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Cellular RNA interference (RNAi) provides a natural response against viral infection, but some viruses have
evolved mechanisms to antagonize this form of antiviral immunity. To determine whether Ebolavirus (EBOV)
counters RNAi by encoding suppressors of RNA silencing (SRSs), we screened all EBOV proteins using an
RNAi assay initiated by exogenously delivered small interfering RNAs (siRNAs) against either an EBOV or a
reporter gene. In addition to viral protein 35 (VP35), we found that VP30 and VP40 independently act as SRSs.
Here, we present the molecular mechanisms of VP30 and VP35. VP30 interacts with Dicer independently of
siRNA and with one Dicer partner, TRBP, only in the presence of siRNA. VP35 directly interacts with Dicer
partners TRBP and PACT in an siRNA-independent fashion and in the absence of effects on interferon (IFN).
Taken together, our findings elucidate a new mechanism of RNAi suppression that extends beyond the role of
SRSs in double-stranded RNA (dsRNA) binding and IFN antagonism. The presence of three suppressors
highlights the relevance of host RNAi-dependent antiviral immunity in EBOV infection and illustrates the
importance of RNAi in shaping the evolution of RNA viruses.

RNA interference (RNAi) is a sequence-specific gene reg-
ulatory pathway widely conserved from plants to mammals (16,
47) that provides a natural cellular response to viral infection.
Since mammals have evolved complex protein-based adaptive
and innate immunity in response to infection, the existence of
a nucleic acid-based innate immunity such as RNAi was ini-
tially debated. To date, several studies have provided experi-
mental support to clarify the role of RNAi-based immunity in
mammals. The identification of proteins working as suppres-
sors of RNAi in animal virus (38) and of noncoding adenoviral
RNAs able to inhibit components of the RNAi machinery (64)
as well the presence of virus-derived small RNAs (3, 11, 48)
and the observation that engineered RNAi can successfully
restrict viral infection in mammalian cells (4, 17, 18, 28, 31)
support a role for RNAi as an innate antiviral mechanism (3,
11, 38, 48).

The first mechanistic step of the RNAi pathway involves
Dicer, an RNase III-type enzyme that processes double-
stranded RNAs (dsRNAs) into small interfering RNAs (siR-
NAs) of 19 to 21 nucleotides (nt) in length, with 2-base 3�
overhangs (12, 16, 41, 47). The RNA-induced silencing com-
plex (RISC) unwinds duplex siRNAs and selectively incorpo-
rates one strand of the pair, known as the guide strand. In the
active RISC, the guide strand identifies the target RNA tran-
script (mRNA) with perfect sequence complementarity. The
endonuclease Argonaute2 (Ago2) then cleaves and disrupts
the targeted transcript (41). The active RISC includes Dicer,
Ago2, TRBP, and PACT. TRBP and PACT are two dsRNA-

binding proteins (dsRBPs) that function as partners for Dicer
(29), forming a complex with Dicer and Ago2 to achieve
siRNA-mediated cleavage of mRNA and facilitate microRNA
(miRNA) biogenesis (6, 19, 20, 33). TRBP and PACT also
bind the dsRNA-dependent protein kinase R (PKR), which
phosphorylates the � translation factor eIF-2, thereby inhibit-
ing protein synthesis and activating the interferon (IFN) re-
sponse to dsRNA (46). TRBP inhibits PKR, while PACT pos-
itively regulates PKR. Therefore, RNAi- and PKR-mediated
pathways may overlap each other by sharing either the com-
mon trigger (dsRNA) or effectors of dsRNA surveillance.

In response to host RNAi-dependent immunity, viruses have
evolved several countermeasures (reviewed in references 20
and 68). Both plant and animal viruses encode protein sup-
pressors of RNA silencing (SRSs) (65). Examples of mam-
malian SRSs are the human immunodeficiency virus type 1 Tat
factor (3, 40) and the dsRBP/IFN antagonists influenza A virus
NS1 and vaccinia virus E3L (40). While SRSs are relatively
well characterized in plant and insect models, the function of
mammalian RNAi inhibitors is the subject of debate (9, 61)
and the underlying molecular mechanism of dsRBP/IFN RNAi
inhibitors remains poorly understood (21, 40). Haasnoot et al.
(21) postulated that Ebolavirus (EBOV) VP35 functions as an
SRS based on two known properties, dsRNA binding and IFN
antagonism, since dsRNA binding-defective mutants abolish
short hairpin RNA (shRNA) RNAi suppression (21). How-
ever, the molecular mechanism by which EBOV VP35 inter-
acts with the RNAi pathway has not yet been elucidated.

EBOV (family Filoviridae, order Mononegavirales) is a non-
segmented negative-strand (NNS) RNA virus. The RNA neg-
ative-strand genome is associated with the nucleocapsid pro-
teins NP, VP30, VP35, and L, an RNA-dependent RNA
polymerase (RdRp), to form the ribonucleoprotein (RNP)
complex, which participates in viral replication and transcrip-
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tion (14). As is the case with other NNS viruses, EBOV rep-
lication and transcription take place in the cytoplasm. Based
on the vesicular stomatitis virus as a model for NNS viruses
(63), following viral entry into the cytosol, the RNP complex-
associated genome is uncoated and exposed to RdRp to be
immediately transcribed into a short, uncapped, positive-
stranded RNA leader and seven-capped and polyadenylated
mRNAs, which encode the viral proteins necessary for repli-
cation (63). To maximize viral replication and transmission in
the infected host, EBOV has evolved mechanisms that effec-
tively subvert the host immune system. EBOV evades the cy-
tosolic pathways that discriminate self-RNA (capped) from
non-self-RNA (uncapped) by having capped and polyadenyl-
ated mRNAs. Once in the cytosol, however, EBOV can be
recognized by host pattern recognition receptors (PRRs), such
as the retinoic acid-inducible gene I (RIG-I), which is known to
sense 5� triphosphate (5�ppp) single-stranded RNA (ssRNA)
(22, 26) as well as 5�ppp-bearing short dsRNA (52).

EBOV may also subvert dsRNA recognition pathways by
limiting dsRNA formation through coating the RNAs with
nucleocapsid proteins, which prevent the positive- and nega-
tive-stranded RNAs from annealing (1). However, a panhan-
dle-like dsRNA structure is predicted to form due to a high
degree of complementarity of the 3� and 5� ends of the EBOV
genome (62). In the case of rabies virus, short dsRNA pan-
handles bearing 5�ppp activate RIG-I (52) and form a complex
with the receptor (53).

In this study, we designed siRNAs that successfully silenced
transiently expressed EBOV genes. However, these siRNAs
did not show complete silencing of EBOV genes during active
viral replication. This led us to hypothesize that the virus ac-
tively resists cellular RNAi during replication. To identify how
EBOV inhibits RNAi, we used a reporter-based RNAi assay to
screen the effects of all viral products and found three EBOV
proteins, VP30, VP35, and VP40, that function independently
as SRSs. Of these proteins, two are components of the viral
RNP complex. Additionally, we found that VP30 and VP35
associate with the RNAi machinery, whereas VP40 does not,
suggesting an independent mechanism for this protein. Here,
we present the molecular mechanisms of VP30 and VP35. Our
findings elucidate a novel mechanism used by EBOV to ac-
tively evade host responses that block EBOV pathogenicity.

