
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Viral suppressors of RNA interference

de Vries, W.G.

Publication date
2009

Link to publication

Citation for published version (APA):
de Vries, W. G. (2009). Viral suppressors of RNA interference. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/viral-suppressors-of-rna-interference(5a61fb48-a724-4260-8ec6-a93b694ce824).html




Lg 

  



 

   
   

   
   

   
Pa

ge
 9

9
 

SSummary 
 
The NS1 gene of influenza A virus encodes a multi-functional protein that plays 
an important role in counteracting cellular antiviral mechanisms such as the 
interferon (IFN), protein kinase R (PKR) and retinoic acid-inducible gene product 
I (RIG-I) pathways. In addition, NS1 has recently been shown to have RNA 
interference (RNAi) or RNA silencing suppression (RSS) activity. Here we 
studied the IFN antagonistic activity of NS1 and the RSS activity for several 
influenza subtypes: H1N1, H3N2, H5N1 and H7N7. We show that the various 
NS1 proteins are capable of inhibiting the activation of an IFN responsive 
promoter. However, we measured differential RSS activity among the NS1 
variants. The NS1 protein of strain A/WSN/33 (H1N1) is most potent in 
suppressing short hairpin RNA (shRNA) mediated gene silencing. In contrast, NS1 
proteins of the highly pathogenic H5N1 strains A/VN/1194/04 and A/HK/156/97 
are most potent in complementing the RSS function of the HIV-1 Tat protein. 
These results show that the ability of NS1 to suppress RNAi varies among 
influenza strains, which is likely to contribute to differences in viral replication 
capacity and pathogenicity. 
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IIntroduction 
 
Innate antiviral immune responses act as the first line of defence against invading 
pathogenic viruses. In mammals, the IFN pathway plays a key role in this innate 
antiviral response. In order to replicate, most viruses have developed ways to 
counter the IFN pathway. The mechanism by which influenza A virus blocks 
innate immune responses is still under investigation. An important viral factor is 
the multifunctional NS1 protein that is able to modulate several antiviral pathways. 
For example, NS1 blocks 2’-5’ oligoadenylate synthetase (2’-5’-OAS) mediated 
activation of RNAse L 1 and NS1 limits the induction of IFN-�.2, 3 Furthermore, 
NS1 binds to and inhibits the cytoplasmic double-stranded RNA (dsRNA) sensor 
RIG-I 4, 5 and blocks PKR-mediated inhibition of protein synthesis. 6, 7 Besides IFN 
antagonistic activities, NS1 has recently been shown to actively suppress RNA 
silencing in plant, insect and mammalian cells. 8-11  
 
RNAi facilitates the sequence-specific degradation of RNA and serves as an 
antiviral mechanism in plants, fungi and animals.12-15 Similar to the IFN response, 
antiviral RNAi is triggered by viral dsRNA replication intermediates. These virus-
specific dsRNAs are processed by the RNAi machinery into small interfering 
RNAs (siRNAs) that are incorporated into the RNA-induced silencing complex 
(RISC) and that act catalytically to cleave viral RNAs. To overcome antiviral 
RNAi responses, many plant and insect viruses encode RNA silencing suppressors 
(RSS) that enable them to replicate at higher titers. In addition to the influenza 
virus A NS1 protein, several other factors encoded by mammalian viruses exhibit 
RNAi suppression activity. These can either be proteins such as vaccinia virus 
E3L, hepatitis C virus (HCV) Core, primate foamy virus type 1 (PFV-1) Tas, 
human immunodeficiency virus type 1 (HIV-1) Tat, and the Ebola virus VP35 
protein, or RNAs such as the adenovirus virus-associated RNAs I and II (VAI and 
VAII).10, 11, 16-20 For many RSS proteins, including NS1, this RSS activity depends 
on the ability to bind dsRNA. 
 
