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Abstract

Following envelope mediated fusion, the HIV-1 core is released into the cytoplasm of the
target cell and undergoes a series of trafficking and replicative steps that result in the
nuclear import of the viral genome, which ultimately leads to the integration of the proviral
DNA into the host cell genome. Previous studies have found that disruption of microtubules,
or depletion of dynein or kinesin motors, perturb the normal uncoating and trafficking of the
viral genome. Here, we show that the Kinesin-1 motor, KIF5B, induces a relocalization of
the nuclear pore component Nup358 into the cytoplasm during HIV-1 infection. This relocali-
zation of NUP358 is dependent on HIV-1 capsid, and NUP358 directly associates with viral
cores following cytoplasmic translocation. This interaction between NUP358 and the HIV-1
core is dependent on multiple capsid binding surfaces, as this association is not observed
following infection with capsid mutants in which a conserved hydrophobic binding pocket
(N74D) or the cyclophilin A binding loop (P90A) is disrupted. KIF5B knockdown also pre-
vents the nuclear entry and infection by HIV-1, but does not exert a similar effect on the
N74D or P90A capsid mutants which do not rely on Nup358 for nuclear import. Finally, we
observe that the relocalization of Nup358 in response to CA is dependent on cleavage pro-
tein and polyadenylation factor 6 (CPSF6), but independent of cyclophilin A. Collectively,
these observations identify a previously unappreciated role for KIF5B in mediating the
Nup358 dependent nuclear import of the viral genome during infection.

Author Summary

Fusion of viral and target cell membranes releases the HIV-1 viral capsid, which houses
the viral RNA and proteins necessary for viral reverse transcription and integration, into
the cytoplasm of target cells. To complete infection, the viral capsid must ultimately traffic
to the nucleus and undergo a process known as uncoating to allow the nuclear import of
the viral genome into the nucleus, where it subsequently integrates into the genome of the
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target cell. Here, we show that the concerted actions of microtubule motor KIF5B and the
nuclear pore component Nup358 cooperatively facilitate the uncoating and nuclear import
of the viral genome. Moreover, we also identify the determinants in the viral capsid pro-
tein, which forms the viral capsid core, that are required for KIF5B dependent nuclear
entry. These studies reveal a novel role for the microtubule motor KIF5B in the nuclear
import of the viral genome and reveal potential intervention targets for therapeutic
intervention.

Introduction

Human Immunodeficiency Virus Type-1 (HIV-1), like all primate lentiviruses, possesses the
ability to infect non-dividing cells. The ability to infect non-dividing cells is conveyed by the
viral capsid (CA) protein which makes up the viral core that houses the viral genome [1,2,3].
CA has important functions during the early stages of HIV infection. Specifically, it acts to
shield the viral genome from cytoplasmic sensors capable of inhibiting infection and activating
innate immune signaling pathways[4,5,6,7]. The ability to protect the viral genome from host
factors in the cytoplasm and also mediate the nuclear import of the viral genome is complicated
by the dimensions of the viral core, which at ~120nm x 60 nm [8,9], significantly exceeds the
size limitation of nuclear pore cargoes, which is ~39 nm [10,11]. These findings collectively
suggest that core disassembly, known as uncoating, must be properly regulated so that the viral
genome can be delivered to the nucleus while keeping the genome shielded from host factors in
the cytoplasm. CA must therefore interact with numerous host factors to ensure that these
functions are performed in a spatiotemporally appropriate fashion.

Genome wide screens for host factors required for replication identified numerous proteins
associated with the nuclear import machinery of the cell, including the nuclear pore complex
(NPC) proteins Nup358 and Nup153 [12,13,14]. In the context of the nuclear pore, Nup358
forms a basket on the cytoplasmic side of the NPC, while Nup153 serves a similar function on
the opposite side of the NPC (reviewed in [15]) Functional studies demonstrate that the virus
preferentially relies on NUP358 and Nup153 to enter the nucleus of non-dividing cells
[16,17,18,19,20,21,22]. In the case of Nup153, the ability to support HIV-1 infection maps to
the viral CA protein [21], and structural studies have found that the phenylalanine/glycine
repeats (FG repeats) present on Nup153 are able to bind a conserved “pocket” on assembled
CA[22,23,24,25]. This binding pocket, which is formed by inter-molecular association of N-
terminal and C-terminal domains in adjacent CA proteins in the CA hexamer, is also the bind-
ing site for numerous cellular factors and antiviral compounds, including cleavage and polya-
denylation specificity factor 6 (CPSF6) [20,23,24]. In contrast to Nup153, the role of Nup358
in HIV-1 infection remains less clear. Nup358 has a cyclophilin (Cyp) homology domain,
which is capable of binding CA at the conserved Cyp binding loop present on CA, and has
been reported to induce isomerization of the peptide bond at P90 to facilitate infection and
core disassembly (uncoating)[18,26]. However, other studies have shown that the dependence
of HIV-1 infection on Nup358 does not require the Cyp homology domain [27], leaving the
mechanism by which Nup358 interacts with the viral ribonucleoprotein complex and facilitates
infection unclear.

We and others have recently observed that microtubule motors dynein and the kinesin-1
motor KIF5B are required for HIV-1 uncoating and infection[28,29,30]. Specifically, uncoating
in the cytoplasm was inhibited by microtubule disruption or by depletion of dynein heavy
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chain or KIF5B[28,30]. However, these studies did not determine the mechanism by which
microtubule trafficking was coupled to the disassembly of the viral core.

Here, we show that depletion of theKinesin-1 motor KIF5B leads to the accumulation of
HIV-1 viral cores at the nucleus. During infection, KIF5B mediated anterograde trafficking of
viral cores is accompanied by the displacement of Nup358 from the nuclear membrane to
the cytoplasm, where it associates with viral cores. Critically, this cytoplasmic trafficking of
Nup358 and its association with viral cores is perturbed by mutations which disrupt the hydro-
phobic binding pocket in assembled CA (N74D) and mutations which disrupt the conserved
Cyp binding loop on CA (P90A). The functional relevance of this interaction was demon-
strated by the observation that KIF5B depletion inhibits nuclear import of the viral genome in
a CA dependent manner, as N74D and P90A CA mutants are not sensitive to KIF5B depletion.
These studies provide evidence of a bipartite interaction between CA and Nup358, in which
the hydrophobic binding pocket and Cyp binding loop both contribute to this association.
These studies demonstrate, for the first time, the determinants required for the interaction of
Nup358 and the viral core, and identify a critical role for KIF5B in the nuclear import of HIV-1
during infection.

Materials and Methods
Cell lines

HeLa and 293T cells (ATCC) were cultured in Dulbecco’s modified Eagle medium (DMEM)
(Cellgro) supplemented with 10% fetal bovine serum (FBS), 1000 U/ml penicillin, 1000 U/ml
Streptomycin and 10 pg/ml Ciprofloxacin Hydrochloride. HeLa TZM-bl cells stably expressing
CD4 and CCr5 were obtained through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH: TZM-bl from Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc. To gener-
ate monocyte derived macrophages (MDM), peripheral blood mononuclear cells (PBMC) were
obtained from peripheral blood (Loyola University IRB 208423)immediately after collection by
layering over lymphocyte separation medium (Corning) and spinning at 2000rpm for 30min.
The PBMC were washed twice in PBS and monocytes positively selected using the EasySep
Human CD14 positive selection kit (STEMCELL) following the manufactures protocol. Iso-
lated monocytes were resuspended in RPMI media supplemented with 10% fetal bovine serum
(FBS), 1000 U/ml penicillin, 1000 U/ml Streptomycin and 10 pg /ml Ciprofloxacin Hydrochlo-
ride. Monocytes were differentiated to macrophages by resuspending in RPMI media contain-
ing 50 ng/ml granulocyte macrophage colony-stimulating factor (GM-CSF) and 50 ng/ml
macrophage colony-stimulating factor (M-CSEF). Cells were plated on culture dishes and differ-
entiated for 8 days before performing experiments.

Ethics statement

Human blood obtained for this study was de-identified prior to our work. We did not have any
interactions with the human subject, or protected information, and therefore no informed con-
sent was required.

Virus production and synchronized infection

To generate pseudotyped HIV-1, 293T cells seeded in a 15cm dish at 60% confluency were
transfected with 8.25 ug pCMV-VSVg and 16.75 pg of R7AEnvGFP using polyethylenimine
(PEL, MW 25000 Polysciences). HIV-1 virus harboring the HXB2 glycoproteins were generated
by transfecting 293T cells on 10cm dish with 7 ugR7AEnvGFP and 3 ug HXB2 envelope
glycoproteins using PEL.P8.9NDSB is a minimal HIV-1 packaging plasmid for gag and pol
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expression and described before [31]. p8.9NDSB wildtype (WT) and capsid mutants N74D
and P90A was kindly provided by Jeremy Luban(University of Massachusetts Medical School)
[32]. To generate pseudotyped reporter virus, 293T cells seeded on 10cm dish were transfected
with 3 ug p8.9NdSB WT or mutants, 2 ug pCMV-VSVg and 5 pg pLVX-GFP (clontech). MLV
reporter virus were produced by PEI transfection of 293T cell on 10cm plate with 5 pg of
pCigB (generous gift of Dr. Greg Towers), 3 ug of GFP reporter vector [33] and 2 pg of
pCMV-VSVg. Gag-integrase-Ruby was kindly provided by Thomas J. Hope (Northwestern
University) and virus were produced by PEI transfection of 293T cell on 10cm plate with

5 ugR7AEnvGFP, 2.5 pg Gag-intergrase-Ruby and 2.5 ug pCMV-VSVg. Viruses were harvested
48 hours after transfection, spun for 5 minutes at 1200 rpm and filtered through a 0.45 pm fil-
ter (Milipore). Synchronized infection was performed as described previously [34]. In brief,
cells were spinoculated at 13°C for 2 hours at 1200xg, after which virus containing medium
was removed and replaced with 37°C media. Infectivity was measured 48 hours post synchro-
nized infection and percentage of GFP positive cells was determined using BD FACSCanto II
cytometer (BD Bioscience). Multiplicity of infection (MOI) was calculated based on the equa-
tion: MOI = -InP(0) where P(0) is the proportion of uninfected cells.