MATERIALS AND METHODS

Virus. The EBOV Zaire species (Mayinga isolate, GenBank accession no.
AY354458) was used to infect Vero cells at a multiplicity of infection (MOI) of
0.2. Infection experiments were performed under biosafety level 4 (BSL4) con-
tainment fully accredited by the American Biological Safety Association.

Plasmids. Plasmids encoding green fluorescent protein (pGFP) and those
encoding the EBOV proteins NP, GP, VP30, VP35, and VP40 are derived from
plasmid VR1012 (24, 57); pVP30, pVP35, and pVP40 were also constructed with
a C-terminal FLAG epitope (DYKDDDDK) by site-directed PCR mutagenesis
using a QuikChangeXL site-directed mutagenesis kit (Stratagene, La Jolla, CA).
pVP35 and pVP30 were engineered with a C-terminal six-histidine (6�His) tag
by site-directed mutagenesis. All mutants of VP35 and VP30 were generated by
using the correspondent His-tagged wild-type plasmid. Primers were designed to
introduce the site-directed mutations K309A and R132A for VP35 and R40A for
VP30 according to the literature (21, 27). The constructs pVP30 C1 (configura-
tion 1), carrying the mutations D158A, T161A, E163A, D164A, and S165A,
pVP30 C2 (configuration 2), having D202A and E205A, and pVP30 C3 (config-
uration 3), with H215A and S216A, have been generated by site-directed mu-
tagenesis. The mutations were confirmed by DNA sequencing, and protein
expression was confirmed by Western blot analysis. Deletion mutant VP30�1-40

(with the region encompassing residues 1 to 40 deleted) was generated by
standard PCR- and cloning-based methods. pCMVLacZ and FLAG-pCMV lu-
ciferase, encoding �-galactosidase (�-Gal) and luciferase enzymes, respectively,
were from Stratagene. The plasmid encoding FLAG-Ago2 (plasmid 10822) was
from Addgene (45), and those encoding the FLAG-Dicer, FLAG-PACT, and
FLAG-TRBP proteins were provided by Narry K. Kim, Institute of Molecular
Biology and Genetics, Seoul National University, Seoul, South Korea.

siRNAs. siRNAs were chemically synthesized by Dharmacon (ThermoFisher,
Lafayette, CO). The sequences of the siRNAs designed in this study, reported as
sense strand and with respect to the viral mRNA, are as follows: for the siRNA
targeting NP (siNP), 5�-GGCAAAUUCAAGUACAUGCdTdT-3� (NP mRNA,
520 to 539 nt); for siNP5, 5�-GCAUGGAGAGUAUGCUCCUdTdT-3� (NP
mRNA, 866 to 885 nt); for siGP4, 5�-ACCUGACGGGAGUGAGUGUdTdT-3�
(GP mRNA, 344 to 363 nt); for siGP5, 5�-AGAGGGUGCUUUCUUCCUGd
TdT-3� (GP mRNA, 464 to 483 nt); and for siGFP, 5�-GGCUACGUCCAGG
AGCGCACCdTdT-3� (GFP mRNA, 274 to 294 nt). The ON-TARGETplus
nontargeting siRNA #1 (D-001810-01) and the siGLO Red transfection indica-
tor (D-001630-02) were from Dharmacon.

Cell culture and transfections. Human embryonic kidney HEK293 and Afri-
can green monkey kidney Vero E6 cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and cultured as per ATCC instruc-
tions without antibiotics. Cells were plated at a density of 0.5 � 106 cells/well in
a 6-well plate.

Cotransfection of plasmid and siRNAs was carried out with Lipofectamine
2000 (11668-019; Invitrogen) as described by the manufacturer, and cells were
incubated for 72 h posttransfection. siRNA transfection into Vero cells was
carried out using Oligofectamine (12252-011; Invitrogen). siRNA duplex (300
pmol/well) was transfected, and after 4 h, cells were infected with EBOV Zaire
at an MOI of 0.2 for 1 h. siRNA-EBOV-infected Vero cells were washed and
incubated for 48 h posttransfection. Viral replication was tested by plaque assay.
Transfections were performed in triplicate.

Reporter-based RNAi assay. The RNAi assay for SRS screening was per-
formed in HEK293 cells by cotransfecting 0.025 �g pGFP alone, 0.025 �g pGFP
together with 25 pmol of the nontargeting siRNA, 0.025 �g pGFP with 25 pmol
of siGFP alone, or 0.025 �g pGFP together with 25 pmol of siGFP and 2 �g of
each plasmid encoding the viral proteins. pCMVLacZ (0.05 �g) and siGLO Red
(60 pmol) were added to the cotransfection mixture and used as plasmid DNA
(pDNA) and siRNA transfection delivery controls, respectively. The GFP-based
RNAi assay was modified to test a target other than GFP and used 0.010 �g of
pGP and 5 pmol of siGP4. For fluorescence measurements, GFP or Cy3 fluo-
rescence was measured using a SpectraMaxM2e reader (Molecular Devices Inc.,
Sunnyvale, CA).

Western blotting. Transfected cells were harvested and resuspended in a
Nonidet P-40-containing lysis buffer supplemented with protease inhibitor cock-
tail (11836153001; Roche Diagnostics, Mannheim, Germany). The total protein
content was measured with Quick Start Bradford protein assay reagent (Bio-
Rad, Hercules, CA), and samples were subjected to SDS-PAGE analysis fol-
lowed by Western blotting.

Primary antibodies were monoclonal mouse anti-GFP from Covance (Prince-
ton, NJ), monoclonal mouse anti-�-actin from Santa Cruz Biotechnology (Santa
Cruz, CA), rabbit anti-�-galactosidase from Invitrogen, monoclonal mouse anti-
FLAG M2 from Sigma (F3165; St. Louis, MO), monoclonal mouse anti-His from
Qiagen (34660; Valencia, CA), monoclonal mouse anti-NP-9B8 from B. Haynes
(Department of Immunology, Duke University, Durham, NC), and anti-GP-
12B5 from M. K. Hart (Virology Division, U.S. Army Medical Research Institute
of Infectious Diseases, Fort Detrick, Frederick, MD). Secondary antibodies were
peroxidase-conjugated anti-mouse (sc-2053; Santa Cruz) and anti-rabbit (sc-
2054; Santa Cruz). Bound antibodies were visualized by an enhanced chemilu-
minescence system (ECL Plus) according to the manufacturer’s instructions (GE
Healthcare, Amersham Biosciences, Pittsburgh, PA).

Type I interferon (IFN-�/�) ELISA. Samples from siRNA-transfected
HEK293 cells were collected at 8, 24, and 48 h and used to measure human
IFN-�/� by enzyme-linked immunosorbent assay (ELISA) according to the man-
ufacturer’s instructions (PBL Interferon Source, Piscataway, NJ). Poly(I � C)
(P9582; Sigma) and poly(dA-dT) (Invivogen, San Diego, CA) were used as
positive controls.