The finding that mammalian viruses encode RSS factors represents one of the 
indications that the mammalian RNAi pathway has a role in antiviral defence 
responses. Unlike in plants and insects, virus-specific siRNAs have been difficult 
to detect in mammals. Instead, it was shown for some viruses that cellular 
microRNAs (miRNA), which normally regulate cellular gene expression, were 
involved in antiviral responses by targeting viral mRNAs.18, 21-23 More recently, 
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accumulation of virus-specific small RNAs has in fact been reported for a number 
of mammalian viruses, including HCV, Sindbis virus and HIV-1 (K.-T. Jeang, 
personal communication).24 A role for antiviral RNAi in mammals is further 
supported by the fact that knockdown of components of the RNAi pathway results 
in increased replication of HIV-1 and vesicular stomatitis virus (VSV).22, 23 
Similarly, we reported that the level of Sindbis and adenovirus replication can be 
significantly increased by suppressing RNAi in cells via stable expression of 
influenza A virus NS1 protein.24 Another study described that dicer is involved in 
the protection against influenza A virus infection.25 These combined findings 
support the idea that RNAi, either siRNA or miRNA based, is part of the innate 
immune system in mammals.  
 
Most avian influenza subtypes do not cause severe outbreaks in poultry and wild 
birds, but some H5 and H7 subtypes do regularly cause such outbreaks and 
actually form a threat for public health. Although influenza virus pathogenicity is a 
multigenic trait, it has been shown that the NS1 protein is an important virulence 
determinant in avian, swine and human influenza viruses.26-28 Studies also show 
that plant viral RSS proteins are important virulence/pathogenicity factors.30, 31  
 
Similarly, the RSS activity of NS1 may contribute to viral pathogenicity. 
Therefore, we set out to determine the IFN antagonistic activity and the RSS 
activity of NS1 proteins of both pathogenic and non-pathogenic influenza A virus 
strain. We show that all tested NS1 variants have potent IFN antagonistic 
properties, whereas differential RSS activity was measured. Interestingly, NS1 
proteins derived from highly pathogenic influenza strains could efficiently replace 
the previously described RSS function of the HIV-1 encoded Tat protein and thus 
support virus production. These data support a role of RNAi in antiviral responses, 
and a contribution of NS1 RSS activity in influenza virus pathogenicity.  
 

MMaterials and methods  
 
Construction of expression plasmids. NS1 genes from influenza A virus strains 
A/WSN/33, A/PR/8/34, A/NL/178/95, A/NL/213/03, A/HK/156/97, 
A/VN/1194/04, A/CH/NL/1/03, A/NL/33/03 and the GFP gene were cloned using 
GATEWAY technology (Invitrogen) into the mammalian expression vector pEF5-
V5-������	
��
������
	
�
	�������������������
��� 
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Cell culture and transfections. Human embryonic kidney (HEK293T) cells were 
grown as a monolayer in DMEM (Gibco BRL) supplemented with 10% fetal calf 
serum (FCS, Hyclone), minimal essential medium with non-essential amino acids, 
���		��	�� ����� ����!"� ��#� �
���
��$	�� ����� &'���!� �
� *+;<� ��#� =>� <?2. One 
day before transfection, cells were trypsinized, resuspended in DMEM, and seeded 
in 24-well plates at a density of 1.5 × 105 cells per well. At the time of 
transfection, the cells were 60%–70% confluent. The transfection was at least 
performed in triplicate using Lipofectamine 2000 (Invitrogen) according to the 
instructions of the manufacturer. 
 
For the luciferase RNAi suppression assay, cells were transfected with 100 ng of 
luciferase-expressing plasmid pGL3 (Promega) and 20 ng of expression plasmid 
shLuc, which encodes a shRNA against luciferase under control of the U6 
promoter. Cells were lysed 2–*� #�$�� ���
� 
����@�
	��� 	�� �=�� &�� �@� �Q� X���	���
Lysis Buffer (Promega) by shaking for 30 min at room temperature. The cell lysate 
was cleared by centrifugation for 5 min at 1,500 rpm, and luciferase expression 
���� �������#� �	
�� =� &�� �������
��
� 	�� 
��� luciferase reporter assay system 
(Promega). 
 
