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ABSTRACT

Alphaviruses are small enveloped RNA viruses that infect cells via clathrin-mediated endocytosis and low-pH-triggered fusion in
the early endosome. Using a small interfering RNA (siRNA) screen in human cells, we previously identified TSPAN9 as a host
factor that promotes infection by the alphaviruses Sindbis virus (SINV), Semliki Forest virus (SFV), and chikungunya virus
(CHIKV). Depletion of TSPAN9 specifically decreases SFV membrane fusion in endosomes. TSPAN9 is a member of the tetra-
spanin family of multipass membrane proteins, but its cellular function is currently unknown. Here we used U-2 OS cells stably
overexpressing TSPAN9 to show that TSPAN9 is localized at the plasma membrane and in early and late endosomes. Internal-
ized SFV particles colocalized with TSPAN9 in vesicles early during infection. Depletion of TSPAN9 led to reductions in the
amounts of the late endosomal proteins LAMP1 and CD63 and an increase in the amount of LAMP2. However, TSPAN9 deple-
tion did not alter the delivery of SFV to early endosomes or change their pH or protease activity. Comparative studies showed
that TSPAN9 depletion strongly inhibited infection by several viruses that fuse in early endosomes (SFV, SINV, CHIKV, and
vesicular stomatitis virus [VSV]), while viruses that fuse in the late endosome (recombinant VSV-Lassa and VSV-Junin), includ-
ing an SFV point mutant with a lower pH threshold for fusion (SFV E2 T12I), were relatively resistant. Our data suggest that
TSPAN9 modulates the early endosome compartment to make it more permissive for membrane fusion of early-penetrating vi-
ruses.

IMPORTANCE

Alphaviruses are spread by mosquitoes and can cause serious human diseases such as arthritis and encephalitis. Recent out-
breaks of CHIKV infection are responsible for millions of cases of acute illness and long-term complications. There are no vac-
cines or antiviral treatments for these important human pathogens. Alphaviruses infect host cells by utilizing the endocytic ma-
chinery of the cell and fusing their membrane with that of the endosome. Although the mechanism of virus-membrane fusion is
well studied, we still know relatively little about the host cell proteins that are involved in alphavirus entry. Here we character-
ized the role of the host membrane protein TSPAN9 in alphavirus infection. TSPAN9 was localized to early endosomes contain-
ing internalized alphavirus, and depletion of TSPAN9 inhibited virus fusion with the early endosome membrane. In contrast,
infection of viruses that enter through the late endosome was relatively resistant to TSPAN9 depletion, suggesting an important
role for TSPAN9 in the early endosome.

Alphaviruses are a genus of viruses that are generally transmit-
ted by mosquito vectors and can infect a variety of hosts,

including small and large mammals, birds, and humans (reviewed
in reference 1). A number of alphaviruses cause human illnesses,
including fever, encephalitis, and polyarthritis. For example, in
humans, the alphavirus chikungunya virus (CHIKV) causes pain-
ful arthritis with symptoms that can persist for years and can also
cause neurological complications and neonatal encephalitis (2).
CHIKV reemerged in 2004 to cause outbreaks of millions of cases
in countries around the Indian ocean (3, 4) and spread to the
Americas in late 2013, where, to date, it has caused an estimated
1.2 million human cases (5, 6). There are currently no effective
vaccines or treatments for human alphavirus infections.

Alphaviruses are small, enveloped, highly organized viruses
that have a plus-sense RNA genome (1). The genome is enclosed
in a capsid protein shell that is surrounded by a lipid membrane
containing a lattice of the E1 and E2 membrane glycoproteins. To
infect cells, alphaviruses bind to cell surface receptors via the E2
protein and are internalized by clathrin-mediated endocytosis (re-
viewed in reference 7). The virus is delivered to the early endo-
some compartment, where the low-pH environment triggers the
dissociation of the E2-E1 heterodimer and conformational
changes in the E1 membrane fusion protein. E1 inserts its hydro-
phobic fusion loop into the endosome membrane, trimerizes, and

refolds into a hairpin-like conformation with the fusion loop and
the transmembrane domain at the same end of the molecule (8).
These conformational changes drive fusion between the viral and
endosome membranes and thus release the nucleocapsid into the
cytoplasm. Although we have considerable insights into the func-
tions of the viral proteins during entry, we have relatively little
information about cellular proteins that are involved in the alpha-
virus entry process.

