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To explore mechanisms of entry for Ebola virus (EBOV) glycoprotein (GP) pseudotyped virions, we used
comparative gene analysis to identify genes whose expression correlated with viral transduction. Candidate
genes were identified by using EBOV GP pseudotyped virions to transduce human tumor cell lines that had
previously been characterized by cDNA microarray. Transduction profiles for each of these cell lines were
generated, and a significant positive correlation was observed between RhoC expression and permissivity for
EBOV vector transduction. This correlation was not specific for EBOV vector alone as RhoC also correlated
highly with transduction of vesicular stomatitis virus GP (VSVG) pseudotyped vector. Levels of RhoC protein
in EBOV and VSV permissive and nonpermissive cells were consistent with the cDNA gene array findings.
Additionally, vector transduction was elevated in cells that expressed high levels of endogenous RhoC but not
RhoA. RhoB and RhoC overexpression significantly increased EBOV GP and VSVG pseudotyped vector
transduction but had minimal effect on human immunodeficiency virus (HIV) GP pseudotyped HIV or
adeno-associated virus 2 vector entry, indicating that not all virus uptake was enhanced by expression of these
molecules. RhoB and RhoC overexpression also significantly enhanced VSV infection. Similarly, overexpres-
sion of RhoC led to a significant increase in fusion of EBOV virus-like particles. Finally, ectopic expression of
RhoC resulted in increased nonspecific endocytosis of fluorescent dextran and in formation of increased actin
stress fibers compared to RhoA-transfected cells, suggesting that RhoC is enhancing macropinocytosis. In
total, our studies implicate RhoB and RhoC in enhanced productive entry of some pseudovirions and suggest
the involvement of actin-mediated macropinocytosis as a mechanism of uptake of EBOV GP and VSVG

pseudotyped viral particles.

Enveloped viruses enter cells by a variety of different path-
ways. Productive internalization of enveloped viruses with tar-
geted cells is mediated through interactions of the viral glyco-
protein(s) (GPs) with moieties on the surface of the cell. In
general, enveloped viral entry occurs through viral adherence
to the cell surface, interaction with a specific plasma mem-
brane-associated receptor that results in a series of GP con-
formational changes leading to fusion of viral and cellular
membranes, and delivery of the viral core particle into the
cytoplasm. Fusion of the two membranes can occur at the
plasma membrane or by uptake of the intact virions into en-
dosomes with subsequent membrane fusion between the viral
membrane and the lipid bilayer of the endocytic vesicle. Hu-
man immunodeficiency virus (HIV) is an example of a virus
that fuses directly to the plasma membrane (5), whereas influ-
enza virus must be internalized into acidified vesicles where the
appropriate GP conformational changes can occur, mediating
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membrane fusion (21). Most enveloped viruses that enter
through vesicles utilize a low-pH environment to mediate the
necessary conformational changes in GP that induce mem-
brane fusion (37).

Ebola virus (EBOV) and vesicular stomatitis virus (VSV)
are enveloped, single-stranded, negative-sense RNA viruses
belonging to the families Filoviridae and Rhabdoviridae, respec-
tively. Though they share similarity in genome organization
and a broad tropism for a variety of cell types, they differ
greatly in their pathogenicities (29, 39). EBOV causes severe
hemorrhagic fever that is frequently fatal, whereas VSV infects
mainly livestock, generating fluid-filled vesicles on mucosal
surfaces.

Interestingly, the receptor(s) that mediate entry of these two
viruses have yet to be definitively identified. C-type lectins such
as DC-SIGN and DC-SIGNR are thought to serve as adher-
ence factors for EBOV (26). Other plasma membrane-associ-
ated proteins have been implicated in EBOV uptake including
folate receptor alpha and the tyrosine kinase receptor Axl (6,
35, 36, 38), but the physical interaction of EBOV GP and these
proteins has not been demonstrated, and cells that do not
express these proteins are permissive for EBOV GP-mediated
virion uptake. VSV was shown to bind ubiquitously to cells via
phosphatidylserine (PS) (31). However, a more recent study
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reports that PS is not a receptor for VSV as no correlation was
found between cell surface PS levels and VSV infection, and
annexin V, which binds specifically to PS, did not inhibit in-
fection of VSV (9).

Both viruses enter cells through a low-pH-dependent, endo-
cytosis-mediated process. A large body of evidence indicates
that VSV is internalized via clathrin-coated pits, with a reduc-
tion in pH mediating reversible alterations in the GP leading to
membrane fusion (40). EBOV may also enter cells by clathrin-
mediated endocytosis (30), but lipid raft-associated, caveolin-
mediated endocytosis has also been proposed as a mechanism
of EBOV uptake (11). Low-pH events lead to cathepsin-de-
pendent cleavage of EBOV GP that is required for productive
uptake of the virus (8, 19, 33). Other low-pH-dependent events
have been postulated to be required as well (33).

To identify genes whose expression correlated with EBOV
GP-dependent transduction, we compared the relative trans-
duction efficiency of EBOV GP pseudotyped virions on a panel
of human tumor cell lines with gene expression data from
cDNA microarrays developed for the same panel of cell lines
(20). The gene array data are available from the Developmen-
tal Therapeutics Program at the National Cancer Institute
(NCI) website (http://dtp.nci.nih.gov/). A significant correla-
tion was observed between expression of RhoC, a member of
the small GTP-binding Rho GTPase family, and permissivity
for EBOV transduction. Surprisingly, a significant correlation
was also observed between VSV glycoprotein (VSVG)-medi-
ated transduction and RhoC expression. In this study, we re-
port that modulation of RhoC expression by transfection of
expression plasmids or treatment with an inhibitor alters trans-
duction by virions pseudotyped with either EBOV GP or
VSVG and fusion of EBOV virus-like particles (VLPs). RhoC
expression also significantly enhanced wild-type VSV infec-
tion. We also examine the differential effect each Rho GTPase
has on nonspecific endocytotic uptake of exogenous material
and on organization of the actin filament. Our findings suggest
that RhoC enhances entry of EBOV GP and VSVG pseudo-
virions through modulation of fluid-phase endocytosis.

MATERIALS AND METHODS

Cell lines. For transduction studies, human embryonic kidney (HEK) 293T
cells, African green monkey Cos-7 cells, Vero cells, producer 2E6 cells, and
human glioblastoma SNB-19 cells (http://dtp.nci.nih.gov/branches/btb/tumor
-catalog.pdf) were all grown in high-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS), 1%
(vol/vol) penicillin and streptomycin (Pen-Strep), and 1% (vol/vol) L-glutamine
(Gibco). Human Malme-3M cells (http:/dtp.nci.nih.gov/branches/btb/tumor
-catalog.pdf) were maintained in RPMI medium supplemented with 10% (vol/
vol) FBS and 1% (vol/vol) Pen-Strep. All NCI60 lines used in the comparative
genomic analysis screens (http:/dtp.nci.nih.gov/branches/btb/tumor-catalog.pdf)
were grown in RPMI medium supplemented with 5% (vol/vol) FBS and 1%
(vol/vol) Pen-Strept.