For the complementation studies, 100 ng of HIV-rtTA-Tatfs was transfected with 
the indicated amounts of RSS plasmid. The total amount of DNA was brought to 1 
&'� ��	�'� �Z�����	�
� ��
��
�'���!�� ���� 
�� 
����� #�$�� after transfection, virus 
production was determined by measuring CA-p24 levels by enzyme-linked 
immunosorbent assay (ELISA). 
 

RResults and Discussion    
 
To investigate whether the RSS activity of the NS1 protein differs among 
influenza A strains, we selected eight viruses from different subtypes and with 
distinct pathogenicity properties (Table 1). The respective NS1 genes were cloned 
into the mammalian expression vector pEF5-V5-DEST under transcriptional 
control of the constitutive EF1-�� �����
���� �	'���� �[� shows the amino acid 
sequence alignment of these NS1 proteins and their phylogenetic relationship is 
plotted in Figure 1B, which also shows the subtype classification. 
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Table 1: Human influenza A virus isolates. 
 

 
 
The NS1 proteins were tested in a reporter based RNAi assay that is depicted in 
Figure 2A (left panel). This assay scores the ability of NS1 to suppress shRNA-
mediated silencing of a luciferase reporter gene. We co-transfected HEK293T cells 
with different plasmids: firefly (ff) luciferase reporter, a shRNA-expression vector 
against ff luciferase (shLuc), a renilla luciferase to control for the transfection 
efficiency and increasing amounts of the NS1 construct. As a negative control, we 
transfected a GFP vector instead of the NS1 construct. As a positive control, we 
scored potent RNAi suppression by the HIV-1 Tat RSS protein. Luciferase 
expression was measured three days after transfection using the dual luciferase kit 
(Promega). Firefly luciferase activities were normalized by renilla luciferase 
activities and plotted. We observed a strong decrease in ff luciferase expression in 
cells co-transfected with shLuc and a rebound upon NS1 expression as illustrated 
for the A/WSN/33 variant in Figure 2A (right panel). To directly compare the set 
of NS1 proteins, we calculated the relative RNAi suppression activity as the 
percentage of unsuppressed luciferase expression that was set at 100% (Figure 
3A). Only the NS1 protein from the highly pathogenic A/WSN/33 strain was able 
to fully restore luciferase expression. Modest RSS activity was observed for the 
HK/156/97 strain. Other NS1 proteins do not exhibit RSS activity in this assay, 
consistent with initial studies on the A/PR/8/34 strain11 These results indicate that 
only some NS1 proteins are capable to overcome shRNA-mediated silencing. To 
exclude putative post-transcriptional activities, we tested if the set of NS1 proteins 
affect the expression of a stably expressed firefly luciferase reporter. HEK293-Luc 
cells were transfected with the set of NS1 expression plasmids and firefly 
luciferase expression was scored 2 days post transfection. We observed no NS1 
effects on luciferase expression compared to the control GFP transfected cells 
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(results not shown). This suggests that NS1 does not post-transcriptionally affect 
firefly luciferase reporter expression. 
 

