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IIntroduction 
 
Pathogenic viruses like human immunodeficiency virus type 1 (HIV-1), influenza 
A virus and Ebola virus form a serious threat to public health. Over 30 million 
people are infected with HIV-1. Influenza A virus causes yearly epidemics of 
acute respiratory infection and the H5N1 strain continues to form a pandemic 
threat. The recent outbreak of Ebola virus caused over 30 deaths in Uganda. To 
develop new antiviral approaches and vaccines, a better understanding of the 
virus–host interaction is of critical importance. Viruses have evolved sophisticated 
mechanisms to interact with the host cell to facilitate their replication. Recent 
studies revealed that viruses interact with or actually counteract the cellular RNA 
silencing or RNA interference (RNAi) pathway. 
 

 

Overview of RNAi and RNA 

silencing suppressor activity  
 
Interaction between viruses and the RNAi machinery was first described for plant 
viruses. This antiviral response of the host is triggered by virus-specific double-
stranded RNA (dsRNA) molecules that are produced as replication intermediates 
during infection. The RNAi machinery processes dsRNA into small interfering 
RNA (siRNA) that, once loaded in the RNA-induced silencing complex (RISC), 
triggers the cleavage of viral RNA, thus restricting viral replication.1 Many plant 
viruses encode proteins that exhibit RNA silencing suppressor (RSS) activity to 
overcome this innate antiviral response. RSS are likely to be localized in the cell 
and moderate in activity, since global and/or strong suppression of the cellular 
RNAi pathway is likely to be cytotoxic. The potential role of RNAi as an antiviral 
defence mechanism in mammalian cells remains controversial. For instance, it is 
very difficult to detect virally derived siRNAs in infected cells2, although a more 
in depth analysis revealed such molecules for several viruses. In addition, several 
pathogenic human viruses were recently shown to encode RSS proteins or RNA, 
suggesting that RNAi serves as an innate defence response in mammals. We will 
describe recent studies that identified RNAi suppressor functions in four human 
pathogenic viruses (Figure 1). 
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Figure 1: RNA silencing suppressors encoded by human pathogenic viruses. Shown are 
the genomes of HIV-1, Ebola virus, influenza A and adenovirus (not drawn to scale). 
Locations of the RSS genes are indicated by grey boxes. The proviral DNA version of the 
HIV-1 genome is shown. The Tat RSS protein is encoded by two exons that are fused by 
splicing. The Ebola virus RNA genome ((-) strand) is converted in the (+) strand that 
encodes seven proteins, including VP35. The influenza virus genome consists of eight 
segments of (-) strand ssRNA, which encode for a total of 10 proteins, including NS1. 
Adenoviral early (E) and late (L) proteins are encoded by the ~ 39 kbp dsDNA genome. 
The VA RNAs are transcribed late in infection. 
 
In addition to its antiviral role, RNAi serves as a host gene regulation mechanism 
that is triggered by the expression of highly structured non-coding RNA molecules 
called primary microRNAs (pri-miRNAs), which are subsequently processed by 
the endonuclease III enzyme Drosha into ~70 nucleotide stem-loop precursor 
miRNAs (pre-miRNAs). The Dicer endonuclease processes these molecules into 
19-24 nucleotide microRNAs (miRNAs). One strand of the miRNA/siRNA 
duplex, the guide strand, is incorporated into RISC, which subsequently 
inactivates complementary mRNA molecules in a sequence-specific manner, either 
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by translational repression or cleavage (Figure 2). Another source for antiviral 
miRNAs/siRNAs is the viral replication intermediates that are processed by Dicer. 
It has been described that primate foamy virus type-1 encodes an RSS to 
counteract an antiviral response in human cells that is mediated by a miRNA.3 
Intriguingly, an antiviral effect of cellular miRNAs against the human hepatitis C 
virus (HCV) has also been reported recently. Pedersen and colleagues showed that 
a set of cellular miRNAs is induced by the interferon system.4 Alternatively, 
viruses may have adopted some of these miRNAs in their replication cycle5, but 
viruses can also encode miRNA mimics to modify cellular pathways.6 
 
 

EEvidence for RSS by human 
viral pathogens 
 
Over 40 plant viral RSS proteins have been identified, and a number of them - e.g. 
the tombusvirus protein P19 and Rice hoja blanca virus protein NS3 - exhibit RSS 
activity in heterologous systems, including mammalian cells. The P19 protein 
blocks RNAi by binding siRNA/miRNA duplexes in mammalian cells. This would 
suggest that the antiviral RNAi mechanism is not restricted to plants, and indeed 
similar antiviral activity was described for fungi, insects and nematodes.7-9 
Moreover, the discovery of RSS functions in mammalian viruses supports the idea 
that RNAi may also serve as an antiviral mechanism in mammals. 
 
