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Rab9 GTPase Is Required for Replication of Human
Immunodeficiency Virus Type 1, Filoviruses,
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Rab proteins and their effectors facilitate vesicular transport by tethering donor vesicles to their respective
target membranes. By using gene trap insertional mutagenesis, we identified Rab9, which mediates late-
endosome-to-trans-Golgi-network trafficking, among several candidate host genes whose disruption allowed the
survival of Marburg virus-infected cells, suggesting that Rab9 is utilized in Marburg replication. Although
Rab9 has not been implicated in human immunodeficiency virus (HIV) replication, previous reports suggested
that the late endosome is an initiation site for HIV assembly and that TIP47-dependent trafficking out of the
late endosome to the trans-Golgi network facilitates the sorting of HIV Env into virions budding at the plasma
membrane. We examined the role of Rab9 in the life cycles of HIV and several unrelated viruses, using small
interfering RNA (siRNA) to silence Rab9 expression before viral infection. Silencing Rab9 expression dra-
matically inhibited HIV replication, as did silencing the host genes encoding TIP47, p40, and PIKfyve, which
also facilitate late-endosome-to-trans-Golgi vesicular transport. In addition, silencing studies revealed that
HIV replication was dependent on the expression of Rab11A, which mediates trans-Golgi-to-plasma-membrane
transport, and that increased HIV Gag was sequestered in a CD63� endocytic compartment in a cell line stably
expressing Rab9 siRNA. Replication of the enveloped Ebola, Marburg, and measles viruses was inhibited with
Rab9 siRNA, although the nonenveloped reovirus was insensitive to Rab9 silencing. These results suggest that
Rab9 is an important cellular target for inhibiting diverse viruses and help to define a late-endosome-to-
plasma-membrane vesicular transport pathway important in viral assembly.

Most developed antiviral drugs have been designed to in-
hibit the function of viral proteins. In the case of human im-
munodeficiency virus (HIV), an unfortunate consequence of
using drugs that target viral proteins has been the emergence
of drug-resistant virions having compensatory genetic muta-
tions (8, 20). An alternative approach is to identify cellular
genes essential for the viral life cycle, but not essential for the
more genetically diverse host cell, and then to develop agents
that inhibit their expression or function. In principle, such an
approach may pose an insurmountable barrier against viral
replication, as resistance would arise from a complex adapta-

tion to use a different cellular protein for viral replication.
There are several examples where a partial or complete resis-
tance to pathogens results from the loss of expression or func-
tion of a critical host gene. Examples include the high degree
of protection against HIV transmission afforded to individuals
homozygous for a dysfunctional allele of CCR5 (a major HIV
coreceptor) and the complete resistance to Plasmodium vivax
malaria infection of individuals lacking expression of the eryth-
rocyte receptor DARC (26, 38).

We have used gene trap insertional mutagenesis (58) as a
high-throughput forward genetics approach to randomly trap
host genes and discover cellular genes that are required for
viral replication but not for host cell survival. This methodol-
ogy is based on two important considerations: (i) the viral
infection is toxic to the chosen host cell line and (ii) disrupting
a gene critical for the viral life cycle confers survivability during
subsequent viral selection, provided that the host cell can sur-
vive the reduced or abolished expression of the gene. In this
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approach, cells are infected with a recombinant Moloney mu-
rine leukemia virus (MMLV)-derived vector that randomly
integrates into the host chromosome, using a low multiplicity
of infection (MOI � 0.1) to favor only one gene disruption per
cell. Genes trapped in clonal, virus-resistant cell lines are later
identified based on cell survival following viral infection. This
approach favors the discovery of either imprinted genes, where
only a single allele is normally expressed, or genes whose
down-regulation or inhibition need not be complete in order to
control viral replication. Using this approach, our group has
identified over 200 candidate host genes that potentially play
critical roles in the life cycles of Marburg virus, Ebola virus,
HIV type 1 (HIV-1), HIV-2, influenza A virus, and reovirus.
We previously showed that disrupting the Ctcf gene that reg-
ulates the expression of Igf2 confers resistance to lytic reoviral
infection (53). Gene trapping by our group also identified two
cellular genes previously implicated in HIV replication (the
annexin II and phosphodiesterase 4 genes) (34, 55) as well as
16 gene products utilized in the life cycles of 19 other viruses
(46).

Rab proteins are small GTP-binding proteins that form the
largest family within the Ras superfamily (36). Rab proteins
are thought to regulate vesicular transport pathways by incor-
porating into transport vesicles and binding their cognate Rab
effectors on the target membrane prior to SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor)-catalyzed membrane fusion. The Rab9 GTPase was dis-
rupted in a clonal Vero cell line surviving the cytopathic effects
of Marburg virus infection, suggesting that Rab9 may be uti-
lized by Marburg virus. Rab9 facilitates late-endosome-to-
trans-Golgi-network transport by pairing with its effector, p40,
at the trans-Golgi network (11, 33). Membrane anchoring of
p40 is thought to depend upon serine phosphorylation by PIK-
fyve (27). Interestingly, Rab9 also binds the vesicle cargo se-
lection protein TIP47 (19), whose interaction with the cyto-
plasmic tail of the HIV envelope glycoprotein (Env) subunit
gp41 was found to be critical for the incorporation of Env into
mature virions (5). Recent reports provide evidence for a path-
way of viral egress used by HIV-1, Marburg virus, and murine
leukemia virus whereby viral assembly initiates at the late en-
dosome and budding is completed at the plasma membrane,
although the mechanism of endosome membrane transport to
the plasma membrane is not defined (2, 28, 42).