Gel band visualization and quantification. Immunoblot bands were acquired
using an Epson Perfection 4870 Photo instrument (Epson, Long Beach, CA), and
selected bands were quantified based on their relative intensities using ImageJ
densitometry software (version 1.6; National Institutes of Health, Bethesda, MD).

Statistical analysis of Western blotting data. Densitometry values of the
samples were evaluated for statistical significance. One-way analysis of variance
(ANOVA) with Student-Newman-Keuls t test was performed with GraphPad
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Prism software (version 5.02; GraphPad Software Inc., San Diego, CA). A P
value of �0.05 was considered statistically significant.

Immunoprecipitation. To detect the interactions between EBOV SRSs and
RNAi components, immunoprecipitations were carried out by incubating 3,500
�g of total cell lysates with 4 �g of antibodies to Dicer (polyclonal rabbit H-212
[sc-30226; Santa Cruz]), PACT (monoclonal mouse 2830c1a [sc-81569; Santa
Cruz]), and TRBP (polyclonal rabbit [Ab42018; Abcam, Cambridge, MA]). An-
tibodies directed to the FLAG or the His tag were used in the coimmunopre-
cipitation experiments. Antibody-containing sample was mixed with 65 �l of
Dynabeads G protein (100.04D; Invitrogen), and immunoprecipitations were
carried out in accordance with the manufacturer’s recommendations. Samples
were subjected to SDS-PAGE followed by Western blotting with the anti-FLAG
antibody and the specific antibody for detection of endogenous gene expression.
For detection of TRBP, a mouse monoclonal TRBP antibody was used (S-11
[sc-100909; Santa Cruz]).

Protein-protein docking. The crystal structures of the C-terminal domain
dimer of EBOV VP30 (Protein Data Bank identification no. [PDB ID] 2I8B) and
the RNase IIIb domain dimer of human Dicer (PDB ID 2EB1) were obtained
from the Protein Data Bank (30). Both structures were submitted to the Patch-
dock and GRAMMX protein-protein docking servers without including Mg ions
for rigid, blind docking (54, 59). From each program, the top 10 docking solu-
tions were returned based on lowest energy. All solutions were clustered based
on a 5-Å root mean square (RMS) deviation between C� atoms. Representative
structures from all clusters were obtained.

Bioinformatic analysis of ����� topology for EBOV SRSs. The EBOV VP30,
VP35, and VP40 sequences (GenBank accession no. AY345548) were used to
predict the presence of a dsRNA binding domain (dsRBD) with the classic
����� topology. The RNase III dsRBD from Thermotoga maritima (Uniprot
accession no. Q9X0I6), containing the ����� architecture, was used as a posi-
tive control.

Secondary-structure predictions of VP30, VP35, and VP40 were performed
with the meta-server at NPS (Network Protein Sequence Analysis) (8), JPred3
(7), PSIPRED PORTER (49), and PROFsec (51).

RESULTS

RNA silencing of EBOV genes expressed as cDNA-driven or
viral transcripts. To evaluate RNAi targeting of EBOV genes,
we designed several siRNAs complementary to different viral
genes. Before testing our siRNAs in the context of active
infection, we first verified the potency of candidate siRNAs
against EBOV cDNA sequences expressed in cultured cells.
We coexpressed the nucleoprotein (NP) or the glycoprotein
(GP) in human kidney cells, HEK293, alone or together with a
nontargeting control siRNA or with siRNAs specifically tar-
geting each viral mRNA. A nontargeting siRNA did not alter
expression of either GP or NP EBOV genes (Fig. 1A). In
contrast, siNP2 and siNP5, as well as siGP4 and siGP5, com-
pletely silenced NP and GP gene expression, respectively, com-
pared to the nontargeting siRNA control.

To rule out that the observed silencing involved a factor
unique to this particular cell line, we repeated the experiment
in monkey Vero cells. As observed in HEK293 cells, siNP and
siGP treatment completely silenced transient EBOV gene ex-
pression in monkey Vero cells (Fig. 1B). Together, these re-
sults demonstrate that exogenously delivered siRNAs success-
fully knock down in vitro EBOV gene expression in two
independent cell lines with equivalent efficacies.

To test siRNA-mediated RNA silencing during viral repli-
cation, we transiently transfected Vero cells with GP- or NP-
specific siRNAs under the same conditions used to assess
siRNA effects on cDNA products and, after 4 h, infected the
cells with EBOV at a multiplicity of infection (MOI) of 0.2.
Since assays for the measurement of viral protein are not
routinely performed in biosafety level 4 (BSL4) containment,
where this experiment was conducted, we instead evaluated

viral load by plaque assay to assess the efficiency of siRNA
silencing. Unlike the results showing efficient silencing of tran-
siently expressed cDNA, transfection of siNPs and siGPs re-
duced virus replication in siRNA-treated cells only modestly
(Fig. 1C). EBOV infection of Vero cells was reduced by a
maximum of about 60% after siRNA treatment, regardless of
the targeted gene. To our surprise, the suppression of viral
replication in EBOV-infected cells by siRNAs was less effec-
tive than we had expected given our observations of their effect
on individual EBOV genes expressed by transfection. Several
mechanisms could explain the lack of inhibition of EBOV by
RNAi seen in Fig. 1C. Among these, we considered potential
limitations offered by the mode of siRNA delivery. However,
we reasoned that EBOV biology could provide alternative
explanations and speculated that EBOV has evolved one or
more mechanisms to circumvent the cellular RNAi response.
EBOV could escape RNAi through mutations of regions tar-
geted by siRNAs, or viral RNA regions could be highly struc-
tured and therefore inaccessible to the RNAi machinery. The
fact that EBOV replicates rapidly could also affect timely and
efficient RNAi. Lastly, since many pathogen-encoded proteins
interact directly with host cell antiviral responses, we chose to
pursue the hypothesis that EBOV proteins functionally inter-
sect the RNAi pathway.

