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The integrity of the cholesterol biosynthesis pathway is required for efficient African swine fever virus (ASFV) infection. Incor-
poration of prenyl groups into Rho GTPases plays a key role in several stages of ASFV infection, since both geranylgeranyl and
farnesyl pyrophosphates are required at different infection steps. We found that Rho GTPase inhibition impaired virus morpho-
genesis and resulted in an abnormal viral factory size with the accumulation of envelope precursors and immature virions. Fur-
thermore, abundant defective virions reached the plasma membrane, and filopodia formation in exocytosis was abrogated. Rac1
was activated at early ASFV infection stages, coincident with microtubule acetylation, a process that stabilizes microtubules for
virus transport. Rac1 inhibition did not affect the viral entry step itself but impaired subsequent virus production. We found
that specific Rac1 inhibition impaired viral induced microtubule acetylation and viral intracellular transport. These findings
highlight that viral infection is the result of a carefully orchestrated modulation of Rho family GTPase activity within the host
cell; this modulation results critical for virus morphogenesis and in turn, triggers cytoskeleton remodeling, such as microtubule
stabilization for viral transport during early infection.

The members of Rho family of small GTPases are essential key
regulators of diverse critical cellular functions, including cyto-

skeleton dynamics, cell cycle progression, migration, the genera-
tion of reactive oxygen species, and gene expression (16, 29, 35,
53). Like the majority of Ras superfamily proteins, most Rho
GTPases function as molecular switches and cycle between an ac-
tive GTP-bound form and an inactive GDP-bound one. Two types
of regulatory proteins control this cycling: guanine nucleotide ex-
change factors (GEFs) that promote activation of these proteins
during signal transduction by exchanging of GDP for GTP mole-
cules and, in contrast, GTPase-activating proteins (GAPs) that
promote the hydrolysis of the bound GTP molecules, thus allow-
ing the transfer of the GTPase back to the inactive state (7, 9). In
addition, Rho GTPases must often undergo posttranslational pre-
nylation to become functionally active (43). Thus, their localiza-
tion, insertion into membranes, and protein-protein interactions
require covalent incorporation into the carboxy terminus of either
farnesyl pyrophosphate (FPP) or geranylgeranyl pyrophosphate
(GGPP) (62). Since these prenyl groups are derived from meval-
onic acid, which is also the starting material for the cholesterol
biosynthesis, statins have been widely used to inhibit the prenyla-
tion of Ras-related proteins, particularly the Rho GTPase subfam-
ily (24, 28, 41).

Given the control that the most studied Rho GTPase members
(RhoA, Rac1, and Cdc42) exert over cytoskeleton dynamics, ves-
icle trafficking, and signaling pathways, it has been hypothesized
that they make a major contribution to viral entry, replication,
and morphogenesis. In this regard, Rac1/Cdc42 regulates actin
dynamics and architecture during macropinocytotic entry of di-
verse large DNA viruses, such as vaccinia virus (42, 45) and ade-
novirus (40). In addition, during entry into host cells, herpes sim-
plex virus 1 (HSV-1) activates Rac1 and Cdc42, which results in
the induction of filopodia and lamellipodia in epithelial cells and
fibroblasts (33). Rho GTPases are also implicated in microtubule
regulation during capsid trafficking of Kaposi’s sarcoma-
associated herpesvirus (48). Recently, it has been shown that vac-
cinia virus F11L protein interacts directly with RhoA to inhibit its

downstream signaling (61). This F11L-mediated inhibition of
RhoA signaling has been proposed to be required for an efficient
virus release from infected cells (4) and also for stimulating virus-
induced cell motility (4, 12, 66) and the spreading of infection.
RhoA signaling is required for respiratory syncytial virus replica-
tion and morphogenesis (26). Moreover, the expression of active
Rac1 is increased after hepatitis B virus replication (59).

African swine fever virus (ASFV) is the causative agent of a
severe and highly lethal hemorrhagic disease that affects domestic
pigs. This large icosahedral and enveloped DNA virus is the only
known member of the family Asfarviridae (17). It enters host cells
by clathrin- and dynamin-dependent endocytosis after attach-
ment to a still unknown cell receptor(s) and requires later fusion
between the viral envelope and endosome membrane to deliver
DNA into cytoplasm (31, 60). This fusion event requires the char-
acteristic acidic pH of the endosomal environment and also the
presence of cholesterol at the plasma membrane of the target cell
(6, 22). Like many other viruses, during the early stages of infec-
tion ASFV interacts with the microtubule cytoskeleton and re-
quires retrograde dynein-based transport to constitute the peri-
nuclear virus factory (3, 30), where DNA replication and assembly
occur. This specialized site, close to the microtubule organizing
center, contains mostly viral DNA, most of the viral proteins, im-
mature and mature virions, and also abundant virus-induced
membranes. Microtubule motors have also been proposed to be
involved in at least three other events that occur in the ASFV
replication cycle, namely, vimentin rearrangement into a cage that
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finally surrounds the viral factory (57), the recruitment of virus-
targeted membranes to the virus factory (54), and the transport of
fully assembled virions to the plasma membrane before their re-
lease from an infected cell by budding (36).

Here we explored, for the first time, the relevance of the Rho
GTPase subfamily during ASFV infection. We found that a gen-
eral inhibition of Rho GTPases leads to a decrease in viral yields
and deficient viral morphogenesis. Most importantly, since Rac1
resulted activated early during infection and coincident with an
increase in microtubule acetylation, the data obtained suggest the
involvement of Rac1-mediated signaling on ASFV intracellular
transport.