Antibodies and chemicals

HIV-1 capsid protein p24 was stained using either anti-p24 AG3.0 (mAb from Dr. Jonathan
Allan) or 183-H12-5C (HIV-1 p24 hybridoma from Dr. Bruce Chesebro) and were obtained
through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH. Rabbit polyclonal
antibodies against Nup358 (ab64276) and Nup153 (ab84872) were purchased from Abcam.
Rabbit anti-KHC to detect kinesin-1 heavy chain (sc-28538) were from Santa Cruz Biotechnol-
ogy. Rabbit polyclonal to CPSF6 (ab99347) was purchased from Abcam and rabbit polyclonal to
cyclophilin A (PA1-025) was purchased from ThermoScientific. Secondary antibodies conju-
gated to fluorophore for immunofluorescence studies were purchased from Jackson Immunore-
search Laboratories. Cyclosporine A (CsA; Sigma Aldrich) was used at a final concentration of
2.5 uM. DAPI to stain nucleus was obtained from Sigma Aldrich.

Western blotting

Cell lysates were prepared by lysing cells with NP-40 lysis buffer (100mM Tris pH 8.0, 1% NP-
40, 150 mM NaCl) containing protease inhibitor cocktail (Roche) for 10 minutes on ice. Fol-
lowing incubation, lysates were spun down at 13,000 rpm for 10 min and supernatant collected
for western blot analysis. In brief, 2x Laemmli sample buffer were added to the lysed sample
and incubated at 100°C for 5min. Protein concentration was measured using Pierce BCA pro-
tein assay kit (Thermo Scientific) and equal amount of protein was loaded in to an 8% poly-
acrylamide gel for SDS-polyacrylamide gel electrophoresis (SDS-PAGE). To detect Nup358,
proteins were loaded on to a 4-15% gradient gel (Bio-Rad). Upon separation, the proteins were
transferred to nitrocellouse membrane (Bio-Rad). Membranes were probed using specific pri-
mary antibodies and then probing with secondary antibodies conjugated to Horseradish Perox-
idase (HRP) (Thermo Scientific). Antibody complexes were detected using SuperSignal West
Femto Chemiluminescent Substrate (Thermo Scientific). Chemiluminescence was detected
using the ChemiDoc Imaging System (Bio-Rad).

RNAI interference

siRNA sequences targeting KIF5B heavy chain [35] and Nup358 [36] has been described
before. siRNA targeting human cyclophilin A (sc-105263) and CPSE6 (sc-72990) were
obtained from Santa Cruz Biotechnology, Inc. A control siRNA targeting luciferase was
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purchased from Fisher Scientific. siRNA’s were transfected in to HeLa or HeLa TZM-bl cells
plated on 6 well plate using Lipofectamine 2000 (Thermo Fisher) as per the manufactures pro-
tocol. A second transfection was performed 24 h later. 72h after the first siRNA transfection,
cells were collected and seeded on to 24 well plate for subsequent experiments a day later.
Western blotting was performed to monitor knockdown efficiency of the siRNA.

Microscopy and image acquisition

Z-stack images were collected with a DeltaVision wide field fluorescent microscope (Applied
Precision, GE) equipped with a digital camera (CoolSNAP HQ; Photometrics), using a
1.4-numerical aperture 100x objective lens. Excitation light was generated with an Insight SSI
solid state illumination module (Applied Precision, GE) and were deconvolved with SoftWoRx
deconvolution software (Applied Precision, GE). In any experiment, identical acquisition con-
ditions were used to acquire all images. Following deconvolution, images were analyzed by
Imaris 7.6.4 (Bitplane). An algorithm was designed using the surface feature function in Imaris
to generate surfaces around signal of interest and the maximum fluorescence intensity associ-
ated within these surfaces were measured. The algorithm was applied to all images within the
same experiment. For live cell experiments, cells were plated in delta DPG dishes (Thermo
Fisher Scientific). Cells were maintained at 5% CO, at 37°C in an environmental chamber on a
DeltaVision microscope, and images were captured in a z series on an electron multiplied
charge coupled device digital camera (EMCCDCascade 2; Photometrics) and deconvolved
using SoftWoRx deconvolution software. Images were acquired every 15 seconds for 10
minutes.

In situ uncoating assay

The in situ uncoating assay has been described before [37]. For the assay, fluorescently labeled
HIV-1 was generated by transfecting 293T cells on a 25cm dish with 6.25 pg S15-mCherry,
5.25 ug GFP-Vpr, 7.5 ug R7AEnvGFP, and 6 ug pCMV-VSVg using PEI. Following fusion,
S15-mCherry labeled viral membrane is lost which allows to effectively discriminate between
viruses that have non- productively endocytosed by the target cells (S15-mCherry+, GPE-Vpr
+) from those that have productively fused into the cytoplasm (S15-mCherry—, GFP-Vpr+). A
synchronized infection performed on HeLa cells with these fluorescent labeled virions (Label-
ing efficiency, 94%). Following spinoculation, media was aspirated and changed to 37°C warm
media. Cells were incubated at 37°C and fixed at various time points post infection. Coverslips
were then subjected to indirect immunofluorescence as described before [37]to stain for viral
capsid protein p24 using the anti-p24 mAb AG3.0 and a Cy5 conjugated secondary antibody
(Jackson Immunoresearch) and mounted on glass slides. Images were acquired at 100x magni-
fication using DeltaVision wide field fluorescent microscope. 20 fields acquired per coverslip.
After deconvolution, GFP-Vpr viral complexes was identified using the surface function in
Imaris (Bitplane) software and the maximal S15-mCherry and p24 signal present within these
individual GFP-Vpr generated surfaces was determined. From the large sets of data acquired,
the average maximal p24 intensity of fused (S15-mCherry negative) populations of virions was
determined.

Real time PCR

Cells were infected with equal amount of virus as determined through a p24 Elisa kit
(Advanced Bioscience laboratories) and RT-PCR was performed to determine the late
reverse transcription (Late RT) and 2-LTR products and carried out as described before [38].
GAPDH was used as a housekeeping gene for normalization. Primers for GAPDH were
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forward, GCACCGTCAAGGCTGAGAAC and reverse, GCCTTCTCCATGGTGGTGAA.
Genomic DNA from cells was extracted following the DNeasy Blood and Tissue Kit protocol
(Qiagen). DNA concentration was determined and equal amount of DNA was digested with
Dpnl (New England BioLabs) before performing RT-PCR.

Proximity ligation assay

Duolink proximity ligation assay (PLA) kit was purchased from Sigma and assay performed as
described by the manufacturer (Olink Bioscience). In brief, cells grown on coverslips were
fixed with 3.7% PFA 3h post synchronized infection. To detect interaction between viral capsid
protein p24 and Nup358, cells were permeabilized and blocked in 3% BSA followed by incuba-
tion with primary antibodies targeting viral protein p24 (mouse monoclonal) and Nup358
(rabbit polyclonal). After primary staining, coverslip containing cells were washed and incu-
bated (1h, 37°C) with secondary anti-mouse conjugated with minus and anti-rabbit conjugated
with plus Duolink II PLA probes. Coverslips were washed again and incubated with ligation-
ligase solution (30min, 37°C) followed by washing and subsequent incubation with amplifica-
tion-polymerase solution (100min, 37°C) containing Duolink IT insitu detection reagent Red.
Finally, coverslips were washed and mounted with Duolink II mounting medium containing
DAPI. Interactions were detected as fluorescent spots (A excitation/emission 598/634 nm) under a
fluorescence microscope.

Quantification of perinuclear and cytoplasmic protein signal

To determine the amount of p24 or Nup358 signal present in the cytoplasm and around the
nucleus, the DAPI staining to detect nuclei along with the masking function in Imaris was uti-
lized. An algorithm was designed using the DAPI channel and surface function to detect the
cell nuclei. To detect nuclear or perinuclear signal, all signal outside the nuclei surface gener-
ated was masked using the masking tool in Imaris and saved as a separate channel. Then a new
algorithm was designed utilizing this new channel and the surface function to detect the p24 or
Nup358 signal present around the nucleus. The total sum intensity of these surface masks was
calculated to determine the amount of protein present around the nucleus. Similarly, to detect
cytoplasmic signal, all signal outside of the nuclear surface mask was determined. The relative
fraction of the perinuclear signal was calculated as a percentage of the total signal (perinuclear
+ cytoplasmic).

Statistical analysis

GraphPad Prism version 5.00 (GraphPad Software, Inc.) was employed for statistical analysis
and to make graph. Statistical significance was assessed using the One-Way or Two-way
ANOVA and Bonferroni posttest. P<0.05 was considered significant in our experiments. Data
is represented as mean +/- SEM depending on the graph.