HIV-1 is a retrovirus with a single-stranded RNA genome that encodes nine viral 
proteins. The Tat protein is one of the functions that are expressed early upon 
infection, and Tat potently activates viral transcription from the LTR promoter 
(Fig. 1). There have been many studies that suggested additional Tat functions. For 
instance, we recently demonstrated an absolute Tat requirement for replication of a 
virus construct that does not require Tat’s transcription activation function.  Jeang 
and colleagues were the first to show that Tat is also capable of suppressing RNAi 
in mammalian cells.10 Contradictory results have been published by others, which 
may be due to hyper-activation of the RNAi system that will mask Tat effects.11 
Like the turnip crinkle virus p83 protein, Tat has been suggested to inhibit Dicer 
activity and to suppress RNAi in a dsRNA-binding dependent manner (Fig 2).12 
This suggestion correlates with the induction of different miRNA expression 
profiles in HIV-infected cells.13 
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Figure 2: The interaction of viral RNA silencing suppressors (RSS) with the RNAi 
pathway. The mammalian RNAi pathway is shown. Host pri-miRNAs are transcribed in 
the nucleus (blue oval) and processed by Drosha to generate pre-miRNA. Exportin 5 
facilitates the export of these precursors into the cytoplasm where they are processed by 
the Dicer/TRBP/PACT complex. The guide strand of the miRNA or siRNA duplex is 
incorporated into the RISC complex, which targets a complementary mRNA for 
translational repression or cleavage, respectively. In addition, viral dsRNA replication 
intermediates can enter the RNAi pathway at the Dicer level, which results in the 
production of viral-specific siRNAs. RNAi processing stages are shown in the blue boxes 
and viral RSS functions are shown in the red boxes. The HIV-1 Tat protein has been 
reported to suppress RNAi by inhibiting Dicer activity. The Ebola virus VP35 and 
influenza A virus NS1 proteins potentially block RNAi by binding pre-miRNA/long 
dsRNA or siRNA/miRNA duplexes. The RSS Tat and NS1 proteins can potentially affect 
RNAi by binding long dsRNA, pri- and pre-miRNAs in the nucleus. The HIV-1 TAR 
hairpin is capable of saturating TRBP, thereby suppressing RNAi. The RNA editing 
enzymes ADARs (orange) may alter the specificity of pri- and pre-miRNAs. 
 
Ebola virus is one of the deadliest viruses known to man. Virus particles contain a 
negative-sense RNA genome of approximately 19 kb. The VP35 protein is a 
multifunctional dsRNA binding protein that is essential for virus replication 
(Figure 1). Recently, we described that the VP35 protein is capable of suppressing 
RNAi in mammalian cells and that its RSS activity is functionally equivalent to 
that of the HIV-1 Tat protein.14 We thus confirmed RSS activity of Tat and 
showed that VP35 can support the production of a Tat-minus HIV-1 variant in a 
trans-complementation assay. VP35 mutants with a dsRNA binding defect showed 
reduced RSS activity, suggesting that VP35 blocks the RNAi pathway by binding 
of dsRNA molecules (Figure 2). Thus, the Tat-minus virus is an ideal tool to 
identify RSS functions because any dominant block of the RNAi pathway may 
rescue HIV-1 replication. 
 
An alternative strategy to block the RNAi pathway is used by the human 
adenovirus. The 39 kbp dsDNA genome expresses early and late functions. 
Among the late transcripts are the very abundant and highly structured virus-
associated (VA) RNAs. VA RNAI and II inhibit RNAi via Dicer and RISC 
saturation at late times of infection (Fig. 2).17  A recent study by Akusjärvi and 
colleagues revealed that 80% of the RISC complexes are loaded with VA RNAII 
in adenovirus-infected cells. It has also been suggested that VA RNAs act as 
miRNAs to repress host mRNA translation. Furthermore, VA RNAI limits the 
transport of pre-miRNA to the cytoplasm by blocking Exportin 5 (Fig. 2). 
Removal of both VA RNAI and II leads to a dramatic decrease in viral replication 
capacity.18 Interestingly, the VA RNAI function can be replaced by two small-
structured RNAs encoded by Epstein-Barr virus; EBERs. It would be of interest to 
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investigate whether EBERs possess RSS activity and how they interact with the 
RNAi machinery.  
 
 

AAntiviral RNAi and the 

interferon pathway 
 
Some have argued that the mammalian innate antiviral RNAi response has been 
substituted by the interferon (IFN) response during evolution from a unicellular 
ancestor to multicellular organisms. The IFN response, which is analogous to the 
systemic acquired resistance response in plants, is triggered by a wide variety of 
pathogens including viruses. Type I IFN (IFN-����� ��	
������ ��� �������� ��� ����
cytoplasm by virus-specific dsRNA via RNA helicases encoded by the retinoic 
acid-inducible gene I (RIG-I) and/or melanoma differentiation-associated gene 5 
(MDA5).19 Perception of IFN-� by surrounding cells leads to the production of a 
broad spectrum of antiviral proteins, including protein kinase R (PKR), myxovirus 
resistance factor (Mx), 2’-5’oligoadenylate synthase (OAS)/RNAseL and dsRNA 
adenosine deaminase 1 (ADAR1) that cooperatively induce the “antiviral state” of 
cells. This state is characterized by inhibition of viral replication and cell 
proliferation, and enhances the ability of natural killer cells to destroy virally 
infected cells. 
 