MATERIALS AND METHODS
Cell culture, viruses, and plasmids. Vero cells were obtained from the
European Collection of Cell Cultures (ECACC) and maintained in Dul-
becco modified Eagle medium supplemented with 5% fetal bovine serum
at 37°C and 5% CO2. The tissue culture-adapted ASFV strain BA71V was
used in all experiments (18). Where indicated, a recombinant virus ex-
pressing viral protein p54 fused to the green fluorescence protein (GFP)
was used (B54GFP-2 [32]) to identify viral factories by confocal micros-
copy. Cell infections and titrations were carried out as previously de-
scribed. When indicated, we used highly purified ASFV as described else-
where (10).

Plasmids (pcDNA3) encoding wild-type (wt), dominant-negative
(17N), and constitutively active (Q61L) forms of Rac1 fused to GFP were
kindly provided by Ole Gjoerup (58). Constructs expressing the glutathi-
one S-transferase (GST)-Rac1/Cdc42 binding domain of Pak1 (GST-
PBD) were a generous gift from Keith Burridge (5). Transient expression
in Vero cells was achieved by transfection using Fugene HD transfection
reagent (Roche) and 2 �g of DNA/106 cells (ratio 1:6) according to the
manufacturer’s instructions.

Antibodies and other reagents. Antibodies against Cdc42 and Rac1
were obtained from BD Transduction Laboratories. Monoclonal antibod-
ies against �-tubulin and acetylated �-tubulin were purchased from
Sigma. Jose M. Escribano provided the monoclonal antibody against p30.
The monoclonal antibody against p72 clone 18BG3 was purchased from
Ingenasa. Rabbit polyclonal serum against ASFV protein pE120R was ob-
tained after immunization with recombinant protein. Anti-rabbit and
anti-mouse antibodies conjugated to horseradish peroxidase were pur-
chased from GE Healthcare. Alexa Fluor 488- and Alexa Fluor 594-
conjugated anti-mouse IgG antibodies were from Molecular Probes.

Triton X-100, lovastatin (Mevinolin), farnesyl pyrophosphate (FPP),
geranylgeranyl pyrophosphate (GGPP), L-mevalonate, cholesterol,
�-actin polyclonal antibody, and Hoechst 33258 were purchased from
Sigma. Clostridium difficile toxin B (CdTB), FTI-277 (farnesyltransferase
inhibitor [FTase] inhibitor), GGTI-286 (geranylgeranyltransferase inhib-
itor [GGTI]), NSC23766 (Rac1 inhibitor), and Fluorsave were obtained
from Calbiochem.

Cytotoxicity assay. The cytotoxicity elicited by inhibitors was ana-
lyzed by using a lactate dehydrogenase cytotoxicity assay kit (Promega)
and by trypan blue exclusion.

Drug treatments and infections. Vero cells were treated with a range
of concentrations (1 to 3 �M) of lovastatin (Lov) for 24 or 48 h at 37°C.
Add-back of intermediate metabolites was done at the following concen-
trations: 200 �M mevalonate (Mev), 5 �M GGPP, 5 �M FPP, or 5 �g of
cholesterol/ml, together with 1 to 3 �M Lov. In all cases, at 24 h after ASFV
infection (BA71V isolate, 0.5 PFU/cell), cells and supernatants were col-
lected to determine virus progeny production by plaque assay, as previ-
ously described (25). In a second set of experiments, the cells were incu-
bated with a range of concentrations of GGTI-286 (10 to 30 �M), FTI-277
(10 to 30 �M), or CdTB (25 to 100 ng/ml). These chemical inhibitors were
added either 2 h before virus inoculation and removed after viral adsorp-
tion or maintained throughout infection, or they were added at 3 h postin-

fection (hpi) and maintained until the end of the experiment. In order to
evaluate the infectivity of ASFV in the presence of these drugs, we infected
pretreated cells (2 h before virus inoculation for GGTI-286, FTI-277, or
CdTB or 24 and 48 h before virus inoculation when using Lov) and ana-
lyzed the number of infected cells at 3 hpi by immunofluorescence detec-
tion of viral early protein p30 (see the discussion of immunofluorescence
analysis). Where indicated, cells were infected at high multiplicity of in-
fection (MOI), i.e., �20 PFU/cell.

GTPase activation assays. Serum-starved Vero cells (60% conflu-
ence), infected or mock infected with ASFV at an MOI of 5 PFU/cell, were
washed with phosphate-buffered saline (PBS) at a range of times postin-
fection and lysed in a buffer containing 10% glycerol, 50 mM Tris-HCl
(pH 7.4), 100 mM NaCl, 1% NP-40, 2 mM MgCl2, and protease inhibi-
tors.

Bacterially expressed and purified GST-PBD (p21-binding domain of
Pak1) interacts with activated GTP-bound Rac1 and Cdc42 was used to
pull-down GTP-bound forms of Rac1 and Cdc42, as described previously
(15, 55). Equal amounts of total protein from cell lysates were incubated
for 1 h at 4°C with glutathione-Sepharose 4B beads (GE Healthcare) pre-
viously conjugated to GST-PBD. After extensive washing, bound proteins
were analyzed by Western blotting with monoclonal antibodies against
Rac1 or Cdc42. Previously, lysates were probed with the same antibodies
to detect total Rac1 and Cdc42 in the samples. To determine the levels of
active GTPases, the intensities of the corresponding bands were measured
by densitometry (Tina 2.0) and normalized to values obtained with mock-
infected cells.