EBOV proteins suppress siRNA-mediated RNAi. Upon en-
try into the cell, EBOV delivers its RNA genome wrapped
within an RNP complex (NP, VP30, VP35, and L). Therefore,
it is possible that the virus uses any member of the RNP
complex to suppress RNAi during early stages of infection. To
test this hypothesis, we employed a GFP reporter-based RNAi
assay in HEK293 cells in which we cotransfected a plasmid
carrying one of the viral genes together with 0.025 �g of the
reporter plasmid pGFP and 25 pmol of the siRNA targeting
GFP (siGFP) and then measured the level of GFP after 72 h.
Any viral protein that reverted silencing of the reporter gene
was considered a suppressor of RNAi. Because the reversion
of silencing was achieved by simultaneous transfection of
plasmids and siGFP, we verified that the plasmid DNA and
siRNAs were efficiently delivered by using a plasmid express-
ing �-galactosidase (�-Gal) as a transfection control to nor-
malize GFP expression (data not shown) and a second, non-
targeting Cy3-labeled RISC-free siRNA to assess the efficiency
and stability of siRNA delivery by assessment of Cy3 fluores-
cence (data not shown). Expression of different EBOV gene
products in the GFP reporter-based RNAi assay revealed
three SRSs (Fig. 2A). In the presence of siGFP, GFP expres-
sion was reduced by nearly 80% compared to GFP expression
levels in the presence of a nontargeting siRNA. Two compo-
nents of the viral RNP complex, VP30 and VP35, decreased
siGFP-mediated silencing 2.5-fold when coexpressed individu-
ally with pGFP and siGFP. In contrast to VP30 and VP35,
another member of the RNP complex, NP, did not reverse
silencing. During the screening, we found serendipitously that
VP40 also functioned as an SRS. Coexpression of VP40 to-
gether with the reporter plasmid and siGFP reverted silencing
to the same degree as VP30 or VP35 (Fig. 2B). GP and VP24
(not members of the RNP complex) did not reverse GFP
silencing (data not shown).

Since synthetic siRNAs have the potential under certain
conditions to induce IFNs (50) and, moreover, since one of the
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EBOV SRSs, VP35, is an IFN antagonist, we asked whether
the siRNAs used in the reporter RNAi assay were able to
induce type I IFNs and, consequently, potentially affect the
reversion of silencing. We measured the levels of IFN-� or -�
in HEK293 cells under silencing conditions and compared
these values to those in cells treated with poly(I � C) and
poly(dA-dT). Despite the fact that IFNs are induced by trans-
fected poly(I � C) and poly(dA-dT), we did not observe IFN-
�/� induction by siRNA treatment (Fig. 2C). In conclusion,
EBOV proteins reverted siRNA RNAi independently of IFN
activation in nonimmune cells.

We next examined whether the EBOV proteins mediate
RNAi suppression in a dose-dependent manner (Fig. 2D). We
transfected 0.5, 1.0, and 2.0 �g of plasmid DNA encoding each
viral protein (VP30, VP35, VP40, and NP) with constant

amounts of the GFP reporter plasmid and siGFP. The NP
protein control did not affect GFP silencing at any dose. As the
ratio of plasmid DNA to siGFP increased, we observed in-
creasing levels of GFP expression correlating with increasing
levels of VP30, VP35, and VP40 gene expression, which indi-
cates that EBOV protein-mediated suppression of GFP silenc-
ing was dose dependent (Fig. 2D).

To demonstrate reversion of silencing with a relevant viral
gene, we modified the RNAi reporter assay by replacing GFP
with EBOV GP, which was previously observed to be com-
pletely silenced when transiently expressed in HEK293 cells
together with a GP-specific siRNA (Fig. 1). VP30, VP35,
VP40, or NP was cotransfected with GP by the same methods
used in the GFP assay, and three viral proteins were able to
reverse GP silencing, whereas NP again had no effect (Fig. 2E).

FIG. 1. siRNA-RNAi knockdown of EBOV genes. (A and B) HEK293 and Vero cells were transfected with plasmids encoding EBOV
nucleoprotein (pNP) or glycoprotein (pGP) alone, together with the nontargeting siRNA, or with siRNAs targeting the viral mRNAs. Cell extracts
were analyzed by SDS-PAGE, proteins were detected by Western blotting with antibody to either NP or GP, and expression levels were normalized
against �-actin expression. The experiments were performed in triplicate. (C) Vero cells were transfected with siNPs or siGPs and, after 4 h,
infected with EBOV at an MOI of 0.2. Results are presented as percentages of EBOV-infected cells in the presence of nontargeting siRNA. Values
are averages � standard deviations (SD) from at least two independent experiments.
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FIG. 2. Three EBOV products suppress siRNA-mediated RNA silencing. (A) Mammalian RNAi-based GFP reporter assay to screen EBOV
proteins working as SRSs. pGFP was transfected into HEK293 cells alone, with the nontargeting siRNA, or with siGFP; plasmids encoding EBOV
proteins were cotransfected with pGFP and siGFP. pVR1012 empty vector was transfected into HEK293 cells as a control. Plasmids pVP30,
pVP35, and pVP40 with a C-terminal FLAG epitope are indicated by -F. pCMVLacZ and siGLO were cotransfected in each transfection mixture
as controls for pDNA efficiency and for siRNA delivery and stability, respectively. Total cell lysates were subjected to SDS-PAGE followed by
Western blotting with antibodies to GFP, NP, FLAG, �-actin, and �-Gal. A representative experiment of six is shown. Each sample was run in
triplicate. (B) GFP expression quantified by densitometric analysis (ImageJ program) and normalized to �-Gal expression. Results represent the
means � SD from six independent experiments. Samples were analyzed with multiple-comparison repeated-measures one-way ANOVA with
Student-Newman-Keuls t test (GraphPad Prism) to compute P values. Transfected �-Gal was used to normalize GFP expression; �-actin was used
as a loading control. (C) siRNA treatment inhibits GFP expression without inducing a type I IFN (IFN-�/�) response. HEK293 cells were
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Among the three viral proteins, VP35 and VP30 decreased
siGP-mediated silencing at levels comparable to their effect on
GFP reversion. The decrease in silencing by VP35 was 3.5-fold,
whereas for VP30 and VP40 it was 2.5-fold. Taken together, these
results confirmed that VP30, VP35, and VP40 all suppress
siRNA-mediated RNAi independently of the target transcript.

We performed an additional experiment to confirm that
suppression of RNAi was responsible for increased gene prod-
uct expression, since several mechanisms could influence the
translation of gene products. Trans-activating viral protein do-
mains can mediate translational enhancement of host genes,
and the multifunctional EBOV VP35 has been described to
work as a translational enhancer (55). Therefore, we asked
whether EBOV VP30, VP35, and VP40 act as translational
enhancers of GFP expression and therefore account for the
reversion of RNAi observed in our experimental conditions.
To address this question, we coexpressed GFP in the absence
of siGFP with these viral proteins together with a second re-
porter gene, such as �-Gal, used to control the efficiency of
DNA transfection. If a protein works globally as a translational
enhancer, it should enhance both reporter genes. EBOV NP
protein was used as a control. We did not observe a significant
increase in the level of GFP/�-Gal expression for EBOV SRSs
VP30 and VP40 (Fig. 2F). However, cells expressing EBOV
VP35 showed a marginal enhancement of GFP expression
(20%) and some enhancement of the transfection control,
pCMVLacZ, after normalization of GFP and �-Gal to actin
(Fig. 2F). In light of this observation, we performed additional
control experiments in the absence or presence of siGFP (n 	
12) to understand whether or not the ability of VP35 to en-
hance gene reporter activity masked RNAi effects (data not
shown). While there was a modest VP35-mediated enhance-
ment of GFP (50%) in the absence of siGFP, this effect was not
observed consistently, and the difference compared to the con-
trol result was not significant (P 
 0.05). Moreover, the degree
of enhancement was markedly lower than that observed for the
VP35 effect on siRNA treatment (250%) (P � 0.0001). Over-
all, we concluded that while translational enhancement by
VP35 could contribute to the increased expression of GFP, it
does not account for the SRS function observed herein.