Plasmids. Expression plasmids for human RhoA, RhoB, and RhoC were
obtained from Origene. Control expression plasmid pCMV-script came from
Stratagene. A Src-B-lactamase-expressing plasmid was constructed by first clon-
ing the coding region of the B-lactamase gene (270 amino acids; from pBlue-
script) into pCMV-script vector using HindIII and Sall sites, followed by the first
N-terminal 15 amino acids of c-Src tyrosine kinase into PstI and HindIII using
polylinkers. A polyglutamine region was included downstream of the c-Src re-
gion. Primers and polylinkers were as follows: forward p-lactamase primer,
5'-GGCGTCGACTTACCAATGCTTAATCAGTGA-3'; reverse B-lactamase
primer, 5-GGAAAGCTTATGCTTCCTGTTTTTGCTCA-3'; forward c-Src
polylinker, 3'-GCATGGGGAGCAGCAAGAGCAAGCCCAAGGACCCCAG
CCAGCGCCGGAACAACAACGGGA-3'; reverse c-Src polylinker, 5'-AGCT
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TCCCGTTGTTGTTCCGGCGCTGGCTGGGGTCCTTGGGCTTGCTCTTG
CTGCTCCCCATGCTGCA-3'. Plasmids expressing adeno-associated virus 2
encoding luciferase (AAV2-luciferase) and AAV2-nuclear green fluorescent
protein (GFP) were supplied within the laboratory. All plasmids used to generate
feline immunodeficiency virus (FIV) and VSV core pseudovirions have been
previously described (3, 42). All plasmids used to generate HIV and murine
leukemia virus (MuLV) core pseudovirions are commercially available from
Invitrogen and Clontech, respectively. EBOV nucleocapsid protein (NP) and
VP40 plasmids were kindly provided by R. Harty (Department of Pathobiology,
School of Veterinary Medicine, University of Pennsylvania) and have been pre-
viously described (15).

Antibodies and reagents. Rabbit polyclonal anti-Src antibody and mouse
monoclonal anti-human RhoA, RhoB, and RhoC antibodies were purchased
from Abcam. A CCF2/AM loading kit, Alexa Fluor 488-dextran conjugate, and
Alexa Fluor 546-phallotoxin probe came from Invitrogen. Benzonase and pro-
tease cocktail inhibitor were from Sigma. Clostridium difficile toxin B was pur-
chased from Calbiochem. CellTiter 96 Aqueous One Solution proliferation re-
agent was from Promega. The ATP Lite cell viability kit was from the Packard
Corporation.

Viral particle and VLP production. (i) Production of EBOV GP pseudotyped
FIV-B-galactosidase particles (EBOV/FIV-B-galactosidase). FIV virions were
generated as previously described (3). Virus was produced by transfection of
three plasmids into 80% confluent HEK 293T cells in a total of 75 pg of plasmid
DNA. The transfected plasmids consisted of the following at a ratio of 1:2:3,
respectively: pPCMV/EBOVAO that expresses EBOV GP with a deletion of the
mucin domain, pCMV/FIVAA that expresses FIV gag-pol, and pFIVi{Bgal. The
DNA was transfected into 15-cm diameter dishes of 293T cells using calcium
phosphate transfection (16). After 12 h the cells were washed, and fresh medium
was added (DMEM, 2% [vol/vol] FBS, 1% [vol/vol] Pen-Strep). Supernatants
were collected at 24, 36, 48, 60, and 72 h posttransfection and frozen at —80°C.
The supernatants were thawed, filtered through a 0.45-pm-pore-size filter, and
pelleted by a 16-h centrifugation step (7,700 X g at 4°C in a Sorvall GSA rotor).
The viral pellet was resuspended in DMEM for an approximate 200-fold con-
centration. A reverse transcriptase (RT) assay was performed, viral input was
normalized for RT activity (28), and the virus was either used immediately for
infection or stored at —80°C until use.

(ii) Production of VSV/VSV-eGFP and EBOV/VSV-eGFP particles. VSV en-
coding an enhanced green fluorescent protein (VSV-eGFP) reporter gene was
pseudotyped with either the native GP or EBOV GP (VSV/VSV-eGFP or
EBOV/VSV-eGFP, respectively) as previously described (42). Briefly, 15-cm
diameter plates of 80% confluent 293T cells were transfected with 75 pg of
pcDNA3.1 plasmid expressing VSVG or EBOVAO GP using the calcium phos-
phate transfection procedure (16). Cells were rinsed with phosphate-buffered
saline (PBS) 12 h later to remove the transfection reagents. At 24 h following
transfection, cells were transduced with VSVG pseudotyped VSVAG-eGFP
(multiplicity of infection [MOI] of ~0.1). Viral inoculum was removed 12 h later,
and supernatants were collected at 24 h following transduction for viral stocks.
Stocks were serially diluted on Vero cells, and titers were evaluated by eGFP
expression.

(iii) Production of EBOV GP and VSVG pseudotyped MuLV-eGFP parti-
cles(EBOV/MuLV-eGFP and VSV/MuLV-eGFP, respectively). Producer 2E6
cells that were derived from 293T cells stably express MuLV Gag/Pol proteins
and MuLV{ieGFP. 2E6 cells were plated in 15-cm plates and transfected with 75
ng of either pPCMV/EBOVAO or pCMV/VSVG using the calcium phosphate
transfection procedure, and supernatant was harvested and concentrated as
described above. Particle titrations were performed on SNB-19 cells.

(iv) Production of EBOV GP and HIV pseudotyped HIV-eGFP particles
(EBOV/HIV-eGFP and HIV/HIV-eGFP, respectively). Protocols to generate
HIV-based particles were similar to the FIV-based virion production described
above except that the transfection was composed of a four-plasmid system that
included the following at a ratio of 1:2:1:3, respectively: pPCMV/EBOVAO or
P962M651gp160 that expresses a codon-optimized HIV gp160, pCMV/HIV gag-
pol, pCMV/Rev, and pHIV{yeGFP. Particle titrations were performed on
SNB-19 cells.

(v) Production of EBOV GP pseudotyped VLPs. Src-B-lactamase-labeled
EBOV VLPs were produced as follows: 293T cells were grown in six 15-cm
dishes to 75% confluence and transfected with 75 pg of total DNA at a ratio of
1:2:3:3 for plasmids expressing EBOV NP, EBOV VP40, EBOV GP, and Src-
B-lactamase (prepared as described above) using a calcium phosphate transfec-
tion procedure (16). EBOV GP-deficient VLPs were prepared by transfecting
293T cells with 75 wg of total DNA at a ratio of 1:2:3:3 for plasmids expressing
EBOV NP, EBOV VP40, empty pcDNA prep, and Src-B-lactamase. Superna-
tants were collected at 24, 36, 48, 60, and 72 h following transfection. The
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supernatants were filtered through a 0.45-um-pore-size filter and pelleted by an
overnight centrifugation step (5,400 X g at 4°C in a Beckman JA-10 rotor). The
viral pellet was resuspended in DMEM for an approximate 200-fold concentra-
tion. The virus was stored at —80°C until use. Incorporation of Src-f-lactamase
(approximately 32 kDa) was detected by immunoblotting. Proteins present in 10
pl of concentrated VLPs were separated on a 12% Bis-Tris-polyacrylamide
electrophoresis gel and transferred to a nitrocellulose membrane. The mem-
brane was blocked overnight with 10% (vol/vol) milk in PBS-0.05% Tween 20
(PBS-T) and incubated with rabbit polyclonal anti-Src primary antibody (1:1,000)
in 2% (vol/vol) milk in PBS-T for 2 h at room temperature, followed by horse-
radish peroxidase-conjugated anti-rabbit secondary antibody (1:20,000) in 10%
(vol/vol) milk in PBS-T for 1 h at room temperature. The bands were visualized
with Supersignal West Dura substrate (Pierce).