RhoA, Rac1, and Cdc42 activation was also measured using RhoA-,
Rac1-, and Cdc42-specific G-Lisa activation kits (Cytoskeleton, Inc.) ac-
cording to the manufacturer’s instructions. Briefly, Vero cells were seeded
in 25-cm2 flasks for the indicated confluence and serum starved for 24 h
prior to BA71V infection (5 PFU/cell). Mock-infected and infected cells
were harvested in lysis buffer at the indicated times postinfection. G-Lisa
kits used 96-well plates coated with the binding domain of the corre-
sponding GTPase effector protein. GTPase-GDP was removed during
washing steps, and GTPase-GTP was detected with specific antibodies,
followed by absorbance at 490 nm.

Detection and quantitation of the ASFV genome. DNA from infected
or mock-infected Vero cells with ASFV 0.5 PFU/cell was extracted and
purified with a DNeasy blood and tissue kit (Qiagen) at 16 hpi. Detection
and quantitation of the ASFV genome was achieved by quantitative real-
time PCR using specific oligonucleotides and a TaqMan probe, as previ-
ously described (38). The amplification reaction was performed in a
Rotor-Gene RG3000 (Corbett Research) as follows: 1 cycle at 94°C for 10
min, then 45 cycles at 94°C for 15 s, and finally 45 cycles at 58°C for 1 min.
Positive and negative amplification controls (DNA purified from ASFV
virions and DNA from mock-infected cells, respectively) were included in
the assay, and duplicates from each sample were analyzed.

Western blot analysis. After estimation of total protein in samples by
the Bradford method, 30 �g of protein was resolved by SDS-PAGE and
transferred to nitrocellulose membranes (Bio-Rad). Membranes were
probed for 1 h at room temperature with the corresponding primary
antibodies in PBS containing 0.05% Tween 20 (PBS-T; Sigma) at the
following dilutions: monoclonal antibody against p30 (1:500), monoclo-
nal antibody anti-p72 (1:5000), mouse monoclonal antibody anti-Rac1
(1:1,000), mouse monoclonal antibody anti-Cdc42 (1:250), mouse
monoclonal antibodies anti-�-tubulin (1:4,000), and anti-acetylated
�-tubulin (1:2,000). As a protein loading control, we included the detec-
tion of actin with polyclonal rabbit anti-�-actin serum diluted 1:250. Af-
ter an extensive washing with PBS-T, membranes were incubated with
anti-mouse IgG antibody (1:5,000) or anti-rabbit IgG (1:4,000), both con-
jugated to horseradish peroxidase. Finally, bands were developed by using
an enhanced chemiluminescence reaction with a Western blot detection
reagent (GE Healthcare).

Immunofluorescence analysis. Vero cells (60% confluence) were
grown on glass coverslips and then infected with BA71V or B54GFP-2. In
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infectivity assays, at 3 hpi, the cells were rinsed with PBS, fixed with PBS–
3.8% paraformaldehyde for 10 min, and permeabilized with 0.2% PBS–
Triton X-100 for 15 min. Infected cells at this time were identified by
detection of early ASFV protein with monoclonal anti-p30 antibody (1:
200). For the viral factory analysis, cells infected with B54GFP-2 were
fixed at 16 hpi. Internalized virions in pCDNA-3-transfected cells were
detected at 1 hpi with monoclonal antiviral major capsid protein p72
(1:1,000). Rabbit polyclonal serum against pE120R was diluted 1:500. The
secondary antibodies used were an anti-mouse IgG antibody conjugated
to either Alexa Fluor 488 or Alexa Fluor 549. Nuclei and also DNA in virus
factories were identified by staining with Hoechst 33258. Finally, cover-
slips were mounted onto slides using Fluorsave reagent.

Confocal microscopy was carried out in a Leica confocal microscope
TCS SP2-AOBS equipped with �63 and �100 objective lenses. The digital
images were processed with Adobe Photoshop 8.0.

Electron microscopy. For conventional Epon section analysis, Vero
cells, preincubated or not with toxin B, were infected with ASFV at 1
PFU/cell and fixed at 16 hpi with 2.5% glutaraldehyde (Sigma) in PBS for
30 min at room temperature. Postfixation was carried out with 1% OsO4

in PBS at room temperature for 90 min. The samples were then dehy-
drated with acetone and embedded in Epon according to standard
procedures. Samples were examined at 80 kV in a JEOL JEM 10-10
electron microscope. The digital images were processed with Adobe
Photoshop 8.0.

Statistical analysis. All error terms are expressed as standard devia-
tions (SD). Prism software (GraphPad Software, Inc., San Diego, CA) was
used for the statistical analysis. A one-way analysis of variance test, fol-
lowed by Bonferroni’s multiple-comparison test, was used to compare
different experimental groups. P values of �0.05 were considered statis-
tically significant.