EBOV VP30 and VP35 have unique molecular interactions
of RNAi suppression. To investigate how EBOV SRSs interact
with RNAi, pilot experiments were performed to test interac-
tions of viral proteins with siRNA using a streptavidin-biotin
pulldown assay. The results indicated that VP30 and VP35

interact with siRNA-protein complexes but that VP40 did not
(data not shown). Given the broad binding ability of the VP35
dsRBD, which has high affinity to either blunted or 5� overhang
dsRNAs (36), some degree of precipitation was observed using
streptavidin in the presence of nonbiotinylated siRNA. Due to
this limitation of the pulldown assay, we focused our investi-
gation on the mechanism(s) employed by VP30 and VP35 for
suppression of RNAi by direct immunoprecipitation of the
viral proteins and components of RNAi.

We asked whether VP30 and VP35 interact with compo-
nents of RNAi via protein-protein interaction or via an siRNA
bridge. To distinguish between the two possible mechanisms,
we coexpressed FLAG-tagged EBOV VP30 and VP35 in the
presence or absence of pGFP and siGFP in HEK293 cells.
Cellular extracts were subjected to immunoprecipitation with
antibodies against Dicer, PACT, or TRBP and assayed for the
presence of the viral FLAG-tagged proteins by Western blot-
ting using an anti-FLAG antibody. The input amounts of each
protein were comparable although slightly higher for VP35
than the other proteins (Fig. 3D). The results in Fig. 3A show
that VP30 interacted with Dicer in either the presence or the
absence of siRNA. However, less VP30 is coprecipitated with
Dicer in the absence of siRNA than in the presence of siRNA.
In contrast, VP30 interacted with TRBP only in the presence
of siRNA (Fig. 3B). VP30 was not observed to associate with
PACT, the other Dicer partner (Fig. 3C). Our immunoprecipi-
tation method cannot resolve whether VP30 association with
the RISC is via direct interaction with Dicer and TRBP or with
siRNA, only that there is an association with the complex.
Since VP30 associates with Dicer in the absence of siRNA, the
association likely occurs through protein-protein interaction,
and it suggests that the viral protein contacts (i) Dicer before
it enters the siRNA pathway, (ii) Dicer-bound siRNA, or (iii)
the pre-RISC loading complex. We observed that endogenous
Dicer coprecipitated a lower level of VP30 in the absence of
siRNA than with siRNA. This suggests that VP30 could form
a complex that requires the participation of siRNA, such as the
RISC. TRBP, Dicer, and Ago2 form the minimum human
RISC loading complex in vitro (19). TRBP is required to re-
cruit the Dicer-bound duplex siRNA to the Ago2-containing
complex. The fact that the VP30 interaction seen with TRBP
occurs in the presence of siRNA suggests that the viral protein
is in a complex with Dicer and TRBP, which recruits Dicer-
bound duplex siRNA to the Ago2-containing RISC. PACT,
along with TRBP, Ago2, and Dicer, instead is in a 500-kDa

transfected with pGFP in the absence of siRNA, with nontargeting siRNA, with siGFP alone, or together with plasmids encoding viral proteins.
Levels of IFN-�/� produced from HEK293 cells were measured by ELISA. Poly(I � C) and poly(dA-dT) were transfected with Lipofectamine into
HEK293 cells and used as positive controls. One representative measurement of three is shown. (D) Reversion of GFP silencing is dose dependent.
HEK293 cells were transiently transfected with pGFP alone or along with the nontargeting siRNA, with the siGFP, or with increasing amounts
of each plasmid encoding the viral proteins (gray triangle). Total cell lysates were subjected to SDS-PAGE followed by Western blotting. EBOV
VP30, VP35, and VP40 expression was detected with the anti-FLAG antibody, and NP expression was detected with a monoclonal antibody against
NP. (E) EBOV RNAi suppressors block viral siRNA-mediated silencing. The plasmid pGP was transfected into HEK293 cells alone, with the
nontargeting siRNA, with siGP4 targeting the GP mRNA alone, or with pVP30, pVP35, pVP40, or pNP. pVR1012 empty vector was transfected
as a control. GP expression was measured by Western blotting using a GP antibody and normalized to �-Gal expression. �-Actin was used as a
loading control. (F) EBOV proteins coexpressed with GFP in the absence of siRNA do not enhance reporter gene expression. pGFP and pLac,
a second plasmid carrying a reporter gene used as a transfection control, were cotransfected into HEK293 cells alone or together with plasmids
encoding EBOV proteins. pVR1012 empty vector was transfected into HEK293 cells as a control. Total cell lysates were subjected to SDS-PAGE
followed by Western blotting with antibodies to GFP, �-actin, and �-Gal. GFP and �-Gal expression was normalized to endogenous �-actin
expression (loading control). One experiment of two is shown (sample in triplicate).
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complex with target cleavage activity (33). The fact that VP30
does not associate with PACT suggests that VP30 may sup-
press RNAi before the active RISC.

The results in Fig. 3A to C show that VP35 associates with
Dicer, TRBP, and PACT in the absence or presence of siRNA.
However, as observed for VP30, less VP35 was coprecipitated
with Dicer when siRNA was absent. These results indicate that
VP35 contacts RNAi components through protein-protein in-
teractions, suggesting that its SRS function does not absolutely
require siRNA binding. Our immunoprecipitation data ex-
cluded the possibility that VP35 physically interfered with the
TRBP-PACT complex, since if this were the case, the pulldown

assay would have shown VP35 in a complex with only TRBP-
Dicer or PACT-Dicer.

To determine whether VP35 interacts directly with Dicer,
which in turn associates with the TRBP-PACT complex, or
alternatively binds to TRBP and PACT, we transfected
HEK293 cells with histidine (His)-tagged VP35 (pVP35-H)
alone or together with each FLAG-tagged RNAi component
(pDicer-F, pTRBP-F, and pPACT-F). Cellular extracts were
immunoprecipitated with an antibody directed to the FLAG
tag and analyzed by Western blotting with an antibody directed
to the His epitope to detect the presence of viral protein VP35.
As shown in Fig. 4A, TRBP and PACT coimmunoprecipitated
with VP35. This result indicates that VP35 interacts with Dicer
partners TRBP and PACT but not with Dicer.

To understand whether or not the dsRNA binding activity
and IFN antagonist function mediated the suppressive role of
VP35, we tested two mutants of VP35 (K309A and R312A
mutants) previously shown to reduce dsRNA binding and
shRNA-RNAi suppression (21). HEK293 cells were trans-
fected with the pVP35(K309A)- or pVP35(R312A)-His mu-
tant alone or together with each FLAG-tagged RNAi compo-
nent (pDicer-F, pTRBP-F, and pPACT-F). Cellular extracts
were immunoprecipitated with an antibody directed to the
FLAG tag, followed by Western blot probing with an anti-His
antibody to detect the presence of the mutant proteins (Fig.
4B). Like the wild-type protein, the K309A and R312A mu-
tants interacted with the RNAi components TRBP and PACT,
suggesting that these residues are not required to mediate such
interactions with RNAi machinery (Fig. 4B) and that the
dsRBD/IFN functions are not involved in the SRS function of
VP35. However, they do not exclude the possibility that endoge-
nous small RNAs, such as host cellular miRNAs, or the cis-
natural antisense transcript (NAT) can mediate the interactions
seen (11, 48). Overall, our data show that EBOV VP30 and VP35
have distinct molecular interactions with the RNAi pathway.