Here we show that small interfering RNA (siRNA)-directed
silencing of host genes involved in late-endosome-to-trans-
Golgi transport, i.e., Rab9, TIP47, p40, and PIKfyve, and in
trans-Golgi-to-plasma-membrane transport, i.e., Rab11A, dra-
matically impairs HIV replication. HIV Gag showed increased
colocalization with a CD63� endocytic compartment in cells
having Rab9 expression stably down-regulated with siRNA,
suggesting that the observed defect in HIV replication may
result from impaired trafficking of endocytosed viral proteins
out of the late endosome. Reducing Rab9 expression also
inhibited the replication of the enveloped Ebola and Marburg
filoviruses as well as that of measles virus, but not that of the
nonenveloped reovirus. These results suggest a transport path-
way used for enveloped viral egress and implicate Rab9 as an
important cellular target for inhibiting several unrelated vi-
ruses.

MATERIALS AND METHODS

Cell culture. Sup-T1 human lymphoblastic leukemia cells were cultured in
RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine se-
rum (FBS), penicillin, streptomycin, and amphotericin B (Fungizone). JC53
HeLa cells (Tranzyme, Birmingham, AL), rat intestinal 1 (RIE-1) cells, and
MDCK normal canine kidney cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS, penicillin, and streptomycin.
Vero African green monkey kidney cells were cultured in DMEM supplemented
with 10% FBS, amphotericin B, streptomycin, and glutamine. L cells were main-
tained in DMEM with 5% FBS, penicillin, streptomycin, and amphotericin B. All
cultures were grown in 5% CO2. Selection was done in the presence of either 1
mg/ml G418 (Geneticin; Invitrogen, Carlsbad, CA) for Sup-T1, RIE-1, and
MDCK cells or 400 �g/ml G418 for Vero cells.

DNA plasmids. pGag-EGFP (21) was a gift from Marilyn Resh (Sloan-Ket-
tering Institute, NY). pCD63-mRFP was a gift from George Patterson (National
Institutes of Health, MD).

Gene trap library construction. The U3neoSV1 retrovirus vector (22) was
obtained from H. Earl Ruley (Vanderbilt University). Sup-T1, Vero, MDCK,
and RIE-1 cells served as suitable parental cell lines for the preparation of gene
trap libraries, as they are efficiently killed by infection with HIV-1 and HIV-2,
filoviruses, influenza A virus, and reovirus, respectively. Parental, virus-sensitive
cells were infected in T75 flasks at 37°C for 1 h with U3neoSV1 (MOI � 0.1) in
the presence of 4 �g/ml Polybrene (Sigma, St. Louis, MO). Subsequently, the
medium was changed and the cells were grown overnight at 37°C. On the
following day, G418 selection was initiated (at the concentrations indicated
above), and cells were grown to confluence.

Generation of filovirus-resistant, HIV-resistant, and reovirus-resistant cells
from gene trap libraries. Vero gene trap library cells were infected (MOI, �1)
with Ebola virus (Zaire species, 1976 Mayinga strain) or Marburg virus (1967
Voege strain). After a cytopathic effect of 4� was observed, i.e., �95% of cells
were rounded and detached, survivors were harvested and expanded in culture
medium containing 400 �g/ml G418 for 10 days. Surviving cells were reinocu-
lated into T12.5 flasks, expanded, and cloned by limiting dilution.

HIV-resistant Sup-T1 library cells were generated by infecting Sup-T1 cells
three times with the HIV-1 strain LAV (MOI � 10). Survivors were expanded
for 2 weeks in G418 (1 mg/ml) before reinfection. Next, HIV-1-resistant cells
were exposed to three successive rounds of HIV-2 infection by coculturing
Sup-T1 cells (1:100) with BC7 T cells expressing the HIV-2 strain 3BX (obtained
from James Hoxie, University of Pennsylvania) and expanding the survivors for
2 weeks. CD4� Sup-T1 cells resistant to HIV-1 and HIV-2 infection were
reinfected with LAV (MOI � 10) and cloned by limiting dilution.

Reovirus-resistant RIE-1 library cells were prepared as described previously
(53). Briefly, 20 RIE-1 gene trap libraries, each harboring approximately 104

gene entrapment events, were expanded until approximately 103 daughter cells
represented each clone. The RIE-1 cells were plated at a subconfluent density
and incubated in serum-free medium for 3 days until the cells became quiescent.
The cells were then infected overnight with reovirus serotype 1 (MOI � 35). At
18 h postinfection, RIE-1 cells were detached with trypsin and subcultured in
DMEM supplemented with 10% FBS. After 6 h, the medium was changed to
serum-free DMEM, and cells were maintained in serum-free medium until only
a few cells remained attached to the flask. Cells surviving selection were ex-
panded in DMEM supplemented with 10% FBS, expanded, and cloned by
limiting dilution.

U3neoSV1 shuttle vector rescue and sequencing. Cellular DNAs from clonal
virus-resistant cell lines were extracted using a QIAamp DNA Blood Mini kit
(QIAGEN, Inc., Valencia, CA). Shuttle vectors and genomic DNA flanking the
integration site were recovered by digestion of the genomic DNA (150 mg/ml)
with EcoRI or BamHI, self-ligation, transformation into Escherichia coli, and
selection on Luria broth agar containing 100 �g/ml carbenicillin (Sigma). Indi-
vidual colonies were amplified, and recovered genomic DNAs were sequenced
using primers annealing to the shuttle vector. Sequencing reactions were per-
formed using an ABI BigDye Terminator cycle sequencing kit, and sequences
were analyzed using an ABI 3100 genetic analyzer (Applied Biosystems, Foster
City, CA). The sequences of the sequencing primers are available upon request.