 
Figure 1: Influenza A virus NS1 proteins. (A) NS1 amino acid sequence alignment of the 
eight influenza A strains. Dots indicate residues identical to those of A/WSN/33 virus. 
Dashes indicate deletions. The grey box marks the dsRNA-binding domain. (B) 
Phylogenetic relationship among the influenza A strains. The subtype classification is 
indicated. Phylogenetic analysis was performed using the neighbour-joining method and 
bootstrap resampling with 1000 replicates. 
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An alternative method to measure RSS activity is by functional complementation 
of an established RSS.10 We recently described that the Ebola 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.11 To test whether NS1 
proteins from different influenza strains can functionally complement the Tat RSS 
function, we used the Tat minus HIV-rtTA-Tatfs reporter virus that is illustrated in 
Figure 2B (left panel). This reporter virus shows a production defect in transfected 
HEK293T cells, which is rescued by NS1 of strain A/WSN/33 (Figure 2B, right 
panel). To compare the complete set of NS1 proteins, we plotted the relative RSS 
activity as the virus production of HIV-rtTA-Tatfs in the presence of NS1, with the 
control HIV-rtTA-Tatwt set at 100% (Figure 3B). We observed RSS activity for the 
positive control HIV-1 Tat protein and no RSS activity for the GFP control vector. 
The NS1 proteins of the subtype H1N1 strains (A/WSN/33, A/PR/8/34) were able 
to complement the Tat RSS function. The A/WSN/33 protein was most potent at 
low NS1 concentrations whereas the A/PR/8/34 function was most active at higher 
NS1 concentrations. Among all viral strains tested, the NS1 proteins from the 
highly pathogenic H5N1 strains A/HK/156/97 and A/VN/1194/04 were most 
effective in suppressing RNAi. The NS1 proteins from the human H3N2 strains, 
the chicken strain A/CH/NL/1/03 and human strain A/NL/33/03 (H7N7) could not 
overcome the Tat RSS defect.  
 
Recent studies suggest intriguing links between the IFN response and the RNAi 
machinery 31. The NS1 protein was first shown to act as IFN antagonist 3, 32, and 
subsequently shown to influence the RNAi pathway.8, 9, 11 We therefore also tested 
the set of NS1 genes for their ability to block transcriptional activation of the IFN-
�������
��������
�	�"��e used a IFN-�-luciferase reporter that was first induced by 
poly I:C and subsequently suppressed by NS1 (Figure 2C, left panel). HEK293T 
cells were co-transfected with this IFN-�-Luc construct, NS1 vector and the renilla 
luciferase construct as an internal control. Luciferase expression was measured 
three days after transfection using the dual luciferase kit (Promega). Firefly 
luciferase activities were normalized by renilla luciferase activities and plotted. 
Poly I:C strongly induced ff luciferase gene expression, but this induction is 
largely neutralized by NS1 of the A/WSN/33 isolate (Figure 2C, right panel). For 
the complete set of NS1 genes, we calculated the relative suppression of the poly 
I:C-activated IFN-�-promoter, the non-induced (minus poly I:C transfection) 
promoter activity was set at 100% (Figure 3C). The negative GFP control and the 
HIV-1 Tat protein did not affect the IFN-�������
����We observed that all NS1 
variants are able to suppress the activated IFN-�� �����
���� ���� \��� ���
�	�� �@�
strain A/WSN/33 is most potent in this assay. 
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Figure 2: Assays to probe different activities of the NS1 protein. (A) Schematic of the 
shRNA-mediated RNAi suppression assay (left panel). Transfection of HEK293T cells 
with the luciferase reporter expression plasmid (Luc), the vector expressing a shRNA 
against luciferase (Luc + shLuc), and increasing amounts (300, 600 and 900 ng) of NS1 
(A/WSN/33) expression vector. Luciferase expression was determined 3 days post 
transfection (right panel). (B) Schematic of the functional complementation assay (left 
panel). HEK293T cells were transfected with HIV-rtTA-Tatwt, HIV-rtTA-Tatfs, and 
increasing amounts (300, 600 and 900 ng) of the NS1 (A/WSN/33) expression construct. 
Virus production (CA-p24) was determined 2 days post transfection (right panel). (C) 
Schematic of the IFN-�������
��� 	��	^	
	�������$����@
������!�������@�
	����@�_�`{|*��
cells with the ff luciferase construct under control of the IFN-�-promoter (IFN-�-Luc), 
poly I:C and NS1 (A/WSN/33) expression vector. Luciferase expression was determined 3 
days post transfection (right panel). 
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Figure 3: RSS activity and IFN-�������
��� 	��	^	
	����
	�	
$��@� 
����	'�
�\������
�	����
(A) NS1 shRNA-mediated RNAi suppression activity. Transfection of HEK293T cells 
with the luciferase reporter expression plasmid (Luc), the vector expressing a shRNA 
against luciferase (Luc + shLuc), and increasing amounts (300, 600 and 900 ng) of NS1 
expression vector. Luciferase expression was determined 3 days post transfection and was 
plotted as percentage RSS activity. (B) Functional RSS complementation assay. HEK293T 
cells were transfected with HIV-rtTA-Tatwt (wt) or HIV-rtTA-Tatfs (fs), and with 
expression plasmids for Tatwt or the set of NS1 constructs. A GFP expression vector was 
used as a negative control. Virus production was determined 2 days post transfection. (C) 
IFN-�� �����
��� 	��	^	
	��� ����$�� _�`{|*�� ����� ����� �-transfected with IFN-�-Luc, 
renilla luciferase, poly I:C and the set of NS1 constructs. Bars show the percentage of IFN-
�� �����
��� 	��	^	
	��� @��� ���� \��� '���� ������#� 
�� ��
���� ����� ��
� 
����@�
�#� �	
��
poly I:C (-IC). Standard error bars represent the mean of at least three independent 
experiments. 

