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Lentiviruses likely infect nondividing cells by commandeering host nuclear transport factors to facilitate the
passage of their preintegration complexes (PICs) through nuclear pore complexes (NPCs) within nuclear
envelopes. Genome-wide small interfering RNA screens previously identified karyopherin ␤ transportin-3
(TNPO3) and NPC component nucleoporin 153 (NUP153) as being important for infection by human immunodeficiency virus type 1 (HIV-1). The knockdown of either protein significantly inhibited HIV-1 infectivity,
while infection by the gammaretrovirus Moloney murine leukemia virus (MLV) was unaffected. Here, we
establish that primate lentiviruses are particularly sensitive to NUP153 knockdown and investigate HIV-1encoded elements that contribute to this dependency. Mutants lacking functional Vpr or the central DNA flap
remained sensitive to NUP153 depletion, while MLV/HIV-1 chimera viruses carrying MLV matrix, capsid, or
integrase became less sensitive when the latter two elements were substituted. Two capsid missense mutant
viruses, N74D and P90A, were largely insensitive to NUP153 depletion, as was wild-type HIV-1 when cyclophilin
A was depleted simultaneously or when infection was conducted in the presence of cyclosporine A. The
codepletion of NUP153 and TNPO3 yielded synergistic effects that outweighed those calculated based on
individual knockdowns, indicating potential interdependent roles for these factors during HIV-1 infection.
Quantitative PCR revealed normal levels of late reverse transcripts, a moderate reduction of 2-long terminal
repeat (2-LTR) circles, and a relatively large reduction in integrated proviruses upon NUP153 knockdown.
These results suggest that capsid, likely by the qualities of its uncoating, determines whether HIV-1 requires
cellular NUP153 for PIC nuclear import.
as human immunodeficiency virus type 1 (HIV-1) are able to
infect nondividing cells and thus are believed to traverse the
nuclear membrane by passing through the nuclear pore complex (NPC) (35, 42). As the HIV-1 PIC has been estimated to
have a stokes radius of 28 nm (52) and thus grossly exceeds the
⬃9-nm diffusion limit (50) of the NPC, lentiviruses theoretically possess at least one mechanism to hijack the nuclear
transport machinery and actively transport their PICs through
the pore.
A number of HIV-1 PIC components, including matrix
(MA), Vpr, IN, and the central DNA flap formed during reverse transcription, have been proposed to function during
nuclear import, although significant roles for any of these components during this step have not been well corroborated. This
may, at least in part, be reflective of redundant PIC nuclear
import mechanisms, although viruses with these elements mutated in combination did not exhibit obvious cell cycle-dependent infectivity or nuclear import defects (60, 76). In contrast,
CA can determine the ability of HIV-1 to infect nondividing
cells, suggesting that viral core uncoating is a rate-limiting step
of lentiviral PIC nuclear import (77, 78).
Numerous studies also have examined the requirements for
specific cellular proteins during lentiviral/HIV-1 PIC nuclear
import, including nuclear transport proteins NUP98 (17), importin 7 (81), karyopherin ␣2 Rch1 (24), and importin ␣3 (1).
A series of three genome-wide short interfering RNA (siRNA)
screens (7, 39, 84) highlighted nuclear transport proteins
whose depletion strongly inhibited the early steps of HIV-1