Using a whole-genome small interfering RNA (siRNA) screen,
we previously identified TSPAN9 as a human host factor that pro-
motes alphavirus infection (9). TSPAN9, a member of the tetras-
panin protein family, is a small protein of �27 kDa with four
transmembrane domains and both the N and C termini in the
cytoplasm (10). It is conserved from human to mosquito and ex-
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pressed in all assayed tissues and cell lines. Depletion of TSPAN9
inhibited infection by several alphaviruses (Semliki Forest virus
[SFV], Sindbis virus [SINV], and CHIKV) and by the rhabdovirus
vesicular stomatitis virus (VSV) (9). All of these viruses infect cells
by endocytosis and fusion in the early endosome (7, 11–13). De-
pletion of TSPAN9 caused little or no effect on alphavirus binding,
internalization, or low-pH-triggered E1 conformational changes.
However, the fusion of internalized virus with the endosome
membrane was strongly inhibited. While tetraspanin proteins
have been reported to be involved in a wide variety of cellular
processes (14, 15), the specific cellular functions of TSPAN9 are
undefined.

Here we set out to characterize the mechanism by which
TSPAN9 promotes alphavirus infection. Expression studies local-
ized TSPAN9 to the plasma membrane and to the early and late
endosome compartments. Internalized SFV colocalized with
TSPAN9 in early endosomes. TSPAN9 depletion did not alter the
delivery of internalized SFV to the early endosome, even though
virus fusion and infection were strongly inhibited. In contrast,
infection by viruses that enter from the late endosome was rela-
tively unimpaired. These results suggest that TSPAN9 is specifi-
cally required for the fusion-permissive functions of the early en-
dosome.

MATERIALS AND METHODS
Cell lines and viruses. U-2 OS cells were maintained at 37°C in McCoy’s
5A medium with 10% fetal bovine serum (FBS), 100 U penicillin/ml, 100
�g streptomycin/ml, and 2 mM L-glutamine. The alphaviruses used in this
study were SINV pE2R1-GFP/2A (referred to as SINV-GFP) (a kind gift
from Hans Heidner) (9, 16), a well-characterized plaque-purified SFV
stock referred to here as M1K (17), wild-type (WT) SFV derived from the
pSP6-SFV4 infectious clone (18), and the SFV E2 T12I mutant (17, 19)
constructed by using this infectious clone. VSV expressing the green flu-
orescent protein (GFP) reporter (VSV-GFP) (20, 21) and recombinant
VSV missing the VSV G protein but expressing the GFP reporter plus the
glycoprotein from Lassa virus (rVSV-Lassa) (22) or Junin virus (rVSV-
Junin) were kind gifts of Kartik Chandran and Sean Whelan, respectively.

Antibodies. The polyclonal rabbit anti-E1/E2 antibody and monoclo-
nal antibody (MAb) E1a-1 to the acid conformation of E1 were previously
described (23). The following MAbs to endocytosis pathway proteins were
obtained from the Developmental Studies Hybridoma Bank (DSHB) cre-
ated by the NICHD of the NIH and maintained at the University of Iowa
Department of Biology, Iowa City, IA: anti-LAMP1 (clone H4A3), anti-
LAMP2 (clone H4B4), anti-CD63 (clone H5C6), and anti-mannose-6-
phosphate receptor (M6PR) (clone 22d4). Anti-EEA1 MAb was obtained
from BD Biosciences (San Jose, CA), anti-lysobisphosphatidic acid
(LBPA) MAb was obtained from Echelon (Salt Lake City, UT), and anti-
cathepsin B polyclonal antibody (PAb) was obtained from Athens Re-
search & Technology (Athens, GA).

siRNA depletion of cellular proteins. The following siRNAs were
used in this study: a nontargeting (NT) siRNA (Ambion Silencer negative-
control siRNA 7), a transfection control siRNA that targets RPL27A and
causes cell death (Ambion siRNA 9257) (24), TSPAN9 siRNA (Ambion
siRNA 18435) (9), LAMP1 siRNA (Ambion siRNA 144036) (25), and
CD63 siRNA (Ambion siRNA 10318) (26). For infection assays, siRNAs
were added to Corning black polystyrene 384-well plates and used to
reverse transfect U-2 OS cells (3,000 cells/well) at a final concentration of
37.5 nM siRNA (NT, TSPAN9, CD63, or RPL27A siRNA) or 100 nM
siRNA (LAMP1 siRNA) with 0.375% Lipofectamine RNAiMAX (Invitro-
gen) in medium without antibiotics for 48 h. For microscopy assays, U-2
OS cells seeded at 4 � 104 cells/well on 8-well Lab-Tek chambered cover
glass (Thermo Scientific) were transfected with 22.5 nM siRNA and 0.15%
RNAiMax and cultured for 48 h.