Results

Nup358 and KIF5B depletion delays HIV-1 uncoating

To investigate the role of Nup358 and KIF5B in HIV-1 uncoating, we looked at the uncoating
states of individual virions following a synchronized infection in cells depleted of Nup358,
KIF5B or both proteins by siRNA using an in situ uncoating assay. This assay measures the
amount of CA which remains associated with individual viral particles during infection. Viral
particles are labeled with GFP-Vpr, and unfused viral particles are removed from analysis
using a fluorescent marker of viral membranes (S15-mCherry), allowing the relative amount of

PLOS Pathogens | DOI:10.1371/journal.ppat.1005700 June 21,2016 6/24



@’PLOS | PATHOGENS

Kinesin-1 and Nup358 Role during HIV-1 Nuclear Import

p24CA which remains associated with populations of cytoplasmic viral particles to be analyzed
[28]. Cells were infected with VSV pseudotyped virus labeled with GFP-Vpr (for labeling viral
complexes) and S15-mCherry (to determine fusion state) and fixed at various time points post
infection. The amount of p24 associated with individual virions that have productively entered
the cells (S15 Negative) was determined by staining with a monoclonal antibody to p24 and
measuring the p24 fluorescence intensity using wide field deconvolution microscopy. Western
blot analysis of Nup358 and KIF5B showed efficient depletion of each protein at the time of
infection (Fig 1A). Depletion of either or both protein was sufficient to substantially inhibit
HIV-1 infection (Fig 1B). Following synchronized infection, we observed that depletion of
KIF5B delayed HIV-1 uncoating, as measured by p24 staining of individual GFP-Vpr puncta.
This effect was apparent in individual experiments (Fig 1C) and in the normalized average of
three independent experiments (Fig 1D). Similarly, we observe a significant increase in CA
staining in the cytoplasmic virion population in Nup358 knockdown cells (Fig 1C and 1D). A
similar effect on uncoating was also observed following depletion of both KIF5B and Nup358,
and the effects of depletion of both proteins was similar to the effects observed when either was
depleted (Fig 1C and 1D). This delay in uncoating was not due to upstream perturbation of
fusion, as a similar percentage of virions had lost their S15 membrane label at the time points
examined (S1 Fig). These results demonstrate that Nup358 depletion delays HIV-1 uncoating.
The observation that knocking down both Nup358 and KIF5B did not increase the infectivity
defect or uncoating defect observed when these proteins were depleted individually is consis-
tent with these proteins acting at a similar step in infection.

HIV-1 capsids accumulate around the nucleus following KIF5B and
Nup358 depletion

In the experiments described in Fig 1, we also observed that KIF5B depletion and Nup358
depletion (Fig 2A) led to the accumulation of viral cores around the nucleus, rather than the
dispersed localization observed three hours following a synchronized infection(Fig 2B).

To quantify this phenotype, we developed a localization assay in which a perinuclear surface
mask is generated using DAPI fluorescence. An algorithm which reliably overestimated the
boundary of the nuclear DAPI stain was used to measure the fraction of virions within the peri-
nuclear region and in the cytoplasm (Fig 2C). The algorithm developed typically generated a
surface mask 2um from the boundary of the nucleus (DAPI). This method allowed us to quan-
tify the number of p24 puncta around the perinuclear region (inside the perinuclear mask) and
in the cytoplasm (outside the nuclear mask) in a large number of cells in an automated and
unbiased manner. Using this assay, we observed a significant increase in the amount of capsid
localized around the perinuclear region in KIF5B and NUP358 knockdown cells relative to
control cells at three hours post-infection (Fig 2D). To ensure that this effect was not due to the
mode of viral entry, we performed similar experiments as above in HeLa TZM-bl cells, which
express CD4 and coreceptors required for HIV-1 envelope fusion. Depletion ofKIF5B and
Nup358 from these cells (Fig 2E) led to a similar decrease in infectivity following infection of
these cells with viruses using the HXB2 envelope glycoproteins for entry (Fig 2F). As was
observed with VSV-g pseudotyped virions, KIF5B and Nup358 depletion led to a perinuclear
accumulation of viral particles around the nucleus, where a more dispersed localization of par-
ticles was observed in the control siRNA infected cells (Fig 2G and 2H).

Nup358 and KIF5B depletion reduce HIV-1 nuclear import and infection

To understand the functional relevance of KIF5B mediated trafficking of HIV-1 during infec-
tion, we measured viral reverse transcription and nuclear import (as measured by 2-LTR
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Fig 1. KIF5B and NUP358 facilitate HIV-1 uncoating. (A) Hela cells were transfected with siRNA’s targeting
Nup358, KIF5B or both (Nup358+KIF5B). Expression of the indicated proteins were determined by western blot 96h
post transfection.(B) siRNA treated Hela cells infected with VSVg-HIV-1 GFP (MOI 0.8) and infectivity measured by
determining the percent of GFP positive cells by FACS. (C) HelLa cells treated with scrambled, Nup358, KIF5B or
Nup358+5B siRNA for 96h were synchronously infected with S15-mCherry/GFP-Vpr VSVg-HIV-1. Cells were fixed at
the indicated time point, and the p24 intensities associated with individual virions lacking the S15 membrane label (1—
3 hours PI) or all virions (controls and 0 hr points) are shown. Bafilomycin A1 (Baf1), inhibits VSVg mediated fusion
and was used as a control in these experiments. Red line is the average p24 intensity measured for all fused viruses at
the indicated time point. At least 20 cells were imaged at each time point. Error bars represent SEM.(D)Data from
three independent experiments, as shown in C, were normalized to the mean p24 intensity observed in control siRNA
transfected cell and averaged. **p<0.01, *p<0.05, ns = not significant. Data is representative of three or more
independent experiments.

doi:10.1371/journal.ppat.1005700.9001

formation) products in cells depleted of KIF5B or Nup358 by siRNA using quantitative PCR.
Infection with wildtype virus showed no change in the amount of late reverse transcription
products following KIF5B or Nup358 depletion (Fig 3A). However, we observed that Nup358 or
KIF5B knockdown reduced nuclear import and infection of WT virus (Fig 3B and 3C), consis-
tent with previous reports [18,20,29]. As previously reported, Nup358 depletion did not signifi-
cantly influence nuclear import or infection by the N74D or P90A mutants [18,20]. Strikingly,
we also observed that depletion of KIF5B did not affect nuclear import or infection by the PO0A
and N74D mutant viruses (Fig 3B and 3C). Collectively, these data demonstrate that WT HIV-
Inuclear entry is mediated by a Nup358, KIF5B dependent mechanism, and that nuclear entry
of the N74D and P90A virus occur in a Nup358 and KIF5B independent manner.

HIV-1 infection induces the KIF5B dependent relocalization of Nup358

Given the defective nuclear entry observed following KIF5B and Nup358 knockdown, we
examined the ability of HIV to associate with Nup358 during infection. We hypothesized that
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Fig 2. KIF5Band Nup358 depletion lead to the perinuclear accumulation of HIV-1 cores. Hel a cells were transfected with
siRNA’s targeting Nup358, KIF5B or a scrambled siRNA sequence.(A) Western blot for KIF5B or NUP358 96h following siRNA
transfection (B)siRNA depleted cells were synchronously infected withVSVg-R7AEnvGFP(MOI 0.6). Cells were fixed 0, 1and
3h following a synchronized infection and stained for HIV-1 capsid protein p24 (red) and DAPI (blue) for cell nuclei. A
representative image at 3h post infection is depicted.(C)Quantification process employed to detect perinuclear and cytoplasmic
p24 protein levels. Nuclear mask generated based on the DAPI channel (left image) and perinuclear signal quantified by
masking all signal inside (middle image) or outside right image) of the nuclear mask. (D)Percentage ofp24 puncta in the
perinuclear region in KIF5B and Nup358 depleted cells, quantified as described in (C). TZM-bl cells were transfected with
siRNA’s targeting Nup358, KIF5B or a scrambled siRNA sequence.(E) Western blot for KIF5B or NUP358 72h following siRNA
transfection. siRNA depleted cells were synchronously infected with HXB2-R7AEnvGFP(MOI 0.32). (F)Infectivity was
assessed 48 hours following infection. (G,H) Cells were fixed 0, 1and 3h following a synchronized infection and stained for HIV-
1 capsid protein p24 (red) and DAPI (blue) for cell nuclei. A representative image at 3h post infection is depicted. (H)
Percentage ofp24 puncta in the perinuclear region in KIF5B and Nup358 depleted cells, quantified as described in (C). 20 or
more cells was analyzed at each time point. Error bars represent the SEM of three experiments. The total number of virions

analyzed at each time point is shown below each graph. ***p<0.001, *p<0.05, ns = not significant. Data is representative of
three or more independent experiments.

doi:10.1371/journal.ppat.1005700.9002

WT, but not the N74D or P90A mutants, might interact with Nup358 more efficiently during
infection. To ensure the specificity of our antibody, we transfected HeLa cells with control
siRNA or siRNA targeting Nup358. Nup358 depletion effectively abrogated staining observed
using a Nup358 polyclonal antibody, demonstrating that this antibody is not cross-reacting
with another cytoplasmic or NPC protein (S2A Fig).
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Fig 3. HIV-1 capsid influences the dependence on KIF5B and Nup358 mediated nuclear import during
infection. Hel a cells treated with scrambled, Nup358 or KIF5B siRNA for 72h were subjected to
synchronized infected with 100ng of VSVg pseudotyped HIV-1 reporter virus bearing either the wildtype (WT)
CA or N74D and P90OA CA mutants. Cells were collected 24 post infection and real time PCR performed using
specific primers to quantify Late RT (A) and 2-LTR circle (B). Error bars represent the standard deviation of
single samples run in triplicate. (C) GFP expression 48h post infection, as measured by flow cytometry of
10,000 cells. The data shown here is representative of three independent experiments.

doi:10.1371/journal.ppat.1005700.g003
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In HIV-1 infected monocyte derived macrophages (MDMs), infectivity of the N74D and
P90A mutants was attenuated (Fig 4A), while infectivity was not affected in HeLa cells (Fig
3C), as previously reported [5,20]. In both cell types, Nup358 localized to the nuclear mem-
brane and to cytoplasmic puncta three hours after a synchronized infection. In contrast,
Nup358 localization following infection with viral particles lacking envelope, or with the N74D
or P90A mutants, appears less cytoplasmic and predominated around the nuclear envelope
(Fig 4A). Algorithm assisted quantification of Nup358 relocalization confirmed that WT
induced the cytoplasmic accumulation of Nup358 in both MDMs and HeLa cells, while virus
lacking envelope, or harboring the N74D or P90A mutations, did not (Fig 4A and 4B). Infec-
tion with murine leukemia virus (MLV), which cannot infect non-dividing cells, and is not
thought to interact with NUP358 during infection, was similarly unable to induce NUP358
relocalization (S2B Fig). This result was not specific for the mode of entry, as HXB2 pseudo-
typed HIV-1 was able to induce NUP358 redistribution in TZM-bl cells (Fig 4C and 4D). This
result was also specific for NUP358, as NUP153 did not colocalize appreciably with HIV-1 cap-
sid (S3C Fig), nor was its localization impacted by HIV-1 infection (S3D Fig).

