and IPO7-depleted macrophages
were infected with VSV-G-pseudotyped HIV-1, 4.5/GFP, no
defect in infection as measured by flow cytometry of GFP was
detected (Fig. 3). As observed in HeLa cells, IPO7-depleted
macrophages tended toward a 2.5-fold-higher level of infection
compared to NS control cells. Virus production in infected
IPO7-depleted cultures was also slightly increased (data not
shown). No defect in the context of a spreading infection of
HIV-1, 4 Was observed in IPO7-depleted cultures carried for
7 days postinfection (data not shown).

These observations were extended to include SIV. IPO7 was
knocked down in macrophages using a 2-day siRNA-transfec-
tion scheme (Fig. 1A). Macrophages were then infected with
VSV-G-pseudotyped SIVpg;. Total DNA was isolated after
20 h, and a Tagman PCR was used to quantify late viral
cDNAs, 2LTR circles, and CCRS5 (genome equivalents). No
differences in 2LTR circles/cell or late cDNAs were observed
between IPO7 knockdown and NS control macrophages (Fig.
4). In NS control cells, we found 0.393 2LTR circles/cell, while
IPO7-depleted cultures contained 0.552 2LTR circles/cell.
Late cDNAs/cell were similar between NS control cells and
IPO7-depleted cells, with 6.02/cell versus 6.68/cell, respec-
tively. Analogous to our observations with HIV, these data
show that the RT complex of SIV is not imported into the
nucleus through an IPO7-dependent pathway.

To rule out the possibility that RT complex nuclear import
was mediated by IPO7 incorporated into virions during pro-
duction, we transfected 293T cells with NS control or IPO7
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FIG. 5. Infection with virus from IPO7-deficient producer cells. NS
control or IPO7-deficient macrophages were infected with HIV-1, 4,
produced from IPO7-deficient 293T cells. 2LTR circles and late viral
cDNAs were measured 24 h postinfection by real-time PCR. Knock-
down of IPO7 in producer cells in combination with target cells did not
result in a nuclear import defect compared to NS control siRNA-trans-
fected cells. White bars, 2LTR circles/cell; black bars, late cDNAs/cell.

siRNA and produced VSV-G-pseudotyped HIV-1, ,; from
cells exhibiting an IPO7 knockdown. A single siRNA transfec-
tion of 293T cells led to knockdown of IPO7 mRNA levels by
77% when measured at the time of virus collection. Virus
derived from NS control and IPO7 knockdown producer cells
was normalized by RT activity and used to infect macrophages
that were transfected with NS or IPO7 siRNA (Fig. 2A).
Formation of 2LTR circles/cell and late viral cDNAs/cell
measured 24 h postinfection showed similar levels between NS
control and IPO7 knockdown producer-target cell combina-
tions (Fig. 5). The quantity of 2LTR circles/cell in the IPO7-
depleted system was 2.17 X 1073, similar to the NS control
system result of 3.59 X 1072 2LTR circles/cell. Late cDNA
formation was 1.30 X 10~ ?/cell, compared to 0.912 X 10~ */cell
in NS control versus IPO7 knockdown producer-target cell

A
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combinations. Thus, potential incorporation of IPO7 protein
into virions does not substitute for IPO7 deficiency in target
cells.

Using the transfection scheme in Fig. 1A, a small amount of
IPO7 protein was detectable for up to 4 days posttransfection
(Fig. 2A). HIV nuclear import of the RT complex via IPO7
could still be accomplished by a small amount of remaining
protein, essentially a threshold effect, rather than exhibiting a
shallow dose response. To achieve a greater knockdown of
IPO7 protein, we transfected macrophages every other day a
total of three times (Fig. 6A). Levels of IPO7 protein were
progressively reduced to maximum on day 5. Western blotting
showed IPO7 protein levels to be 4.6% and 9.3% of NS control
macrophages on days 5 and 6, respectively (Fig. 6A).

Macrophages undergoing extended IPO7 RNAIi were in-
fected on day 5 with VSV-G-pseudotyped HIV-1; ,;, and DNA
was isolated 20 h postinfection. Real-time PCR quantitation of
2LTR circles/cell and late cDNAs/cell from three independent
experiments failed to find significant differences between NS
control and IPO7-depleted macrophages (P > 0.1; n = 3) (Fig.
6B). Even under these conditions of severe IPO7 deficiency in
macrophages, no measurable defect in RT complex nuclear
import was present.

Here we have described the study of IPO7 as a mediator of
HIV-1 RT complex nuclear import in HeLa cells and macro-
phages. Although previously described as having a function in
this process (5), we could detect no impairment to HIV-1
c¢DNA nuclear import following depletion of IPO7 protein
using RNAi. Conditions tested included serum-starved HelLa
cells, primary macrophages, VSV-G-pseudotyped and wild-
type enveloped virus, virus produced from IPO7-deficient cells,
and intense IPO7 knockdown. Using a direct assay to measure
nuclear import, such as quantitation of 2LTR circles, or indi-
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FIG. 6. Extended RNAI in macrophages. Multiple IPO7 siRNA transfections over an extended period were used to achieve greater protein
knockdown in macrophages. (A) siRNA transfection scheme, which resulted in severe IPO7 deficiency as illustrated in the IPO7 Western blot
assay. Each lane was loaded with 20 ug total protein. M, size marker. (B) Macrophages undergoing extended IPO7 knockdown were infected with
HIV, and real-time PCR was used to quantify 2LTR circles and late cDNAs. In three independent experiments, IPO7 knockdown did not result

in impaired 2LTR circle or late cDNA formation.
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rect assays to include infection measured by expression of a
GFP gene from the provirus, no defect was observed.

We chose to investigate this issue using living macrophages
undergoing bona fide viral infection, which may account for the
differences with previous work. Although the in vitro cell per-
meabilization assay has the advantage of knowing precisely
which karyopherins are part of the reaction mix, its artificial
nature makes it difficult to reconcile complex interactions oc-
curring in vivo. RNAI targeting of [IPO7 permits analysis in the
context of a functioning cell. Were IPO7 the dominant con-
tributor to RT complex nuclear import, a defect in nuclear
import or infection should be observed upon its depletion.

Our HeLa cell data are in contrast to those of Fassati et al.
(5), who found decreased HIV infection of HeLa cells under-
going IPO7 RNAI. The assay used for measurement could
account for these results: flow cytometry versus manual count-
ing. Their result could also be explained by decreased cell
viability of IPO7-deficient cells under the conditions employed,
although those authors indicated their attempt to optimize
knockdown to prevent cell death. In one experiment, they also
observed a decrease in oncoretroviral infection, likely ex-
plained by the decreased cell proliferation observed. It was
suggested that the effect on HIV infection was maximal at an
MOI of 0.01, but the true contribution of MOI cannot be
discerned, since only one MOI was presented. Our Magi assay
data (Fig. 1C) address this by showing the difference between
NS control and IPO7-depleted cells to be proportionally the
same over a greater-than-2,000-fold range of MOI. Regardless,
the significant finding in this work is that IPO7 alone is not
sufficient for HIV nuclear import in macrophages.

In conclusion, investigation of HIV-1 and SIV RT complex
nuclear import in HeLa cells and macrophages following IPO7
depletion failed to detect defects in nuclear import or produc-
tive infection. HIV-1 and SIV transport to the nucleus may
involve other or additional karyopherins or an unconventional
mechanism.

We thank A. Fassati (University College London Medical School)
for kindly providing anti-IPO7 antibody.

J. VIROL.
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