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Viruses induce an antiviral host 
response by activating the expression 

of antiviral host genes. However, viruses 
have evolved a wide range of strategies 
to counteract antiviral host responses. 
One of the strategies used by many 
viruses is the general inhibition of host 
gene expression, also referred to as a host 
shut-off mechanism. Here we discuss our 
recent findings that influenza virus infec-
tion results in the inhibition and degra-
dation of host RNA polymerase II (Pol 
II) and that the viral RNA polymerase 
plays a critical role in this process. In 
particular, we found that Pol II is ubiq-
uitylated in influenza virus infected cells 
and ubiquitylation can be induced by 
the expression of the RNA polymerase. 
Moreover, the expression of an antivi-
ral host gene could be inhibited by the 
overexpression of the RNA polymerase. 
Both ubiquitylation and the inhibition 
of the host gene were dependent on the 
ability of the RNA polymerase to bind to 
Pol II. Further studies will be required 
to understand the interplay between the 
host and viral transcriptional machiner-
ies and to elucidate the exact molecular 
mechanisms that lead to the inhibition 
and degradation of Pol II as a result of 
viral RNA polymerase binding. These 
findings extend our understanding of 
how influenza virus counteracts antiviral 
host responses and underpin studies into 
the mechanisms by which the RNA poly-
merase determines virulence.

Influenza virus infection elicits a wide 
range of defense mechanisms that are trig-
gered by the so-called virus-sensing recep-
tors expressed by the host. These defense 
mechanisms are coordinated by the expres-
sion of signalling molecules, including 
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type I interferons (IFNα and IFNβ). One 
of the major pathways activated in influ-
enza virus infected cells involves the RNA 
helicase RIG-I which senses full-length 
5'-triphosphate (5'-PPP)-containing viral 
genomic RNA.1 RIG-I signals via the 
mitochondrial antiviral signalling pro-
tein (MAVS, also known as IPS-1, VISA 
and Cardif) to cellular kinases which in 
turn activate transcription factors, includ-
ing interferon response factor 3 (IRF-3), 
IRF-7 and nuclear factor κB (NFκB). 
These transcription factors then coordi-
nate the expression of IFNs which result 
in the activation of a myriad of antivi-
ral host genes inducing an antiviral state 
that results in the suppression of viral 
infection.2

The general inhibition of host gene 
expression appears to be an efficient 
way of counteracting such antiviral host 
mechanisms. For example, the matrix 
protein of vesicular stomatitis virus was 
shown to inhibit Pol II activity by inhibit-
ing the TATA-binding protein, a subunit 
of the basal transcription factor TFIID.3 
Bunyaviruses express the NSs protein 
which was shown to interact with Med8, a 
component of the mediator complex that 
is involved in regulating the activity of Pol 
II.4 This interaction leads to the degrada-
tion of Pol II resulting in a general block in 
the transcription of all host genes includ-
ing interferon. Influenza virus encodes the 
NS1 protein that has also been shown to 
possess an interferon antagonist function.5 
Several mechanisms have been proposed 
as to how NS1 might inhibit interferon 
expression. For example, NS1 has been 
shown to interact with CPSF30 leading 
to a general inhibition of 3' end forma-
tion of Pol II-transcribed host mRNAs 
and thus to the inhibition of interferon 
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is characteristic of the transcription-
ally engaged initiating form of Pol II as 
opposed to the unengaged non-phosphor-
ylated form and the serine-2 phosphory-
lated form that has been associated with 
Pol II engaged in elongation. This finding 
is supported by co-immunoprecipitation, 
co-purification and co-localization studies 
of the viral RNA polymerase with Pol II 
as well as chromatin immunoprecipitation 
assays, showing that the viral RNA poly-
merase associates with the promoter region 
of actively transcribed Pol II genes through 
its interaction with the large subunit of 
Pol II.23,27 Together these findings suggest 
a mechanism by which influenza virus 
hijacks the host transcriptional machinery 
in order to access host functions that are 
required for viral transcription. Capping 
as well as splicing and packaging of host 
mRNAs into ribonucleoprotein complexes 
take place co-transcriptionally, in close 
association with Pol II.28 By targeting host 
Pol II, the viral RNA polymerase could 
gain access to capped RNA primers as well 
as downstream RNA processing, linking 
viral transcription to the cellular mRNA 
synthetic and nuclear export pathways.