Sequence analysis. Genomic sequences obtained from shuttle clones were
analyzed by the RepeatMasker web server, followed by nucleotide-nucleotide
BLAST searches against the National Center for Biotechnology Information
databases. Virtually all genes identified matched murine and human sequences
with probability scores (P) of �10�10 and �10�20, respectively.

siRNA transfections. SMARTpool siRNAs directed against candidate genes
were synthesized by Dharmacon (Lafayette, CO). In the case of human Rab9, the
siRNA oligonucleotides targeted the Rab9 gene at positions 55 to 73 (GGGA
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AGAGUUCACUUAUGA), 147 to 165 (GGAAGUGGAUGGACAUUUU),
274 to 292 (UCACAAAGCUUCCAGAACU), and 368 to 386 (GUAACAAG
AUUGACAUAAG). The simian Rab9 gene (cloned for this study) was 100%
homologous at the chosen target sites. siRNA SMARTpool sequences directed
against the TIP47, p40, PIKfyve, and Rab11A genes are available upon request.
A siRNA against green fluorescent protein (GFP) (QIAGEN, Inc.) was used as
a negative control. All siRNA transfections were performed with Lipofectamine
2000 (Invitrogen), using a 50 nM siRNA concentration in the culture medium for
48 h before viral infections.

Real-time quantitative PCR. Total mRNAs were isolated from parental and
siRNA-transfected cells using RNeasy Mini and QIAshredder kits (QIAGEN,
Inc.) and then were reverse transcribed using random hexamers (Applied Bio-
systems). Real-time PCR was performed as described previously (24), using an
Mx4000 multiplex quantitative PCR system (Stratagene). Real-time PCR detec-
tion assays for all siRNA target genes described in this study were purchased
from Applied Biosystems. Target gene mRNA expression levels were normalized
to hypoxanthine-guanine phosphoribosyltransferase (HGPRT) mRNA expres-
sion levels, using a human HGPRT TaqMan assay kit (Applied Biosystems).
Relative gene expression levels in silencing studies were determined using cycle
threshold (CT) numbers for detecting the expression of both the targeted gene
and HGPRT in each siRNA transfectant. Quantitation was based on CT numbers
from at least three independent experiments; for each siRNA, the standard
deviations of CT numbers were �3% of the mean.

HIV-1 p24 and luciferase assays. CD4� CCR5� CXCR4� JC53 cells were
infected overnight with HIV LAV (MOI � 1) 2 days following transfection with
siRNA and then seeded into 24-well plates (25,000 cells per well) or T75 flasks
(1.5 million cells per flask). p24 production was assayed in culture supernatants
at 3 days postinoculation using the p24 antigen enzyme-linked immunosorbent
assay system (Beckman/Coulter/Immunotech, Brea, CA). Luciferase assays were
performed (in quadruplicate) with detergent lysates at 1 day postinfection with
LAV (MOI � 1), using the Steady-Glo luciferase assay system (Promega, Mad-
ison, WI) and an EL 312e microplate biokinetics reader (Bio-Tek Instruments,
Winooski, VT).

HIV Gag/CD63 colocalization studies. The JC53 Rab9 siRNA cell line was
prepared using the pSIRENretroQ retroviral vector (BD Biosciences, Franklin
Lakes, NJ), which encodes a short hairpin RNA (shRNA) against Rab9 mRNA
bases 336 to 354 with a downstream termination sequence (TTTTT) and the
puromycin resistance gene (Puror). The Rab9 shRNA vector was transfected into
the PA317 retroviral packaging cell line (Nature Technology Corporation, Lin-
coln, NE), resulting in the secretion of replication-deficient amphotropic MMLV
particles carrying the Rab shRNA and the Puror gene. JC53 Rab9 siRNA cells
were generated by infecting cells with the resultant MMLV vector, followed by
selection in 1 �g/ml puromycin.

Rab9 immunostaining was performed by fixing JC53 cells grown on coverslips
in 4% formalin (15 min), followed by blocking in 1% bovine serum albumin–
phosphate-buffered saline (PBS) containing 0.1% saponin (10 min) and sequen-
tial incubations first with mouse anti-Rab9 antibody (Mab9; Calbiochem, San
Diego, CA), followed by a wash with 1% bovine serum albumin-PBS containing
0.1% saponin, and then with anti-mouse antibody conjugated with Alexa Fluor
488 (Molecular Probes, Eugene, OR). Stained cells were washed with PBS and
mounted on slides with Fluoromount-G (Southern Biotechnology Associates,
Birmingham, AL) in preparation for microscopy. JC53 and JC53 Rab9 siRNA
cells were prepared for colocalization studies by seeding cells overnight in Lab-
Tek chambers (Nalge Nunc, Rochester, NY) and cotransfecting them with pGag-
EGFP and pCD63-mRFP, using Lipofectamine 2000. Cells were imaged live at
36 h posttransfection using a Zeiss LSM510 confocal microscope with a 63�,
1.2-numerical-aperture oil immersion lens. Healthy cells expressing both pro-
teins were selected for z sectioning. z stacks were taken using a pinhole of 1.1 airy
units for both channels. Single confocal sections were exported as TIFF files and
processed in Adobe Photoshop.

Ebola and Marburg virus immunofluorescence, electron microscopy, and viral
replication assays. At 2 days posttransfection with siRNA, Vero cells were
transported to a maximum containment laboratory and infected for 6 to 7 days
with Ebola virus (Zaire species, 1976 Mayinga strain; MOI � 0.01) or Marburg
virus (1967 Voege strain; MOI � 0.01 or 0.1). Subsequently, supernatants were
clarified by centrifugation and inactivated by gamma irradiation on dry ice (�3
Mrad). Cells spotted onto glass slides were gamma irradiated and fixed with
acetone for 10 min. Indirect staining was performed using polyclonal antisera
against Ebola or Marburg proteins (prepared at the Centers for Disease Control
and Prevention), followed by washing and staining with an appropriate concen-
tration of fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit immuno-
globulin G (IgG) (Kirkegaard & Perry Laboratories, Inc.). Cells were processed
following Ebola and Marburg virus infection for electron microscopic examina-

tion by standard methods (16). The detection of viral antigens (VP40 from Ebola
virus or NP/VP40 from Marburg virus) in clarified supernatants was performed
(in duplicate) by solid-phase antigen-capture assays at 6 days postinoculation, as
described previously (30).