Comparative genomic analysis studies. Forty-six cell lines from the National
Cancer Institute 60-cell-line cancer panel (NCI60) were maintained as previously
described (20), and their relative transduction efficiencies were determined by
transduction with EBOV/FIV-B-galactosidase in an end point serial dilution. At
72 h after transduction, the cells were fixed in 3.7% formalin and stained with
X-Gal (5-bromo-4-chloro-3-indolyl-p-galactopyranoside) for B-galactosidase ac-
tivity. Biological titers were determined by counting -galactosidase-positive cells
in the limiting dilution. For comparison with the gene expression array data, the
average of the relative transduction efficiencies for all the cells was then deter-
mined, and a log transformation of the deviation from the average for each cell
type was used to generate a profile. This file was then used as seed data for an
established analysis called COMPARE (48). COMPARE ranks an entire data-
base of cDNA expression arrays in order of similarity of responses of the 60 cell
lines to the compounds in the database to the responses of the cell lines to the
seed compound. Similarity of pattern to that of the seed is expressed quantita-
tively as a Pearson correlation coefficient (PCC). COMPARE analysis was re-
peated using transduction data generated from EBOV/VSV-eGFP and VSV/
VSV-eGFP vectors as seed. Fifty-four of the NCI 60 cell lines were transduced
with equal amounts of pseudotyped vector. Relative transduction efficiencies
were determined by analyzing eGFP positivity via flow cytometry 24 h later. All
trials were performed three independent times. Data were analyzed by Win MDI
software to determine the percentage of the cell population expressing eGFP.

Transduction of permissive and weakly permissive cells with EBOV/MuLV-
eGFP or VSV/MuLV-eGFP vectors. HEK 293T, Cos-7, SNB-19, and Malme-3M
cells were seeded in triplicate at 3 X 10 * cells per well of 96-well plate for 24 h.
Cells were transduced with either EBOV/MuLV-eGFP or VSV/MuLV-eGFP
particles at an MOI of 1.5 for 60 h. Transduction efficiencies were determined by
quantifying the percentage of eGFP-expressing cells using a custom BD fluores-
cence-activated cell sorter (FACSArray) fitted with a blue laser and 530/bp30
filter. Data were analyzed by FlowJo, version 7.2, software to determine the
percentage of the cell population expressing eGFP. The experiment was per-
formed three times. Mean percentage transduction was calculated for both
vectors.

Western blot analysis for Rho GTPases. HEK 293T, Cos-7, SNB-19, and
Malme-3M cells were seeded at 3 X 10° cells per well of a six-well plate. After
24 h cells were lysed with 2% sodium dodecyl sulfate containing 0.25 U of
benzonase (Sigma) and a 1:100 dilution of protease cocktail inhibitors (Sigma)
(250 pl per well). Cell lysate was centrifuged at 10,000 X g for 2 min to remove
cell debris, aliquoted, and stored at —20°C. A total of 50 p.g/lane of cell lysate was
run on a 12% Bis-Tris gel (Invitrogen) and transferred semidry onto nitrocellu-
lose membrane for 1 h at 15 V. The membrane was blocked for 30 min in 5%
(volfvol) milk in Tris-buffered saline-0.05% Tween 20 (TBST) and then incu-
bated with either of the following primary antibodies: mouse anti-RhoA, anti-
RhoB, or anti-RhoC (1:100 dilution as per the manufacturer’s protocol) in 5%
(vol/vol) milk in TBST, followed by incubation with anti-mouse secondary anti-
body (1:5,000 dilution; Amersham) in 5% (vol/vol) milk in TBST. All washes
were carried out in TBST. The bands were visualized using ECL chemilumines-
cent substrate reagent (Amersham). In order to detect the expression of RhoC
in 293T cells, more cell lysate was loaded than with the other cell types tested.
Band intensity was quantified using Adobe Photoshop CS2 software. Relative
intensity was determined by normalizing to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) by dividing the absolute intensity for each sample band by
absolute intensity of the GAPDH control band.

Cotransfection with Rho GTPase and luciferase-expressing plasmids followed
by transduction with EBOV/MuLV-eGFP or VSV/MuLV-eGFP, EBOV/HIV-
eGFP or HIV/HIV-eGFP, and AAV2-GFP. A total of 4 X 10* HEK 293T cells
were transiently cotransfected with 0.2 pg of either RhoA, RhoB, or RhoC
plasmids together with 0.02 pg of AAV2-luciferase plasmid per well of a 96-well
plate using Effectene transfection reagent (Qiagen). pCMV-script plasmid and
AAV2-luciferase plasmid were cotransfected as a negative control. All wells were
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done in triplicate. After 24 h, the cells were transduced with EBOV/MuLV-
eGFP, VSV/MuLV-eGFP, EBOV/HIV-eGFP, and HIV/HIV-eGFP at an MOI
of 1.5, and percent eGFP expression was measured after 60 h by FACS. Cells
were transduced with AAV2-GFP at an MOI of 2,500, and percent GFP expres-
sion was measured after 48 h. Transfection efficiency of the remaining cells was
determined by addition of Bright-Glo luciferase substrate (1:5 dilution; Pro-
mega) to each well, and the number of relative light units (RLU) was measured
with an OptocomplI luminometer (MGM instruments). Transduction efficiency
was then normalized against luciferase activity by expressing the percentage of
GFP cells per 500,000 RLU. The experiment was performed three times. The
mean relative increase over the pCMYV control was calculated for RhoA-, RhoB-,
and RhoC-transfected, transduced cells.

Cotransfection with Rho GTPase and eGFP-expressing plasmids followed by
infection with VSV. A total of 5 X 10° 293T cells were transfected with 3.2 pg of
empty pCMV plasmid, the RhoB-expressing plasmid, or the RhoC-expressing
plasmid. All transfections included 0.8 pg of eGFP-expressing plasmid to allow
evaluation of transfection efficiency that was assessed at 24 h following transfec-
tion. Transfected cells were distributed into 24-well trays the following day. At
48 h following transfection, cells were either left untreated or infected with VSV
(Indiana strain) at an MOI of 0.0001. VSV-infected cells were held at room
temperature for 10 m following initiation of infection and then shifted to 37°C for
the remainder of the infection. Two hours following infection, medium was
changed to remove any input virus that was not attached or internalized. Super-
natant was collected at 18 h following infection and centrifuged to remove any
cellular debris.