The early steps of the retroviral life cycle occur within the
context of nucleoprotein complexes that are derived from the
core of the infecting viral particle. The reverse transcriptase
(RT) enzyme converts genomic RNA into linear doublestranded viral DNA (vDNA) within the confines of the reverse
transcription complex (RTC) (19, 20). Soon thereafter, the
integrase (IN) enzyme catalyzes its initial activity, 3⬘ processing, whereby each vDNA 3⬘ end is cleaved adjacent to the
conserved dinucleotide sequence CpA. This marks the transition from the RTC to the preintegration complex (PIC),
wherein IN catalyzes its second catalytic function, DNA strand
transfer (8, 23). Concomitantly, the complexes undergo morphological transitions, such as the dissolution of the viral capsid (CA) core, as they traffic from the cellular periphery to
desired regions of host DNA within the nucleus (19, 20, 33,
51). Well-studied but still-unresolved aspects of these steps are
the mechanisms by which retroviruses bypass the nuclear envelope, which physically separates the nuclear and cytoplasmic
compartments of the cell (reviewed in reference 66). Although
certain viruses, such as the gammaretrovirus Moloney murine
leukemia virus (MLV), are believed to require the dissolution
of the nuclear membrane during mitosis (61), lentiviruses such
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infection. This included transportin-3 (TNPO3) or transportinSR2, a member of the karyopherin ␤ superfamily responsible
for transporting splicing factors with SR motifs into the nucleus. The depletion of TNPO3 resulted in a sizable HIV-1
nuclear import defect (13) while infection by MLV or the
lentivirus feline immunodeficiency virus (FIV) remained
largely unaffected (40, 41, 67), suggesting TNPO3 dependence
to be specific to, although perhaps not obligatorily required by,
lentiviruses. The mechanism by which HIV-1 physically hijacks
TNPO3 remains unsolved; even though TNPO3 can bind
HIV-1 IN (13), comparable levels of binding to MLV and FIV
INs were observed (40, 67), and analyses of HIV-1 proteins
relevant during the infection of TNPO3 knockdown cells implicated the CA protein as the genetic determinant of TNPO3
dependency (40).
In addition to TNPO3, two major constituent proteins of the
NPC, nucleoporins NUP358/RanBP2 and NUP153, were identified in two of the siRNA screens (7, 39). NUP358 composes
the large cytoplasmic filaments emanating from eukaryotic
NPCs (74), the knockdown of which was recently confirmed to
result in a defect of HIV-1 nuclear entry during infection (83).
NUP153 is localized within the nucleus, linking central NPC
scaffolding subcomplexes with their corresponding nuclear basket substructure, as well as anchoring individual NPCs with the
nuclear lamina (71). Additionally, NUP153 dynamically shuttles between NPC-localized and nucleoplasmic populations
(59). Although NUP153 knockdown also was interpreted to
result in a defect in HIV-1 nuclear import, the lack of clear
correlation between an approximately 85% reduction in acute
infection and 20% reduction in 2-long terminal repeat (2LTR)-containing DNA circle levels, a marker for PIC entry
into the nucleus (39), suggested to us that other factors were at
play. NUP153 has been reported to bind HIV-1 IN and Vpr
(70, 73), suggesting potential mechanistic clues for the role of
this host factor during HIV-1 infection. To investigate how
NUP153 facilitates HIV-1 infection, we analyzed viral determinants that render HIV-1 sensitive to NUP153 depletion and
additionally performed quantitative PCR (qPCR) analyses of
the viral DNA species formed during the infection of NUP153
knockdown cells.
MATERIALS AND METHODS
Plasmid constructs. Infection assays utilized single-round viruses carrying
either green fluorescent protein (GFP) or luciferase reporter genes. GFP-based
constructs included equine infectious anemia virus (EIAV) (56, 57), HIV-1 (31),
Rous sarcoma virus (RSV) (12) (Addgene plasmid 13878; obtained from Constance Cepko via Addgene, Cambridge, MA), FIV (36, 46), MLV (58, 68),
Mason-Pfizer monkey virus (MPMV) (55), HIV-2 strain ROD (HIV-2ROD), and
simian immunodeficiency viruses from Macaca mulatta (SIVMAC), Chlorocebus
sabaeus (SIVAGMSab), and Chlorocebus tantalus (SIVAGMTan) (82). Luciferasebased viruses included MLV/HIV-1LAI chimeras (75, 76) and HIV-1NL4-3-derived D64N/D116N (N/N) IN active site and Vpr and/or DNA flap mutants of
pNLX.Luc (45, 47). Vesicular stomatitis virus G (VSV-G) and HIV-1NL4-3
glycoprotein expression vectors were described previously (45, 47).
HIV-1 CA mutations were generated through the site-directed mutagenesis of
the HIV-1NL4-3-based pHP-dI-N/A packaging plasmid (10) (AIDS Research and
Reference Reagent Program [ARRRP], Germantown, MD), which was cotransfected in conjunction with either pHI-vec2.GFP (32) or pHI-Luc (54) transfer
vector. Sequencing was used to verify PCR-mutated DNAs. The NUP153 expression vector pIRES-dsRedExpress-NUP153 was created by digesting pCMVSport6-NUP153 (Open Biosystems, Huntsville, AL) with SalI and BglII and
ligating the resulting NUP153 coding fragment with SalI/BamHI-digested
pIRES-dsRedExpress (Clontech Laboratories, Mountain View, CA).
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Cells and siRNA transfections. HEK293T and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented to contain 10% fetal bovine
serum, 100 IU/ml penicillin, and 100 g/ml streptomycin, while GHOST cells
expressing CD4 and the CXCR4 coreceptor (GHOST-CXCR4) (53) (ARRRP)
additionally were cultured with 500 g/ml G418, 100 g/ml hygromycin, and 1
g/ml puromycin. Approximately 75,000 HEK293T or 25,000 HeLa or GHOSTCXCR4 cells seeded per well of a 24-well plate were transfected the next day with
a final concentration of 40 nM siNUP153#1 (GGACTTGTTAGATCTAGTT)
(48), 10 nM siNUP153#2 (AGTGTTCAGTATGCTGTGTTTCT) (27), or 40 nM
mismatch control of siNUP153#1, referred to as siControl ([GGTCTTATTGGA
GCTAATT; underlines indicate base mismatches with siNUP153#1]) (Dharmacon,
Lafayette, CO) using RNAiMax (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Simultaneous NUP153 and cyclophilin A (CypA) knockdown was performed by transfection with a final concentration of 20 nM
siNUP153#1, 20 nM CypA siRNA (AAGGGTTCCTGCTTTCACAGA) (11), or
the corresponding amount of siControl for a total siRNA concentration of 40 nM.
Simultaneous NUP153 and TNPO3 knockdown was performed similarly using
siTNPO3 (CGACATTGCAGCTCGTGTA) (40). Medium was exchanged the following day. NUP153 reexpression was performed by CaPO4 transfection of 1 g
DNA immediately after siRNA transfection.
Virus production. Vector particles were generated by transfecting HEK293T
cells in 10-cm plates with a 10 g total of various ratios of the aforementioned
virus production plasmids using either CaPO4 or Fugene 6 (Roche Molecular
Biochemicals, Indianapolis, IN). The cells were washed 16 h after transfection,
and supernatants collected 12 to 60 h thereafter were clarified at 300 ⫻ g, filtered
through 0.45-m filters (Nalgene, Rochester, NY), and either allotted and frozen
or concentrated by ultracentrifugation using an SW28 rotor at 53,000 ⫻ g for 2 h
at 4°C before freezing. Concentrations of Vpr, DNA flap, and CA mutant viral
stocks were determined alongside concomitantly produced wild-type (WT) viruses using an exogenous 32P-based RT assay (72).
Infectivity assays. Control and siRNA knockdown cells seeded onto 48-well
plates were infected overnight with various reporter viruses 48 h after siRNA
transfection. Percentages of GFP-positive cells were determined 36 h postinfection (hpi) using a FACSCanto flow cytometer (BD, Franklin Lakes, NJ)
equipped with FACSDIVA software. GFP reporter experiments were performed
with virus inoculates adjusted to yield ⬍40% GFP-positive cells in control samples. Cells were infected with equal RT counts per minute (RTcpm) of WT or
mutant HIV-1 luciferase reporter virus, while MLV/HIV-1 chimera viruses were
adjusted such that all infections were within approximately 2 log relative light
units (RLU)/g/s of control cells. Where applicable, cyclosporine (Sigma, St.
Louis, MO) was added at the time of infection to a final concentration of 5 M.
Cells infected with luciferase reporter viruses were lysed 48 hpi unless otherwise
noted, and resulting levels of luciferase activity were normalized to the corresponding levels of total protein in cell extracts as described previously (40).
Normalized infectivity data were log transformed, and statistical analyses were
performed by paired two-tailed Student’s t test. Mean infectivity values then were
back transformed for graphical representation, with error bars denoting 95%
confidence intervals.
Western blot analysis. At the time of infection, siRNA-treated cells were lysed
with radioimmunoprecipitation assay buffer (20 mM HEPES [pH 7.5], 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 2 mM
EDTA, Complete protease inhibitor [Roche Molecular Biochemicals]). Following the determination of protein concentration by Bradford assay, 60 g or 2-fold
dilutions of each lysate were fractionated through 9% Tris-glycine gels, and
proteins were transferred onto a polyvinylidene fluoride membrane. NUP153
and NUP62 were detected using a 1:2,500 dilution of mouse mAb414 antibody
(Abcam Inc., Cambridge, MA), while TNPO3 was detected using a 1:150 dilution
of mouse anti-TNPO3 antibody ab54353 (Abcam Inc.). A 1:5,000 dilution of
rabbit anti-mouse horseradish peroxidase-conjugated antibody served as the
secondary antibody (Dako North America, Inc., Carpinteria, CA), and a 1:5,000
dilution of mouse anti-␣-tubulin antibody (Abcam Inc.) was used as a loading
control. Blots were developed using the ECL Plus detection reagent (GE Healthcare, Waukesha, WI).
qPCR. NUP153#1 or siControl-transfected cells (500,000) were infected with
⬃2 ⫻ 107 RTcpm of DNase-treated WT or N/N mutant virus, with parallel
infections conducted in the presence 100 M azidothymidine (AZT) (ARRRP)
to define residual plasmid DNA levels potentially carried over from transfection.
Two hours later, infected cells washed with phosphate-buffered saline were
replated into individual 24-well plates. Cells were collected at various time
points, and DNA was extracted with a QIAamp DNA Minikit as recommended
by the manufacturer (Qiagen, Valencia, CA). Each sample was analyzed in
triplicate by qPCR to determine levels of HIV-1 late reverse transcription
(LRT), 2-LTR-containing circles, and integrated proviruses via nested Alu-PCR
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essentially as described previously (9, 18). LRT and 2-LTR circle values were
normalized to qPCR values for ␤-globin DNA performed in parallel, while all
input DNAs for first-round Alu-PCRs were adjusted for equal ␤-globin amplification. Values obtained from corresponding AZT-treated samples, which averaged 2.6% of peak LRT and 2.5% of peak 2-LTR circles, were subtracted from
nondrug-treated values.
Plasmid pNLX.luc.R⫺ was used to generate LRT standard curves, while
pUC19.2LTR was used for 2-LTR circles (47). The integration standard was
prepared by infecting HeLa cells at relatively low multiplicities of infection with
the pHI-puro transfer vector (54) and passaged for 2 weeks in 2 g/ml puromycin
to permit the loss of unintegrated HIV-1 DNA forms, and total DNA was
extracted using the QIAamp DNA Minikit. Twofold dilutions of infected cell
DNA were mixed with complementary amounts of DNA prepared from uninfected HeLa cells to form the standard curve. Twofold dilutions of uninfected
cell DNA were used as the standard for ␤-globin.
qPCR primers and probes were the following: MH531, MH532, and MH535
for LRT (9) and 2-LTR circle junction (34); AE3014, AE1066, AE3013, AE990,
and AE995 for Alu-PCR (15, 18); and ␤-globin⫹ and ␤-globin⫺ for HeLa
genomic DNA (79). SYBR green was used to measure ␤-globin amplification.