Recent studies suggest intriguing links between the IFN response and the RNAi 
machinery. First, IFN-� induction in cells infected with HCV triggers the 
expression of a set of host miRNAs that negatively regulate virus replication.4 
Second, several studies describe that IFN-induced RNA editing enzymes called 
ADARs are capable of altering miRNA specificity.20 As some viruses exploit 
miRNAs as co-factor for their replication, they may encode accessory functions to 
control such miRNA editing. Third, the TAR RNA binding protein (TRBP) and 
PACT are important in mammalian RNAi, but were also described as IFN-effector 
functions. TRBP interacts with Dicer and is part of the RISC complex. Initially, 
the multifunctional TRBP was shown to activate the HIV-1 LTR in synergy with 
the Tat protein.21 Interestingly, the TAR hairpin motif is capable of saturating 
TRBP, thereby suppressing RNAi.22 This result suggests that HIV-1 can evade the 
antiviral RNAi response by diverting TRBP from Dicer.23 The multiple overlaps 
between the RNAi-IFN-editing pathways suggest that these cellular mechanisms 
act cooperatively to control virus infection. 
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Given the overlap between the RNAi and IFN pathway, it may not be surprising 
that most RSS functions were first shown to act as IFN antagonists, and 
subsequently shown to influence the RNAi pathway. To distinguish between these 
pathways, one could perform experiments in primary cells that possess intact 
antiviral responses such as dendritic cells (DCs). As mammalian cell lines were 
frequently selected for optimal protein production using viral expression systems, 
they may in fact have a defect in the IFN and/or RNAi response. It has been 
reported that a subset of DCs, the plasmacytoid DCs, are specialized in producing 
IFN-�.24 Therefore, it may be possible that a subset DCs that sample the 
surrounding environment for pathogens such as viruses possess a more potent 
antiviral RNAi response. 
 
 

CClinical applications and 

therapeutic implications 
 
Vaccination is by far the most successful strategy to prevent virus infection. It has 
allowed the global eradication of the smallpox virus, and efforts are ongoing to 
also eradicate the poliovirus. The current vaccines consist of live attenuated virus 
(LAV), inactivated virus particles or purified viral antigens. Knowledge about 
viral RSS functions may help in the design of new LAV strains. Like the RSS 
proteins of plant viruses, most RSS functions of mammalian viruses represent 
virulence factors that contribute to pathogenicity. Removal or mutation of viral 
RSS genes often results in attenuation of the virus. Interestingly, pigs were fully 
protected when vaccinated with swine influenza A strain that lacks a functional 
NS1 protein.25 The large-scale production of LAV strains composes a problem. 
Recently, we have shown that the production of a LAV strain that lacks the RSS 
function can be boosted by trans-complementation with a heterologous RSS.14  
New production cell lines were generated that express a different types of viral 
RSS function in order to improve vaccine production. We furthermore described 
that production of a broad range of wild-type viruses was also improved by stable 
expression of heterologous RSS proteins.26 These combined findings open the way 
to establish novel production platforms for improved protein, vaccine and vector 
production that are based on viral RSS functions.  
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Viral vectors are frequently used for therapeutic RNAi applications. However, the 
inclusion of RNAi reagents may seriously affect the vector titer.27 Interestingly, 
expression of a viral RSS, either the nodamura virus B2 protein or adenovirus VA 
RNAI, during vector production could prevent this problem.27  
The newly discovered virus-cell interactions with respect to the RNAi mechanism 
may have implications for therapeutic attempts to control virus replication by 
induced antiviral RNAi. In particular, the presence of a viral RNAi suppressor may 
seem bad news for such therapeutic interventions. However, very promising 
results have been reported for a variety of human pathogens in in vitro gene 
therapy settings, including HIV-1 that encodes the Tat suppressor protein. In a 
therapeutic setting, the host cell will be prepared for a subsequent viral infection 
by the continuous synthesis of antiviral shRNAs/siRNAs, and it is likely that the 
suppressor is synthesized too late to suppress and overcome this antiviral state. 
 
For HIV-1, currently used antiviral drugs target several viral proteins (reverse 
transcriptase, protease, envelope, integrase). In general, it could be argued that 
virus inhibition by targeting of the suppressor function may provide additional 
benefits. If cellular miRNAs can indeed target viral mRNAs, silencing of the viral 
suppressor could de-repress these miRNAs, resulting in a multiple miRNA attack 
on the virus.3, 28 In other words, the antiviral response of the host cells can be 
activated by the inhibition of a single viral function. 
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