It is known that Nup358 interacts dynamically with the NPC and Nup358 is also known to
be a cargo adapter for KIF5B [39], so we next asked if the cytoplasmic relocalization of Nup358
induced by HIV-1was KIF5B dependent. KIF5B knockdown inhibited the NUP358 relocaliza-
tion induced by HIV-1 infection (Fig 4E and 4F). Collectively, these data demonstrate that
HIV-1 induces NUP358 relocalization during infection in a CA and KIF5B dependent manner.

Determinants in HIV-1 CA are necessary for Nup358 association with
viral cores

We also assessed the degree of colocalization between viral cores and Nup358 following infec-
tion of MDMs. Colocalization of Nup358 and HIV-1 cores was readily detectable following
WT infection in MDMs (Fig 5A) and HeLa cells(Fig 5B). However, this pattern of colocaliza-
tion was not apparent after infection with the capsid mutants or WT/AEnv (54 Fig). To quan-
tify the association between Nup358 and HIV-1 cores, we determined the percentage of p24
puncta which were positive for Nup358 in these infections. Three hours following infection of
MDMs, a higher percentage of WT viral particles were positive for Nup358 than WT/AEnv,
N74D or P90A (p<0.001) (Fig 5C). A similar trend was observed 1 hour following infection,
although this difference was less significant (p<0.05) (Fig 5C). The degree of colocalization
between both the N74D and P90A mutants was similar to the degree of background colocaliza-
tion between Nup358 and WT/AEnv virus (Fig 5C) at both time points. Similar results were
also observed in HeLa cells (Fig 5D).

To further validate this observation, we performed similar experiments as above but
employed the proximity ligation assay (PLA). This assay utilizes species specific secondary
antibody probes conjugated to complementary oligonucleotides. When two such antibodies
are in close proximity (<30-40nm), the complementary strands can be ligated and amplified
and detected as bright fluorescent puncta, thus measuring protein-protein interaction with
high specificity and sensitivity[40,41,42,43,44]. In a PLA using primary antibodies to CA and
NUP358, PLA puncta were readily detected in the cytoplasm of MDMs and HeLa cells infected
with WT virus, while a smaller number of puncta were observed following infection with WT/
AEnv virus. The number of puncta quantified following WT/AEnv infection was similar to the
number of background puncta in uninfected control cells (Fig 6A and 6B). The N74D mutant
also failed to induce PLA puncta following infection (Fig 6A and 6B), consistent with the lack
of colocalization observed by immunofluorescence analysis (Fig 5A and 5B). However, we did
observe that infection with the P90A mutant induced more PLA puncta than the N74D mutant

PLOS Pathogens | DOI:10.1371/journal.ppat.1005700 June 21,2016 11/24
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Fig 4. HIV-1 infection induces Nup358 relocalization. (A,B) Monocyte derived macrophages (MDM) and HelLa cells were
synchronously infected with VSVg pseudotyped HIV-1 reporter virus (MOI 0.3 for MDM and MOI 0.6 for HelLa cells) bearing
either the wildtype (WT) CA or N74D and P90A CA mutants. Cells were fixed at 0, 1 or 3h (shown) post infection and stained
for Nup358 (green). Infection for each cell type is shown (B)The fraction of Nup358 signal in the cytoplasm at the indicated
time PI, measured as in 2C.(C,D)TZM-BI cells were synchronously infected with R7ZAEnvGFPpseudotyped with the HXB2
envelope protein (MOI 0.32). Cells were fixed 0, 1 and 3h (shown) post infection and stained for Nup358. (D) The fraction of
Nup358 signal in the cytoplasm at the indicated time PI.(E,F)HeLa cells were transfected with KIF5B specific or scrambled
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control siRNA and synchronously infected with R7AEnvGFPpseudotyped with VSV-g (MOI 0.6)96 hours following siRNA
transfection. Cells were fixed 0, 1 and 3h (shown) post infection and stained for Nup358.(F)The fraction of Nup358 signal in
the cytoplasm at the indicated time P1.20 or more cells were analyzed for each sample. Error bars represent the SEM of three
independent experiments. (**p<0.01, *p<0.05, ns = not significant). Data is representative of three or more independent
experiments.

doi:10.1371/journal.ppat.1005700.9004
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Fig 5. Nup358 and HIV-1 cores colocalize in the cytoplasm during infection. (A)MDMs were synchronously infected
with HIV-1 GFP pseudotyped with VSV-g bearing either the wildtype (WT) CA or N74D and P90A CA mutants (MOI 0.3).
Cells fixed 1 and 3h post infection and stained for viral capsid protein p24 (red) and Nup358 (green). Depicted a
representative image at 3h post infection of WT virus (left panel) and an enlarged view of the same image showing
colocalization of Nup358 and p24 (right panel and indicated by arrows). (B) Similar experiments as A performed on HelLa
cells (MOI 0.6). (C,D) Quantification of the percent p24 colocalizing with Nup358 in MDM cells (C) or HeLa cells (D).20 or
more cells were analyzed in each sample. Error bars represent the SEM of three independent experiments. (**p<0.01,
*p<0.05, ns = not significant). Data is representative of three or more independent experiments.

doi:10.1371/journal.ppat.1005700.9g005
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Fig 6. Nup358 associates with HIV-1 cores in the cytoplasm during infection. (A) MDM or Hela cells
were synchronously infected HIV-1 GFP pseudotyped with VSV-g bearing either the wildtype (WT) CA or
N74D and P90A CA mutants(MDMs MOI 0.3, HeLa MOI 0.6).Cells fixed at 3h post infection, incubated with
primary antibodies to Nup358 and HIV-1 CA, followed by secondary antibodies specific for these antibodies
conjugated to the PLUS and MINUS PLA oligonucleotides. Each red fluorescent puncta represents a positive
PLA signal generated by the interaction of PLUS and MINUS oligonucleotides bound to secondary
antibodies. (B) Quantification of PLA signal in MDMs and HelLa cells, as measured by the average fold
increase in PLA signal, relative to uninfected control, in three independent experiments.(C) HeLa cells were
transfected with siRNA'’s targeting KIF5B, Nup358 or scrambled control siRNA and synchronously infected
with R7AEnvGFPpseudotyped with VSV-g (MOI 0.6) 96 hours following siRNA transfection. Cells fixed at 3h
post infection and PLA assay performed as described in (A). (D) Quantification of PLA signal in the siRNA
knockdown cells as in (B). 20 or more cells were analyzed in each experiment. Error bars represent the SEM
(**p<0.01, *p<0.05, ns = not significant). Data is representative of three or more independent experiments.

doi:10.1371/journal.ppat.1005700.9006
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and other controls (Fig 6A and 6B), although the number of puncta induced by this mutant
was consistently lower than WT in MDMs and HeLa cells (Fig 6B). Collectively, these experi-
ments demonstrate a specific association between WT viral cores and Nup358 in the cytoplasm
of target cells that is dependent on the hydrophobic pocket disrupted by the N74D mutation
and facilitated by the Cyp binding loop disrupted by the P90A mutation.

We next used the NUP358/CA PLA assay to determine if KIF5B was necessary to promote
the interaction between CA and NUP358. Infection of HeLa cells transfected with control or
KIF5B specific siRNA did not influence the number of PLA puncta observed following infec-
tion with WT virus (Fig 6C and 6D). However, the PLA puncta were predominantly localized
to a perinuclear region following KIF5B depletion. Finally, siRNA depletion of NUP358
reduced the number of PLA puncta observed, demonstrating the specificity of the assay. These
data demonstrate that engagement of NUP358 by HIV cores occurs independently of KIF5B.