RESULTS
Depletion of NUP153 expression inhibits HIV-1 infection.
RNA interference was used to knock down NUP153 expression and analyze the role of this host factor during HIV-1
infection. HeLa cells were transfected with one of two previously characterized NUP153-specific siRNAs (27, 48) or a nontargeting siControl mismatch to siNUP153#1, and protein expression levels were measured 48 h later. Semiquantitative
Western blotting of whole-cell lysates showed NUP153 expression to be depleted greater than 8-fold by either siRNA (Fig.
1A). NUP153 knockdown cells infected with HIV-1 or MLV
revealed that siNUP153#1 and siNUP153#2 significantly reduced HIV-1 infectivity to 3.2 and 3.4% of siControl-treated
cells, respectively (Fig. 1B). MLV was less or not significantly
inhibited in parallel infections. Because cells transfected
with siNUP153#2 showed evidence of cytotoxicity (data not
shown), siNUP153#1 was used for the remainder of the study.
To further address the specificity of NUP153 knockdown on
HIV-1 infection, protein levels in depleted cells were restored
via expression of an exogenously introduced siRNA-insensitive
cDNA. siRNA-transfected HEK293T cells were retransfected
with the inert pUC19 plasmid, an empty expression vector
encoding an internal ribosome entry site (IRES)-controlled
dsRed-Express fluorescent protein, or an engineered vector
encoding NUP153 5⬘ of the IRES element. Western blot analysis of cells lysed at the time of infection showed more robust
exogenous NUP153 expression than the endogenous protein in
both knockdown and control cells (Fig. 1C). As gross overexpression of NUP153 has been shown to distort the nuclear
envelope (5), virus-infected GFP-positive cells were quantitated within cell populations gated for the dim fluorescence of
the dsRed-Express protein. HIV-1 infection of NUP153
knockdown HEK293T cells was significantly inhibited compared to the infection of control cells, while exogenous
NUP153 expression restored infection to levels similar to those
of controls (Fig. 1D). Although MLV in this experiment was
partially affected by NUP153 knockdown, this effect was inert
to NUP153 reexpression.
Differential retroviral dependencies on cellular NUP153.
We investigated whether NUP153 dependency was specific or
common to lentiviruses by testing the infectivities of a panel of
retroviral reporter constructs. To determine whether the stark