RESULTS
ASFV infection requires host protein prenylation at several
stages of the infectious cell cycle. To study the relevance of the
cholesterol biosynthesis pathway and its precursors during ASFV
infection, we used lovastatin (Lov), a powerful inhibitor of
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reduc-
tase, the enzyme that catabolizes the conversion of HMG-CoA to
mevalonate (Mev). Vero cells were incubated with nontoxic con-
centrations of Lov for 24 or 48 h prior to ASFV infection. Under
these conditions, we first analyzed virus production at 24 h postin-
fection (hpi) by plaque assay. A dramatic reduction of virus prog-
eny was observed in a dose-dependent manner after 24 h of incu-
bation with Lov (Fig. 1A). The addition of the immediate
precursor Mev to Lov-treated cells resulted in the recovery of viral

yields to reach values similar to those obtained with untreated
control cells. This effect was not detected when other intermediate
precursors of the cholesterol biosynthesis pathway, such as the
isoprenoids GGPP and FPP, were added. Neither was this effect
observed with cholesterol add-back. In order to determine
whether this reduction in virus progeny correlated with a decrease
in ASFV infectivity after Lov treatment, we counted the number of
infected cells as early as 3 hpi by indirect immunofluorescence.
Lov caused a severe reduction in the number of infected cells (ca.
85%) compared to untreated controls. The effect of Lov on ASFV
infectivity was reversed by complementation with Mev or GGPP,
but not by the single addition of FPP or cholesterol add-back (Fig.
1B). Similar results were obtained in cells incubated with Lov for
48 hpi (data not shown).

These results indicate a relevant role for cholesterol pathway
intermediates and prenyl groups (GGPP and FPP) in posttransla-
tional protein modification during the first stages of ASFV infec-
tion. Thus, we evaluated the effect of specific inhibitors of gera-
nylgeranyl transferase I (GGTI-286) and farnesyltransferase I
(FTI-277) at various steps of ASFV infection (see Materials and
Methods). Inhibition with GGTI-286 resulted in a decrease in the
number of infected cells at 3 hpi, which correlated with defective
virus production levels independently of the time point at which
the inhibitor was added (Fig. 2). These observations are consistent
with results from Lov experiments and suggest a role for gera-
nylgeranylation during the first stages of infection, including viral
entry. In addition, the reduction of viral yields observed after in-
hibition of geranylgeranylation with GGTI-286 correlated with a
reduction in ASFV DNA replication, as shown by quantitative
PCR (Fig. 2C). However, incubation with FTI-277 did not impair
ASFV infectivity or virus production when it was added to cells at
3 hpi (Fig. 2). This finding indicates that efficient infection re-
quires farnesylation during the first stages of infection but not
after the viral entry into the host cell.

Downregulation of Rho GTPases by toxin B affects ASFV in-
fection but not cell infectivity. Geranylgeranylation promotes ac-
tivation of many members of the Rho GTPase family that partic-
ipate in a range of cellular processes, including viral entry into host
cells (14, 42, 48). Our data show that geranylgeranylation is rele-
vant during ASFV infection. We thus examined whether Rho
GTPases participate in ASFV infection. To this end, we used toxin
B from Clostridium difficile (CdTB) as a specific inhibitor that

FIG 1 Antiviral effect of lovastatin on ASFV infection. Vero cells were incubated with increasing, but nontoxic, concentrations of lovastatin for 24 h before ASFV
infection (0.5 PFU/cell). Where indicated, mevalonate (Mev), cholesterol (CHO), FPP, or GGPP was added to cells. (A) Virus progeny at 24 hpi was analyzed by
plaque assay, and virus yields are represented as a percentage of the untreated control cells. (B) Similarly, the number of infected cells (infectivity) at 3 hpi was
determined by immunofluorescence in Vero cells treated with 3 �M lovastatin and are represented as a percentage of untreated infected cells. Means and SD
correspond to three independent experiments. Values that are significantly different from each other are indicated (���, P � 0.001;�, P � 0.05).
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efficiently blocks the interaction of these GTPases with their effec-
tors, resulting in functionally inactive GTPases. The addition of
CdTB resulted in rapid depletion of actin stress fibers in Vero cells,
which is indicative of successful inhibition of Rho GTPases (data
not shown). The incubation of Vero cells with CdTB significantly
reduced (ca. 60%) virus titers at 24 hpi compared to untreated
cells (Fig. 3A). This effect was detected only when the inhibitor
was added to cells before virus inoculation, with no significant
differences between removing the inhibitor after virus adsorption
and maintaining it throughout the infection. This result raised the
question as to whether Rho GTPases contribute to ASFV entry. To
study this possibility, we analyzed virus infectivity, as the ratio of
infected versus noninfected cells, at 3 hpi in CdTB-treated cells,
and we did not find differences in the number of infected cells after
CdTB treatment compared to untreated control cells (Fig. 3B).
Moreover, we confirmed that viral entry was not affected by the
inactivation of Rho GTPases, as shown by the synthesis rates of
early (p30) and late (p72) viral proteins detected by immunoblot-
ting of cell lysates at different times of infection, and we did not
find significant differences between CdTB treated and untreated
cells (Fig. 3C).