function of PA remained unclear until 
functional and structural studies revealed 
its role in endonucleolytic cleavage of host 
mRNAs.14-19 These functions are required 
for generating capped RNA fragments 
which are then used by the viral RNA 
polymerase as primers for the initiation 
of viral mRNA synthesis. Thus, influenza 
virus is absolutely dependent on active host 
Pol II transcription.20,21 Moreover, ongo-
ing Pol II transcription may be required 
for the splicing and nuclear export of viral 
mRNAs.22

This functional association between 
the viral and host transcriptional machin-
eries prompted us to investigate whether 
there are any physical links between the 
two transcriptional machineries. Our 
group was the first to demonstrate that the 
influenza virus RNA polymerase associ-
ates with the host Pol II transcriptional 
machinery through the interaction of 
the viral polymerase with the C-terminal 
domain (CTD) of Pol II23 (Fig. 1), an 
observation subsequently confirmed by 
others.24-26 We found that the viral poly-
merase preferentially targets the serine-5 
phosphorylated form of the CTD that 

expression.6,7 However, NS1-independent 
virus-induced host shut-off has also been 
described.8 More recently, a mechanism 
for regulating innate immune responses 
involving the RNA polymerase has been 
proposed. In particular, overexpression of 
the viral polymerase subunits was shown 
to inhibit cellular interferon responses to 
either viral genomic RNA transfection 
or infection with an NS1-deficient virus.9 
Our recently published data provide a 
functional insight into the mechanisms 
of how the RNA polymerase could con-
tribute to the inhibition of antiviral host 
responses in influenza viruses infected 
cells.10

The RNA polymerase of influenza 
virus is a complex composed of three sub-
units, polymerase basic protein 1 (PB1), 
polymerase basic protein 2 (PB2) and 
polymerase acidic protein (PA).11-13 The 
PB1 subunit shares homology with other 
RNA polymerases and it contains the 
polymerase active site. In contrast, the 
PB2 and PA subunits show little homology 
with other proteins. Whereas the function 
of PB2 in binding of the 5' cap structure 
of host mRNAs has long been known, the 

Figure 1. Schematic model for the Pol II transcription cycle in cells infected with influenza virus and the role of the viral RNA polymerase in the inhibi-
tion and degradation of Pol II. The model depicts the large subunit of Pol II with the C-terminal domain (CTD) which is differentially phosphorylated 
during the transcription cycle (indicated by red and green dots). During the transcription cycle cellular factors involved in capping, splicing and 
polyadenylation associate with the CTD. The polyadenylation signal AATAAA is indicated. In influenza virus infected cells, the viral RNA polymerase 
(composed of the PB1, PB2 and PA subunits) binds to the serine-5 phosphorylated CTD of Pol II engaged in transcription initiation. On one hand, this 
association allows the viral RNA polymerase to access the 5' cap structure of nascent Pol II transcripts and on the other, it results in the premature 
termination of Pol II. Arrested Pol II is ubiquitylated (Ub) by the cellular machinery and eventually is degraded by the proteasome. Modified from  
Chan et al.27
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The hypothesis that inf luenza virus-
induced inhibition and degradation of 
Pol II benefits the virus through the 
inhibition of the expression of antiviral 
genes is somewhat counterintuitive con-
sidering the dependence of inf luenza 
virus mRNA synthesis and process-
ing on on-going Pol II transcription. 
However, the peak of mRNA synthesis 
is reached relatively early during the 
course of viral infection, while genome 
replication predominates late in infec-
tion.37,38 This observation resulted in 
various models to explain the “switch” 
from transcription to genome repli-
cation during the viral life cycle, (1) 
implicating the nucleoprotein as a 
switching factor, (2) proposing that 
a second, non-template associated 
trans-acting polymerase is required for 
genome replication or (3) that small 
viral RNA triggers the switch to rep-
lication.39-41 While our results do not 
exclude the importance of these factors 
in genome replication, they strongly 
suggest that the sharp decline in viral 
mRNA synthesis after the early peak is 
simply the consequence of Pol II inhibi-
tion and degradation. An initial burst 
in viral mRNA levels might ensure the 
synthesis of sufficient levels of viral pro-
teins for progeny virions while genome 
replication, a process independent 
of Pol II and promoted primarily by 
viral proteins, can proceed late during  
infection. Overall, many centuries 
of host-virus co-evolution probably 
resulted in a finely balanced outcome 
which on one hand enables the virus 
to synthesize sufficient levels of viral 
mRNAs and on the other, prevents 
host gene expression that would result 
in the release of antiviral factors, which 
could in turn induce an antiviral state 
in neighboring cells preventing viral 
spread.