FIG. 1. NUP153 expression and HIV-1 infection. (A) Twofold dilutions of a whole-cell extract from control cells (lanes 1 to 4) compared to extracts from NUP153-depleted cells (lanes 5 and 6). NUP62
cross-reacted with the utilized anti-NUP153 antibody. (B) Percent
infectivity of GFP reporter viruses in HeLa cells transfected with
siNUP153#1 (dark gray) or siNUP153#2 (light gray) compared to
control cells. Results are averages from three experiments, each performed in triplicate; error bars denote 95% confidence intervals.
(C) HEK293T cells transfected with siControl or siNUP153#1 were
retransfected with either control DNA (pUC19), empty IRES-dsRedExpress vector, or the vector expressing siRNA-resistant NUP153 protein. (D) Cells in panel C were gated for dim dsRed-Express expression, and the infectivities of GFP reporter viruses were normalized to
those of cells transfected with the empty vector. Solid and hatched
bars, cells transfected with siControl and siNUP153#1, respectively;
dark and light gray bars, cells transfected with empty and NUP153
expression vectors, respectively. The results are averages from four
experiments performed in duplicate, with error bars denoting 95%
confidence intervals.

infectivity defect observed with HIV-1 extended to other
primate lentiviruses, GFP reporter viruses for HIV-2ROD,
SIVMAC, SIVAGMTan, and SIVAGMSab were analyzed.
NUP153 depletion significantly inhibited infection by each of
these viruses, with values ranging from 3.3% for SIVAGMTan
to 10.6% for SIVMAC, while infection by MLV was slightly
enhanced under these conditions (Fig. 2A). In contrast, similar
experiments showed more-divergent retroviruses to be less
sensitive to NUP153 depletion (Fig. 2B). NUP153 knockdown
significantly inhibited EIAV infection, to 33.4% of the level for
the control. The alpharetrovirus RSV and betaretrovirus
MPMV also were significantly affected but to even lesser extents, at 53.7 and 38.7% of the control level, respectively (Fig.
2B). Consistently with results of Lee et al. (41), infection by
FIV was largely unaffected by NUP153 knockdown.
Neither Vpr nor the central DNA flap play significant roles
in NUP153 dependency during HIV-1 infection. Viral elements
implicated in HIV-1 nuclear import were analyzed to determine which ones might contribute to NUP153 dependency.
Neither the central DNA flap nor Vpr are essential for HIV-1
infectivity, so mutations that completely abrogated function
were analyzed here (22, 45). Reporter viruses with either or
both elements mutated were applied to NUP153 or control
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FIG. 2. Retroviral susceptibilities to NUP153 knockdown. HeLa
cells transfected with siNUP153#1 or siControl were infected with
GFP reporter viruses specific to primate lentiviruses (A) or different
types of retroviruses (B). Results are averages from at least three
experiments performed in triplicate, with error bars denoting 95%
confidence intervals.

knockdown cells at two levels of input (5 ⫻ 106 or 5 ⫻ 104
RTcpm). Similarly to previous observations, single and double
mutant viral infectivities were comparable to that of the WT
(22, 45, 60) (Fig. 3A, dark gray bars). To determine whether
sensitivity to NUP153 depletion was altered by these mutations, the infectivities of each mutant virus in knockdown cells
were normalized to their corresponding control sample and
regraphed (Fig. 3B). Infections performed with either quantity
of viral inocula were significantly decreased when NUP153 was
knocked down, although as a group infections performed with
less virus showed a slight, but not significant, increase in sensitivity to the knockdown. Although Vpr mutant viruses
showed slight differences in sensitivity to the knockdown with
both quantities of inocula, none of these values reached statistical significance.
Replacement of HIV-1 IN or CA with MLV counterparts
influences NUP153 dependency, while MA does not. Essential
roles of MA, IN, and CA proteins during the early and/or late
steps of HIV-1 replication precluded the use of deletion constructs in infectivity assays. Because NUP153 depletion resulted in dramatically different levels of MLV and HIV-1 infection (39) (Fig. 1B), we instead tested a set of HIV-1-based
chimera viruses containing differing amounts of MLV Gag

