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the interplay between the rnai pathway and hIV-1

RNA interference (RNAi) is an evolutionary conserved gene silencing mechanism that mediates 

the sequence-specific breakdown of targeted mRNAs. RNAi can be used to inhibit virus 

replication in cells by targeting viral RNA replication intermediates, transcripts or the viral RNA 

genome. Gene silencing by RNAi can be achieved by intracellular expression of a short hairpin 

RNA (shRNA) that is processed by the RNAi machinery into the effective small interfering 

RNA (siRNA) inhibitor. Currently, shRNAs that induce gene silencing have been widely applied 

for fundamental and applied research. To develop novel RNAi-based antiviral approaches, a 

deeper understanding of virus-host interaction and the RNAi mechanism is vital. Over the last 

couple of years it has become apparent that cellular microRNAs (miRNAs) are not only crucial 

for regulation of cellular gene expression, but that they can also play important roles in virus 

replication. The exact role of RNAi as an antiviral defence mechanism in mammalian cells is 

unclear, but since the discovery of RNAi it became evident that many viruses, including HIV-1, 

influence this important regulatory pathway. In this thesis the role of the RNAi mechanism with 

respect to HIV-1 infection was studied in more detail. chapter 1 provides an overview of the 

HIV-1 replication cycle and the RNAi pathway.

rnai against hIV-1, viral escape

The error-prone replication machinery of HIV-1 can generate RNAi-resistant variants with 

specific mutations in the targeted viral genome sequence. For durable inhibition of HIV-1 

replication the emergence of such escape viruses must be controlled. A new RNAi-based 

strategy is to design 2nd generation shRNAs that form a complete match with the viral escape 

sequences, thus anticipating HIV-1 escape. For instance, to block two favorite viral escape routes 

observed when the HIV-1 integrase gene sequence is targeted, the original shRNA inhibitor can 

be combined with two 2nd generation shRNAs in a single expression vector. In chapter 2 this 

2nd generation shRNA principle was tested in long-term viral challenge experiments and it was 

demonstrated that the two dominant viral escape routes can be effectively blocked. However, 

virus breakthrough did occur by means of alternative escape routes. A follow-up study in 

chapter 3 combines the concept of 2nd generation shRNAs with antiretroviral drugs. Despite 

the success of antiretroviral drugs in decreasing AIDS-related mortality, a substantial fraction of 

HIV-infected patients experience therapy failure due to the emergence of drug-resistant virus 

variants. We demonstrated that the activity of a protease inhibitor (PI) can be combined with 2nd 

generation shRNAs designed to specifically block the emergence of PI-resistant HIV-1 variants. 

We were able to steer virus evolution towards escape mutations that may be less favorable 

for the virus in terms of reduced replication fitness or a lower level of drug-resistance. The 2nd 

generation approach may thus lead to the selection of attenuated HIV-1 variants, resulting in a 

lower viral load and delayed disease progression. Directing viral evolution using 2nd generation 

shRNAs in combination with antiretroviral drugs can be interesting for future therapeutic 

purposes. Patients failing on certain drug regimens could be treated with drugs combined 

with 2nd generation shRNAs. This approach can be extended to all classes of antiretroviral drugs 

and the corresponding virus escape variants, but also possibly to direct escape from cytotoxic T 

lymphocytes towards virus variants that are less fit. 
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Improved rnai against hIV-1, optimized shrnas 

Next to the fact that combinatorial RNAi is essential for a successful anti-HIV-1 therapy, potent 

target knockdown by shRNAs is also required in order to prevent viral escape. In chapter 4 the 

shRNAs were optimized to obtain improved antiviral activity. Previous studies indicate that the 

RNAi activity of shRNA molecules varies greatly. Several features of shRNA molecules seem to 

affect the knockdown activity, including the actual hairpin loop sequence. We were able to 

transform weak shRNA inhibitors into strong inhibitors by replacement of the terminal loop. 