Titers of virus stocks produced in the transfected cells were determined on
Vero cells. Cells were plated in 48-well trays at a concentration of 4 X 10*
cells/well. Serial dilutions of VSV generated in the transfected 293T cells were
added to the cells. All infections were performed in replicates of six. At 38 h
following initiation of infection, cells were washed twice with PBS to remove any
detached or dead cells in the wells, and cell viability of the adherent cells was
assessed using an ATP Lite cell viability kit (Packard Corporation) per the
manufacturer’s instructions.

Treatment of Rho GTPase-expressing cells with C. difficile toxin B. A total of
4 X 10* HEK 293T cells were transiently cotransfected with 0.2 pg of either
RhoA, RhoB, or RhoC plasmids together with 0.02 pg of AAV2-luciferase
plasmid per well of a 96-well plate using Effectene transfection reagent. All wells
were done in triplicate. After removal of the transfection mixture, cells were
incubated in the presence of 600 ng of C. difficile toxin B, a known inhibitor of
Rho GTPases, in 100 wl of DMEM for 1 h at 37°C. Untreated, transfected cells
were included as controls. After 1 h toxin was removed, and cells were trans-
duced with EBOV/MuLV-eGFP at an MOI of 1.5. After 60 h transduction
efficiency was determined by eGFP expression and normalized against 500,000
RLU as before. The experiment was performed three times. Mean percent
transduction inhibition was calculated by comparison of C. difficile toxin B-
treated, transfected cells to untreated, transfected cells.

Imaging of EBOV VLP fusion assay. HEK 293T cells were seeded at 3 X 10*
cells per well of a 96-well plate and transfected with 0.2 pg of either RhoA,
RhoC, or pCMV-script plasmid for 24 h using Effectene transfection agent. After
removal of the transfection mixture, cells were incubated with 50 pl of concen-
trated Src-B-lactamase-labeled EBOV VLPs (as prepared above) per well at
37°C. Untransfected cells were incubated with 50 pl of EBOV GP-deficient
VLPs as a negative control. After 12 h EBOV VLPs were removed, and 0.1 mM
CCF2/AM, a substrate for B-lactamase, was added to each well, diluted in 100 pl
of DMEM according to the manufacturer’s protocol (Invitrogen). The plate was
covered and incubated at room temperature for 2 h away from direct sunlight.
Cells were visualized by fluorescence microscopy (Nikon Diaphot) using a B-lac-
tamase filter (Chroma 41031) (20X objective). Positive controls for the B-lacta-
mase assay included pCMV-Src-B-lactamase-transfected and blue fluorescent
protein-transfected cells. Images were analyzed using ImageJ software. Blue
fluorescence was measured in five threshold images and is expressed per square
pixel; particles outside the range of the specified size of an average cell were not
measured. The background blue fluorescence of untransfected, untreated control
cells was subtracted from the fluorescence of transfected, VLP-treated cells. The
mean relative increase in blue fluorescence over pCMV-transfected, VLP-
treated controls was calculated for RhoA- and RhoC-transfected, VLP-treated
cells.

Alexa Fluor 488-fluorescent dextran uptake assay. HEK 293T cells were
seeded at 3 X 10* cells per well of a 96-well plate and cotransfected with 0.2 pg
of either RhoA, RhoC, or pCMV-script plasmid together with 0.02 g of AAV2-
luciferase plasmid. All wells were done in triplicate. After 24 h, the transfection
mixture was removed, and 20 pg of Alexa Fluor 488-dextran conjugate was
added to each well, diluted in 100 wl of DMEM. After a 40-min incubation at
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37°C, the percentage of dextran uptake was measured using a custom BD fluo-
rescence-activated cell sorter (FACSArray) fitted with a blue laser and 530/bp30
filter. Transfection efficiency of the remaining cells was determined, and overall
dextran uptake was expressed as a percentage of Alexa Fluor 488-positive cells
per 500,000 RLU. The experiment was performed three times. The mean relative
increase over the pCMV control was calculated for RhoA- and RhoC-trans-
fected cells.

Immunofluorescence to visualize actin reorganization by Rho GTPases. Cos-7
cells were seeded in glass-bottomed microwell dishes at 3 X10° cells per dish.
After 24 h cells were cotransfected with either 0.4 pg of RhoA, RhoC, or
pCMV-script control plasmid together with 0.04 g of AAV2-nuclear GFP
plasmid. Untransfected cells were included as a negative control. After 24 h,
F-actin was labeled with Alexa Fluor 546-conjugated phallotoxin probe (Invitro-
gen/Molecule Probes). Cells were fixed with 2% paraformaldehyde for 15 min at
room temperature and then permeabilized with 0.1% Triton X-100 for 5 min.
Cells were blocked with 6% FBS for 30 min at 37°C and incubated with 1 unit of
fluorescent phallotoxin per dish for 20 min at room temperature. All washes were
carried out in 1X PBS. Hard-set mounting medium (Vector Labs) was added to
each dish, and cells were visualized by confocal microscopy (63X oil immersion
objective). Successfully transfected cells were identified by nuclear GFP fluorescent
staining, and images of eight positive cells were captured and quantified using
ImageJ imaging software. Background Alexa Fluor 546 fluorescence of untrans-
fected cells was subtracted, and the mean relative increase in actin fluorescence over
pCMV-transfected cells was calculated for RhoA- and RhoC-transfected cells. For
an MTS [3,4-(5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium salt]-based cytotoxicity study, Cos-7 cells were seeded at 3 x 10*
cells per well of a 96-well plate and cotransfected with 0.2 g of either RhoA, RhoC,
or pPCMV-script plasmid together with 0.02 wg of AAV2-luciferase plasmid. All wells
were done in triplicate. After 24 h, CellTiter 9% AQueous One Solution Reagent was
added to each well (1:10 dilution into medium), and the plate was incubated at 37°C
for 2 h. Absorbance was read at 490 nm on a Molecular Devices SpectraMax M2
plate reader, and values were normalized against 5,000 RLU. The experiment was
performed three times.

Statistical analysis. Statistical analysis was calculated using one-way analysis
of variance (ANOVA), followed by a Bonferroni posttest or by an unpaired
Student ¢ test with GraphPad Prism 5 software.

RESULTS

RhoC expression correlates with EBOV and VSV pseudotyped
vector transduction. To identify cellular proteins involved in
EBOV pseudotyped vector transduction, we compared the
gene expression profile in a panel of cell lines with their ability
to be transduced by pseudovirions expressing either eGFP or
B-galactosidase. Using COMPARE correlative analysis in
combination with customized software to rank the strength of
the correlation and to further clarify function, subcellular lo-
cation, and signaling pathways of interest, we compared
EBOV/FIV-B-galactosidase vector transduction profiles gen-
erated for each of 46 NCI cell lines with cDNA microarray
databases that contain expression data on over 135,000 genes
or expression patterns. A statistically significant correlation
was observed between the pattern of EBOV/FIV-B-galactosi-
dase transduction and the level of expression of RhoC, a mem-
ber of the Rho GTPase family, in the microarray database.
Statistical analysis calculated a PCC of 0.443 (P < 0.002). To
better identify expression profiles that are associated with events
mediated by the viral glycoprotein and not those mediated by the
viral particle core and to determine if the correlation was specific
for the EBOV envelope, COMPARE analysis was repeated using
transduction data generated from EBOV/VSV-eGFP and VSV/
VSV-eGFP as seed data. Again, a significant correlation was seen
between the profile of EBOV GP pseudovirion transduction and
RhoC expression, but a significant correlation was also observed
with VSV/VSV-eGFP pseudovirion transduction and RhoC ex-
pression, with PCC values of 0.497 (P < 0.001) and 0.438 (P <
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0.001), respectively. Therefore, using this bioinformatics ap-
proach, RhoC expression seems to be an important factor in both
EBOV and VSV pseudotyped vector transduction, irrespective of
the viral core used.