FIG. 3. NUP153 dependency during HIV-1 infection is independent of Vpr and the central DNA flap. (A) Viral infectivities were
normalized to the level obtained with 5 ⫻ 106 RTcpm of WT virus (set
to 100%). Dark gray, siControl; light gray, siNUP153#1. (B) Regraph
of panel A results, with infectivities in knockdown cells expressed as
percentages of control cells, which were set at 100%. Solid dark gray,
WT virus; light gray, DNA flap mutant; hatched bars, Vpr mutant
viruses. Results are averages from four experiments performed in
duplicate, with error bars denoting 95% confidence intervals.

FIG. 4. NUP153 dependencies of MLV/HIV-1 chimera viruses.
(A) Illustration of constructs tested (not to scale), with major HIV-1
Gag and Pol proteins indicated in gray (NC, nucleocapsid; PR, protease) and MLV proteins in white. (B) Control or knockdown cells
were infected with HIV-1LAI, MLV, or HIV-1-derived MLV chimera
viruses shown in panel A. Results are averages from three experiments
performed in triplicate, with error bars denoting 95% confidence intervals.

and/or Pol proteins (75, 76) (Fig. 4A). Chimera viral names
indicate the swapped MLV protein(s). For example, mMAp12
carries MLV MA and p12, whereas mMAp12CA additionally
harbors MLV CA.
Upon NUP153 depletion, the infectivity of the parental
HIV-1LAI isolate was significantly decreased to 2.1% of that of
the control, while MLV remained unaffected at 112.1% (Fig.
4B). The infectivity of mMAp12 was indistinguishable from
that of HIV-1LAI, while the addition of MLV CA reduced
dependency on NUP153 about 10-fold, to 22.7% of that of the
control. The separate replacement of the IN protein in mIN
also yielded a significant, approximately 4-fold difference from
HIV-1LAI to 9.1% of that of the control, although this sample
exhibited greater experimental variability. The combination
virus containing MLV MA, p12, CA, and IN was not inhibited
by NUP153 depletion, exhibiting 149.6% infectivity compared
to that of the control.
Alteration of HIV-1 sensitivity to NUP153 depletion by
CA missense mutations or cyclosporine treatment. The preceding experiment revealed CA as a dominant determinant of
NUP153 dependency, so we next surveyed a panel of previously characterized CA missense mutant viruses for NUP153
dependency during infection. Mutants of the cyclophilin A
(CypA) binding loop, encompassing HIV-1 residues His83 to
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FIG. 5. WT and CA mutant viral infectivities and cyclosporine dependences in control and NUP153 knockdown cells. (A) Control (dark
gray) or NUP153 knockdown (light gray) cells were left untreated
(solid bars) or were treated with 5 M cyclosporine (hatched bars) at
the time of infection. All samples were normalized to the infectivity of
WT virus in untreated control cells, which was set at 100%. The results
are averages from three experiments, each performed in duplicate,
with error bars denoting 95% confidence intervals. (B) Regraph of
panel A results, with infectivities in knockdown cells expressed as
percentages of the infectivity of control cells; hatched bars denote
infections in the presence of CsA. The results are averages from six
experiments performed in duplicate, with error bars denoting 95%
confidence intervals. (C) Infectivities in NUP153 knockdown cells
compared to that of control cells, with hatched bars denoting cells in
which CypA was simultaneously depleted. Results are averages from
two experiments performed in duplicate, with error bars denoting 95%
confidence intervals.

Arg99, included G89V and P90A, which exhibit greatly diminished CypA binding (80), and A92E and G94D, whose infectivities are cell type specific (29, 65). Non-CypA loop mutants
E45A and Q63A/Q67A, which exhibit altered core stability
both in vitro and ex vivo (16, 21, 25, 78), experience greatly
decreased infectivities across cell types. A relatively large viral
inoculum, 4 ⫻ 106 RTcpm, therefore was utilized to provide
robust signals across the mutant virus set.
Consistently with previous reports, the infectivities of E45A
and Q63A/Q67A were severely compromised, while G89V,
A92E, and G94D yielded moderate defects and the N74D and
P90A mutants infected HeLa cells at levels comparable to that
of the WT (Fig. 5A, dark gray bars). Comparison of infectivities in knockdown and control cells confirmed N74D to be
insensitive to NUP153 depletion (41) (Fig. 5A and B, light gray
bars). E45A appeared moderately less sensitive to knockdown
than the WT, while the Q63A/Q67A mutant was not distinguishable from the WT. A92E and G94D were at least as, if not
more, sensitive to NUP153 depletion as the WT, while the
CypA binding mutants G89V and P90A exhibited contrasting
sensitivities: G89V was sensitive while P90A was resistant (Fig.
5A and B, light gray bars). The P90A phenotype appeared to
be cell type specific, as partial sensitivity to NUP153 knockdown was observed in HEK293T and GHOST-CXCR4 cells
(data not shown).