Anterograde trafficking of HIV-1 cores from the nuclear envelope

The data above demonstrates that HIV-1 cores can induce the cytoplasmic accumulation of
NUP358, and this relocalization of NUP358 is prevented by KIF5B depletion. Taken together
with the observation that KIF5B depletion results in the perinuclear accumulation of viral
cores, this suggests that the viral core reaches the nuclear pore and is subsequently trafficked
away from the NPC by KIF5B. To test this hypothesis, we labeled synchronously infected these
cells with HIV-1 virions labeled with a Gag-Integrase-Ruby (GIR) construct. This Ruby variant
of a recently described GFP construct [45], contains a protease cleavage site between Gag and
Integrase, such that viral maturation results in the liberation of Integrase-Ruby when the con-
struct is expressed in virus producing cells. We used GIR labeled HIV-1 to infect HeLa cells
transfected cells with a bacterial artificial chromosome expressing NUP358-GFP [46]. In cells,
this NUP358-GFP construct localized to the nuclear envelope and to cytoplasmic puncta
which were present in the presence or absence of HIV-1 infection. Live cell imaging was per-
formed 1-3 hours following infection. At this time following infection, numerous examples of
viruses associated with the nuclear envelope could be observed. Such viruses were frequently
observed to traffic along the periphery of the nucleus, consistent with a previous report [47].
Viruses exhibiting this behavior could frequently be observed to become displaced from the
nuclear envelope. As shown in S1 Movie, the indicated virus can be observed to traffic away
from the nucleus and ultimately return to the area of the nuclear envelope during a 10-minute
acquisition period (S1 Movie). As seen in this movie, we did not detect sustained trafficking of
NUP358-GFP with HIV-1, although it is possible that the imaging conditions required for live
cell imaging were insufficient to detect small amounts of NUP358-GFP associated with HIV-1
cores in these situations. We did, however, frequently observe cytoplasmic associations
between HIV-1 and NUP358-GFP that are consistent with the displacement of NUP358-GFP
from the nuclear envelope (Fig 7, S2 Movie). In the sequence provided, an accumulation of
NUP358-GFP appears and colocalizes with a viral particle that was associated with the nuclear
envelope in the previous frame. As apparent in the movie, this association does not appear uni-
formly stable throughout the acquisition period. However, some amount of NUP358-GFP sig-
nal remains present on this particle 90 seconds after it becomes displaced from the nuclear
envelope. These data are consistent with the displacement of NUP358-GFP from the nuclear
pore. However, we cannot exclude the possibility that the colocalization observed was between
HIV-1 and one of the numerous preexisting, cytoplasmic accumulation of NUP358 in these
cells, which could be seen trafficking considerable distances during the 15 second acquisition
intervals. However, these experiments do demonstrate anterograde trafficking of HIV-1 from
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Fig 7. Anterograde trafficking of HIV-1 cores during infection. Hel a cells transfected with a NUP358-GFP
expressing BAF were synchronously infected with GIR labelled HIV-1 viral particles (MOI 0.3). 2 hours after
infection, cells were imaged every 15 seconds for 10 minutes. Shown are individual z-planes showing a virus
observed to traffic away from the nucleus during the acquisition period while associated with NUP358-GFP.

doi:10.1371/journal.ppat.1005700.9g007

the nuclear envelope and frequent but transient periods of colocalization between HIV-1 and
cytoplasmic NUP358-GFP.

NUP358 association with HIV-1 cores is CPSF6 dependent and Cyclophilin A indepen-
dent. Asthe N74D and P90A mutations are known to disrupt interactions with CPSF6 and
Cyclophilin A (CypA), respectively [3,18,23,24,25,26], we determined the degree to which each
factor was required for the interactions observed between HIV-1 viral cores and NUP358. Fol-
lowing siRNA mediated knockdown in HeLa cells, the ability of HIV-1 to induce the redistri-
bution of NUP358 to the cytoplasm as assessed. We observe that CPSF6 depletion, but not
CypA depletion, prevented the redistribution of Nup358 to the cytoplasm (Fig 8A, 8B and 8C).
Correspondingly, cytoplasmic colocalization of NUP358 and CA was observed in cells depleted
of CypA (Fig 8B and 8D), but not in CPSF6 depleted cells (Fig 8D). Similarly, in the PLA assay,
CPSF6, but not CypA depletion, inhibited the formation of PLA puncta generated using anti-
bodies to Nup358 and CA (Fig 8E). Similarly, treatment of cells with CsA, an inhibitor of
CypA, did not affect Nup358 relocalization or cytoplasmic colocalization with CA (S5 Fig).

Discussion

In this study, we demonstrate that HIV-1 infection induces the KIF5B dependent relocalization
of Nup358. This relocalization of Nup358, and cytoplasmic association with HIV-1, was
dependent on entry of HIV-1 into the target cell cytoplasm, as this relocalization was not
observed using WT/AEnv HIV-1. Although the role of Nup358 in facilitating HIV-1 infection
has been observed by others [12,14,16,17,18,26,27], a clear understanding of the molecular
interactions occurring between CA and Nup358 during infection has not emerged. As a large,
multi-domain protein associated with the cytoplasmic side of the NPC, numerous functions
have been ascribed to Nup358 with respect to its role in HIV-1 infection[16,18,26,27]. Two
studies have supported a role for Nup358 driving HIV-1 uncoating via interaction with the
Cyp homology domain in Nup358 [18,26]. However, another study which demonstrated that
the Cyp homology domain is not required for the Nup358 dependent enhancement of HIV-1

PLOS Pathogens | DOI:10.1371/journal.ppat.1005700 June 21,2016 16/24
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Depicted a representative image at 3h post infection. Nup358 and CA colocalization following CypA depletion shown in bottom panel. (C)The fraction of
Nup358 signal in the cytoplasm at the indicated time PI. (D) Quantification of CA and Nup358 signal colocalization in the siRNA depleted cells. (E) PLA of
Nup358 and CA, performed on the siRNA depleted cells fixed 3 hours following synchronous infection, and quantification of average fold increase in PLA
signal. 20 or more cells were analyzed in each experiment. Error bars represent the SEM (**p<0.01, *p<0.05, ns = not significant). Data is representative
of three or more independent experiments.

doi:10.1371/journal.ppat.1005700.9008

infection suggests that the role of Nup358 in HIV-1 infection cannot be fully explained by the
Cyp homology domain [27]. To understand the determinants in Nup358 required for the inter-
action with HIV-1 cores, we exploited the measurable association between Nup358 and HIV-1
cores in the cytoplasm, and CA mutants which disrupt putative Nup358 binding surfaces. Spe-
cifically, we observed that mutations which disrupt the hydrophobic binding pocket in assem-
bled CA (N74D) and mutations which disrupt the conserved Cyp binding loop on CA (P90A)
both perturb the relocalization of Nup358 induced by HIV-1 infection (Fig 4) and the associa-
tion of CA and Nup358 during infection (Figs 5 and 6). The association of CA and Nup358

in the cytoplasm was measured in two distinct but related methods. When the intensity of
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Nup358 staining associated with individual viral cores was measured, neither the N74D or
P90A mutant exhibited significantly more colocalization with Nup358 than WT/AEnv control
virus (Fig 5), suggesting that both CA epitopes are required for Nup358 association. However,
when the interaction between CA and Nup358 was measured by PLA, we observed a significant
degree of interaction between P90A CA and Nup358, while the N74D mutant did not induce
significantly more puncta than was observed following WT/AEnv or mock infection (Fig 6).
This suggests that although the association between CA and Nup358 may be facilitated by both
the hydrophobic binding pocket and Cyp binding loop of CA, the hydrophobic pocket is
required for this interaction. Of note, the PLA, by its nature, detects the frequency but not the
magnitude of interactions between the viral core and Nup358, as the puncta identified are gen-
erated by enzymatic amplification of nucleotides when individual secondary antibodies are in
close enough proximity to enable the reaction. As such, the PLA sensitively detects the interac-
tion between two proteins, rather than the degree of association. Despite these methodological
differences, both methods demonstrated that the N74D mutation prevented the association of
Nup358 with viral cores. Differences in the colocalization analysis and PLA analysis suggest
that the P9OA mutation reduces, but does not eliminate, the binding of Nup358 to CA. Multi-
valent binding of Nup358 and the viral core may help to reconcile previously discordant obser-
vations regarding the role of the Cyp homology domain in infection [18,26,27]. We also
observe that CPSF6 depletion similarly prevents the redistribution of NUP358 to the cytoplasm
and HIV-1 association. This suggests that CPSF6 somehow facilitates the interaction between
HIV-1 and NUP358, consistent with a role for CPSF6 in HIV-1 nuclear import observed in
other imaging based approaches [48,49]. CPSF6 is known to bind to the hydrophobic pocket,
formed between adjacent CA monomers, and this pocket is known to be disrupted by the
N74D mutation [22,23,24,25,50]. The similarity in the results obtained following CPSF6 deple-
tion and using the N74D mutant suggest a common mechanism. However, given the large
number of hydrophobic pockets present in the viral core, it remains unclear if CPSF6 acts as an
adaptor linking the viral core and NUP358, or if CPSF6 engagement somehow facilitates the
ability of NUP358 to bind the core in similar, adjacent hydrophobic pockets present on the
core.

One limitation in imaging based studies of viral trafficking, including this one, is that such
methods analyze bulk populations of viruses at early times following infection, and therefore
analyze many viral particles which are not destined to lead to productive infection. However,
in this study, the phenotypes observed using imaging based approaches were in good agree-
ment with qPCR based detection of reverse transcription (Late RT), nuclear import (2 LTR-cir-
cles) and infection. We observe that infection and nuclear import of WT HIV-1 is perturbed
by KIF5B knockdown, consistent with recent observations by us and others [28,29]. Critically,
however, we also observe here that the N74D and P90A mutants are not similarly affected by
KIF5B depletion (Fig 3). Notably, nuclear entry of the N74D and P90A virus has previously
been shown to be Nup358 independent [18,20]. The observation that these mutants are simi-
larly not dependent on KIF5B for nuclear import and infection suggests that KIF5B and
Nup358 act cooperatively to facilitate nuclear entry of the viral complex. In considering the
mechanisms by which NUP358 and KIF5B might mediate this effect, two aspects of infection
should be considered. First, the intact HIV-1 core is too large, by half, to fit through the nuclear
pore [8,9,10,11], making it very unlikely that an intact core can translocate through an intact
nuclear pore. However, numerous studies have recently observed intranuclear HIV-1 com-
plexes containing CA [45,48,49], which strongly suggests that some CA must remain associated
with the viral genome during nuclear import. As such, there are two mechanisms by which
KI5B and Nup358 may promote the nuclear entry of the viral genome during infection (Fig 9).
First, cooperative core uncoating, as we measured using an in situ uncoating assay (Fig 1), may
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Fig 9. Model of KIF5B mediated nuclear import of HIV-1. (1) During the early steps of infection, CPSF6
binding to the viral core occurs. This interaction between CPSF6 (blue squares) and the viral core and
cytoplasmic dynein heavy chain (DHC) mediated trafficking along microtubules is necessary to facilitate an
interaction between NUP358 and the core. (2)Core engagement by Nup358 is necessary to trigger the KIF5B
mediated trafficking of both the core and Nup358 away from the nuclear pore. There are two potential
mechanisms by which this KIF5B trafficking facilitates the nuclear import of the viral genome. (3A)First, NPC
disruption, induced through KIF5B mediated dislocation of Nup358 away from the viral core, may facilitate the
ability of the PIC to enter the nucleus by enhancing nuclear permeability, as previously demonstrated in the
case of adenovirus infection [52]. (3B)Second, cytoplasmic uncoating, cooperatively mediated by NUP358
and KIF5B in the cytoplasm, may ultimately reduce the size of the PIC to dimensions compatible with
translocation across the nuclear pore.