FusionRed TSPAN9 construct and cells. The fluorescent FusionRed
(FR) protein (Evrogen) (a kind gift from Erik Snapp) (27) was fused to the
N terminus of TSPAN9 by amplifying the two proteins separately by PCR.
TSPAN9 was amplified by using forward primer MCK 1002 (5=-ATGGC
CAGGGGCTGCCTCTGCTGC) and reverse primer MCK 667 (5=-CCG
AATTCTCATGCGTCGTACTTCTTACCAG). FusionRed was amplified
by using forward primer MCK 1000 (5=-CGGCTAGCATGGTGTCCGA
GCTGATTAAGG) and reverse primer MCK 1001 (5=-GCAGCAGAGGC
AGCCCCTGGCCATTTTCCCTCCATCGCCTGCCCC). The two PCR
products were gel purified, combined into one reaction mixture, and am-
plified by using forward primer MCK 1000 and reverse primer MCK 667
to yield the final full-length product. The PCR product was digested with
NheI and EcoRI and ligated into pcDNA3.1 to generate plasmid pcDNA-
FR-TSPAN9. U-2 OS cells were transfected with pcDNA-FR-TSPAN9 by
using Lipofectamine 2000 as recommended by the manufacturer. Clonal
cell lines were selected by limiting dilution in the presence of 1 mg/ml
G418. Clone 15 was used in this study and was selected by immunofluo-
rescence for FR-TSPAN9 expression.

Transient overexpression of LAMP2. A plasmid containing the gene
for human LAMP2B (HsCD00325256) was obtained from the plasmid
repository at Harvard University and was cloned by PCR amplification
into pcDNA 3.1 to create plasmid pcDNA-hLAMP2. U-2 OS cells were
transiently transfected with pcDNA or pcDNA-hLAMP2 by using Lipo-
fectamine 2000 according to the manufacturer’s protocols. At 24 h post-
transfection, cells were infected with SFV M1K (multiplicity of infection
[MOI] of 0.03) for 12 h at 37°C and then washed and fixed with 4%
paraformaldehyde (PFA). Cells were stained with polyclonal anti-E1/E2
and anti-LAMP2 (DSHB clone H4B4) followed by goat anti-rabbit Alexa
488 and goat-anti mouse Alexa 568 secondary antibodies. Nuclei were
stained with Hoechst dye.

DQ Red-BSA degradation assay. U-2 OS cells were transfected on
8-well chambered cover glass as described above. The cells were incubated
for 5 h with BODIPY-labeled bovine serum albumin (BSA) (DQ Red-
BSA; Molecular Probes) at a final concentration of 200 �g/ml in U-2 OS
medium. Cells were subsequently washed three times with phosphate-
buffered saline (PBS), fixed with 4% PFA, and imaged by confocal micros-
copy.

Protease inhibitor assay. U-2 OS cells were transfected as described
above on a 384-well plate. Cells were treated with 5 �M E64d and 100 �M
leupeptin for 5 h before infection with SINV-GFP at an MOI of 1 for 24 h
and with SFV at an MOI of 0.01 for 12 h. Protease inhibitor treatment was
continued during virus infection. Cells were then washed with PBS and
fixed with 4% PFA, and SFV-infected cells were stained with polyclonal
anti-E1/E2 and goat anti-rabbit Alexa 488 antibodies. Infected cells were
imaged by fluorescence microscopy.

LysoSensor green assay. U-2 OS cells on 8-well chambered cover glass
were transfected with NT and TSPAN9 siRNAs as described above. Cells
were washed with PBS before incubation with LysoSensor (LysoSensor
Green DND-189; Invitrogen) at a final concentration of 1 �M in U-2 OS
growth medium at 37°C for 1 h. Cells were then washed four times with
PBS, fixed with 4% PFA, and permeabilized by treatment with 0.01%
Triton X-100 and 1% BSA in PBS for 30 min. Cells were incubated with
EEA1 or LAMP2 primary antibody for 2 h at room temperature (RT),
followed by incubation with goat anti-mouse Alexa 594 secondary anti-
body for 30 min, and imaged by confocal microscopy on the same day.

Primary infection experiments. U-2 OS cells on 384-well plates were
transfected with NT and TSPAN9 siRNAs as described above and infected
with SINV-GFP (MOI � 10), SFV M1K (MOI � 0.1), rVSV-Lassa
(MOI � 0.5), rVSV-Junin (MOI � 2), WT SFV (MOI � 0.2), or the SFV
T12I mutant (MOI � 0.2) for 1 h at 37°C. The media were then replaced
with media containing 30 mM NH4Cl to block secondary infection, and
incubation was continued overnight at 28°C. Cells were washed with PBS
and fixed with 4% PFA. SFV-infected cells were permeabilized with 0.1%
Triton X-100 and stained with anti-E1/E2 polyclonal antibody, followed
by goat anti-rabbit Alexa 488 secondary antibody. All other viruses ex-
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press GFP in the cell cytoplasm. Nuclei were stained with Hoechst dye.
Cells were imaged by fluorescence microscopy, and infected cells and
nuclei were counted by using a customized pipeline in Cell Profiler v. 2.0
r11710 cell image analysis software (Broad Institute) (28).