J. VIROL.

FIG. 6. Interdependence of NUP153 and TNPO3 during HIV-1
infection. (A) Whole-cell extracts of control, NUP153-depleted,
TNPO3-depleted, and combinatorially depleted cells were blotted with
the indicated primary antibodies. (B) Control (dark gray) or NUP153
knockdown (light gray) cells simultaneously depleted for TNPO3
(hatched bars) were infected with 2 ⫻ 106 or 2 ⫻ 107 RTcpm of
VSV-G or HIV-1 envelope pseudotyped viruses, respectively, yielding
numbers of RLU in control cells that were within 1 log of each other
(not shown). All samples were normalized to the infectivity of the WT
virus in control cells, which was set at 100%. White bars show the
multiplicative product of infectivity defects exhibited upon individual
protein knockdowns, representing the theoretical maximum expected
assuming independent function. Results are averages from three experiments, each performed in duplicate, with error bars denoting 95%
confidence intervals.

As the interaction of CA with CypA can govern HIV-1
uncoating (44), WT and CA mutant viral dependencies were
evaluated in the presence of cyclosporine to disrupt this protein-protein interaction. As previously observed in HeLa cells
(29, 64), the WT was relatively unaffected by cyclosporine
treatment, while E45A, Q63A/Q67A, A92E, and G94D witnessed approximately 5- to 10-fold increases in infectivity (Fig.
5A, compare dark gray hatched and solid bars). Interestingly,
cyclosporine treatment rendered the WT, A92E, and G94D
viruses fully insensitive to NUP153 depletion (Fig. 5A, dark
gray hatched bars, and B, hatched bars). This effect was not
observed with all NUP153-sensitive CA mutants, as the G89V
mutant remained largely dependent on the host factor in the
presence of the drug. Similar results were observed with CypA
knockdown in place of cyclosporine treatment: CypA knockdown resulted in approximately 5- to 20-fold increases in the
infectivities of E45A, Q63A/Q67A, A92E, and G94D mutant
viruses (data not shown), and WT, A92E, and G94D viruses
were rendered significantly less sensitive to NUP153 depletion
when CypA was knocked down simultaneously (Fig. 5C, compare hatched to solid bars).
Interdependent requirement for NUP153 and TNPO3 during HIV-1 infection. Primate lentiviruses reveal strong dependencies on NUP153 and TNPO3, while MLV, FIV, and the
N74D HIV-1 CA mutant are largely unaffected by either
knockdown (40, 41) (Fig. 2). We therefore next tested if these
proteins would reveal evidence for interdependence during
HIV-1 infection. Because Thys et al. (67) recently showed that
the route of N74D entry influenced the requirement for
TNPO3, experiments were conducted in CD4-positive
GHOST-CXCR4 cells to enable comparisons of VSV-G and
HIV-1 envelope pseudotyped particles. NUP153 and TNPO3
were knocked down either individually or in combination (Fig.
6A). WT viruses carrying either envelope exhibited 3- to 5-fold
decreases in infectivity when NUP153 (Fig. 6B, light gray bars)
or TNPO3 (dark gray hatched bars) was knocked down, while
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N74D was largely, if not completely, insensitive. Interestingly,
a 40-fold decrease in infection by VSV-G-pseudotyped WT
virus was observed when both proteins were knocked down
(Fig. 6B, light gray hatched bar), far greater than the ⬃14-fold
defect expected based on the product of individual knockdowns (Fig. 6B, white bar). The N74D mutant showed no such
effect, with the dual knockdown inhibiting this virus no more
than the slight decrease observed with NUP153 knockdown
alone. The results with the HIV-1 envelope pseudotypes were
similar, although slightly exaggerated: WT virus exhibited an
approximately 75-fold infection defect when both factors were
knocked down, while the N74D mutant exhibited a much
smaller, though noticeable, 3-fold decrease in infectivity.
NUP153 depletion inhibits expression from an integrationdefective reporter virus. HIV-1 reporter viruses harboring mutations of IN active-site residues are unable to catalyze vDNA
integration but still can yield a reproducible level of reporter
gene expression. N/N active-site mutant viruses carrying either
WT or N74D CA therefore were produced to determine if the
inhibitory effects of NUP153 depletion were conferred in the
absence of integration. Infection with N/N mutant viruses
yielded ⬃2 to 3% reporter expression compared to that of the
WT IN viruses, and as expected, these gene expression levels
were completely refractory to the addition of 10 M strand
transfer inhibitor raltegravir, a dose ⬃100-fold in excess of that
required to inhibit 95% of WT viral infection (38) (Fig. 7A).
Control and NUP153 knockdown cells next were challenged
with N/N viruses alongside 10-fold dilutions of WT IN viruses
to establish a comparable level of endpoint reporter expression
(Fig. 7B). The N/N virus harboring WT CA was significantly
inhibited by NUP153 depletion to a level indistinguishable
from that of its integration-competent counterpart at all viral
inocula tested (Fig. 7C). Additionally, similarly to the effects of
the N74D change on integrating virus, the N74D CA mutation
rendered the N/N virus insensitive to NUP153 depletion.
NUP153 depletion results in decreased 2-LTR circles and
integrated proviruses. Although NUP153 depletion previously
was concluded to result in an HIV-1 PIC nuclear import defect, this interpretation was based on an approximately 20%
reduction in 2-LTR circle levels at 24 hpi alongside an 8-fold
infectivity defect (39). To more comprehensively address the
block to HIV-1 infection upon NUP153 depletion, LRT,
2-LTR circle, and integrated proviral DNA levels were measured at multiple time points by qPCR following infection with
either WT or N/N mutant virus. As expected (30), cells infected with N/N virus supported a level of LRT products similar to that of WT-infected cells at 8 hpi, with a corresponding
⬃9.6 fold increase in 2-LTR circle levels at 24 hpi (data not
shown). WT and N/N mutant viral reverse transcription were
insensitive to the amount of cellular NUP153, as peak levels at
8 hpi were similar in control and knockdown cells (Fig. 8A and
D). NUP153 depletion resulted in an approximately 4.7-fold
decrease in N/N virus 2-LTR circle formation at 24 hpi, which
leveled off somewhat, to 3.2-fold, by 52 hpi (Fig. 8E). In contrast, NUP153-depleted cells infected with WT virus supported
2.1- and 2.3-fold lower 2-LTR circle levels than siControltransfected cells at 24 and 52 hpi, respectively (Fig. 8B). WT
viral integration was blocked more significantly than 2-LTR
circles in NUP153 knockdown cells, about 5- and 7.2-fold lower
than the levels of integrated proviruses in control cells at 24
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FIG. 7. NUP153 dependencies of WT and IN active-site mutant
viruses. (A) Relative differences in reporter expression of 5 ⫻ 106
RTcpm WT and N/N IN mutant, along with WT sequence or the CA
N74D mutation, in the absence (dark gray) or presence (light gray) of
10 M raltegravir. (B) Relative infectivities of WT and N/N mutant
viruses in control (dark gray) or NUP153 knockdown cells (light gray),
with WT infectivity (5 ⫻ 106 RTcpm) set to 100%. Viruses harbored
either WT (solid bars) or N74D (hatched bars) CA. (C) Regraph of
panel B results, with infectivities in knockdown cells expressed as
percentages of respective control cells; solid, hatched, and boldface
hatched bars denote infections with 5 ⫻ 106, 5 ⫻ 105, and 5 ⫻ 104
RTcpm of WT IN virus, respectively, while light gray bars denote
infection with N/N virus. Results are averages from five experiments
performed in triplicate, with error bars denoting 95% confidence intervals.