A 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
C 



 

   
   

   
   

  P
ag

e 
10

8
 

In this study, we compared the capacity of the NS1 proteins of eight influenza A 
strains - representing four subtypes - to suppress RNAi in mammalian cells. We 
used different assay systems for this survey. Only the NS1 protein of strain 
A/WSN/33 can overcome shRNA-mediated silencing of a reporter gene in 
HEK293T cells. We note that the same NS1 variant does not suppress shRNA-
mediated silencing in HeLa cells 34, which is in agreement with the notion that 
RSS activity is cell line dependent.11 In a viral RSS complementation assay, we 
measured that the NS1 genes of subtypes H1N1 and H5N1 could functionally 
complement the Tat RSS function, whereas no activity was scored for the NS1 
genes of subtypes H3N2 and H7N7. These differences in NS1 RSS activities may 
be due to differences in subcellular localization, dimerization, affinity for dsRNA 
and/or size preference for certain dsRNA molecules. Follow-up studies should 
address these issues, which may also link the differences in RSS activity to distinct 
domains of the NS1 proteins, e.g. the dsRNA-binding domain (Figure 1A, grey 
box). All NS1 genes did efficiently inhibit the poly I:C-activated IFN-�������
��"�
which demonstrates that the RSS and IFN antagonistic functions are separate 
activities. 
 
The question arises whether the RSS activity of the influenza NS1 protein 
contributes to viral pathogenicity. Interestingly, the highly pathogenic H5N1 
strains A/HK/156/97 and A/VN/1194/04, which cause severe outbreaks in birds 
and were fatal in humans, were the most potent in functionally complementing the 
Tat RSS function. Two HPAI H7N7 strains lacked this property: the chicken strain 
A/CH/NL/1/03 that caused a severe outbreak and the A/NL/33/03 strain that was 
transmitted to humans. However, neither of these strains cause a lethal infection in 
humans. It will be of interest to test if all highly pathogenic H5N1 strains share the 
property of complementing the Tat RSS function, and whether this property is 
directly related to their pathogenicity. To test whether NS1 RSS activity is linked 
to the pathogenicity of influenza A viruses, one should ideally test this set of NS1 
genes in the same viral background. One study described that the NS gene of Hong 
Kong H5N1/97 viruses causes high pathogenicity when inserted in a viral 
background that is either pathogenic (like PR/8 in mice) or non-pathogenic (like 
PR/8 in pigs).35 Moreover, replacement of the NS1 gene of A/PR/8/34 by that of 
A/WSN/33 enhanced viral pathogenicity. In conclusion, NS1 genes from different 
influenza A strains differentially suppress RNAi in mammalian cells, and this 
activity is not linked to IFN-� promoter inhibition. The role of NS1-mediated 
RNAi suppression in influenza A replication and its possible contribution to 
pathogenicity remains to be determined. 
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