ASFV infectivity was not affected by the downregulation of
Rho GTPases, thus raising the possibility that the impairment of
viral morphogenesis explains the reduction of viral yields ob-
served after CdTB treatment. We next analyzed whether early Rho
GTPase inactivation affected the ASFV morphogenesis that takes
place at perinuclear viral factories. Vero cells were incubated or
not incubated with CdTB, which was removed after virus adsorp-
tion. Viral factories were then examined at 16 hpi by confocal
microscopy. To identify and analyze these factories, cells were

infected with B54GFP-2, a recombinant ASFV expressing en-
hanced GFP (EGFP) fused to viral protein p54. Cells infected in
the presence of CdTB exhibited loose and less compact viral fac-
tories (Fig. 3D), and this appearance correlated with larger dimen-
sions (average diameter of 5.56 � 1.68 �m) than those in non-
treated infected cells (average diameter of 4.01 � 1.25 �m). This
observation suggests that an inadequate constitution of the viral
assembly site or an incorrect assembly of newly generated virions
after Rho GTPase inactivation caused the reduction in viral yields
observed after CdTB treatment. In order to confirm this hypoth-
esis, we examined in more detail the effects of CdTB in ASFV-
infected cells at 16 hpi by transmission electron microscopy
(TEM). Cytoplasmic factories formed in the absence of CdTB
contained the expected viral structures (envelope precursors and
immature and mature icosahedral particles) (Fig. 4B). In contrast,
those that developed after treatment with this inhibitor contained
higher ratios of nonicosahedral envelope precursors and imma-
ture viral particles and few mature icosahedral viral particles.
Consistent with the data from confocal microscopy, an increment
in viral factory size was also detected, and this increase appeared to
be due to the accumulation of envelope precursors in CdTB-
treated cells. Under these conditions, a smaller number of ribo-
somes were found compared to viral factories from control cells,
where ribosomes often appear to be associated with immature or
mature virus particles. After infection very few immature particles
reach the plasma membrane to be released by budding (8a). How-
ever, in infected CdTB-treated cells, abundant immature or defec-
tive virus particles reached the plasma membrane. Virus budding
occurs by means of filopodial extensions from the plasma mem-
brane, apparently by actin polymerization (11, 37), but after Rho

FIG 2 ASFV infection in the presence of prenylation inhibitors. (A) Virus progeny from ASFV-infected cells in the presence of geranylgeranyltransferase I
specific inhibitor (GGTI-286) or farnesyltransferase specific inhibitor (FTI-277) at 24 hpi was determined by plaque assay. Inhibitors were added to cells 2 h prior
to infection (�2 hpi) or 3 h postinfection (3 hpi) or were present throughout infection. (B) The number of infected cells at 3 hpi in the presence of increasing
concentrations of GGTI-286 or FTI-277 was also determined as described previously. (C) ASFV DNA replication at 16 hpi after treatment with increasing
concentrations of inhibitors GGTI-286 and FT-277 was analyzed by quantitative PCR. The means and SD correspond to three independent experiments. Values
that are significantly different from each other are indicated (���, P � 0.001; ��, P � 0.01; �, P � 0.05).
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GTPases inactivation with CdTB no filopodia could be observed
by TEM. In summary, these results indicate that early inhibition of
Rho GTPase-mediated signaling with CdTB during the first stages
of infection negatively affects virus progeny, virion maturation,
and virus assembly site composition.

ASFV infection induces the activation of Rac1 GTPase in
Vero cells. The requirement of Rho GTPases for efficient virus
multiplication at early infection led us to explore the members of
this family that are activated during ASFV entry. We specifically
examined RhoA, Rac1, and Cdc42, the most extensively charac-
terized members of the Rho GTPase family. All of these GTPases
were inhibited by CdTB. RhoA, Rac1, and Cdc42 induction was
monitored by an enzyme-linked immunosorbent assay (ELISA)-
based assay (G-Lisa) at a range of times within first hour after virus
inoculation in Vero cells (Fig. 5D), and the activation of Rac1 and
Cdc42 could be also determined by an established affinity precip-

itation assay using GST-PBD, followed by immunoblot analysis
(Fig. 5A to C). No activation of RhoA was observed by G-Lisa
assay during the first hour after ASFV infection since active RhoA
levels were similar to those obtained for mock-infected cells (Fig.
5D). Likewise, no activation of Cdc42 during first hour postinfec-
tion could be detected by G-Lisa and pulldown assay. In contrast,
in the same conditions, a gradual increase in Rac1-GTP (the active
form of Rac1) was observed during first 30 min of ASFV infection,
with maximum activation at 25 min postinfection. At this time
point, Rac1 was consistently activated �3-fold over mock-
infected cells (Fig. 5A and C). Interestingly, Rac1-GTP levels were
restored to basal levels 5 min later, at 30 min postinfection. The
total Rac1 in infected cells was not significantly modified during
infection, thereby indicating the specificity of GTP activation. A
Rac1-specific G-Lisa assay confirmed a Rac1 activation peak dur-
ing the first 30 min of infection (Fig. 5D). These results support

FIG 3 The downregulation of Rho GTPases impairs ASFV infection. Vero cells incubated for a range of times with increasing concentrations of toxin B from
Clostridium difficile (CdTB) were infected with ASFV at 0.5 PFU/cell. (A) As described in the text, virus titers from infected cells at 24 hpi were determined by
plaque assay and are shown as a percentage of untreated infected cells. (B) The number of infected cells at 3 hpi is represented as a percentage of untreated infected
cells. The means and SD correspond to three independent experiments. Values that are significantly different from each other are indicated (��, P � 0.01; �, P �
0.05). (C) The expression of early (p30) and late (p72) viral proteins was analyzed at several time points during infection in cells treated with 100 ng of CdTB/ml
2 h prior to infection or 3 hpi and compared to untreated infected cells. �-Actin was used as a protein load control. (D) Vero cells were infected with B54GFP-2
in the presence or absence of CdTB and examined by confocal microscopy at 16 hpi. Viral factories from 16 to 20 cells were measured, and maximum dimensions
are represented as means with the corresponding SD. A representative image is shown, where viral factories were detected by direct visualization of p54-EGFP
(green). Nuclei (blue) and actin (red) were detected by Hoechst staining and anti-� actin antibody, respectively. Bar, 10 �m. Values significantly (P � 0.01)
different from controls are indicated (��).
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the hypothesis that Rac1 is the member of the Rho-GTPase family
that is immediately activated after ASFV entry and that it is crucial
for an efficient infection.