and 52 hpi, respectively (Fig. 8C). Comparison of luciferase
activities at 52 hpi yielded approximately 9.3- and 10.7-fold
reductions in WT and N/N mutant viral infectivities, respectively, upon NUP153 knockdown (Fig. 8F).
DISCUSSION
NUP153 is likely required for HIV-1 nuclear entry. NUP153
expression has been shown to be required for HIV-1 infection
(7, 39), but its role(s) in this process has yet to be well characterized. Here, we show that NUP153 is required for efficient
infection by primate lentiviruses and may play a role in infection by other retroviral genera (Fig. 2). Our results with integration-defective N/N virus revealed NUP153 to be equally
required for expression from integrated and unintegrated
vDNA templates, implicating a step common to both processes. Our investigations tracking viral DNA accumulation in
NUP153-depleted cells showed both WT and N/N IN mutant

7824

MATREYEK AND ENGELMAN

J. VIROL.

FIG. 8. HIV-1 DNA species formed during acute infection of NUP153 knockdown cells. Viral DNAs were amplified from cells following
infection with WT (A, B, and C) or N/N mutant (D and E) virus, with values from NUP153 knockdown cells (gray dashed line) normalized to peak
LRT (8 hpi) (A and D), 2-LTR circle (24 hpi) (B and E), and integration (52 hpi) (C) values. (F) Levels of WT and N/N mutant virus infectivities
upon NUP153 depletion, expressed as percent siControl-transfected cells (set at 100%). Results are averages from three experiments, with error
bars denoting 95% confidence intervals.

viral LRT levels similar to those of control cells, suggesting
that NUP153 expression is not necessary for reverse transcription. In contrast, knockdown cells infected with the N/N
mutant supported formation of about 5-fold fewer 2-LTR circles than NUP153-expressing cells (Fig. 8). The nonhomologous end-joining machinery required for 2-LTR circle formation is expected to reside in the nucleus (26, 43), which suggests
that NUP153 is involved at a step(s) following reverse transcription which could precede or coincide with nuclear entry or
a subsequent process that facilitates the formation and/or retention of 2-LTR circles. Because NUP153 is an NPC component, it seems most likely that the defect is at nuclear entry.
Accordingly, knockdown cells infected with WT virus exhibited
decreased levels of 2-LTR circles as well, albeit to a lesser
extent than the N/N mutant. This discrepancy may be due to an
overlying integration defect, which would be expected to contribute to the accumulation of vDNAs susceptible to circularization.
CA mutant viruses and cyclosporine treatment indicate a
role for core uncoating in NUP153 dependency during HIV-1
infection. Although the infection defect likely is at a nuclear
step, the major functional determinant of NUP153 dependency
identified thus far appears to be the CA protein (41) (Fig. 4 to
6). It is possible that CA molecules associated with the PIC
directly participate in steps at the NPC or within the nucleus,
but because numerous point mutations across different faces of
the HIV-1 CA monomer can dramatically alter NUP153 dependence, it is more likely that the dominant effects of CA are
reflective of qualities conferred by a multimerized CA core.
These results suggest that NUP153 dependency is an effect
dictated by the manner in which the CA core uncoats in the