Measles virus in vitro assays. Vero cells were infected with the Edmonston
strain of measles virus (MOI � 0.1) at 2 days post-siRNA transfection. To
determine the efficacy of siRNA silencing, virus titers in the infected cells were
determined. The virus inoculum was removed at 1 h postinfection, and cells were
incubated for 48 h with fresh medium. Culture supernatants were harvested
daily, and the secreted virus was titrated by standard plaque assays on Vero cell
monolayers. Measles virus syncytium formation was detected using appropriate
dilutions of the anti-measles virus nucleoprotein antibody mab-KK2 (Chemicon
International, Temecula, CA) and an Alexa Fluor-conjugated goat anti-mouse
secondary antibody (Molecular Probes).

Reovirus assays. Vero cells were seeded in 12-well plates (5 � 105 cells/well)
and transfected with GFP, Rab9, or Rin2 siRNA. siRNA transfectants were
inoculated with reovirus type 1 (Lang strain; MOI � 35). At 0, 24, and 48 h
postinoculation, cells were frozen and stored at �20°C until virus titers could be
simultaneously determined by standard plaque assays as described previously
(51).

Flow cytometry. Flow cytometry was used to determine Rab9 protein expres-
sion in siRNA-transfected JC53 cells. Briefly, the cells were prepared for analysis
by permeabilization using a Cytofix/Cytoperm kit (BD Biosciences) and then
stained with mouse anti-Rab9 antibody (Mab9; Calbiochem) or an isotype-
matched negative control. The cells were washed and then subsequently stained
using phycoerythrin-conjugated goat anti-mouse IgG antibody (Jackson Immu-
noResearch, West Grove, PA). Measles virus nucleoprotein (MV-NP) staining
was performed by first infecting siRNA-transfected cells with measles virus (MOI
� 0.1) and then preparing cells for cytofluorimetry as previously described (60).
Internal staining for MV-NP was carried out using FITC-labeled KK2 (anti-MV-
NP) or a FITC-conjugated isotype-matched negative control (clone MOPC-21;
BD Biosciences). Stained cells were analyzed using a Beckman Coulter EP-
ICS-XL flow cytometer with Beckman Coulter EXPO32 ADC software.

Cloning simian Rab9 cDNA. Simian Rab9 cDNA was amplified using the
forward primer 5�-ATTAACAATGGCAGGAA-3� and the reverse primer 5�-G

FIG. 1. Identification of cellular genes required for viral replication
by gene trap mutagenesis. Susceptible host cell lines are chosen that
are normally killed by the virus being studied. Cells are infected with
the U3neoSV1 retrovirus (MOI � 0.1) carrying promoterless neomy-
cin resistance genes (neor) in each LTR. Integration of the U3neoSV1
shuttle vector between an active promoter and an early exon results in
gene disruption (trapping), with concomitant expression of the neor

gene from the upstream (5�) LTR. The promoterless 3� LTR is tran-
scriptionally inactive. Following neomycin selection, the resultant gene
trap library is infected with the virus of choice. Cell survival following
viral infection results from trapping genes that are necessary for viral
replication. Surviving cells are expanded and cloned. The shuttle vec-
tor is then rescued from genomic DNA as indicated above, and the
recovered chromosomal DNA flanking the shuttle vector integration
site is sequenced to identify the trapped gene.
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TGTCCCTTCTCCCACCAACTAATGA-3�. Simian Rab9 cDNA was cloned
using a Topo TA cloning kit (Invitrogen) and sequenced with manufacturer-
supplied primers.

Nucleotide sequence accession number. The nucleotide sequence for the Rab9
cDNA is available at GenBank under accession number AY601640.

RESULTS

Determination of candidate host genes required for viral
replication by gene trap mutagenesis and viral selection. Gene
trap insertional mutagenesis (58) involves infection with a rep-
lication-deficient Moloney murine leukemia virus that ran-
domly integrates its genetic material into the host cell chro-
mosome, carrying with it a promoterless neomycin resistance
gene (neor) (Fig. 1). We have adapted this approach towards
the determination of host genes whose disruption confers sur-
vival following infection with HIV-1, HIV-2, Marburg virus,
Ebola virus, influenza A virus, or reovirus, normally a lethal
event in the chosen host cell lines. Cells surviving both neo-
mycin and viral selection are cloned, and the identity of dis-
rupted (trapped) genes is determined as outlined in Fig. 1.
Sequence analysis identified over 200 candidate host genes
potentially required in the life cycles of HIV-1 and -2, Marburg
virus, Ebola virus, influenza A virus, or reovirus.

Screening candidate genes with siRNAs reveals a role for
Rab9 in HIV-1 infection. As an independent approach to test
the role of candidate trapped genes in viral replication, we
have used siRNAs to study the effect of inhibiting candidate

gene mRNA expression on viral replication. This approach has
proven useful for degrading mRNA and controlling HIV-1
replication by reducing the message coding for essential viral
or cellular proteins (41). An initial panel of siRNAs was de-
veloped that targeted candidate genes implicated by inser-
tional mutagenesis in the replication of Marburg virus (Rab9,
hypothetical protein KIAA1259, Axl, and SelB), HIV-1 and -2
(F3), and reovirus (Rin2, KOX4, and FKBP38) and was tested
in JC53 cells for antiviral activity against the CXCR4-tropic
LAV strain of HIV (Fig. 2A). Among the siRNAs examined,
Rab9 siRNA showed the strongest effect in inhibiting HIV-1
replication (	80 to 90% inhibition of p24 release into the
culture supernatant) compared to cells transfected with an
irrelevant siRNA control against GFP.