Effect of specific inhibition of Rac1 signaling on ASFV infec-
tion of Vero cells. To ascertain the specificity of Rac1 action dur-
ing ASFV infection, we inhibited this GTPase, without affecting
the other members of the Rho GTPase family. We used a chemical
inhibitor, NSC23766, to prevent the specific activation of Rac1
and analyze impact on virus production (21). Cells were incu-
bated with nontoxic doses of NSC23766 before ASFV infection,
and virus progeny was examined at 24 hpi. Virus yields obtained
after NSC23766 incubation decreased in a dose-dependent man-
ner (Fig. 6A). Consistent with the CdTB experiments, this effect
on virus yields was greater when the inhibitor was added to cells
before infection. When we analyzed ASFV infectivity in Rac1-
inhibited cells, we could observe a slight but significant decrease in
the number of infected cells at 3 hpi compared to untreated con-
trol cells (Fig. 6B). Given that Rac1 activation occurred immedi-
ately after infection, we next analyzed by confocal microscopy the
number of internalized virus particles in infected Vero cells 1 h
after virus infection with highly purified ASFV at a high MOI and
also their positions with respect to the host cell nucleus. Inhibition
of geranylgeranylation with GGTI-286 did not modify the num-
ber of internalized virions (ranging between 19.5 and 21.2 PFU/
cell). However, we observed a significant decrease in the number
of virions exhibiting a perinuclear location at 1 hpi after GGTI-
286 treatment.

Similarly, ASFV perinuclear localization, but not virion inter-
nalization, was affected after NSC23766 Rac1 inhibition, since the
percentage of perinuclear virions was significantly reduced under
these conditions (Fig. 6C). These results indicate that Rac1 is the
member of Rho GTPase family whose activation after ASFV entry

FIG 4 Electron microscopy analysis of ASF viral factory after inhibition of
Rho GTPase-mediated signaling. Vero cells were infected with ASFV at 0.5
PFU/cell in the presence or absence of 50 ng of CdTB/ml and fixed at 16 hpi.
(A) In the absence of CdTB, viral factories contained envelope precursors and
abundant immature (iv, black arrowheads) and mature icosahedral particles
(mv, arrows). (B) In contrast, viral factories formed in the presence of CdTB
contained high amounts of envelope precursors and low numbers of both
mature and immature icosahedral particles. (C) In the absence of CdTB, al-
most all viral particles that reached the plasma membrane were mature and
were found with the characteristic filopodia in exocytosis. This observation
contrasts with the abundant immature particles found at the cell membrane in
the presence of CdTB and the absence of filopodia formation. (D). Scale bars:
A and B, 0.2 �m; C and D, 0.5 �m. White arrowheads indicate ribosomes.

FIG 5 Rac1 is activated during early stages of ASFV infection. Equal amounts of Vero cell lysates from mock-infected cells (M) or ASFV-infected cells (5
PFU/cell) at various time points after infection were used to capture the GTP-bound form of Rac1 and Cdc42 by affinity precipitation with GST-PBD beads. The
proteins captured by beads were analyzed by immunoblotting with anti-Rac1 antibody and anti-Cdc42 (top portions of panels A and B, respectively). The bottom
portions of panels A and B show normalized cell lysates analyzed for total Rac1 as a protein load control. (C) Bands corresponding to GTP-bound forms of Rac1
and Cdc42 were quantified and normalized to values from total Rac1 and Cdc-42, respectively. The data obtained from mock-infected cells were considered to
be activated 1-fold for comparison with infected cells. Representative images are shown from five independent pulldown assays. (D) Activation of Rac1, Cdc42,
and RhoA was analyzed by an ELISA-based assay in infected Vero cells at the indicated time points within the first hour of infection. The GTP-bound forms of
Rho GTPases were measured with an absorbance set at 490 nm. Each point represents the means � the SD for three independent experiments.
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results relevant to reach perinuclear sites for an efficient virus
multiplication. Also, Vero cells were transfected with plasmids
encoding wild-type Rac1 (wt), dominant-negative Rac1 mutant
(17N), or constitutively active Rac1 mutant (Q61L). After 24 h,
the cells were mock infected or infected with a high MOI using
highly purified ASFV. However, in transfected cells we were not
able to find differences either in the number of internalized virus
particles or in their positions with respect to the host cell nucleus
at 1 hpi (data not shown).