Correlation of Rho GTPase expression levels with transduc-
tion efficiency of EBOV and VSV pseudotyped vector in differ-
ent cell lines. The Rho GTPases belong to the Ras superfamily
of small GTP-binding proteins and are found in all eukaryotic
cells. The best-characterized Rho GTPases are RhoA, which
induces the formation of stress fibers (stiff actin bundles asso-
ciated with myosin-based contractility that terminate in focal
adhesions); Racl, which induces lamellipodia (thin protrusive
structures at the cell periphery); and Cdc42, which induces
filopodia (finger-like projections) (2, 13). Although RhoB and
RhoC were characterized at the same time as RhoA, they have
received less attention because of their extensive homology to
RhoA and because overexpression studies indicate similar
functions (44). Small Rho GTPases have been found to play a
role in internalization of many different viruses through their
ability to regulate aspects of intracellular actin dynamics (12,
23, 24, 34, 43).

To confirm that transduction efficiency correlated with levels
of Rho GTPase expression, we transduced four different cell
lines, Cos-7, SNB-19, 293T, and Malme-3M with EBOV/
MuLV and VSV/MuLV vectors expressing eGFP and com-
pared our results to endogenous levels of RhoA, RhoB, and
RhoC. EBOV/MuLV-eGFP had higher transduction activity,
up to a 35-fold increase, on SNB-19 and Cos-7 cells than on
293T and Malme-3M cells (P < 0.0001) (Fig. 1A). VSV/
MuLV-eGFP showed the same pattern of significantly greater
overall transduction in SNB-19 and Cos-7 cells (P < 0.001 and
P < 0.0001, respectively) (Fig. 1B), than in 293T and
Malme-3M cells. Overall, EBOV/MuLV-eGFP transduced
SNB-19 cells more efficiently than Cos-7 cells, and VSV/
MuLV-eGFP transduced Cos-7 cells more efficiently than
SNB-19 cells. Western blot analysis of Rho GTPases (approx-
imately 20 kDa) in whole-cell lysate normalized to GAPDH
expression showed that the concentration of endogenous
RhoC correlated with increased transduction efficiency. The
concentration of RhoC was greater in permissive cell lines
SNB-19 and Cos-7 than in the weakly permissive cell lines,
293T and Malme-3M (Fig. 1C). In contrast, overall endoge-
nous RhoA expression did not correlate with EBOV/MuLV-
eGFP or VSV/MuLV-eGFP transduction. RhoA was present
at a high concentration in Malme-3M cells even though these
cells are weakly permissive to both MuLV vectors. The pres-
ence of endogenous RhoB was not detected in any of the cell
lines. This correlates with gene expression data derived from
the NCI panel of cells, where minimal RhoB RNA is made in
SNB-19 and Malme-3M cells. Lysate from 293T cells overex-
pressing RhoC, RhoA, and RhoB proteins as a result of trans-
fection with the relevant plasmids was included as a positive
control for detection of the Rho proteins with corresponding
antibodies (Fig. 1C, lane 1 versus lane 2). Relative band inten-
sity for RhoC and RhoA was normalized to GAPDH, and the
differences in expression levels between cell lines (Fig. 1D and
E) correlated well with the difference observed with the mi-
croarray data for SNB-19 and Malme-3M cells (data not
shown).
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FIG. 1. Correlation of EBOV/MuLV-eGFP and VSV/MuLV-
eGFP transduction efficiency with Rho GTPase expression in different
cell lines. HEK 293T, Cos-7, SNB-19 and Malme-3M cells were trans-
duced with either EBOV/MuLV-eGFP (A) or VSV/MuLV-eGFP
(B) vectors at an MOI 1.5 for 60 h. Transduction efficiency was deter-
mined by measuring the percentage of eGFP-positive cells by FACS
analysis. Error bars represent the standard error of the mean of three
experiments done in triplicate. Statistical analysis was performed
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Overexpression of RhoB and RhoC enhances EBOV and
VSV pseudotyped vector transduction but not HIV pseudo-
typed or AAV2 vector transduction in 293T cells. To examine
the effect of overexpression of Rho GTPases on MulLV
pseudotyped transduction, weakly permissive 293T cells, trans-
fected with either RhoA, RhoB, or RhoC plasmid, were trans-
duced with EBOV/MuLV-eGFP and VSV/MuLV-eGFP vec-
tors, and the transduction activity was compared with cells
transfected with an empty plasmid, pCMV-script. Figure 1C
can be referred to for evidence of overexpression of RhoC,
RhoA, and RhoB proteins in 293T cells as a result of trans-
fection with the relevant plasmids (lane 1 versus lane 2). To
normalize transfection efficiency, a luciferase-encoding plas-
mid was included (1/10 dilution) in the transfection reaction
mixture, and the number of eGFP-positive cells for each
sample was normalized to the level of luciferase expression.
RhoC-expressing cells significantly increased normalized
EBOV/MuLV-eGFP and VSV/MuLV-eGFP transduction
(percentage of GFP per 500,000 RLU) 8- and 12-fold, respec-
tively, compared to pCMV-transfected control cells (P < 0.05)
(Fig. 2A). RhoA-transfected cells showed only a slight increase
in normalized transduction activity, whereas RhoB-transfected
cells showed 11-fold and 25-fold increases in normalized
EBOV/MuLV-eGFP and VSV/MuLV-eGFP transductions,
respectively, (P < 0.001). These results confirm our bioinfor-
matics correlation between RhoC expression and EBOV or
VSV pseudotyped vector transduction and suggest that RhoB
and RhoC play an important role in enhancing their transduc-
tion.