JC53 cells are HeLa-derived indicator cells that produce
luciferase following HIV infection, due to a stably integrated
HIV-long terminal repeat (LTR)-luciferase construct regu-
lated by the early HIV gene product Tat. Although HIV rep-
lication was significantly decreased in Rab9 siRNA transfec-
tants (P � 0.001 by Student’s t test; Fig. 2A), no significant
difference was observed in luciferase activities between Rab9
siRNA-transfected and parental JC53 cells (Fig. 2B), indicat-
ing that the observed defect in HIV replication occurs down-
stream of viral entry and proviral gene expression. Rab9
siRNA specifically inhibited HIV replication and resulted in
	90% degradation of Rab9 mRNA and an 	75% decrease in

FIG. 2. Inhibition of HIV-1 replication with Rab9 siRNA. The JC53 cells used for HIV p24 assays are CD4� CCR5� CXCR4� HeLa-derived
indicator cells that express luciferase following HIV infection. Luciferase expression from a stably integrated HIV-LTR-luciferase construct is
regulated by the early HIV gene product Tat. (A) JC53 HeLa cells were transfected with the indicated siRNAs and inoculated with HIV-1 LAV.
HIV p24 secreted into culture supernatants was quantitated in p24 assays at 3 days postinoculation (n � 6). (B) Luciferase assays (n � 5) were
performed to quantitate the infection of JC53 cells following Rab9 siRNA transfections. (C) Total mRNA isolated from JC53 cells (at 2 and 5 days
posttransfection with GFP or Rab9 siRNA) was reverse transcribed, and the relative levels of Rab9 message originally present were determined
by real-time PCR and normalized to HGPRT expression (n � 4). (D) Flow cytometric analysis of Rab9 protein expression following the indicated
siRNA transfections. Staining was performed using a mouse anti-Rab9 antibody or a mouse IgG1 negative control.

VOL. 79, 2005 UTILIZATION OF Rab9 IN VIRAL REPLICATION 11745



Rab9 mean fluorescence intensity, as determined by flow cy-
tometry prior to infection, compared to GFP siRNA controls
(Fig. 2A, C, and D).

Inhibiting HIV with siRNAs directed against TIP47, p40,
PIKfyve, and Rab11A. Rab9 facilitates the vesicular transport
of cargo proteins from the late endosome to the trans-Golgi
network (33). Evidence suggests that HIV Env and Gag are
endocytosed (6, 32, 59) and that HIV initiates assembly at the
late endosome (42) and then employs a cell-type-dependent
pathway for viral egress (see Fig. 6) (43). In macrophages, HIV
buds into the lumen of the late endosome to form multivesicu-
lar bodies, which can fuse with the plasma membrane and
release nascent virions as exosomes (40, 43, 45, 47, 48),
whereas in T cells and cultured cell lines (including HeLa
cells), HIV primarily buds from the plasma membrane, al-
though budding into multivesicular bodies has been observed
(21, 39, 42, 43, 54). The late-endosome-to-trans-Golgi trans-
port vesicle cargo selection protein TIP47 has been shown to
be important in HeLa cells for trafficking Env out of the late
endosome and for the incorporation of Env into virions bud-
ding from the plasma membrane (5). To further characterize
the egress pathway used by HeLa cells, host genes involved
in late-endosome-to-trans-Golgi transport (TIP47, p40, and
PIKfyve) and trans-Golgi-to-plasma-membrane transport
(Rab11A) were silenced with siRNA and then infected with
HIV.

Our results confirmed that HIV utilizes TIP47, and we show
for the first time that HIV replication depends on the expres-
sion of the Rab9 effector p40, PIKfyve (which promotes p40
membrane attachment), and Rab11A (Fig. 3A). HIV replica-
tion was significantly inhibited (P � 0.001) by silencing the
expression of Rab9, TIP47, p40, PIKfyve, or Rab11A com-
pared to control transfections with siRNA directed against the
irrelevant target GFP and the host genes Rin2 and IPO9 (Fig.
3A). IPO9 mRNA (trapped with Marburg virus) was included
as a negative control, as targeting this message with siRNA was
consistently found not to affect HIV replication in a separate
study (not shown). Rab11A siRNA specifically reduced the
expression of Rab11A (facilitating transport to the plasma
membrane from both the trans-Golgi and recycling endo-
somes) (9, 18, 57) but not that of Rab11B (used for recycling
endosome-to-plasma-membrane transport) (52). The inhibi-
tion of target gene expression was quantitated by real-time
PCR. Figure 3B reveals that target gene mRNA expression
levels were generally reduced �80% relative to the expression
levels of the same gene in GFP siRNA-transfected control cells
at the time of infection. Together, these results suggest the
importance of late-endosome-to-trans-Golgi-network vesicular
transport in HIV replication and indicate that silencing Rab9
expression may result in impaired trafficking of internalized
HIV proteins out of the late endosome.