ASFV infection induces microtubule hyperacetylation. Inhi-
bition of Rac1 signaling negatively affected perinuclear virions
localization but not entry itself, suggesting the involvement of
Rac1 in following steps of infection immediately after ASFV
entry. Early after ASFV entry into host cells, the microtubule
network is essential for an efficient infection (3), and the acet-
ylation/deacetylation balance of tubulin regulates microtubule
dynamics (49), which is regulated by Rho GTPases. In addition,

by using confocal microscopy, we detected the association of
virions with acetylated microtubules during the first hour after
virus inoculation in Vero cells (Fig. 7A). Since hyperacetylation
is a quantitative indication of microtubules stabilization, we
next analyzed tubulin acetylation levels from Vero cell extracts
at a range of times postinfection by immunoblotting. Tubulin
acetylation increased 2.5- to 4-fold from 15 to 30 min postin-
fection compared to mock-infected cells. At 45 min postinfec-
tion, tubulin acetylation levels showed a 2-fold increase, which
was maintained for up 2 hpi and returned to basal levels by 3
hpi (Fig. 7B). In contrast, the levels of total �-tubulin remained
unaltered. The inactivation of Rho GTPases with increasing
concentrations of CdTB before infection restored tubulin acet-
ylation levels to those obtained with mock-infected cell extracts
(Fig. 7B). We specifically confirmed a reduction in tubulin
acetylation levels in cells incubated with the geranylgeranyla-
tion inhibitor GGTI-286. Moreover, we observed similar re-

FIG 6 (A) Virus progeny at 24 hpi were determined by plaque assay from ASFV-infected cells in the presence of the specific Rac1 inhibitor NSC23766. Increasing,
but nontoxic, concentrations of NSC23766 were added to cells before (�2 hpi), after (�3 hpi), or throughout infection. (B) The number of infected cells at 3 hpi
in the presence of a range of concentrations of NSC23766 is shown as a percentage of control nontreated cells. (C) Virion distribution at 1 hpi in ASFV-infected
Vero cells after incubation with increasing concentrations of GGTI-286 (10 and 30 �M) or NSC23766 (10, 50, and 100 �M) was examined. Representative
confocal 0.1-�m sections from the z-axis are shown where virions were identified with mouse anti-p72 monoclonal antibody, followed by Alexa Fluor 594
anti-mouse IgG (red). Nuclei (blue) stained with Hoechst and cell contours are shown. Bar, 16 �m. A bar graph shows the percentage of virions exhibiting
perinuclear localization. The data represent medians and SD from three independent experiments where 30 infected cells were analyzed in each case. A high MOI
(�10 PFU/cell) was used. Each point represents the means � the SD for three experiments. Values that are significantly different from each other are indicated
(���, P � 0.001; ��, P � 0.01; �, P � 0.05).
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ductions in tubulin acetylation levels after inhibition of Rac1
signaling with increasing concentrations of specific Rac1 inhib-
itor NSC23766 (Fig. 7C). Taken together, these data suggest
that Rac1 GTPase contributes to the microtubule hyperacety-
lation induced by ASFV during the early stages of Vero cell
infection.

DISCUSSION

In this work, we have described the antiviral effects of statins on
ASFV and how these are likely mediated by inhibition of prenyla-
tion of Rho GTPases. The initial results reported here demonstrate
that lipid posttranslational modifications of host cell factors are
important for an efficient infection and could participate in vari-
ous stages of ASFV infection. We found that statins negatively
affected virus production and infectivity (understood as infected
cells at 3 hpi expressing ASFV early proteins), and this effect was
fully reversed by the addition of immediate precursor Mev,
whereas the addition of isoprenoid GGPP only restored virus in-
fectivity. Specific inhibition of the prenyltransferases FTase-I and
GGTase-I revealed that the incorporation of FPP is required dur-
ing early stages of ASFV infection and that it is relevant for the
subsequent development of infection. However, geranylation also
participates in diverse steps of ASFV infection. The reduction of
virus progeny when geranylation was inhibited after virus entry
suggests that intact pools of GGPP or geranylated proteins
during a later stage of ASFV infection are also crucial for correct
viral replication. In this regard, ASFV encodes a trans-
prenyltransferase (open reading frame B318L) that catalyzes the
condensation of farnesyl diphosphate and isopentenyl diphos-
phate to GGPP and longer chain prenyl diphosphates (1, 2).
B318L is an essential gene whose expression occurs late during
virus infection, and its protein remains associated with precursor
viral membranes derived from the endoplasmic reticulum at the
viral assembly sites. These features are consistent with the hypoth-
esis that GGPP synthesized by B318L serves as a substrate for the
prenylation of cellular or viral proteins and that this posttransla-
tional modification is required during virus replication and mor-
phogenesis as described for hepatitis � virus and murine leukemia
virus (23, 34, 39, 49).

Isoprenoid intermediates are crucial for multiple cellular func-
tions, such as the posttranslational modifications (prenylation) of
a large variety of proteins, among which the small GTP-binding
proteins Ras and Ras-like proteins, such as Rho, Rap, Rac, and
Rab. Since prenylation of Rab GTPases is dependent on GGTase
II, which is not affected by the inhibitor GGTI-286, the main focus
of the present study was the Rho GTPase family. These are key
regulators of the cell cytoskeleton, cell cycle, gene expression, and
vesicle trafficking (19, 51) and are involved in the entry of diverse
viruses into the host cell (14, 42, 48, 52) but also in viral morpho-
genesis (27, 61), infection spreading (12), or virus-induced cell
motility (61, 66). In this regard, a general inhibition of Rho
GTPase-mediated signaling could affect simultaneously diverse
and relevant cellular processes that may explain the abnormal viral
factory size and extensive accumulation of envelope precursors
and immature virions observed when ASFV infection takes place
under these conditions. It has been reported that Rho GTPases
also participate in the morphogenesis of diverse viruses. For in-
stance, RhoA is activated during late stages of respiratory syncytial
virus infection and is crucial for correct filamentous virion mor-
phology (26). During late infection, the alphaherpesviruses
HSV-2 or pseudorabies virus promote actin rearrangements, pre-
sumably by viral protein US3 regulation of RhoA, Cdc42, and
Rac1 activity balance (20, 47). Our observations with TEM on late
stages of ASFV infection revealed a severe decrease of filopodia
after CdTB treatment, which could be explained by a general Rho
GTPase-mediated signaling inhibition with consequences on cor-