cytoplasm or potentially at the nuclear pore itself (2). Consistent with this interpretation, we found that the perturbation of
cyclophilin binding, either by cyclosporine treatment or CypA
knockdown, dictated the sensitivity of the WT and cyclosporine-dependent mutants A92E and G94D to NUP153 depletion (Fig. 5). Thus, it appears as though the amount of CypA
bound to the HIV-1 core is able to dictate whether the PIC
undergoes downstream processes requiring NUP153, perhaps by altering the dynamics of uncoating (44). Notably,
this level of regulation by CypA does not appear to be a
global requisite for infection, as SIVMAC is highly sensitive
to NUP153 knockdown in spite of its reported inability to
bind CypA (6). The route of cell entry taken by the N74D
CA mutant, which has been documented to alter the requirement for TNPO3 during infection (67), may influence
NUP153 dependency as well. Although the HIV-1-mediated
entry of N74D failed to reveal a requirement for NUP153 or
TNPO3 in our hands, we did note a modest 3-fold effect
upon the depletion of both proteins (Fig. 6).
Notably, there is precedence for a requirement of NUP153
and NUP153-like proteins during infection with other viruses
and retrotransposons at a stage that interfaces capsid oligomerization with nuclear import. The Saccharomyces pombe
ortholog Nup124p is important for the nuclear accumulation of
the Tf1 retrotransposon (3, 14). Interestingly, residues adjacent to an N-terminal nuclear localization signal located in Tf1
Gag dictated whether Nup124p was necessary for Gag nuclear
import, and this appeared to correlate with the ability of Gag
to multimerize (37). More recently, NUP153 was found to play
a key role during hepatitis B virus nuclear import by signaling
mature capsid proteins to dissociate within the NPC basket
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(63). Interestingly, both Tf1 Gag and hepatitis B virus capsid
have been demonstrated to directly bind their respective
NUP153 orthologs. It therefore would be instructive to know if
human NUP153 binds HIV-1 CA in an oligomerization-dependent manner.
A potential role for IN in NUP153 dependency. Aside from
the dominant effects conferred by CA, our functional studies of
viral elements provide context to understand potential physical
interactions relevant to NUP153 function during infection. Although NUP153 has been found to bind HIV-1 Vpr (70),
viruses lacking virion-incorporated Vpr were not significantly
altered in their NUP153 dependence compared to that of the
WT virus, suggesting that this interaction is not relevant up to
and including the nuclear import, integration, and early gene
expression stages of infection (Fig. 3). NUP153 also has been
found to bind HIV-1 IN (73), and our results with MLV/HIV-1
chimera viruses support a role for HIV-1 IN during the infection of NUP153 knockdown cells (Fig. 4). Additionally, the IN
protein of FIV previously was found not to bind NUP153 (73),
which appears to correlate with the insensitivity of this virus to
NUP153 depletion (Fig. 2B). As yet, the requirement for IN
appears auxiliary to CA: despite carrying WT IN, HIV-1 CA
mutants N74D and P90A were largely insensitive to NUP153
knockdown (Fig. 5 and 6), while comparison between chimeras
containing MLV IN or CA showed the replacement of CA to
decrease the sensitivity of the virus to knockdown more than
IN replacement (Fig. 4).
Pleiotropic effects of NUP153 depletion. It currently is unknown whether the effect of NUP153 knockdown on primate
lentiviral infection is reliant on the cellular roles of NUP153
during nuclear transport or on other collateral pleiotropic effects caused by the depletion of this multifunctional protein.
NUP153 is believed to be a major point of NPC interaction
with translocating karyopherins, including those for nuclear
import via importin ␣/␤ and transportin, protein export via
Crm1, and mRNA export via NXF1 (reviewed in reference 4).
Furthermore, NUP153 depletion has been shown to prevent
the NPC from incorporating nucleoporins Tpr and NUP50 (28,
49), and it also has been shown to perturb NUP62, NUP88,
and NUP214 localization in certain contexts (48, 62). Thus,
even if the disruption of a putative specific HIV-1 PICNUP153 interaction(s) is not the root cause of the infectivity
defect, it may be due to the mislocalization of a subsequently
required, potentially unidentified host factor. Furthermore,
NUP153 can exert effects indirectly of nuclear transport, as its
depletion has been shown to disrupt the cytoskeleton (85),
likely through the perturbation of the nuclear lamina, and it
also has been found to delay cellular progression through mitosis (48, 49). Lastly, NUP153 is important during transcription
and even has been found to be associated with large regions of
transcriptionally active open chromosomes within the Drosophila genome (69). Regardless, although NUP153 depletion is
known to disrupt many processes within the cell, its overall
relevance to HIV-1 infection must be relatively specific, as
single point mutations in CA can render the virus completely
unaffected (Fig. 5).
It will be interesting to continue to determine the role of
NUP153 in relation to other host factors implicated in HIV-1
nuclear transport, especially TNPO3 and NUP358. Numerous
similarities have been observed upon the knockdown of indi-
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vidual components: HIV-1 exhibits a nuclear entry defect (13,
39, 83) (Fig. 8), while MLV, FIV, and the N74D CA mutant
are seemingly unaffected (7, 13, 39–41, 67) (Fig. 2, 5, and 6).
Here, we determined that the simultaneous depletion of
NUP153 and TNPO3 significantly enhanced the block to
HIV-1 infection, suggesting interrelated functions. Perhaps
these proteins represent multiple components of a concerted
mechanism streamlining the early steps of HIV-1 infection,
allowing for both optimal quantity and quality of proviral insertion into the host genome.
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