doi:10.1371/journal.ppat.1005700.g009

reorganize the CA associated with the viral genome to achieve a complex with dimensions
capable of translocating through the nuclear pore. Alternatively, KIF5B mediated displacement
of NUP358 from the NPC may disrupt the NPC in such a way that the ability of the viral core
to traverse the nuclear pore is increased. This would be consistent with a recent study by Chin
and coworkers, who observed that association with CSPF6 enhanced nuclear entry and potenti-
ates the ability of the viral genome to traffic deeper into the nucleus[48]. Taken together with
the observation that KIF5B depletion inhibits nuclear import (Fig 3)[28,29], and the finding

of others that Nup358 and CPSF6 depletion alters the genomic distribution of HIV-1 integra-
tion sites [18,51], we speculate that the ability of the viral core to induce the translocation of
Nup358 away from the NPC in a CPSF6 dependent fashion may alter the NPC environment in
a way that allows the nuclear translocation of larger cargoes, thus facilitating the deeper nuclear
penetration of viral genomes, as observed by Chin et al. Such a model might also explain other
studies which seem to observe alternate pathways of HIV-1 nuclear import [18,20](Fig 8).

In that regard, it is notable that studies examining the uncoating and nuclear entry of adenovi-
rus have reported that a Kinesin-1 dependent, Nup358 dependent mechanism mediates the
uncoating of adenovirus at the NPC [52]. This study observed that anterograde trafficking

by Kinesin-1 induced the gross disruption of the NPC, such that the nuclear entry of large
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molecules above the diffusion barrier was facilitated by adenovirus infection [52]. In our study,
we were not able to demonstrate a similar disruption of the NPC induced by HIV-1 infection.
However, these negative data do not preclude a similar NPC disruption from occurring during
HIV-1 infection, as the study demonstrating NPC disruption at a cellular level used a much
higher MOI than was used in our studies [52].

Our analysis into the cellular determinants which are required for this interaction between
Nup358 and CA revealed that CPSF6 is required for this association, while CypA is not
required for this interaction (Fig 7).

Understanding how KIF5B and Nup358 cooperatively coordinate the trafficking, uncoating
and nuclear import of the viral genome may provide opportunities for therapeutic interven-
tions expected to induce an antiviral response when this process is disrupted. In support of this
possibility, Rasaiyaah and coworkers have observed that the same N74D and P90A mutants
which we observe fail to associate with Nup358 (Figs 5 and 6) and enter the nucleus indepen-
dently of KIF5B (Fig 3) also activate cytoplasmic host cell sensors and initiate interferon
response [5]. Taken together, this suggests that NUP358 association is necessary to avoid acti-
vation of innate sensors by HIV-1 during infection. A better understanding of the cytosolic
interactions which allow HIV-1 uncoating and nuclear import to occur without activation of
these sensors may provide opportunities to leverage the innate and adaptive immune response
to HIV-1, in the context of treatment or vaccine development.

Supporting Information

S1 Fig. siRNA depletion of KIF5B or NUP358 does not affect viral fusion. The relative
fusion, measured as the percent of GFP-Vpr+ virions retaining the S15-mCherry membrane
label, is shown for each time point. % fusion in HeLa cells treated with Nup358 (A), KIF5B (B)
and NUP358+5B siRNA (C) calculated from experiments described in Fig 1. The number of
viral particles analyzed in Fig 1 represents the fraction of particles lacking S15 (fused) in the
graphs above. Data is representative of three or more independent experiments.

(TTF)

S2 Fig. Nup358 relocalization in cells infected with MLV. (A) NUP358 staining in uninfected
HeLa cells and cells depleted of Nup358 using siRNA.(B)HeLa cells were synchronously
infected with equal titers of VSVg pseudotyped R7AEnvGFP and B-MLV pseudotyped. Cells
were fixed 0, 1 and 3h (shown) post infection and stained for Nup358. (C) The fraction of
Nup358 signal in the cytoplasm at the indicated time PI1.20 or more cells were analyzed in each
sample. Error bars represent the SEM of three independent experiments. (***p<0.001,
*p<0.05, ns = not significant). Data is representative of three or more independent experi-
ments.

(TIF)

S3 Fig. HIV-1 infection does not induce any change in NUP153 localization. (A)Nup153
staining in uninfected HeLa cells.(B)HeLa cells were synchronously infected with VSVg pseu-
dotyped HIV-1 reporter virus (MOI 0.6) bearing either the wildtype (WT) CA or N74D and
P90A CA mutants. Cells were fixed at 0, 1 or 3h (shown) post infection and stained for
Nup153 (green).(C) Quantification of CA and Nup153 signal colocalization. (D)The fraction
of Nup153 signal in the perinuclear and cytoplasm at the indicated time PI, measured as in 2C.
20 or more cells were analyzed in each sample. Error bars represent the SEM of three indepen-
dent experiments. (ns = not significant). Data is representative of three or more independent
experiments.

(TTF)
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S4 Fig. Capsid and Nup358 staining in cells infected with capsid mutants N74D and P90A.
MDMs were synchronously infected with HIV-1 GFP pseudotyped with VSV-g bearing either
the N74D or P90A CA mutants. Cells fixed 1 and 3h post infection and stained for viral capsid
protein p24 (red) and Nup358 (green). Depicted a representative image at 3h post infection
and an enlarged section of the same image. Data is representative of three or more independent
experiments.

(TIF)

S5 Fig. CsA treatment does not affect Nup358 association with HIV-1 cores. (A) MDM and
HeLa cells subjected to synchronized infection with VSVg pseudotyped R7ZAEnvGFP(MDM
MOI0.3 and HeLa MOI 0.6) in the presence or absence of 2.5 uM cyclosporin A (CsA). Cells
fixed at 0,1 or 3h (shown) post infection and stained for p24 (red) and Nup358 (green). (B)
PLA assay performed on CsA treated MDM and HeLa cells3h post synchronous infection. (C,
D,E)Quantification of the fraction of Nup358 signal in the cytoplasm at the indicated time PI
(©), Quantification of CA and Nup358 signal colocalization (D), Quantification of the average
fold increase in PLA signal (E) in MDMs. (F,G,H)Similar quantification as above in HeLa cells.
20 or more cells were analyzed in each sample. Error bars represent the SEM of three indepen-
dent experiments. (ns = not significant). Data is representative of three or more independent
experiments.

(TIF)

S1 Movie. Anterograde trafficking of HIV-1 cores during infection. HeLa cells transfected
with a NUP358-GFP expressing BAF were synchronously infected with GIR labeled HIV-1 viral
particles (MOI 0.3). 2 hours after infection, cells were imaged every 15 seconds for 10 minutes.
Shown are individual z-planes showing a virus observed to traftic away from the nucleus and
ultimately return to the area of the nuclear envelope during the acquisition period. The arrow in
the first frame indicates the viral particle exhibiting the behavior described in the text.

(MOV)

S2 Movie. Anterograde trafficking of HIV-1 cores during infection. HeLa cells transfected
with a NUP358-GFP expressing BAF were synchronously infected with GIR labeled HIV-1
viral particles (MOI 0.3). 2 hours after infection, cells were imaged every 15 seconds for 10
minutes. Shown are individual z-planes showing a virus observed to traffic away from the
nucleus during the acquisition period while associated with NUP358-GFP. The arrow in the
first frame indicates the viral particle exhibiting the behavior described in the text.

(MOV)

Acknowledgments

The p24 antibodies used in this work have been obtained through the NIH AIDS research and
Reference Reagent Program.

Author Contributions

Conceived and designed the experiments: AD ST AT EMC. Performed the experiments: AD
ST AT. Analyzed the data: AD ST EMC. Contributed reagents/materials/analysis tools: AT
MM JIM TTH. Wrote the paper: AD EMC.