EBOV and VSV pseudotyped virions are reported to enter
cells via an endosomal pathway (11, 30, 40). To determine if
RhoC would affect other pseudotyped virions that can enter by
direct fusion, we examined the effect of overexpression of Rho
GTPases on HIV/HIV-eGFP vector transduction. HIV. GP
envelope has been shown to mediate virus fusion at the plasma
membrane (5). When transduction was examined in Rho
GTPase-overexpressing cells, sevenfold and sixfold increases in
EBOV/HIV-eGFP transduction were seen in RhoB- and
RhoC-expressing cells over pCMV-transfected control cells,
respectively (P < 0.001 and P < 0.05, respectively) (Fig. 2B).
RhoA-expressing cells showed minimal increase in transduc-
tion over pCMV control cells. In contrast to EBOV/HIV-
eGFP data, overexpression of RhoB and RhoC had a minimal
effect on HIV/HIV-eGFP transduction. Although both RhoB-
and RhoC-expressing cells showed approximately a twofold
increase in transduction, this difference was still significantly
less than the increase seen in EBOV/HIV-eGFP transduction

by one-way ANOVA to show the difference in transduction effi-
ciency of Cos-7 and SNB-19 cells compared to 293T and Malme-3M
cells. Bonferroni posttests were performed (**, P < 0.001; *x*, P <
0.0001). (C) Western blot analysis was performed for detection of
RhoC, RhoA, and RhoB in either transfected 293T cell lysate
overexpressing the Rho proteins (lane 1) or in untransfected cell
lysates from 293T, Cos-7, SNB-19, and Malme-3M cells grown un-
der identical conditions. GAPDH detection was used as a loading
control. The band intensities of endogenous RhoC (D) and Rho A
(E) relative to the GAPDH control were quantified using Adobe
Photoshop CS2 software.
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FIG. 2. Effect of Rho GTPase overexpression on EBOV, VSV, and HIV pseudotyped vector transduction and on VSV infection. HEK 293T
cells were transiently cotransfected with either RhoA, RhoB, RhoC, or pCMV-script plasmid together with a plasmid expressing luciferase for 24 h
and then transduced with different pseudotyped MuLV-eGFP or HIV-eGFP vectors (MOI of 1.5). Transduction efficiency was expressed as the
percentage of eGFP normalized against 500,000 RLU. The relative increase in normalized EBOV/MuLV-eGFP or VSV/MuLV-eGFP transduc-
tion efficiency (A) or EBOV/HIV-eGFP or HIV/HIV-eGFP transduction efficiency (B) over pCMV-script control was calculated for RhoA-,
RhoB-, and RhoC-transfected cells. (C) To examine the effect on VSV infection, HEK 293T cells were transfected with either pCMV plasmid,
RhoB plasmid, or RhoC plasmid. At 48 h following transfection, cells were infected with VSV (Indiana) at an MOI of 0.001. Virus produced in
the transfected cells was collected at 18 h following infection, and titers were determined by serial dilution of virus stocks on Vero cells. Relative
cell numbers of adherent cells within the wells were assessed in an ATP Lite assay. Error bars represent the standard error of the mean of three
experiments done in triplicate. Statistical comparison was performed by one-way ANOVA and Bonferroni posttest using GraphPad Prism 5 (*,
P < 0.05; #%, P < 0.001; %%, P = 0.0001) and by a paired student ¢ test.

on transfection with RhoB and RhoC (P < 0.05). Again, RhoA
had a minimal effect on HIV/HIV-eGFP transduction, indicat-
ing that it has no significant involvement in either EBOV,
VSV, or HIV vector transduction.

The effect of Rho GTPase overexpression on transduction of
a nonenveloped vector was also examined. AAV2 is a nonen-
veloped virus which predominantly enters cells by clathrin-
mediated endocytosis subsequent to receptor binding (10).
Overexpression of RhoA, RhoB, or RhoC produced no signif-
icant increase in AAV2 transduction efficiency compared with
pCMV-transfected cells (data not shown).

Overexpression of RhoB and RhoC enhances VSV infection.
Our findings with pseudovirions suggested that RhoB or RhoC
expression would enhance entry of infectious VSV or EBOV,
leading to production of higher titers. To examine if overex-
pression of RhoB or RhoC in 293T cells does indeed enhance
VSV infection, we incubated RhoB- or RhoC-transfected cells
with infectious VSV and collected supernatants at 18 h when
signs of VSV replication were evident. Viral titers in the su-
pernatants were evaluated by serially diluting the supernatants

onto Vero cells. Infection of VSV in the Vero cells was as-
sessed both by visual inspection of cell monolayers for VSV
plaques (data not shown) and by the viability of the adherent
monolayer at 36 h following infection since VSV infection
causes detachment and killing of these target cells (Fig. 2C).
Similar results were found with both assays. We found that the
quantity of VSV generated in RhoC-expressing cells was sig-
nificantly increased by about 10-fold over cells transfected with
the empty vector. Expression of RhoB resulted in about 100-
fold higher titers of VSV. These findings indicate that expres-
sion of RhoB or RhoC enhances the VSV production and is
consistent with our transduction results with vectors.

C. difficile toxin B inhibits EBOV/MuLV-eGFP transduction
in Rho GTPase-overexpressing cells. In order to confirm our
bioinformatics and overexpression data, 293T cells overex-
pressing RhoA, RhoB, or RhoC together with luciferase were
treated with C. difficile toxin B, a potent inhibitor of Rho
GTPases, prior to transduction with EBOV/MuLV-eGFP. The
inhibitory effects of C. difficile toxin B, a monoglucosyltrans-
ferase that utilizes UDP-glucose, on Rho GTPases have been
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FIG. 3. Effect of the Rho GTPase inhibitor C. difficile toxin B on
EBOV/MuLV-eGFP transduction. HEK 293T cells were transiently
cotransfected with either RhoA, RhoB, RhoC, or pCMV-script plas-
mid together with a plasmid expressing luciferase; cells were treated
with C. difficile toxin B (CdTB; 600 ng/well), a Rho GTPase activity
inhibitor, and transduced with EBOV/MuLV-eGFP (MOI of 1.5). The
percent transduction inhibition (normalized to 500,000 RLU) com-
pared to untreated, transfected controls was calculated for C. difficile
toxin B-treated, Rho-transfected cells. Error bars represent the stan-
dard error of the mean of three experiments done in triplicate. Statis-
tical comparison was performed by one-way ANOVA and Bonferroni
posttest using GraphPad Prism 5 (%, P < 0.05).

% inhibition with

well documented (1, 17, 18, 32). Specifically, the toxin transfers
its glucose moiety onto the Rho GTPase at a critical threonine
residue located in the switch I region, inhibiting ADP-ribosy-
lation of Rho. This glucosylation prevents Rho GTPases from
associating with their effectors and consequently blocks the
downstream signal transduction pathways leading to disaggre-
gation of the actin filament. Substrate specificity of toxin B is
restricted to the Rho subfamily GTPases, and all members of
this subfamily such as Rho, Rac, and Cdc42 are glucosylated.

Treatment with C. difficile toxin B inhibited the increased
transduction activity observed following transfection with
RhoB and RhoC (Fig. 3). C. difficile toxin B-treated RhoB- and
RhoC-overexpressing cells exhibited 85% and 75% inhibition,
respectively, compared with untreated controls. Minimal inhi-
bition in transduction was seen in C. difficile toxin B-treated
RhoA-transfected cells (10%), and this was significantly less
than in C. difficile toxin B-treated RhoB- and RhoC-trans-
fected cells (P < 0.05). C. difficile toxin B-treated pCMV con-
trol-transfected cells showed no inhibition compared to an
untreated control. Therefore, in agreement with our bioinfor-
matics correlation and transient overexpression assay, inhibi-
tion of Rho GTPase activity reduced EBOV/MuLV-eGFP
transduction efficiency in RhoB and RhoC GTPase-overex-
pressing cells.