Internal Gag sequestration in Rab9-depleted cells. To study
the internal sequestration of HIV Gag, a stable cell line stably
expressing Rab9 siRNA was derived from JC53 cells. Rab9
expression was reduced 	80 to 90% in the JC53 Rab9 siRNA
cell line, based on Rab9 immunofluorescence (Fig. 4A) and
Rab9 Western blots using lysates from JC53 and JC53 Rab9
siRNA cells (not shown). Both parental JC53 and JC53 Rab9
siRNA cells were transfected with Gag-EGFP and CD63-
mRFP. For both cell lines, intracellular Gag expression was

classified arbitrarily as low intracellular Gag expression (�10
internal Gag-EGFP puncta) or high intracellular Gag expres-
sion (�10 internal Gag-EGFP puncta). High intracellular Gag-
EGFP expression was observed in 75% of JC53 Rab9 siRNA
cells, compared to 25% of parental JC53 cells, and this differ-
ence was statistically significant (P � 0.001) (Fig. 4B). Repre-
sentative examples of the Gag-EGFP expression patterns in
parental and Rab9 siRNA cells are shown in Fig. 4C, with
internalized Gag-EGFP showing strong colocalization with
CD63 in the Rab9 siRNA cells. These results indicate that
Rab9 depletion results in internal Gag sequestration, which
may impair budding from the plasma membrane.

Inhibition of Ebola, Marburg, and measles virus replication
with Rab9 siRNA. Rab9 was originally implicated by gene trap
insertional mutagenesis in Marburg virus replication. Interest-
ingly, the late endosome has also been implicated as an assem-
bly initiation site for Marburg virus (28). To determine if Rab9
is also utilized in the replication of Marburg virus or other
unrelated viruses, Rab9 siRNA-treated Vero cells were in-
fected with Marburg virus, Ebola virus, measles virus, and
reovirus. Replication assays for Marburg virus, Ebola virus,
measles virus, and reovirus were performed in Vero cells. The
simian Rab9 gene was cloned from Vero cells (accession num-
ber AY601640) to aid in designing the appropriate primers for
the quantitation of mRNA expression. Sequence analysis re-
vealed that simian Rab9 is 98% homologous to human Rab9 at
the mRNA level, with 100% homology at the chosen siRNA
target sites (see Materials and Methods for target sites).

FIG. 3. HIV utilization of host genes facilitating vesicular trans-
port. (A) JC53 cells were transfected with the indicated siRNAs for
48 h, inoculated with HIV (LAV strain; MOI � 1), and expanded in
duplicate T75 flasks. Culture supernatants were harvested at 3 days
postinoculation, and HIV p24 assays were performed. Values were
normalized to HIV p24 secretion from GFP siRNA-transfected cells
and represent the results of at least four independent experiments.
(B) JC53 cells were transfected with siRNAs against the target genes
specified, and the effect on target gene expression was determined as
described in the legend to Fig. 2C.
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The treatment of Vero cells with Rab9 siRNA effectively
reduced Rab9 mRNA expression by 	80 to 90%, while GFP
siRNA-treated cells showed mRNA expression levels similar
to those of parental cells (Fig. 5A). Figure 5B shows a dramatic
decrease in the immunofluorescence staining of viral proteins
at 6 days postinfection in Ebola virus-infected cells (and to a
lesser degree in Marburg virus-infected cells) transfected with
Rab9 siRNA compared to that in mock or GFP-siRNA trans-
fectants. Electron microscopic examination confirmed the de-
crease in the number of infected cells, with an absence of
cytoplasmic nucleocapsids and mature virions in most Ebola
virus-infected cells, and to a lesser extent, in Marburg virus-
infected cells (data not shown). These results were further
corroborated by antigen-capture assays (Fig. 5C), which
showed an 	70 to 75% decrease in the amount of viral antigen
released into the culture medium at 6 days postinfection.

Targeting Rab9 mRNA for degradation with siRNA also
inhibited measles virus replication. Both GFP and Rab9
siRNA transfectants were readily infectible based on fluores-
cence-activated cell sorting detection of the measles virus nu-
cleoprotein in 66% and 83% of cells, respectively, at 2 days

postinfection with the Edmonston strain of measles virus (data
not shown). Although viral entry was uninhibited, there was an
obvious delay in the downstream events of viral particle assem-
bly and syncytium formation in Rab9 siRNA transfectants
compared to GFP siRNA transfectants. Figures 5D and E
show that syncytium formation and the release of viral particles
into the culture supernatant were undetectable 2 days follow-
ing infection in Rab9 siRNA transfectants and that measles
virus production in Rab9 transfectants was 	90% lower (sta-
tistically significant; P � 0.001) than that in GFP siRNA trans-
fectants 5 days after infection. The inhibition of measles virus
replication by Rab9 siRNA was overcome by 6 days postinfec-
tion, which may reflect the transient nature of mRNA knock-
down using siRNA (Fig. 2C and 5A).

In contrast, replication of the nonenveloped reovirus was
uninhibited by Rab9 silencing at either 1 or 2 days postinfec-
tion, as determined by viral titer plaque assays (Fig. 5F). Sim-
ilarly, no decrease in reovirus immunostaining was observed in
Rab9 siRNA-transfected cells relative to GFP or Rin2 siRNA-
transfected controls (data not shown). The results of this study
suggest that host genes mediating late-endosome-to-plasma-

FIG. 4. Colocalization of CD63 and HIV Gag in Rab9-depleted cells. (A) Rab9 expression was visualized in parental JC53 cells (left panel)
and JC53 Rab9 siRNA cells (right panel) by sequential incubations with a primary anti-Rab9 antibody and an AF488-conjugated secondary
antibody. (B) JC53 cells and JC53 Rab9 siRNA cells were transfected with pGag-EGFP and pCD63-mRFP plasmids, and 20 to 60 cells per
experiment (n � 3) were optically z-sectioned live at 36 h posttransfection. Cells having �10 or �10 intracellular Gag-EGFP puncta colocalizing
with CD63-mRFP were classified as having low or high intracellular Gag, respectively. (C) Representative confocal sections of JC53 cells (left
panels) and JC53 Rab9 siRNA cells (right panels) cotransfected with pGag-EGFP (green) and pCD63-mRFP (red).
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membrane vesicular transport, i.e., Rab9, TIP47, p40, PIKfyve,
and Rab11A, are required for HIV replication and that Rab9
expression is also required for replication of the enveloped
Ebola, Marburg, and measles viruses but not for that of the
nonenveloped reovirus. These results provide insights into vi-
ral budding mechanisms as well as potential targets for inter-
vention.