FIG 7 (A) Representative confocal microscopy image of ASFV-infected Vero
cells at 30 min postinfection (mpi). ASF virions (green), detected by an anti-
body against viral protein pE120R, are coincident with acetylated microtu-
bules (red). Bar, 10 �m. Total �-tubulin (Tub) and acetylated �-tubulin (Ac-
Tub) levels were assessed by immunoblotting with specific antibodies from
Vero cell extracts at a range of times during infection (B, left panel) and from
infected Vero cells at 30 min in the presence of increasing concentrations of
CdTB (B, right panel). (C) Similarly, acetylated tubulin levels were assessed
from cell extracts after incubation for 2 h with increasing concentrations of
GGTI-286 or NSC23766. In all cases, the band intensities were quantitated,
and the acetylated tubulin in mock-infected or untreated Vero cells was con-
sidered as 1-fold for comparison with infected or inhibitor treated cells. Each
bar represents the mean and SD corresponding to three independent experi-
ments. Values that are significantly different from each other are indicated
(���, P � 0.001; ��, P � 0.01).
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tical actin barrier regulation. However, and given that a high num-
ber of immature virus particles are accumulated at the cell surface
after CdTB treatment, we cannot rule out the possibility that ma-
ture ASFV particles were required for stimulating filopodia for-
mation, as reported for vaccinia virus-induced actin tails that re-
semble filopodia (reviewed in reference 56).

Our data with CdTB indicated that cellular signaling pathways
regulated by Rho GTPases are activated during early stages of
ASFV infection; however, its inactivation did not affect virus in-
fectivity. Moreover, virus internalization was not affected by
geranylgeranylation inhibition, thus demonstrating that Rho
GTPases are not essential for ASFV entry itself in Vero cells.

Among the most extensively characterized members of the Rho
GTPase family, we have demonstrated that Rac1 is activated dur-
ing the first 30 min of ASFV infection in Vero cells. Surprisingly,
Cdc42, which may act as an upstream activator of Rac1, was not
induced by ASFV infection, as deduced from pull-down and also
ELISA-based assays. A similar situation, Rac1 but not Cdc42 acti-
vation, was also recently described during hepatitis B virus infec-
tion (59). Rac1 regulates a wide variety of cellular functions (8)
and participates in the entry of the following viruses into the host
cell: vaccinia virus (44), dengue virus (65), herpes simplex virus 1
(33, 50), group B coxsackieviruses (13), and hepatitis B virus (59),
among others. Most of these viruses exploit macropinocytosis in
some way in order to gain access to the host cell by means of
membrane ruffling or blebbing, which requires Rac1 activation
(45). However, this entry strategy does not appear to be followed
by ASFV, which enters the host cell by dynamin- and clathrin-
dependent endocytosis (31), since specific Rac1 inhibition by
NSC23766 before virus addition did not affect virus internaliza-
tion, thus indicating the absence of deficiencies in ASFV endocy-
tosis.

Thus, Rac1 may participate in further steps of early infection,
such as intracellular transport to replication sites. Indeed, micro-
tubule network integrity during the initial stages of ASFV infec-
tion is critical for successful infection (3). Our results demonstrate
that ASFV infection promotes early microtubule hyperacetyla-
tion, a hallmark of the preferential stabilization of these structures.
This process may be regulated by Rho GTPases, since their inhibi-
tion prevented microtubule hyperacetylation. Adenovirus and
Kaposi’s sarcoma-associated herpesvirus also induce microtubule
hyperacetylation during early infection of human foreskin fibro-
blast (HFF) cells by a RhoA- and Rac1-dependent mechanism (48,
64). However, in A549 cells, microtubule hyperacetylation in-
duced by incoming adenovirus is mediated exclusively by a Rac1-
dependent mechanism (63), as we observed for ASFV. We deter-
mined that maximal Rac1 activity during early ASFV infection is
coincident with hyperacetylation of microtubules (around 30 min
postinfection), and tubulin acetylation levels were reduced after
inhibition of Rac1 signaling with increasing concentrations of spe-
cific inhibitor.

Moreover, our results showed that specific inhibition of Rac1-
mediated signaling with NSC23766 impaired virion perinuclear
localization but not viral entry itself. Similar results were obtained
with geranylgeranyl inhibitor which is concordant with a Rac1-
mediated signaling inhibition by GGTI-286, given that Rac1 un-
dergoes geranylgeranylation at its C terminus, and this posttrans-
lational modification has been previously associated with an
increase in Rac1 GTP binding and activation (46). However, we
did not find differences in Rac1 dominant-negative mutant trans-

fected cells affecting either the number of internalized virions or
their localization to perinuclear areas. A possible explanation is
that the inhibition of Rac1 in Vero cells was not complete in this
case and a minimal proportion of acetylated microtubules might
be sufficient to facilitate the start of ASFV infection.

Our data suggest that Rac1 modulates the intracellular trans-
port of ASFV by inducing microtubule acetylation. In this regard,
microtubules and associated molecular motors have been previ-
ously shown to be critical for ASFV trafficking from entry to rep-
lication and assembly sites (3), and these results open up the pos-
sibility that Rho GTPases could constitute an early target for
statins during ASFV infection, relevant for the development of
novel strategies to the eradication of African swine fever.
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