Colocalization of virus with cellular markers. U-2 OS cells on an
8-well chambered cover glass were transfected as described above. Puri-
fied SFV (0.2 �g/well) in Rmed (RPMI without bicarbonate plus 0.2%
BSA and 10 mM HEPES), pH 6.8, was bound to U-2 OS cells for 60 min on
ice. The cells were incubated at 37°C in Rmed (pH 7.4) for 20 min to
permit endocytosis, washed on ice three times with PBS, and fixed with
4% PFA. Cell surface virus was stained with anti-SFV E1/E2 PAb and goat
anti-rabbit Ig Alexa Fluor 647. Cells were then permeabilized with 0.1%
Triton X-100, intracellular virus was stained with anti-SFV E1/E2 rabbit
PAb and goat anti-rabbit Alexa Fluor 594, and endosome protein markers
were stained with the indicated MAbs and goat anti-mouse Alexa 488.
Nuclei were stained with Hoechst dye.

Confocal microscopy and image analysis. z-stack images were cap-
tured by using a Leica SP5 confocal microscope. The fluorescence signal
was quantitated by using Image J by measuring the integrated density of
fluorescence (area � intensity) per 50 cells and normalized to the value
obtained with the NT control. For colocalization studies, fluorescence
signals were quantitated and assessed for colocalization by using a cus-
tomized pipeline in Cell Profiler v. 2.0 r11710 cell image analysis software
(Broad Institute) (28).

Statistical analysis. Microsoft Excel was used to calculate statistical
significance by the two-tailed unpaired Student t test. Significance is in-
dicated in the figures.

RESULTS
Intracellular localization of TSPAN9. Our previous studies iden-
tified TSPAN9 as a host factor that promotes alphavirus infection
(9). Depletion of TSPAN9 specifically decreased alphavirus mem-
brane fusion, which normally occurs in the early endosome.
TSPAN9 is a member of the tetraspanin family of membrane pro-
teins, but little is known about its normal cellular function. While
a polyclonal antibody to TSPAN9 is available, we found that the
endogenous levels of TSPAN9 are too low to be detected in U-2 OS
and other tested cell lines. To define the cellular localization of
TSPAN9 under various conditions, we therefore generated a U-2

OS cell line expressing TSPAN9 with the FusionRed fluorescent
protein at its N terminus (FR-TSPAN9). Confocal microscopy
showed that FR-TSPAN9 was expressed at the cell surface and in
vesicles that colocalized with markers of early endosomes, late
endosomes, and lysosomes (Fig. 1A). This localization was very
similar to that observed in cells overexpressing untagged TSPAN9
and stained with the polyclonal antibody (data not shown) (9).
We compared the localization of FR-TSPAN9 in cells incubated
with SFV for 20 min and observed no change in the protein’s
colocalization with cellular marker proteins (Fig. 1B, gray versus
black bars). Thus, endocytosis of alphavirus particles did not
modify the normal pattern of TSPAN9 localization.

We next examined whether SFV was internalized into endo-
cytic vesicles that also contained TSPAN9. Cells expressing FR-
TSPAN9 were incubated with SFV for 20 min at 37°C to allow
uptake. Internalized virus was then stained with MAb E1a-1,
which is specific for the acid conformation of the SFV E1 protein
(9, 23). Approximately 70% of E1a-1-positive virus was found to
colocalize with punctate spots of FR-TSPAN9 fluorescence (Fig.
2). Together, our data showed that TSPAN9 is found in vesicles of
the endocytic pathway and is present in the acidic early endosomes
that contain newly internalized SFV.

TSPAN9 depletion does not affect SFV localization. Our pre-
viously reported data show that depletion of TSPAN9 inhibits SFV
infection by blocking a late step in entry: the fusion of internalized,
acid-triggered virus with the cell membrane (9). In control cells,
WT SFV fusion occurs in the early endosome once the pH reaches
a threshold value of �6.2 (29, 30). We tested whether the traffick-
ing of SFV to the early endosome compartment was altered in
TSPAN9-depleted cells. Control or depleted cells were allowed to
internalize SFV for 20 min, and the localization of intracellular
virus was then compared to that of various markers of endocytic
compartments. In control cells, �70% of internalized SFV parti-
cles colocalized with EEA1, a marker of the early endosome com-
partment (Fig. 3). We also observed that �30% of internalized
SFV colocalized with M6PR, consistent with the known localiza-