DISCUSSION

For this study, we identified the Rab9 GTPase by gene trap
insertional mutagenesis as a candidate cellular gene utilized in
Marburg virus infection. Following siRNA-directed Rab9 si-
lencing, we observed inhibition with the enveloped viruses
HIV, Ebola virus, Marburg virus, and measles virus, but not

FIG. 5. Effects of Rab9 silencing on Ebola virus, Marburg virus, measles virus, and reovirus replication. All assays were performed in Vero cells.
(A) Rab9 silencing in Vero cells. Rab9 mRNA expression in mock- or siRNA-transfected Vero cells was determined at 2 or 5 days posttransfection,
as described in the legend to Fig. 2C (n � 3). (B) At 2 days posttransfection, mock- or siRNA-transfected Vero cells were inoculated with Ebola
virus (EBO) (left panels) or Marburg virus (MBG) (right panels), and viral antigen production was visualized at 6 days postinoculation using
polyclonal antisera against Ebola virus or Marburg virus antigens and a FITC-labeled secondary antibody. Magnification, �20. (C) Antigen-capture
assays. Quantitation of viral antigens released into culture supernatants (at 6 days postinoculation) was performed using an enzyme-linked
immunosorbent assay-based antigen-capture assay (n � 2). (D) Viral titers of measles virus strain Edmonston (Edm-MV) released into the
supernatants of GFP and Rab9 siRNA Vero cell transfectants (n � 3). (E) Measles virus Edmonston immunofluorescence staining. Measles virus
syncytium formation was visualized by immunostaining of the measles virus nucleoprotein (green) at 2 and 6 days postinoculation. Cell nuclei were
stained with propidium iodide (red). Magnification, �200. (F) Reovirus assays. Vero cell GFP, Rab9, and Rin2 siRNA transfectants were
inoculated for 1 h with reovirus type 1, washed, and grown for 0 to 2 days postinoculation before freezing at �20°C. Cell lysates were titrated by
standard plaque assays on L-cell monolayers. Results from a single experiment are shown and are representative of three independent experiments.
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with the nonenveloped reovirus. HIV was also inhibited by
reducing the mRNA expression of host genes involved in the
same vesicular transport pathway as Rab9 (TIP47, p40, and
PIKfyve) and Rab11A, which facilitates plasma membrane
trafficking of cargo proteins from either the trans-Golgi net-
work or recycling endosomes. An important role for late-en-
dosome-to-trans-Golgi vesicular transport is further suggested
by the observation that HIV Gag is sequestered in an endocytic
CD63� compartment in HeLa cells with depleted Rab9 pro-
tein expression.

The HIV Pr55Gag and Ebola virus matrix VP40 proteins
alone have been shown to be sufficient for the release of virus-
like particles in the absence of other viral proteins (14, 56);
thus, the subcellular location of Gag proteins is thought to
influence the pathway of viral release. Several HIV studies
have shown two cell-type-dependent pathways for viral egress
(Fig. 6). In macrophages, HIV Gag is restricted to CD63-
positive late endosomes, and the prevailing evidence indicates

that viral egress proceeds through TSG101-dependent budding
into the lumen of late endosomes to form multivesicular bod-
ies, followed by the export of viral particles as exosomes (40,
43, 45, 47, 48).

In contrast to the case for macrophages, studies with T cells
and HeLa cells (used in this study) have shown that HIV Gag
is either localized predominantly at the plasma membrane (21,
39, 43) or partitioned between the plasma membrane and the
late endosome (42, 54). Viral assembly was observed to occur
at both subcellular locations, although the relative importance
of multivesicular body budding in HeLa cells is unclear (54).
Both Gag and Env contain endocytosis motifs that promote
redirection from the plasma membrane to the late endosome,
and in the case of Gag, internalization is functionally important
for virus-like particle production (6, 32, 59). HIV-1 Gag colo-
calized with the late endosomal marker CD63, irrespective of
whether budding occurred in multivesicular bodies or at the
plasma membrane (42). Therefore, it was suggested that viral
assembly originates at the late endosome and that viral egress
is gated through endosomally derived membranes even if bud-
ding ultimately occurs at the plasma membrane (42). Other
studies have shown that Marburg virus and murine leukemia
virus employ a similar strategy of beginning assembly at the
late endosome and budding at the plasma membrane (2, 28).
An important mechanistic question has been how endosomal
membranes are transported to the cell surface during the
course of viral maturation and budding.

Our results confirm the previously reported dependence of
HIV replication on TIP47 and show for the first time that
Rab9, p40, and PIKfyve are also critical for the HIV life cycle.
Interestingly, murine leukemia virus potentially utilizes Rab11-
positive recycling endosomes en route to the plasma mem-
brane, and Rab11 is incorporated into the Marburg viral coat
in secreted virions, although the effect of reducing Rab11 ex-
pression was not tested for either virus (2, 29). We showed that
Rab11A expression is functionally important for HIV, al-
though its precise function(s) requires further clarification, as
Rab11A is involved in plasma membrane trafficking from both
the trans-Golgi network and recycling endosomes.