The RBD of VP30 is not required for RNAi suppression.
EBOV VP30 has an N terminus disordered region containing a
short region of basic residues (residues 26 to 32, RARSSSR) and
a zinc finger motif preceded by arginine residues that has sug-
gested a potential RNA binding activity. By generating N-termi-
nal deletions of VP30 and point mutants, it has been shown that
residues 27 to 40 are required for RNA binding (27). To under-
stand whether the RNA-binding domain of VP30 plays a role in
the ability of the viral protein to suppress RNAi, we have gener-
ated two mutants previously described (27). The first mutant has
the region encompassing residues 1 to 40 deleted (VP30�1-40)
and has no detectable RNA binding activity; the second mutant
carries a point mutation (R40A) and has a 4-fold-reduced RNA
binding activity.

We employed the RNAi reporter assay described above
by transfecting His-tagged wild-type VP30 as well as the
pVP30(�1-40)-H and pVP30(R40A)-H mutants. Both mutants
decreased siGFP-mediated silencing when coexpressed indi-
vidually with pGFP and siGFP at levels comparable with that
of the wild type (3.0-fold). This result suggests that the RNA
binding activity of VP30 does not participate in the RNAi
suppression of VP30 (Fig. 5A).

Residues at the C terminus of VP30 do not mediate VP30
RNAi suppression. Our data revealed that VP30 is in a com-
plex with Dicer and one Dicer partner, TRBP, suggesting that

FIG. 3. Interactions of EBOV VP30 and VP35 with Dicer, TRBP,
and PACT. FLAG-tagged VP30 and VP35 were coexpressed in
HEK293 cells in the presence of pGFP together with siGFP or in the
absence of pGFP and siGFP. An untransfected sample and empty
vector (pVR1012) were used as negative controls. Immunoprecipitates
were analyzed by SDS-PAGE followed by Western blotting using an
anti-FLAG antibody (�-FLAG). Immunoprecipitation (IP) was car-
ried out with anti-Dicer (A), anti-TRBP (B), and anti-PACT (C) an-
tibodies. pluc-F was used as a negative control. Endogenous levels of
Dicer, TRBP, and PACT were detected by probing with antibodies to
Dicer, TRBP, and PACT. Input lanes contain 10% of the total cell
lysates (D). This experiment was performed three times.
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the protein interacts directly or indirectly with Dicer or TRBP,
while TRBP passes the duplex siRNA to the RISC. VP30 could
act at the level of RISC loading, at the step in which Dicer and
TRBP contact the different ends of siRNA (44). The RNase
IIIb domain of Dicer is able to interact with Ago2 (58) or with
other RNAi components (Ago2-PACT). We hypothesize that
an interaction with RNase IIIb might explain how VP30 limits
the interaction between Dicer and PACT. This hypothesis was
also suggested with a molecular model generated by perform-
ing a blind, rigid-body protein-protein docking between the
crystal structure of the EBOV VP30 C-terminal domain dimer

and the RNase IIIb domain dimer of human Dicer. Docking
solutions favored placing VP30 within the RNA-binding
groove of the RNase IIIb domains of Dicer. Among the cluster
of solutions corresponding to the lowest energy configurations,
three representative configurations were considered (data not
shown). In one configuration, VP30 residues within contact
distance of an Mg ion are D158, T161, E163, D164, and S165.
In an alternative configuration, residues D202 and E205 of a
VP30 C terminus monomer are present at a single Mg binding
site. In a third configuration, amino acids H215 and S216 are
near a single Mg binding site.

FIG. 4. EBOV VP35 interacts with TRBP and PACT: model for VP35. VP35 interacts with the Dicer/PKR partners TRBP and PACT but not
with Dicer. (A) HEK293 cells were transfected with His-tagged pVP35 (pVP35-H) alone or with pDicer-F, pTRBP-F, or pPACT-F. Total cellular
extracts were immunoprecipitated with anti-FLAG. Dicer, TRBP, and PACT immunoprecipitates were analyzed by SDS-PAGE followed by
Western blotting using an anti-His antibody (�-FLAG IP). pluc-F was used as a negative control. Input lanes contain 10% of the total cell lysates
and were detected with anti-His (Input). This experiment was performed three times. (B) Binding of dsRBD/IFN VP35 K309A and R312A mutants
to TRBP/PACT. HEK293 cells were transfected with pVP35(K309A)- or pVP35(R312A)-His alone or with pDicer-F, pTRBP-F, or pPACT-F.
Total cellular extracts were immunoprecipitated with anti-FLAG. Coimmunoprecipitation of VP35 mutants was detected using anti-His antibody
(�-FLAG IP). pluc-F was used as a negative control. Input lanes contain 10% of the total cell lysates and were detected with anti-His (Input).
(C) Molecular mechanism of VP35. By binding to Dicer/PKR partners, VP35 affects both RNAi and PKR pathways that require both TRBP and
PACT. Domains of PACT and TRBP are shown as domains A, B, and C. TRBP-PACT heterodimer, domains A and B; Dicer (or PKR) binding,
domain C. PACT, cyan oval; TRBP, yellow oval; Dicer, green oval; PKR, red triangle.
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Based on these data, we generated three VP30 mutant
proteins (C1, C2, and C3) in which the residues interacting
with the RNA-binding groove or present at the binding
groove within coordinating distance of Mg ions were mu-
tated to alanine. The VP30 mutant protein C1 carries
D158A, T161A, E163A, D164A, and S165A mutations; the
other two VP30 mutant proteins, C2 and C3, have D202A/
E205A and H215A/S216A mutations, respectively. We em-
ployed the mammalian reporter RNAi assay to test the
ability of these three VP30 mutant proteins to abrogate
siRNA RNAi. All mutants decreased siGFP-mediated si-
lencing when coexpressed individually with pGFP and
siGFP at a level comparable with that of the wild-type pro-
tein (Fig. 5B). This result suggests either that these specific

residues do not mediate the effect of VP30 to block RNAi or
that RNAi suppression by VP30 does not require a direct
interaction of the viral protein with Dicer. Further studies
are required to identify which domain of Dicer in the com-
plex TRBP–Dicer-bound siRNA is targeted by VP30, if the
protein directly contacts Dicer. Additional mutagenesis of
VP30 is required to assess how the viral protein contacts
TRBP and prevents TRBP-PACT interactions.

DISCUSSION

Viruses have evolved several strategies to replicate success-
fully within an infected host while avoiding antiviral responses
such as apoptosis, IFN, RNAi, and autophagy (2, 9, 23, 32).