References

1. Yamashita M, Emerman M (2004) Capsid is a dominant determinant of retrovirus infectivity in nondivid-
ing cells. J Virol 78: 5670-5678. PMID: 15140964

PLOS Pathogens | DOI:10.1371/journal.ppat.1005700 June 21,2016 21/24


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005700.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005700.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005700.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005700.s007
http://www.ncbi.nlm.nih.gov/pubmed/15140964

@’PLOS | PATHOGENS

Kinesin-1 and Nup358 Role during HIV-1 Nuclear Import

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Yamashita M, Perez O, Hope TJ, Emerman M (2007) Evidence for direct involvement of the capsid pro-
tein in HIV infection of nondividing cells. PLoS Pathog 3: 1502—1510. PMID: 17967060

Campbell EM, Hope TJ (2015) HIV-1 capsid: the multifaceted key player in HIV-1 infection. Nat Rev
Microbiol 13:471-483. doi: 10.1038/nrmicro3503 PMID: 26179359

Yan N, Regalado-Magdos AD, Stiggelbout B, Lee-Kirsch MA, Lieberman J (2010) The cytosolic exonu-
clease TREX1 inhibits the innate immune response to human immunodeficiency virus type 1. Nat
Immunol 11: 1005-1013. doi: 10.1038/ni.1941 PMID: 20871604

Rasaiyaah J, Tan CP, Fletcher AJ, Price AJ, Blondeau C, et al. (2013) HIV-1 evades innate immune
recognition through specific cofactor recruitment. Nature 503: 402—405. doi: 10.1038/nature12769
PMID: 24196705

Gao D, WuJ, Wu YT, DuF, Aroh C, et al. (2013) Cyclic GMP-AMP synthase is an innate immune sen-
sor of HIV and other retroviruses. Science 341: 903-906. doi: 10.1126/science.1240933 PMID:
23929945

Lahaye X, Satoh T, Gentili M, Cerboni S, Conrad C, et al. (2013) The capsids of HIV-1 and HIV-2 deter-
mine immune detection of the viral cDNA by the innate sensor cGAS in dendritic cells. Immunity 39:
1132-1142. doi: 10.1016/j.immuni.2013.11.002 PMID: 24269171

Briggs JA, Simon MN, Gross |, Krausslich HG, Fuller SD, et al. (2004) The stoichiometry of Gag protein
in HIV-1. Nat Struct Mol Biol 11: 672—675. PMID: 15208690

Ganser BK, Li S, Klishko VY, Finch JT, Sundquist WI (1999) Assembly and analysis of conical models
for the HIV-1 core. Science 283: 80-83. PMID: 9872746

Lowe AR, Siegel JJ, Kalab P, Siu M, Weis K, et al. (2010) Selectivity mechanism of the nuclear pore
complex characterized by single cargo tracking. Nature 467: 600—603. doi: 10.1038/nature09285
PMID: 20811366

Pante N, Kann M (2002) Nuclear pore complex is able to transport macromolecules with diameters of
about 39 nm. Mol Biol Cell 13: 425-434. PMID: 11854401

Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, et al. (2008) Identification of host proteins
required for HIV infection through a functional genomic screen. Science 319: 921-926. doi: 10.1126/
science.1152725 PMID: 18187620

Konig R, Stertz S, Zhou Y, Inoue A, Hoffmann HH, et al. (2010) Human host factors required for influ-
enza virus replication. Nature 463: 813-817. doi: 10.1038/nature08699 PMID: 20027183

Zhou H, Xu M, Huang Q, Gates AT, Zhang XD, et al. (2008) Genome-scale RNAi screen for host factors
required for HIV replication. Cell Host Microbe 4: 495-504. doi: 10.1016/j.chom.2008.10.004 PMID:
18976975

Strambio-De-Castillia C, Niepel M, Rout MP (2010) The nuclear pore complex: bridging nuclear trans-
port and gene regulation. Nat Rev Mol Cell Biol 11:490-501. doi: 10.1038/nrm2928 PMID: 20571586

Di Nunzio F, Danckaert A, Fricke T, Perez P, Fernandez J, et al. (2012) Human nucleoporins promote
HIV-1 docking at the nuclear pore, nuclear import and integration. PLoS One 7: e46037. doi: 10.1371/
journal.pone.0046037 PMID: 23049930

Konig R, Zhou Y, Elleder D, Diamond TL, Bonamy GM, et al. (2008) Global analysis of host-pathogen
interactions that regulate early-stage HIV-1 replication. Cell 135: 49—60. doi: 10.1016/j.cell.2008.07.
032 PMID: 18854154

Schaller T, Ocwieja KE, Rasaiyaah J, Price AJ, Brady TL, et al. (2011) HIV-1 capsid-cyclophilin interac-
tions determine nuclear import pathway, integration targeting and replication efficiency. PLoS Pathog
7:e1002439. doi: 10.1371/journal.ppat.1002439 PMID: 22174692

Zhang R, Mehla R, Chauhan A (2010) Perturbation of host nuclear membrane component RanBP2
impairs the nuclear import of human immunodeficiency virus -1 preintegration complex (DNA). PLoS
One 5:e15620. doi: 10.1371/journal.pone.0015620 PMID: 21179483

Lee K, Ambrose Z, Martin TD, Oztop |, Mulky A, et al. (2010) Flexible use of nuclear import pathways by
HIV-1. Cell Host Microbe 7:221-233. doi: 10.1016/j.chom.2010.02.007 PMID: 20227665

Matreyek KA, Engelman A (2011) The requirement for nucleoporin NUP153 during human immunodefi-
ciency virus type 1 infection is determined by the viral capsid. J Virol 85: 7818-7827. doi: 10.1128/JVI.
00325-11 PMID: 21593146

Matreyek KA, Yucel SS, Li X, Engelman A (2013) Nucleoporin NUP 153 phenylalanine-glycine motifs
engage a common binding pocket within the HIV-1 capsid protein to mediate lentiviral infectivity. PLoS
Pathog 9: €1003693. doi: 10.1371/journal.ppat.1003693 PMID: 24130490

Bhattacharya A, Alam SL, Fricke T, Zadrozny K, Sedzicki J, et al. (2014) Structural basis of HIV-1 cap-
sid recognition by PF74 and CPSF6. Proc Natl Acad Sci U S A 111: 18625-18630. doi: 10.1073/pnas.
1419945112 PMID: 25518861

PLOS Pathogens | DOI:10.1371/journal.ppat.1005700 June 21,2016 22/24


http://www.ncbi.nlm.nih.gov/pubmed/17967060
http://dx.doi.org/10.1038/nrmicro3503
http://www.ncbi.nlm.nih.gov/pubmed/26179359
http://dx.doi.org/10.1038/ni.1941
http://www.ncbi.nlm.nih.gov/pubmed/20871604
http://dx.doi.org/10.1038/nature12769
http://www.ncbi.nlm.nih.gov/pubmed/24196705
http://dx.doi.org/10.1126/science.1240933
http://www.ncbi.nlm.nih.gov/pubmed/23929945
http://dx.doi.org/10.1016/j.immuni.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24269171
http://www.ncbi.nlm.nih.gov/pubmed/15208690
http://www.ncbi.nlm.nih.gov/pubmed/9872746
http://dx.doi.org/10.1038/nature09285
http://www.ncbi.nlm.nih.gov/pubmed/20811366
http://www.ncbi.nlm.nih.gov/pubmed/11854401
http://dx.doi.org/10.1126/science.1152725
http://dx.doi.org/10.1126/science.1152725
http://www.ncbi.nlm.nih.gov/pubmed/18187620
http://dx.doi.org/10.1038/nature08699
http://www.ncbi.nlm.nih.gov/pubmed/20027183
http://dx.doi.org/10.1016/j.chom.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18976975
http://dx.doi.org/10.1038/nrm2928
http://www.ncbi.nlm.nih.gov/pubmed/20571586
http://dx.doi.org/10.1371/journal.pone.0046037
http://dx.doi.org/10.1371/journal.pone.0046037
http://www.ncbi.nlm.nih.gov/pubmed/23049930
http://dx.doi.org/10.1016/j.cell.2008.07.032
http://dx.doi.org/10.1016/j.cell.2008.07.032
http://www.ncbi.nlm.nih.gov/pubmed/18854154
http://dx.doi.org/10.1371/journal.ppat.1002439
http://www.ncbi.nlm.nih.gov/pubmed/22174692
http://dx.doi.org/10.1371/journal.pone.0015620
http://www.ncbi.nlm.nih.gov/pubmed/21179483
http://dx.doi.org/10.1016/j.chom.2010.02.007
http://www.ncbi.nlm.nih.gov/pubmed/20227665
http://dx.doi.org/10.1128/JVI.00325-11
http://dx.doi.org/10.1128/JVI.00325-11
http://www.ncbi.nlm.nih.gov/pubmed/21593146
http://dx.doi.org/10.1371/journal.ppat.1003693
http://www.ncbi.nlm.nih.gov/pubmed/24130490
http://dx.doi.org/10.1073/pnas.1419945112
http://dx.doi.org/10.1073/pnas.1419945112
http://www.ncbi.nlm.nih.gov/pubmed/25518861

@’PLOS | PATHOGENS

Kinesin-1 and Nup358 Role during HIV-1 Nuclear Import

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Price AJ, Fletcher AJ, Schaller T, Elliott T, Lee K, et al. (2012) CPSF6 defines a conserved capsid inter-
face that modulates HIV-1 replication. PLoS Pathog 8: €1002896. doi: 10.1371/journal.ppat.1002896
PMID: 22956906

Price AJ, Jacques DA, McEwan WA, Fletcher AJ, Essig S, et al. (2014) Host cofactors and pharmaco-
logic ligands share an essential interface in HIV-1 capsid that is lost upon disassembly. PLoS Pathog
10: €1004459. doi: 10.1371/journal.ppat.1004459 PMID: 25356722

Bichel K, Price AJ, Schaller T, Towers GJ, Freund SM, et al. (2013) HIV-1 capsid undergoes coupled
binding and isomerization by the nuclear pore protein NUP358. Retrovirology 10.