FIG 1 Intracellular localization of FR-TSPAN9. (A) U-2 OS cells stably expressing FR-TSPAN9 were stained with MAbs to the indicated proteins of the
endosomal pathway, followed by anti-mouse Alexa 488 secondary antibody (green). FR-TSPAN9 is shown in red. A single confocal slice from a representative
experiment of three is shown. (B) U-2 OS cells stably expressing FR-TSPAN9 were incubated with or without 0.2 �g SFV/well for 20 min at 37°C and then fixed
and stained for the indicated proteins as described above for panel A. Colocalization between FR-TSPAN9 and endosome proteins was quantitated by using Cell
Profiler in the presence and absence of SFV internalization. Data represent the means � standard errors of the means of data from three independent
experiments. No significant differences were observed between the results with and without SFV.
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tion of this receptor to the early endosome as well as to compart-
ments including late endosomes and the trans-Golgi network
(31). There was little colocalization of internalized SFV with the
late endosome/lysosome markers CD63, LAMP1, LAMP2, and
LBPA. This colocalization pattern was not significantly changed
by TSPAN9 depletion; SFV still colocalized mainly with EEA1-
positive early endosomes after 20 min of uptake. Thus, TSPAN9
depletion does not alter SFV delivery to the normal site of mem-
brane fusion.

TSPAN9 depletion alters the levels of late endosome pro-
teins. While performing the imaging studies shown in Fig. 3, we
observed that the staining of some of the endosomal proteins ap-
peared to be altered by TSPAN9 depletion. We therefore com-

pared the immunofluorescence stainings of various endosomal
proteins in control and TSPAN9-depleted cells. Quantitation of
fluorescence images showed that TSPAN9 depletion did not sig-
nificantly change the staining of the early endosome proteins Rab5
and EEA1 (Fig. 4A). However, fluorescence of the late endosome
proteins CD63 and LAMP1 was significantly decreased while that
of LAMP2 was significantly increased by TSPAN9 depletion (Fig.
4A). In contrast, M6PR, which transports proteases between the
trans-Golgi network and endosomes (31), and cathepsin B, a pro-
tease found in late endosomes and lysosomes, showed modest but
not significant increases in staining levels, and the late endosome
lipid LBPA was unchanged (Fig. 4A). To determine whether the
changes in LAMP1 and LAMP2 fluorescence resulted from
changes in protein distribution versus changes in the amount of
protein, we quantitated the cellular protein amounts by Western
blot analysis of control and TSPAN9-depleted cells (Fig. 4B). In
agreement with the immunofluorescence data, no difference was
observed in the amounts of EEA1, while the amount of LAMP1
protein was significantly decreased and that of LAMP2 was signif-
icantly increased.

To test if the observed decrease in the amount of CD63 or
LAMP1 or the increase in the amount of LAMP2 was responsible
for the inhibition of virus infection in TSPAN9-depleted cells, we
depleted CD63 or LAMP1 by using siRNA in U-2 OS cells (Fig.
5A). We found no significant difference in infection by SFV or
SINV-GFP in cells depleted of either CD63 or LAMP1 (Fig. 5B).
Next, we overexpressed LAMP2B in U-2 OS cells (Fig. 5C) but
found no significant difference in the ability of SFV to infect these
cells (Fig. 5D). These results suggest that the inhibition of alpha-
virus infection is caused by the lack of TSPAN9 rather than the
depletion of LAMP1 or CD63 or the increase in the amount of
LAMP2.

Increased protease activity is not involved in inhibition of
alphavirus infection. We observed an �2-fold increase in the
fluorescence staining of cathepsin B and M6PR in TSPAN9-de-
pleted cells (Fig. 4A). It was possible that this produced an in-
creased protease level in early endosomes, thus inhibiting alpha-
virus infection. However, there was little colocalization of
cathepsin B with internalized, acid-exposed SFV in either control
or TSPAN9-depleted cells, suggesting that this protease did not

FIG 2 Colocalization of FR-TSPAN9 with SFV. U-2 OS cells stably expressing FR-TSPAN9 were incubated with 0.2 �g SFV/well for 20 min at 37°C and then
fixed and stained with acid conformation-specific E1 MAb E1a-1 (green). Approximately 70% of the acid-exposed SFV colocalizes with punctate FR-TSPAN9
(red). A single confocal slice from a representative experiment of three is shown.

FIG 3 Effect of TSPAN9 depletion on the intracellular localization of SFV.
U-2 OS cells were transfected with NT or TSPAN9 siRNA and cultured for 48
h. SFV was bound to cells for 1 h on ice, followed by warming to 37°C for 20
min before fixation. SFV was stained with anti-E1/E2 PAb before and after
permeabilization, under conditions that differentiate virus remaining on the
cell surface from internalized virus (9), and endosomal proteins were stained
with the indicated MAbs. Colocalization of internalized virus and cellular pro-
teins was quantitated by using Cell Profiler and expressed as a percentage of the
total internalized SFV puncta. Data represent the means � standard errors of
the means of data from three independent experiments. No significant differ-
ences between the NT and TSPAN9 siRNA samples were observed.
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relocalize to SFV-containing early endosomes (Fig. 6A). More-
over, we did not observe increased degradation of BODIPY-la-
beled BSA (DQ-BSA) after depletion of TSPAN9 (Fig. 6B). To test
if treatment with protease inhibitors would rescue virus infection,
control and TSPAN9-depleted cells were preincubated with the
panspecific cathepsin inhibitor E64d and the serine/thiol protease
inhibitor leupeptin for 5 h before virus addition. Infection by SFV
and SINV-GFP was still strongly inhibited in TSPAN9-depleted
cells in the presence of protease inhibitors (Fig. 6C). In contrast,
the same protease inhibitor conditions inhibited the cleavage of
fluorescent DQ-BSA by �90% (Fig. 6D). Together, our results
suggest that the inhibition of alphavirus infection in TSPAN9-
depleted cells is not due to increased endosomal protease activity.