FIG. 5. EBOV RNAi suppression: model for VP30. (A) The RNA binding domain of VP30 does not mediate RNAi suppression. N-terminal
mutants of VP30 (VP30�1-40 and the R40A mutant) were tested for their ability to abrogate the reversion of GFP silencing. pGFP was transfected
into HEK293 cells alone, with the nontargeting siRNA, or with siGFP; plasmids encoding the wild-type protein VP30 (pVP30-H) or the N-terminal
mutants were cotransfected with pGFP and siGFP. pVR1012 empty vector was transfected into HEK293 cells as a control. Plasmids pVP30,
pVP30(�1-40) (p�1-40), and pVP30(R40A) (pR40A) with a C-terminal 6�His tag were used; pCMVLacZ and siGLO were cotransfected in each
transfection mixture as controls for pDNA efficiency and for siRNA delivery and stability, respectively. Total cell lysates were subjected to
SDS-PAGE followed by Western blotting with antibodies to GFP, �-actin, and �-Gal. A representative experiment of three is shown. Each sample
was run in duplicate. (B) Point mutations at the C terminus of VP30 do not abrogate reversion of GFP silencing. Mutations were based on the
molecular docking of the VP30 C terminus and the human Dicer RNase IIIb domain. Each alanine change is represented as a vertical line. pGFP
was transfected into HEK293 cells alone, with the nontargeting siRNA, or with siGFP; plasmids encoding the wild-type protein VP30 (pVP30-H)
or the C-terminal mutants were cotransfected with pGFP and siGFP. pVR1012 empty vector was transfected into HEK293 cells as a control.
Plasmids pVP30, pC1, pC2, and pC3 with a C-terminal 6�His tag were used; pCMVLacZ and siGLO were cotransfected in each transfection
mixture as controls for pDNA efficiency and for siRNA delivery and stability, respectively. Cell extracts were subjected to SDS-PAGE followed
by Western blotting with antibodies to GFP, �-actin, and �-Gal. A representative experiment of three is shown. Each sample was run in duplicate.
(C) Model for EBOV VP30 interaction with the RNAi pathway. The guide strand (red) and the passenger strand (blue) are shown. Dicer (green
oval) senses the duplex siRNA by length and binds to it. TRBP (yellow oval) recruits the Dicer-bound siRNA to be loaded onto the Ago2-
containing complex (gray oval). The RISC unwinds duplex siRNA and cleaves the passenger strand (blue dashed line). The guide strand (red) is
loaded onto the active RISC, which contains PACT (blue oval). Ago2 cleaves the targeted mRNA (Ago2-slicing activity) (scissors). (Inset) Binding
to Dicer or TRBP, VP30 limits contacts between Dicer and PACT or between TRBP and PACT.
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Regardless of the host species or the genomic nucleic acid
composition (RNA versus DNA), many viruses resist RNAi by
encoding SRSs (37, 38, 56). In this study, we showed that
EBOV encodes three proteins that suppress host RNAi-based
immunity. We designed sequence-specific siRNAs that si-
lenced viral genes expressed as RNA polymerase II-driven
transcripts. When cells treated with the same siRNAs were
infected with the virus, however, siRNA-mediated RNAi was
unable to silence the same viral genes, suggesting that the virus
possesses a mechanism to counter RNAi. Using a reporter-
based RNAi assay, we identified VP30, VP35, and VP40 as
SRSs.

We focused on identifying the molecular mechanisms by
which VP30 and VP35 interact with the RNAi machinery and
observed direct associations with components of RNAi. There
are several features of the three proteins identified that sup-
port their role as SRSs in the context of the EBOV life cycle.
(i) All SRSs identified to date are ssRNA- or dsRNA-binding
proteins (36). All three EBOV protein candidates fit this par-
adigm. (ii) It is important to viral replication that any SRS
should act early in the postentry life cycle to efficiently suppress
the host RNAi apparatus. It is therefore of note that two of the
three proteins identified, VP30 and VP35, are components of
the EBOV RNP transcriptional replication complex. (iii) The
exclusively cytosolic intracellular life cycle of EBOV leaves
the viral genome accessible to the cytosolic RNAi machinery;
the panhandle-like dsRNA may trigger host RNAi. Encoding
multiple independent mechanisms to suppress RNAi might be
necessary for a virus displaying such susceptibility.

Many known mammalian SRSs are dsRBPs and potent IFN
antagonists. The SRS activity of EBOV VP35 has been postu-
lated (21) based on the viral protein function as a dsRBP and
IFN antagonist like other mammalian SRSs (38). By use of
VP35 point mutants defective in dsRNA binding/IFN antago-
nism (R312A and K309A mutants) that abolish shRNA-RNAi
suppression, it has been proposed that the dsRNA binding
ability of VP35 mediates the SRS function (21). In this study,
we observed that VP35 interacts with RNAi in an siRNA-
independent fashion. We also found that transfected siRNAs
do not induce IFNs in HEK293 cells (Fig. 2C). Thus, we
propose that VP35 contains SRS functions independent of two
other known properties of VP35, the dsRNA binding activity
and IFN antagonism. Finally, our observations provide evi-
dence that the dsRBP/IFN antagonist criterion (38, 61) is not
universally applicable to all viruses.

Here, we report for the first time the molecular interactions
between VP35 and RNAi machinery. Our data show that VP35
interacts with RNAi components through protein-protein in-
teractions. VP35 is in a complex with Dicer and its partners
TRBP and PACT and directly interacts only with Dicer part-
ners. TRBP and PACT heterodimerize through domains A
and B in an RNA-independent fashion and contact Dicer or
PKR through domain C (Fig. 4C) (29, 33). VP35 simulta-
neously contacts TRBP-PACT, implying that this interaction
occurs through domains A and B, which are not directly in-
volved with Dicer or PKR binding. As a consequence, one of
the Dicer partners (TRBP or PACT) can still interact with
PKR, and this might explain previous results that failed to
detect a physical interaction between VP35 and PKR (15),
despite a reduction in PKR level, as well as residual IFN

inhibition (5). Also, either TRBP or PACT can still bind to
Dicer, present at any step of the RNAi pathway, e.g., at the
dsRNA cleavage step. This might help to interpret results
showing that VP35 suppresses shRNA-mediated RNAi (21).
shRNAs, indeed, require Dicer cleavage or Dicer partners
TRBP and PACT, which assist Dicer in this step (29). The use
of VP35 mutants showed that point mutations K309A and
R312A present at the C terminus of VP35 in the dsRNA
binding/IFN domain are not required for the interaction with
Dicer partners TRBP and PACT. Recently, structural data of
the VP35 carboxyl-terminal IFN domain have suggested that
additional basic residues may play a role in the dsRNA binding
activity/IFN functions (34, 35).