Meehan AM, Saenz DT, Guevera R, Morrison JH, Peretz M, et al. (2014) A cyclophilin homology
domain-independent role for Nup358 in HIV-1 infection. PLoS Pathog 10: €1003969. doi: 10.1371/
journal.ppat.1003969 PMID: 24586169

Lukic Z, Dharan A, Fricke T, Diaz-Griffero F, Campbell EM (2014) HIV-1 Uncoating is Facilitated by
Dynein and Kinesin-1. J Virol 88: 13613-13625. doi: 10.1128/JVI.02219-14 PMID: 25231297

Malikov V, da Silva ES, Jovasevic V, Bennett G, de Souza Aranha Vieira DA, et al. (2015) HIV-1 cap-
sids bind and exploit the kinesin-1 adaptor FEZ1 for inward movement to the nucleus. Nat Commun 6:
6660. doi: 10.1038/ncomms7660 PMID: 25818806

Pawlica P, Berthoux L (2014) Cytoplasmic Dynein Promotes HIV-1 Uncoating. Viruses 6: 4195-4211.
doi: 10.3390/v6114195 PMID: 25375884

Berthoux L, Sebastian S, Sokolskaja E, Luban J (2004) Lv1 inhibition of human immunodeficiency virus
type 1 is counteracted by factors that stimulate synthesis or nuclear translocation of viral cDNA. J Virol
78:11739-11750. PMID: 15479815

De laco A, Luban J (2011) Inhibition of HIV-1 infection by TNPO3 depletion is determined by capsid
and detectable after viral cDNA enters the nucleus. Retrovirology 8: 98. doi: 10.1186/1742-4690-8-98
PMID: 22145813

Sastri J, O'Connor C, Danielson CM, McRaven M, Perez P, et al. (2010) Identification of residues within
the L2 region of rhesus TRIM5alpha that are required for retroviral restriction and cytoplasmic body
localization. Virology 405: 259-266. doi: 10.1016/j.virol.2010.06.015 PMID: 20633914

Campbell EM, Perez O, Anderson JL, Hope TJ (2008) Visualization of a proteasome-independent inter-
mediate during restriction of HIV-1 by rhesus TRIM5alpha. J Cell Biol 180: 549-561. doi: 10.1083/jcb.
200706154 PMID: 18250195

Gupta V, Palmer KJ, Spence P, Hudson A, Stephens DJ (2008) Kinesin-1 (UKHC/KIF5B) is required for
bidirectional motility of ER exit sites and efficient ER-to-Golgi transport. Traffic 9: 1850-1866. doi: 10.
1111/j.1600-0854.2008.00811.x PMID: 18817524

Hutten S, Walde S, Spillner C, Hauber J, Kehlenbach RH (2009) The nuclear pore component Nup358
promotes transportin-dependent nuclear import. J Cell Sci 122: 1100-1110. doi: 10.1242/jcs.040154
PMID: 19299463

Lukic Z, Dharan A, Fricke T, Diaz-Griffero F, Campbell EM (2014) HIV-1 uncoating is facilitated by
dynein and kinesin 1. J Virol 88: 13613-13625. doi: 10.1128/JVI.02219-14 PMID: 25231297

Butler SL, Hansen MS, Bushman FD (2001) A quantitative assay for HIV DNA integration in vivo. Nat
Med 7: 631-634. PMID: 11329067

Hirokawa N, Noda Y, Tanaka Y, Niwa S (2009) Kinesin superfamily motor proteins and intracellular
transport. Nat Rev Mol Cell Biol 10: 682—696. doi: 10.1038/nrm2774 PMID: 19773780

Fredriksson S, Gullberg M, Jarvius J, Olsson C, Pietras K, et al. (2002) Protein detection using proxim-
ity-dependent DNA ligation assays. Nat Biotechnol 20: 473—-477. PMID: 11981560

Ke R, Nong RY, Fredriksson S, Landegren U, Nilsson M (2013) Improving precision of proximity ligation
assay by amplified single molecule detection. PLoS One 8: €69813. doi: 10.1371/journal.pone.
0069813 PMID: 23874999

Soderberg O, Gullberg M, Jarvius M, Ridderstrale K, Leuchowius KJ, et al. (2006) Direct observation of
individual endogenous protein complexes in situ by proximity ligation. Nat Methods 3: 995-1000.
PMID: 17072308

Trifilieff P, Rives ML, Urizar E, Piskorowski RA, Vishwasrao HD, et al. (2011) Detection of antigen inter-
actions ex vivo by proximity ligation assay: endogenous dopamine D2-adenosine A2A receptor com-
plexes in the striatum. Biotechniques 51: 111-118. doi: 10.2144/000113719 PMID: 21806555

Zatloukal B, Kufferath |, Thueringer A, Landegren U, Zatloukal K, et al. (2014) Sensitivity and specificity
of in situ proximity ligation for protein interaction analysis in a model of steatohepatitis with Mallory-
Denk bodies. PLoS One 9: €96690. doi: 10.1371/journal.pone.0096690 PMID: 24798445

Hulme AE, Kelley Z, Foley D, Hope TJ (2015) Complementary assays reveal a low level of CA associ-
ated with nuclear HIV-1 viral complexes. J Virol.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005700 June 21,2016 23/24


http://dx.doi.org/10.1371/journal.ppat.1002896
http://www.ncbi.nlm.nih.gov/pubmed/22956906
http://dx.doi.org/10.1371/journal.ppat.1004459
http://www.ncbi.nlm.nih.gov/pubmed/25356722
http://dx.doi.org/10.1371/journal.ppat.1003969
http://dx.doi.org/10.1371/journal.ppat.1003969
http://www.ncbi.nlm.nih.gov/pubmed/24586169
http://dx.doi.org/10.1128/JVI.02219-14
http://www.ncbi.nlm.nih.gov/pubmed/25231297
http://dx.doi.org/10.1038/ncomms7660
http://www.ncbi.nlm.nih.gov/pubmed/25818806
http://dx.doi.org/10.3390/v6114195
http://www.ncbi.nlm.nih.gov/pubmed/25375884
http://www.ncbi.nlm.nih.gov/pubmed/15479815
http://dx.doi.org/10.1186/1742-4690-8-98
http://www.ncbi.nlm.nih.gov/pubmed/22145813
http://dx.doi.org/10.1016/j.virol.2010.06.015
http://www.ncbi.nlm.nih.gov/pubmed/20633914
http://dx.doi.org/10.1083/jcb.200706154
http://dx.doi.org/10.1083/jcb.200706154
http://www.ncbi.nlm.nih.gov/pubmed/18250195
http://dx.doi.org/10.1111/j.1600-0854.2008.00811.x
http://dx.doi.org/10.1111/j.1600-0854.2008.00811.x
http://www.ncbi.nlm.nih.gov/pubmed/18817524
http://dx.doi.org/10.1242/jcs.040154
http://www.ncbi.nlm.nih.gov/pubmed/19299463
http://dx.doi.org/10.1128/JVI.02219-14
http://www.ncbi.nlm.nih.gov/pubmed/25231297
http://www.ncbi.nlm.nih.gov/pubmed/11329067
http://dx.doi.org/10.1038/nrm2774
http://www.ncbi.nlm.nih.gov/pubmed/19773780
http://www.ncbi.nlm.nih.gov/pubmed/11981560
http://dx.doi.org/10.1371/journal.pone.0069813
http://dx.doi.org/10.1371/journal.pone.0069813
http://www.ncbi.nlm.nih.gov/pubmed/23874999
http://www.ncbi.nlm.nih.gov/pubmed/17072308
http://dx.doi.org/10.2144/000113719
http://www.ncbi.nlm.nih.gov/pubmed/21806555
http://dx.doi.org/10.1371/journal.pone.0096690
http://www.ncbi.nlm.nih.gov/pubmed/24798445

@’PLOS | PATHOGENS

Kinesin-1 and Nup358 Role during HIV-1 Nuclear Import

46.

47.

48.

49.

50.

51.

52.

Joseph J, Dasso M (2008) The nucleoporin Nup358 associates with and regulates interphase microtu-
bules. FEBS Lett 582: 190-196. PMID: 18070602

Arhel N, Genovesio A, Kim KA, Miko S, Perret E, et al. (2006) Quantitative four-dimensional tracking of
cytoplasmic and nuclear HIV-1 complexes. Nat Methods 3: 817—824. PMID: 16990814

Chin CR, Perreira JM, Savidis G, Portmann JM, Aker AM, et al. (2015) Direct Visualization of HIV-1
Replication Intermediates Shows that Capsid and CPSF6 Modulate HIV-1 Intra-nuclear Invasion and
Integration. Cell Rep 13: 1717-1731. doi: 10.1016/j.celrep.2015.10.036 PMID: 26586435

Peng K, Muranyi W, Glass B, Laketa V, Yant SR, et al. (2014) Quantitative microscopy of functional
HIV post-entry complexes reveals association of replication with the viral capsid. Elife 3: e04114. doi:
10.7554/eLife.04114 PMID: 25517934

Lee K, Mulky A, Yuen W, Martin TD, Meyerson NR, et al. (2012) HIV-1 capsid-targeting domain of
cleavage and polyadenylation specificity factor 6. J Virol 86: 3851-3860. doi: 10.1128/JV1.06607-11
PMID: 22301135

Sowd GA, Serrao E, Wang H, Wang W, Fadel HJ, et al. (2016) A critical role for alternative polyadenyla-
tion factor CPSF6 in targeting HIV-1 integration to transcriptionally active chromatin. Proc Natl Acad Sci
US A 113: E1054—-1063. doi: 10.1073/pnas.1524213113 PMID: 26858452

Strunze S, Engelke MF, Wang IH, Puntener D, Boucke K, et al. (2011) Kinesin-1-mediated capsid dis-
assembly and disruption of the nuclear pore complex promote virus infection. Cell Host Microbe 10:
210-223. doi: 10.1016/j.chom.2011.08.010 PMID: 21925109

PLOS Pathogens | DOI:10.1371/journal.ppat.1005700 June 21,2016 24/24


http://www.ncbi.nlm.nih.gov/pubmed/18070602
http://www.ncbi.nlm.nih.gov/pubmed/16990814
http://dx.doi.org/10.1016/j.celrep.2015.10.036
http://www.ncbi.nlm.nih.gov/pubmed/26586435
http://dx.doi.org/10.7554/eLife.04114
http://www.ncbi.nlm.nih.gov/pubmed/25517934
http://dx.doi.org/10.1128/JVI.06607-11
http://www.ncbi.nlm.nih.gov/pubmed/22301135
http://dx.doi.org/10.1073/pnas.1524213113
http://www.ncbi.nlm.nih.gov/pubmed/26858452
http://dx.doi.org/10.1016/j.chom.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21925109