Our study provides the foundation 
for further studies to dissect the role of 
the inf luenza virus RNA polymerase in 
determining virulence. Although the 
precise molecular mechanism of Pol 
II inhibition and degradation remains 
elusive, our results strongly suggest a 
role for the viral RNA polymerase in 
the general host shut-off induced in cell 
infected by inf luenza virus.

for viral transcription. This raises the 
possibility that the previously observed 
effects on the protein could have been 
caused at the RNA level. Further stud-
ies will need to be performed to address 
the molecular mechanisms that lead to 
PA-induced protein level reductions.

The specific inhibition of Pol II and 
the reduction of its levels in inf luenza 
virus infected cells strongly suggest 
that they are contributing factors to the 
inf luenza virus induced host shut-off 
mechanism. As such they could have far 
reaching consequences for virulence. 
Indeed, another recent study correlated 
the ability of inf luenza viruses to induce 
Pol II degradation with virulence and 
proposed that the ability of an inf lu-
enza virus to degrade Pol II might be 
an important factor in determining the 
virulence of inf luenza viruses.33 A more 
complex study involving a wide range of 
inf luenza viruses with low and high vir-
ulence in various hosts will be required 
to address this question in more detail.

Overall, our data support the hypoth-
esis that binding of the trimeric viral 
RNA polymerase complex to the CTD 
of Pol II is responsible for Pol II inhibi-
tion and degradation.10 However, many 
questions remain to be addressed. The 
contribution of PA to the proteolytic 
degradation of Pol II remains unclear 
and it is also unclear why overexpressed 
viral RNA polymerase complex that 
induces Pol II inhibition and ubiq-
uitylation does not trigger an overall 
reduction of all forms of Pol II. These 
findings suggest that additional fac-
tors might be required. Moreover, the 
molecular mechanisms of the degrada-
tion process itself remain unclear. The 
E3 ubiquitin ligase Nedd4 was shown 
to be involved in the ubiquitylation of 
Pol II in response to UV-induced DNA 
damage in human cells.34 Nedd4 has 
previously been identified in a screen 
for modulators of early stage HIV-1 
infection and Nedd4 binding protein 2 
(N4BP2) has also been identified as a 
host factor required for inf luenza virus 
infection.35,36 Addressing the question 
whether Nedd4 is specifically recruited 
to Pol II in inf luenza virus infected cells 
could provide further insight into the 
molecular mechanisms involved.

Although, this association might rep-
resent first of all a mechanism to aid the 
transcription of viral genes, more recently 
we also addressed the question of how 
this association affects Pol II function. 
To this end we analysed Pol II expres-
sion patterns and functionality during 
a time course of influenza virus infec-
tion.10,27 We found that Pol II elongation 
is inhibited upon influenza virus infec-
tion, resulting in the arrest of Pol II at the 
promoter region early in infection (Fig. 
1). However, later in infection there was 
a depletion of promoter-associated Pol II. 
This depletion turned out to be caused 
by a general reduction in Pol II levels 
due to the proteolytic degradation of Pol 
II. Degradation of Pol II by the protea-
some has been proposed to act as a safety 
mechanism to clear arrested Pol II as a 
result of DNA damage induced by drug- 
or UV-treatment.29,30 The influenza virus 
polymerase, by binding to and inhibiting 
Pol II, could induce this host mechanism, 
resulting in the ubiquitylation and pro-
teasomal degradation of Pol II. Indeed, 
we observed increased ubiquitylation of 
the large subunit of Pol II in influenza 
virus infected cells. We found that ubiq-
uitylation could also be triggered by the 
overexpression of viral RNA polymerase 
complex that can bind Pol II, but not by 
the overexpression of a mutant viral RNA 
polymerase with reduced Pol II binding 
activity.10 Thus, these data provide sup-
port for the hypothesis that viral RNA 
polymerase binding to Pol II triggers pro-
teasomal Pol II degradation.

Another recent study linked the deg-
radation of Pol II to the proteolytic activ-
ity of the PA subunit of the viral RNA 
polymerase.26 The PA subunit has been 
proposed to possess or induce a proteo-
lytic activity resulting in the reduction 
of co-expressed reporter proteins.31,32 
However, the molecular mechanisms 
of PA-induced proteolytic degradation 
have not been elucidated and recent crys-
tallographic analysis of an N-terminal 
domain of PA, previously implicated 
in the proteolytic activity, has failed to 
reveal a functional domain that could 
be linked to proteolytic activity.15,18 In 
contrast, an endonucleolytic domain 
has been identified that is involved in 
the generation of capped RNA primers 
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