TSPAN9 depletion does not affect early endosome pH or cel-
lular cholesterol levels. Our previously reported data show that
endosomes in TSPAN9-depleted cells become acidified, as de-
tected by LysoTracker staining and reactivity of internalized SFV
with an E1 acid conformation-specific MAb (9). However, these
assays would not detect an increase in early endosome acidity,
which could inactivate the virus before fusion. To test for dysregu-
lation of early endosome pH, we stained cells with LysoSensor
DND-189 (pKa of 5.2), which becomes fluorescent only in highly
acidic environments, and analyzed its colocalization with EEA1
and LAMP1/LAMP2. In control cells, LysoSensor DND-189
strongly colocalized with LAMP1/LAMP2 and not with EEA1, and
this pattern was not changed by TSPAN9 depletion (Fig. 7A).

Alphavirus fusion and infection are strongly dependent on the
presence of cholesterol in the endosome membrane (32). Since
several tetraspanin proteins interact directly with cholesterol (33),
we examined the cholesterol contents of control and TSPAN9-
depleted cells. Filipin staining of cellular cholesterol did not de-
crease or show an altered distribution when TSPAN9 was depleted
(Fig. 7B). Thus, neither the pH of early endosomes nor cellular
cholesterol levels appear responsible for the inhibition of virus
infection in TSPAN9-depleted cells.

TSPAN9 depletion inhibits early- but not late-fusing viruses.
TSPAN9 depletion inhibits infection by the three alphaviruses
SINV, SFV, and CHIKV and the rhabdovirus VSV. In contrast,
depletion had no significant effect on infection by dengue virus
(DENV) (9). While the alphaviruses and VSV are known to fuse in
the early endosome compartment (7, 11–13), DENV fuses in the
late endosome (34, 35). The arenaviruses Lassa virus and Junin
virus are two other well-characterized late-entering viruses (22,
36, 37). We used recombinant VSV containing the GPs from these
viruses to test their ability to infect TSPAN9-depleted cells.
TSPAN9 depletion did not significantly inhibit infection by either
rVSV-Lassa GP or rVSV-Junin GP (Fig. 8A).

We then took advantage of an SFV mutant, fus-1, which has a
lower threshold for fusion of pH �5.0 than the WT SFV threshold
of pH �6.2 (17) and therefore enters from a late endosome com-
partment (29, 30). The key mutation in the fus-1 mutant is a
change of E2 residue 12 from threonine to isoleucine (17). A virus
constructed with this single point mutation, T12I, shows the same
pH profile as that of the fus-1 mutant (19). We compared primaryFIG 4 Quantitation of endosomal proteins after TSPAN9 depletion. U-2 OS

cells were transfected with NT or TSPAN9 siRNA for 48 h before fixation.
Endosomal proteins were stained with the indicated MAbs. (A) Representative
confocal extended-focus images from three experiments. The total integrated
density of fluorescence per image was quantitated by using Image J and nor-
malized to the number of cells per image. Fifty cells were counted in each of
three independent experiments (bar graph). (B) U-2 OS cells transfected as
described above for panel A were lysed and subjected to SDS-PAGE and

Western blotting with the indicated antibodies. Protein amounts were quan-
titated and normalized to tubulin levels as the loading control. The bar graphs
in panels A and B represent the means � standard errors of the means for three
independent experiments (*, P � 0.05; ***, P � 0.001).
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infection by WT SFV to that of the E2 T12I mutant (Fig. 8B).
While both viruses were inhibited by depletion of TSPAN9, the
T12I point mutation significantly rescued infection. Together, our
results indicate that TSPAN9 promotes virus fusion in the early
endosome, while viruses that have adapted to fuse later in the
endosomal pathway are less dependent on TSPAN9.

DISCUSSION

When we identified TSPAN9 as a host factor in alphavirus infec-
tion (9), almost no information was available on this protein, with
a single report on its presence in tetraspanin-enriched microdo-
mains on platelets (38) and no studies of its cellular functions. We
therefore aimed to obtain information on both the localization of
TSPAN9 in cells and its role in alphavirus membrane fusion. A
requirement for a direct TSPAN9-virus interaction during fusion
appeared unlikely based on our finding that low-pH-triggered fu-
sion of SFV and SINV with the cell plasma membrane was not
altered by TSPAN9 depletion (9) and previous reports that alpha-
viruses fuse efficiently with protein-free liposomes at low pH (e.g.,
see references 39 and 40). Thus, it seemed most probable that
TSPAN9 promoted virus fusion by effects on the endosome com-
partment.