Upon dsRNA-mediated IFN induction or viral infection,
PKR is strongly enhanced, whereas PKR remains latent in
unstimulated cells until activation is mediated by the cellular
factor PACT (39). VP35 recruits TRBP and PACT, positive
and negative regulators of PKR and partners of Dicer, which
are shared between RNAi and the dsRNA/PKR recognition
pathway. Though coimmunoprecipitation of VP35 with TRBP
and PACT is an indirect demonstration of the suppressive role
of VP35, we propose a model in which the viral protein medi-
ates the cross talk between these two pathways by sequestering
key components of host cellular RNA-mediated antiviral im-
munity (Fig. 4C). Despite the presence of viral dsRNA, VP35
employs a molecular mechanism that might result in more
advantages in antagonizing host RNA defenses, not only af-
fecting RNAi steps which require both TRBP and PACT (6,
19, 20, 33) but also regulating the PKR-mediated pathway.
PKR, indeed, is activated by PACT (39). PACT-mediated
PKR activation is regulated by TRBP concentration or by
stress-induced dissociation of the TRBP-PACT complex (10).

The transcriptional factor VP30 also reveals a novel molec-
ular mechanism of RNAi suppression. Though the association
seen between VP30 and RNAi components cannot prove di-
rectly that the viral protein mediates the inhibition of RNAi,
we have considered the interactions seen and the behavior of
mutant proteins to propose a model. The important features of
the model are the presence of an siRNA bridge in the inter-
action with TRBP and the absence of PACT association when
VP30 is in a complex with RNAi components. Dicer interacts
with VP30 regardless of the presence of siRNA. This interac-
tion with Dicer and TRBP, but not PACT, suggests that VP30
prevents PACT from entering the RNAi machinery (Fig. 5C).

Our data favor a possible mode of action for VP30 in which
the viral protein acts at the level of RISC loading and prevents
any further RISC activity that requires PACT. By directly
interacting with Dicer or with TRBP while TRBP passes the
duplex siRNA to the RISC, VP30 limits the interactions be-
tween TRBP and PACT or between Dicer and PACT (Fig. 5C,
inset). We hypothesize that VP30 may interfere with the
TRBP–Dicer-bound siRNA complex at the level of RISC load-
ing and that it intervenes at the step in which Dicer and TRBP
contact the different ends of siRNA. By using mutants with
mutations in the N terminus region of VP30, we have excluded
the possibility that the RNA binding activity of the protein
participates in RNAi suppression (Fig. 5A).

We tested the hypothesis that VP30 interacts with the
RNase IIIb domain by using mutant proteins with mutations in
the C-terminal region of VP30, carrying alanine changes in the
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residues contacting the Dicer RNA-binding groove at or near
the Mg ion-binding sites of Dicer. VP30 mutant proteins cor-
responding to the three predicted docking configurations of
the VP30 RNase IIIb domain behave like the wild-type VP30
protein in reverting siRNA RNAi (Fig. 5B), suggesting either
that these residues of VP30 do not mediate the effect of VP30
to block RNAi or that RNAi suppression by VP30 does not
require a direct interaction of the viral protein with Dicer. Our
result excludes the possibility that the interaction of VP30 with
the Dicer RNase IIIb domain limits further interactions of
Dicer with the Piwi domain of Ago2 (58) or with other RNAi
components (Ago2-PACT). It might be possible that the viral
protein interacts with other Dicer domains (e.g., PAZ). Alter-
natively, VP30 can directly interact with the TRBP-siRNA
complex with which Dicer is in contact.

EBOV has developed redundant mechanisms to counterat-
tack host RNAi-based immunity. We found a third SRS, the
EBOV matrix protein VP40. Preliminary experiments show
that VP40 was not seen in association with siRNA protein
complexes, suggesting that it may function by a different mech-
anism. It has been shown that plant-infecting viruses encoding
multiple SRSs may disable host RNAi in a temporal and cel-
lular location-related manner during infection (43, 60). In
mammalian cells, two Dicer-Ago2 complexes have been found
to localize mainly in the cytosol and with a small but a signif-
icant fraction with the membrane (25, 58). We speculate a
mode of action in which VP40 may recruit components of
RNAi that are associated with the membranes but at levels too
low for detection by immunoprecipitation. This is in accor-
dance with the role played by VP40 during the late stages of
the virus life cycle, when it interacts with the RNP complex and
binds to the membrane during budding and virion release.
Further studies will help to dissect the molecular mechanism
by which VP40 blocks RNAi.

So far, mammalian RNAi suppressors have been studied by
using overexpressed systems. Here, we demonstrate that over-
expressed EBOV proteins suppress an experimentally initiated
RNAi. One limitation of our study is that overexpressed pro-
teins cannot address the physiological relevance of EBOV sup-
pressors during infection. In addition, an overexpressed system
limits the possibility to study in a temporal manner the role of
a protein, such as the matrix protein VP40, known to be ex-
pressed later during infection, after the less abundant VP35
(13).

Here, we show that EBOV has evolved a mechanism to
subvert RNAi, similar to what has been reported for influenza
A virus and HIV-1 (3, 17, 40). It should be noted that EBOV
replication and subsequent lethal effects in primates can be
reduced by treatment with siRNA (18). However, siRNA treat-
ment is required over time to maintain the efficacy, demon-
strating a balance between viral replication and innate immune
response by the host (18) and a potential role for EBOV SRSs.

EBOV is the first mammalian virus for which more than one
SRS has been identified. So far, Citrus tristeza virus (CTV) is
the only known plant-infecting virus to possess a sophisticated
mechanism of RNA silencing suppression by encoding three
SRSs (43). Regardless of genome polarity and the targeted
host, EBOV- and CTV-encoded functions are either present
early in the life cycle or abundantly expressed. SRSs from
unrelated viruses have no sequence or structural similarity,

even though they may have similar biochemical functions, sug-
gesting that they have evolved independently (36). Consistent
with this hypothesis, we observed that CTV p23 and EBOV
VP30 possess an RNA binding activity within a region contain-
ing basic residues and a zinc finger domain (27, 42), suggesting
that this is unlikely to be a mere coincidence; rather, it might
be an example of an evolutionary convergence by which SRSs
evolved independently such that they share a common function
in distinct protein folds.

Why does EBOV have multiple SRSs? The simplest expla-
nation may be grounded in the fact that EBOV contains mul-
tiple, distinct RNA-binding proteins that offer several oppor-
tunities to evolve antagonistic binding against host RNAi
machinery. All three EBOV suppressors display potential
unique binding specificities. We have confirmed this hypothesis
by asking whether secondary structural elements related to the
����� fold common to dsRBPs are present in EBOV SRSs.
None of the three EBOV SRSs contain a dsRBD with the �����
architecture. Thus, the absence of the canonical dsRBD fold
suggests that RNAi suppressors undergo an independent evolu-
tion of protein folds to be able to bind RNAi activators.

Virus replication results in the release of many RNAs into
the host cell cytosol. To prevent activation of RNA silencing, it
may be more efficient for viruses to block RNAi protein effec-
tors than to block the RNA stimuli, the latter of which could
adversely affect virus propagation in the host. The identifica-
tion of three viral SRSs demonstrates the importance of RNA-
based immunity in the evolution of RNA viruses and provides
important insight into viral pathogenesis and host defenses.
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