The efficacy of these optimized shRNA inhibitors is improved significantly in different cell types 

due to increased siRNA production. The optimized shRNA loop sequence is generally applicable 

for unrelated shRNAs and will allow the development of a more potent gene therapy against 

HIV-1. Further shRNA optimization in chapter 5 led to the discovery of an alternative shRNA 

processing pathway that bypasses the Dicer endonuclease and instead requires the catalytic 

Argonaute 2 (AGO2) protein. AGO2 is used twice in this mechanism, both for shRNA processing 

and subsequent siRNA mediated silencing. We show that a certain shRNA stem length is 

critical for activation of this novel shRNA processing mechanism, which can be activated for 

any shRNA. Because this alternative processing pathway cleaves one of the siRNA strands, it 

yields only a single active guide strand. As a consequence off-target effects of the passenger 

strand will be excluded. Furthermore, this new shRNA design showed a significantly higher 

RNAi activity compared to conventional shRNAs. This optimised RNAi technology can be used 

by scientists in fundamental research to efficiently knockdown any gene of interest without 

side effects, but also for applied research to e.g. knock down oncogenes, viral transcripts and 

disease-associated genes in a gene therapy setting.

hIV-1 encodes rnai molecules 

Viruses may encode their own miRNAs or siRNAs to modify the host cell for optimal virus 

production. In chapter 6 the extremely sensitive deep sequencing technology was used to 

analyse viral small RNAs in infected cells, including viral siRNAs (vsiRNAs) and virus-encoded 

miRNAs (vmiRNAs). Deep sequencing technology provides a powerful tool to unravel the 

function of small RNAs in cell biology. In HIV-1 infected T-lymphocytes numerous small RNAs 

are detected that could be derived from vmiRNAs encoded by structured segments in the 

HIV-1 RNA genome. A small portion of these small RNAs was of negative polarity and most of 

them are encoded within the 3’ untranslated region (3’UTR), which may represent vsiRNAs. The 

identified vsiRNAs potently repress HIV-1 production when transfected into virus-producing 

cells, whereas suppression of the vsiRNAs by antagomirs stimulates virus production. These 

initial results suggest that HIV-1 triggers the production of vsiRNAs and vmiRNAs to modulate 

cellular and/or viral gene expression. It might be possible to influence the production of these 

virus-derived small RNAs (blocking or overexpression), thereby affecting viral replication. A 

small side project described in chapter 7 shows that next generation sequencing approaches 

and the rapid release of new data are particularly prone to generate misannotations in public 

databases. For example, two related miRNA candidates that recently entered the miRBase 

database turned out to be related to endogenous retroviral elements. More examples were 

found after searching for other miRNA-misannotations in the human genome.
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hIV-1 infection affects cellular mirna expression

MiRNAs are noncoding small regulatory RNAs in plants, insects and animals that play critical 

roles in cell development and differentiation. A complex interplay between viruses and 

components of the cellular RNAi machinery exists. Cells encode miRNAs that can directly or 

indirectly exert an antiviral effect and several miRNAs have been reported to influence HIV-1 

infection. In chapter 8 we analyzed by deep sequencing the impact of HIV-1 infection on 

the miRNA levels in various HIV-susceptible cell types. Major changes in the cellular miRNA 

expression level upon HIV-1 infection were observed, including several miRNAs that were 

previously reported to affect HIV-1 replication and/or production. We also reported that a 

small subset of the cellular miRNAs seem to be dramatically concentrated up to 115-fold in the 

virion, suggesting a biological function in HIV-1 replication. Because cellular miRNAs likely play 

an important role in HIV-1 replication and possibly pathogenesis, it is important to learn the 

function of these small RNA regulators in more detail, in particular the possible target mRNAs. 

Blocking or overexpression of important cellular miRNAs may eventually facilitate control 

over viral replication. In conclusion, the results discussed in this thesis demonstrate the multi-

faceted interplay of RNAi based cellular mechanisms and virus replication, more specifically 

HIV-1. It is clear that much is still to be discovered on the basics of these RNAi mechanisms and 

this insight is important to fine-tune and optimize future therapeutics applications. 