Our results showed that TSPAN9 is localized to both the cell
surface and vesicular compartments containing markers of early
and late endosomes/lysosomes. This localization was not altered
by the addition of purified SFV to cells, and after a 20-min incu-
bation, the majority of internalized virus was detected in
TSPAN9-positive compartments that were also positive for the
early endosome marker EEA1. Depletion of TSPAN9 did not alter
the delivery of SFV to the early endosome compartment (as de-
fined by EEA1) but strongly inhibited its fusion. We tested several
properties of the early endosome compartment that potentially
could explain its decreased permissiveness for alphavirus fusion.
No changes in its pH, cholesterol levels, or protease content were
detected, suggesting that other mechanisms are responsible for
inhibition of fusion.

TSPAN9 depletion produced unexpectedly strong effects on
the levels of late endosome proteins, with significant decreases
in the amounts of both CD63 and LAMP1 and a striking increase
in the amount of LAMP2. It seems likely that, as described previ-
ously by other investigators (41), the observed increase in the
amount of LAMP2 acts to compensate for the loss of LAMP1.
LAMP1 and LAMP2 are highly glycosylated membrane proteins
that are the most abundant proteins in the lysosomal membrane,
where part of their role is to protect the limiting membrane from
lysosomal hydrolases (42). The LAMP2A isoform has a well-de-
fined role as the receptor for chaperone-mediated autophagy (43).
The tetraspanin protein CD63 (also termed LAMP3) has been
implicated in the regulation of protein transport, but its specific
intracellular function is not well defined (44). While TSPAN9 de-
pletion caused significant changes in the levels of late endosome
proteins, we found that newly internalized SFV did not colocalize

FIG 5 Effect of depletion of LAMP1 and CD63 or overexpression of LAMP2.
(A) U-2 OS cells were transfected with NT, LAMP1, or CD63 siRNA; cultured
for 48 h; and stained with anti-LAMP1 antibody (left) or anti-CD63 antibody
(right). The total integrated density of fluorescence per image was quantitated
by using Image J and normalized to the number of cells per image. Fifty cells
were quantitated under each condition in each of three independent experi-
ments. (B) U-2 OS cells transfected as described above for panel A were cul-
tured for 48 h and then infected with SFV (MOI � 0.1) or SINV-GFP (MOI �
10) for 1 h before the addition of 20 mM NH4Cl and incubation for 14 h
(primary infection). Cells were then fixed, and SFV-infected cells were stained
with PAb against E1/E2. Infected cells and nuclei were counted by using Cell
Profiler to determine the percentage of infected cells, and values were normal-
ized to those for the NT control. (C) U-2 OS cells were transfected with pcDNA
or pcDNA-hLAMP2 for 24 h and stained with anti-LAMP2 MAb. The total
integrated density of fluorescence per image was quantitated by using Image J
and normalized to the number of cells per image. Fifty cells were quantitated

under each condition in each of three independent experiments. (D) U-2 OS
cells were transfected with pcDNA or pcDNA-hLAMP2 for 24 h before infec-
tion with SFV and staining as described above for panel B. Infected cells and
nuclei were counted by using Cell Profiler, and values were normalized to
values for the pcDNA control. Data in all bar graphs represent the means �
standard errors of the means for three independent experiments (*, P � 0.05;
***, P � 0.001).
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with CD63, LAMP1, or LAMP2, in keeping with the entry of al-
phaviruses via early endosomes. In addition, direct depletion of
CD63 or LAMP1 or overexpression of LAMP2 did not inhibit SFV
infection. Thus, our results suggest that changes in the levels of
these late endosome proteins are unlikely to be directly responsi-
ble for the inhibition of alphavirus fusion in early endosomes.
However, these alterations may well reflect the effect of TSPAN9
depletion on membrane domains or protein interactions in the
endosomal compartment, which produce a less fusion-permissive
early endosome environment, and the detected changes in later
endosome compartments.

Our previously reported results show that DENV infection is
not inhibited by TSPAN9 depletion. DENV fuses in the late endo-
some compartment (34, 35), and we demonstrated here that the
late-penetrating viruses rVSV-Lassa and rVSV-Junin were also
unaffected by TSPAN9 depletion. A point mutation in the SFV E2
protein, T12I, shifts the pH of fusion by changing the pH of E2-E1
dimer dissociation (17, 19). The mutant virus has a threshold of
fusion of pH �5.0, compared with the WT threshold of pH �6.2,
and therefore fuses in a later endosome compartment (29, 30).
The T12I mutation conferred a substantial rescue of SFV infection
in TSPAN9-depleted cells. The resistance of late-entering viruses
to TSPAN9 depletion may mean that the key, fusion-inhibiting
effect of depletion is specifically localized to the early endosome.
Alternatively, our results may indicate that the key effect of
TSPAN9 depletion occurs throughout the endosomal pathway
but that the fusion mechanisms of early- and late-entering viruses
differ in their sensitivity to this inhibition.