Although major advances have been made in recent years
towards understanding the host component of HIV and Ebola
virus budding, several issues remain unresolved. Initiating viral
assembly in an internal compartment may offer HIV and Ebola
virus several advantages, including (i) the avoidance of im-
mune surveillance, (ii) the concentration of viral proteins in
one subcellular location, and (iii) hijacking of the endosomal
sorting machinery (which normally sorts ubiquitinated proteins
into multivesicular bodies) for the topologically similar process
of viral budding (reviewed in reference 49). The respective p6
and VP40 structural proteins of HIV and Ebola virus are
ubiquitinated as a prerequisite to TSG101-dependent recruit-
ment of the endosomal sorting machinery (13, 15, 31, 37).
Whether or not endocytosis of HIV and Ebola virus proteins
from the plasma membrane precedes their ubiquitination, the
compartment where ubiquitinated HIV and Ebola virus cargo
proteins first interact with TSG101, and the mechanism used to
recruit TSG101 to the plasma membrane at sites of viral egress
are not yet clear.

If ubiquitination and the interaction of HIV viral proteins
with TSG101 depend on internalization to the late endosome,

FIG. 6. Alternative pathways for HIV viral egress. HIV Env and
Gag are expressed on the cell surface before internalization to the late
endosome (LE), an important site of assembly initiation. (A) In mac-
rophages, HIV buds into the lumen of the late endosome to form
multivesicular bodies (MVBs), which can be released as exosomes by
multivesicular body fusion with the plasma membrane. (B) In T cells
and cultured cell lines, budding occurs primarily at the plasma mem-
brane. Vesicular trafficking of viral proteins out of the late endosome
to the trans-Golgi network (TGN) and plasma membrane may be
aided, as indicated, by the host proteins Rab9, Tip47, p40, PIKfyve,
and Rab11A. Rab11A may also favor plasma membrane budding by
taking part in the recycling of viral proteins back to the plasma mem-
brane via early endosomes (EEs) and recycling endosomes (REs).
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then our results may reflect the importance of host proteins
mediating late-endosome-to-trans-Golgi transport (Rab9,
TIP47, p40, and PIKfyve) and trans-Golgi-to-plasma-mem-
brane transport (Rab11A) once such communication with
TSG101 has occurred (Fig. 3A and 6B). The dependence of
Ebola virus and Marburg virus replication on Rab9 and
TSG101 (reported for Ebola virus) indicates overlapping
mechanisms for viral egress between HIV and the filoviruses
Ebola virus and Marburg virus. If the HIV Gag interaction
with TSG101 also occurs in the early endocytic compartment,
then Rab11A may serve an additional role in the redirection of
Gag-TSG101 complexes back to the plasma membrane (Fig.
6B). However, it is difficult to rationalize why Rab11B expres-
sion in HeLa cells (Fig. 3B) would not compensate for blocked
Rab11A-dependent recycling-endosome-to-plasma-membrane
traffic, given that Rab11B also mediates transport from recy-
cling endosomes to the cell surface (52).

Measles virus has been shown to assemble at the plasma
membrane, where the viral matrix protein bridges the replica-
tive unit to the membrane-bound hemagglutinin and fusion
proteins (12, 25). No reports have yet demonstrated that en-
dosomal assembly or vesicular transport of proteins is involved
in measles virus replication, although the possibility remains
that measles virus utilizes this alternative pathway for viral
egress. The inhibition of measles virus replication following
Rab9 knockdown may occur by a different mechanism. Several
studies have implicated cholesterol- and glycosphingolipid-rich
membrane rafts as gateways for viral entry and exit for a variety
of viruses, including measles virus, HIV-1, Ebola virus, and
Marburg virus (1, 3, 35, 44). Recently, it has been shown that
Rab7, Rab9, and Rab11 regulate normal sphingolipid and
cholesterol trafficking and that Rab7 or Rab9 overexpression
corrects sphingolipid and cholesterol trafficking defects in
Niemann-Pick C sphingolipid storage disease (10, 23). An in-
teresting possibility is that the inhibition of Rab9 expression
may result in dysregulated cholesterol and sphingolipid traf-
ficking, with consequential impairments in the replication cy-
cles of viruses that utilize rafts, including measles virus, HIV,
Ebola virus, and Marburg virus, although such a mechanism
requires further investigation.

Recent studies have indicated that the enveloped HIV-1,
Marburg, and murine leukemia viruses may utilize a common
pathway for egress whereby assembly can begin at the late
endosome and budding is completed at the plasma membrane,
although the logistics of late-endosome-to-plasma-membrane
transport were not defined (2, 28, 42). In contrast, the repli-
cation and assembly of the cytolytic, nonenveloped reovirus are
thought to occur within cytoplasmic viral inclusions not asso-
ciated with plasma membranes or other cellular organelles (4,
7, 17, 50). Thus, Rab9’s potential roles in transporting either
viral proteins or lipid raft components to the trans-Golgi net-
work en route to the plasma membrane are not anticipated to
be important in reoviral replication. In agreement, reovirus
replication was not dependent on Rab9 expression (Fig. 5F),
suggesting that Rab9 may be specifically utilized by viruses
associated with membranes, particularly the late endosome.

This study demonstrates the power of gene trap insertional
mutagenesis and RNA interference as a combined approach
for discovering new genes that may serve as targets for thera-
peutics and for gaining insight into viral replication mecha-

nisms. Naturally, in vitro results showing that cultured cells can
survive the disruption of one allele or the silencing of target
mRNA expression may not translate to multicellular organ-
isms, necessitating that drugs inhibiting cellular targets pass
the rigors of clinical testing for safety and efficacy. Here we
show that the Rab9 GTPase is required for the unrelated
enveloped viruses HIV-1, Marburg virus, Ebola virus, and
measles virus, but not for the cytoplasmic reovirus. HIV was
also inhibited by blocking the expression of the host genes
TIP47, p40, PIKfyve, and Rab11A, indicating a potential path-
way of viral egress from late endosomes to the cell surface. In
agreement, Gag-EGFP in Rab9 siRNA-expressing cells was
dramatically sequestered in an internal CD63� endocytic com-
partment.
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