RhoC-expressing cells allow greater fusion with EBOV
VLPs. The Ras superfamily of small GTP-binding proteins has
been reported to affect cell signal transduction, proliferation,
vesicle trafficking, and regulation of the actin cytoskeleton (2,
13). Thus, their effect on pseudotyped MuLV transduction
could be related to the trafficking of the core particle following
internalization or on the internalization of viruses. In our ini-
tial bioinformatics-based studies of EBOV and VSV pseudo-
typed vector transduction, we used vectors containing two un-
related cores, FIV and VSV, and observed that a correlation
between RhoC expression and transduction was core indepen-
dent. Similarly, our RhoC overexpression data indicate that
increased vector transduction is dependent on pseudotyping
with EBOV GP whereby increased RhoC expression results in

J. VIROL.

enhanced EBOV/HIV but not HIV/HIV transduction. These
findings suggest that the role of RhoC may be related more to
entry than to core trafficking. To determine if RhoC is involved
in viral glycoprotein-mediated internalization rather than in-
tracellular trafficking of viral core DNA, we examined the
effect of RhoA and RhoC on internalization of EBOV VLPs
(Fig. 4). 293T cells overexpressing RhoA or RhoC were incu-
bated with EBOV VLPs tagged with Src-B-lactamase and
loaded with the fluorescent substrate CCF2/AM. Following
internalization into endosomes, the labeled VLPs fuse with the
endosomal membrane and are released into the cytoplasm,
where the cephalosporin ring of the CCF2/AM is hydrolyzed
by the B-lactamase, causing a shift in the emission spectrum
from 520 nm (green) to 447 nm (blue) after excitation of the
cell. Fusion and entry into the cytoplasm were visualized and
scored by fluorescence microscopy. Cells were incubated with
EBOV GP-deficient VLPs as a negative control. These cells
showed no blue cells when loaded with CCF2/AM substrate
(Fig. 4A). pCMV- and RhoA-transfected cells showed few,
faintly blue cells after incubation with EBOV VLPs and load-
ing with CCF2/AM substrate (Fig. 4B and C). In comparison,
RhoC-transfected cells showed many blue cells which were
clearly visible in different fields (Fig. 4D). Figure 1C can be
referred to for evidence of overexpression of RhoA and RhoC
proteins in 293T cells as a result of transfection with the rele-
vant plasmids (Fig. 1C, lane 1 versus lane 2). Quantification of
the relative increase in blue fluorescence over the pCMYV con-
trol indicated an approximately 2.75-fold increase in EBOV
VLP entry of RhoC-transfected cells compared with an ap-
proximately 1.5-fold increase in RhoA-transfected cells (P <
0.01) (Fig. 4E). This finding suggests that the effect of RhoC on
EBOV particle transduction is greater than that of RhoA, is
likely at the entry phase, and is related to the envelope.

RhoC-expressing cells allow greater internalization of Alexa
Fluor 488-dextran conjugate by nonspecific endocytosis. While
the above data suggest that RhoC can affect the entry phase of
vector transduction, because of its effect on two very diverse
viruses, it is likely that this occurs by a nonspecific uptake
mechanism rather than a specific interaction between RhoC
and the virus. Furthermore, Western blotting of fractionated
cell extract from cells transfected with RhoC suggests that the
vast majority of RhoC was in the cytoplasm and not associated
with the plasma membrane (data not shown). To examine the
ability of RhoA- and RhoC-overexpressing cells to internalize
exogenous material by nonspecific endocytosis, uptake of Al-
exa Fluor 488-dextran conjugate was measured. RhoC-express-
ing cells showed a fourfold increase in internalized fluorescent
conjugate over pCMV-expressing control cells (data not
shown). 293T cells transiently expressing RhoA showed a min-
imal increase in dextran uptake over pCMV and was signifi-
cantly less than with RhoC (P < 0.01). In agreement with the
VLP data, this indicates an increase in vector internalization as
a result of RhoC expression. This finding indicates that RhoC-
expressing cells have a greater ability than RhoA-expressing
cells to take up exogenous material by nonspecific endocytosis,
suggesting that elevated expression of RhoC in 293T cells
enhances fluid-phase endocytosis.

RhoC expression induces an extensive actin stress fiber
network. Rho GTPases have been reported to regulate remod-
eling of the actin cytoskeleton during cell morphogenesis and
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FIG. 4. Effect of Rho GTPases on EBOV VLP fusion. HEK 293T cells were transfected with either pCMV-script (B), RhoA (C), or RhoC
(D) plasmids and incubated with Src-B-lactamase-labeled EBOV VLPs for 12 h. Untransfected cells were incubated with EBOV GP-deficient
VLPs as a negative control (A). B-Lactamase substrate, CCF2/AM, was added to allow visualization of VLP fusion, causing a shift in fluorescence
from green (530 nm) to blue (447 nm). Images were captured by fluorescent microscopy using a B-lactamase filter. All images were viewed with
a 20X objective. Scales are indicated on each image. (E) Blue fluorescence per square pixel was calculated for five images using NIH ImageJ
software. Background fluorescence of untransfected, untreated cells was subtracted from values. The mean relative increase in blue fluorescence
of RhoA- and RhoC-transfected cells over pCMV control cells was calculated. Error bars represent the standard error of the relative increase in
fluorescence. Statistical comparison was performed by an unpaired Student ¢ test using GraphPad Prism 5 (**, P < 0.01).

motility, and its activation can create membrane ruffling, stim-
ulating bulk pinocytosis (2, 13). A key event in creating the
membrane ruffles is the formation of actin stress fibers in the
cell. Our earlier findings on increased internalization would
suggest that RhoC has a greater effect on stress actin fiber
formation than RhoA. To compare stress fiber formation,
RhoA- or RhoC-transfected cells were fixed and stained with
Alexa Fluor 546-labeled phalloidin, and the stress fibers were
visualized and quantified by fluorescence confocal microscopy
(Fig. 5). RhoA-transfected cells (Fig. 5C) did show increased
intensity of actin polarization or development of stress fibers
compared to untransfected control cells (Fig. 5A), but this was
not obvious compared with pCMV control-transfected cells
(Fig. 5B). In contrast, RhoC-transfected cells (Fig. 5D) showed
more intense staining of the F-actin due to the formation of
stress fibers. RhoC-transfected cells showed a significantly
greater relative increase, approximately 12-fold, in fluores-
cence intensity over the pCMV control than RhoA-transfected
cells (P < 0.001) (Fig. SE). This finding suggests that RhoC
promotes reorganization of the actin filament into stress fibers
to a greater extent than RhoA and supports the role of RhoC

in pseudotyped EBOV and VSV transduction by increasing
nonspecific uptake, likely by macropinocytosis. We eliminated
the possibility that the increased formation of actin stress fibers
in RhoC-transfected cells was due to increased cytotoxic effect
in these cells compared to RhoA- and pCMV-transfected cells
by measuring the viability of Cos-7 cells 24 h posttransfection
with RhoA, RhoC, and pCMV plasmids using an MTS-based
cytotoxicity assay. No significant difference was seen between
the absorbance of RhoC-transfected cells and the other trans-
fected groups when values were normalized per 5,000 RLU
(data not shown).