What might the role of TSPAN9 in the endosomal compart-
ment be? Tetraspanin family proteins are known to create tetras-
panin-enriched microdomains consisting of oligomers of tetras-
panins and their cis-interacting partner proteins (14). Such
domains are thought to play roles in cell adhesion, signaling,
membrane compartmentalization of proteins, and cell-cell fusion,
among other roles. Tetraspanin proteins have been implicated in

FIG 6 Effect of TSPAN9 depletion on endosomal proteases. (A) U-2 OS cells were transfected with NT or TSPAN9 siRNA and cultured for 48 h, and 0.2 �g
SFV/well was bound to cells for 1 h on ice, followed by warming to 37°C for 20 min. Cells were then fixed, permeabilized, and stained with SFV MAb E1a-1 and
anti-cathepsin B PAb. Colocalization of SFV and cathepsin B staining was quantitated by using Cell Profiler. (B) U-2 OS cells were transfected as described above
for panel A and incubated with 200 �g/ml DQ-BSA for 5 h at 37°C. The total integrated density of fluorescence per image was quantitated by using Image J and
normalized to the number of cells per image for a total of 50 cells per experiment. (C) U-2 OS cells transfected as described above for panel A were pretreated with
5 �M E64d and 100 �M leupeptin for 5 h before the addition of SFV (MOI � 0.01) or SINV-GFP (MOI � 1). Infected cells were incubated for 12 h postinfection
(SFV) or 24 h postinfection (SINV-GFP), and infection was quantitated by GFP expression or staining with SFV anti-E1/E2 PAb. (D) U-2 OS cells were treated
with protease inhibitors as described above for panel C, incubated with 200 �g/ml DQ-BSA, and quantitated as described above for panel B. Bar graphs represent
the means � standard errors of the means for three independent experiments (**, P � 0.01; ***, P � 0.001).

FIG 7 Effect of TSPAN9 depletion on endosomal pH and cholesterol levels. (A)
U-2 OS cells were transfected with NT or TSPAN9 siRNA, cultured for 48 h, and
then incubated with LysoSensor Green DND-189 (pKa of �5.2) for 1 h at 37°C
before fixation. Cells were then permeabilized and stained with either a MAb
against EEA1 or MAbs against LAMP1 and LAMP2. Colocalization of LysoSensor
and the indicated endosomal proteins was quantitated by using Cell Profiler. Bar
graphs represent the means � standard errors of the means of data from three
independent experiments. No significant differences were observed between the
NT and TSPAN9 siRNA samples. (B) Control or TSPAN9-depleted U-2 OS cells
prepared as described above for panel A were fixed and stained with filipin (50
�g/ml). A single confocal slice from a representative experiment of three is shown.
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sperm-egg fusion, and the depletion of the tetraspanin CD9 de-
creased the ability of sperm and egg cells to fuse (45–47). The exact
function of CD9 in sperm-egg fusion is not clear, but it was sug-
gested that its ability to recruit partner proteins promotes a state of
“enhanced fusion competency” (14). It is possible that TSPAN9
interacts with important microdomain partners in the early endo-
some and that its depletion causes the loss of these interactors,
thus either directly affecting fusion or more indirectly producing
an unfavorable change in the endosome lipid composition. It is
also possible that TSPAN9 normally acts to sequester a fusion
inhibitor from the endosome and, thus, its loss leads to the endo-
somal delivery of the inhibitor.

Tetraspanin proteins are also associated with the entry of other
viruses. For example, CD81 acts as one of the coreceptors for
hepatitis C virus infection (48) and is also involved in the fusion of
influenza virus in endosomes (49). Similar to our findings with
TSPAN9 and alphavirus fusion, depletion of CD81 inhibited the
fusion of influenza virus with endosomes, as measured by a lipid-
mixing assay. The mechanism of this inhibition is not yet under-
stood, but in contrast to alphaviruses, influenza virus fuses later in
the endosome pathway. Together, the limited data suggest that
tetraspanin proteins can play important although as-yet-incom-
pletely understood roles in the endosome and can affect the entry
and fusion of a variety of viruses. Our results demonstrate that
TSPAN9 is an endosomal tetraspanin whose depletion has a pro-
nounced effect on the entry of several viruses that fuse in the early
endosome. Future studies will provide more information on the
functional roles of the relatively poorly understood tetraspanin
protein family during virus infection.
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