DISCUSSION

The viral GP/receptor interactions of EBOV and VSV are
poorly understood, but both viruses have a broad but defined
cell tropism (7, 25, 41, 45). As a first step in cell infection, entry
by macropinocytosis is an attractive pathway and could be used
by a wide variety of viruses. Macropinosomes can become
acidified and can intersect with endocytic vesicles (14).
Low-pH events are known to trigger conformational changes
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FIG. 5. Effect of Rho GTPases on the actin filament organization. Cos-7 cells were transiently cotransfected with either RhoA, RhoC, or
pCMV-script together with a nuclear GFP-expressing plasmid and stained with Alexa Fluor 546-conjugated phalloidin after 24 h. Untransfected,
phalloidin-stained cells were included as a control (A); pCMV (B)-, RhoA (C)-, and RhoC (D)-positive cells were identified by positive nuclear
GFP staining, and images of phalloidin staining were captured using an oil objective (63X) by confocal fluorescent microscopy. (E) Actin
fluorescence intensity of eight cells was quantified for RhoA-, RhoC-, and pCMV-transfected, phalloidin-stained cells using NIH ImagelJ software.
Background phalloidin staining of untransfected cells was subtracted from overall values. The mean relative increase in phalloidin staining over
the GFP/pCMYV control was calculated for GFP/RhoA or GFP/RhoC images. Error bars represent the standard error of the mean relative increase
in fluorescence. Statistical comparison was performed by unpaired Student ¢ test in GraphPad Prism 5 (#%*, P < 0.001).

in the viral particle and convert the particle into an active state
that can bind a receptor protein and enter the cytoplasm. In
this study we present initial evidence that EBOV and VSV
uptake into endosomes is enhanced by RhoB or RhoC, with
the possibility that this is due to macropinocytosis.

While previous research has indicated the role of actin
polymerization in virion transduction (34, 43), our finding of a
specific role for RhoB and RhoC in pseudotyped vector entry
is unique. Furthermore, VSV and EBOV represent two very
distinct families of viruses and likely use different host factors
for attachment, yet they converge on a common Rho-mediated
pathway, suggesting that this may be a route of entry utilized by
many different viruses. Through the use of comparative gene
analysis, we found a strong correlation between permissivity of
cell lines to EBOV GP and VSVG pseudotyped transduction
and RhoC expression, indicating that RhoC could play a role
in uptake of virions pseudotyped with unrelated viral glycopro-
teins. To date, RhoC has not been specifically implicated in
virion uptake, but other Rho GTPases, Racl, RhoA, and
Cdc42, are well established as mediators in the nonspecific
endocytosis of many enveloped viruses such as vaccinia virus,
herpesvirus, and paramyxovirus (12, 24, 34). Through their
ability to alternate between an active GTP-bound form and an
inactive GDP-bound form, these Rho GTPases cause actin
phosphorylation that activates different downstream effector

molecules. These effector molecules initiate signal transduc-
tion pathways and result in subsequent rearrangements in the
actin cytoskeleton that are required for blebbing events asso-
ciated with fluid-phase endocytosis such as macropinocytosis
(2). Some previous studies have implicated the actin cytoskel-
eton in EBOV entry, where agents such as cytochalasin D and
swinholide A that impair microfilament function inhibited GP-
mediated entry (47). Though it has been well established that
VSV enters mostly by clathrin-coated endocytosis (40), some
studies do indicate the involvement of macropinocytosis as an
alternative pathway in VSV uptake (4). The use of electron
microscopy showed a significant concentration of VSV parti-
cles in large, noncoated macropinosome-like vesicles similar to
cytoplasmic inlets and phagocytic vacuoles 1 h after VSV ad-
sorption at 37°C. Similarly, VSV pseudovirions have been
shown to undergo actin- and myosin-driven movement along
filopodia prior to cell entry, where addition of cytochalasin D
and blebbistatin, a specific inhibitor of myosin II, inhibited
further movement and infection of filopodia and microvilli-rich
cells (22).

When the effects of RhoA, RhoB, and RhoC overexpression
on the transduction of enveloped HIV GP pseudotyped HIV
virions, which enter by membrane fusion (5, 46), and nonen-
veloped AAV2, which undergoes endocytosis (10), were exam-
ined, none of the Rho proteins had any significant effect on
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uptake of either type of viral particle. This strengthens the
argument that RhoB and RhoC involvement is specific for a
subset of virions such as those pseudotyped with EBOV or
VSV glycoprotein and does not play a role in nonspecific
uptake of all enveloped viruses and nonenveloped viruses
which enter by endocytosis.

No definitive correlation was seen between permissivity to
EBOV/MuLV or VSV/MuLV and RhoA expression, and no
detectable RhoB was found in any of the cell lines. RhoB
expression is more highly regulated than that of RhoA and
RhoC; therefore, its absence may be due to its substantially
shorter half-life of 30 min (27, 49). Although RhoB appears to
affect virion uptake in a manner similar to RhoC when it is
overexpressed, it is not expressed at sufficiently high levels in
the NCI60 cells to detect, indicating that its endogenous ex-
pression is not important for EBOV GP-dependent uptake.

RhoC was not the only gene whose expression strongly cor-
related with EBOV GP transduction. For example, B-actin also
had a high PCC value. While a role for B-actin in EBOV
GP-dependent entry has not yet been demonstrated, studies
with retroviruses indicate that actin polymerization is neces-
sary for cellular receptor/coreceptor recruitment, membrane
fusion events, endocytosis of viral particles, and generation of
a functional RT complex. Another group of proteins that were
positively correlated in this analysis were cell adhesion mole-
cules, such as integrins aVI and oIII and gap junction protein
al. This correlation is intriguing since expression of a full-
length EBOV GP containing the mucin domain results in
down-modulation of integrin « VB3 from the surface of in-
fected cells. This down-modulation of surface proteins is rem-
iniscent of retroviral envelope down-modulation of cellular
receptors on the surface of infected cells. Further study will be
required to understand these gene changes in the context of
the effect of RhoC on EBOV transduction.

Although pseudotyped vectors allow us some means of look-
ing at the tropism that a viral GP has for certain cell types, the
pseudovirions contain an unrelated viral core, which raises
some concerns in differentiating between internalization and
intracellular trafficking mediated by transduction of the viral
DNA. VLPs labeled with B-lactamase lack a viral genome, and
their cores are composed solely of EBOV matrix protein VP40;
therefore, they allow us to look specifically at internalization.
Overexpression of RhoC led to greater fusion of the EBOV
VLPs than with the pCMV control and RhoA as well as to a
significant increase in stress fibers and uptake of fluorescent
dextran compared with the pCMV control and RhoA, indicat-
ing that RhoC’s involvement in vector entry likely occurs early
in the transduction pathway prior to late endosomal escape,
viral replication, and assembly.
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