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Abstract

The innate immune response provides a critical defense against microbial infections, including viruses. These are recognised
by pattern recognition receptors including Toll-like receptors (TLRs) and RIG-I like helicases (RLHs). Detection of virus
triggers signalling cascades that induce transcription of type | interferons including IFN, which are pivotal for the initiation
of an anti-viral state. Despite the essential role of IFNf in the anti-viral response, there is an incomplete understanding of the
negative regulation of IFNf induction. Here we provide evidence that expression of the Nemo-related protein, optineurin
(NRP/FIP2), has a role in the inhibition of virus-triggered IFNB induction. Over-expression of optineurin inhibited Sendai-
virus (SeV) and dsRNA triggered induction of IFNf, whereas depletion of optineurin with siRNA promoted virus-induced
IFNB production and decreased RNA virus replication. Immunoprecipitation and immunofluorescence studies identified
optineurin in a protein complex containing the antiviral protein kinase TBK1 and the ubiquitin ligase TRAF3. Furthermore,
mutagenesis studies determined that binding of ubiquitin was essential for both the correct sub-cellular localisation and the
inhibitory function of optineurin. This work identifies optineurin as a critical regulator of antiviral signalling and potential
target for future antiviral therapy.
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Introduction

The innate immune response is a highly conserved, first line of
defence against microbial pathogens including viruses. To be
activated the innate response identifies pathogen associated
molecular patterns (PAMPS) [1], which are detected by host
pattern recognition receptors (PRRs). The different classes of
PRRs implicated in the detection of virus include endosomal Toll-
like receptors (TLR), cytosolic DexD/H-box retinoic acid
inducible gene-I (RIG-I)-like helicases (RLH) and cytosolic DNA
receptors (2] [3] [4] [5,6,7]. Activation of PRRs results in the
production of pro-inflammatory cytokines and chemokines.
Central to this first line of defence are type I interferons (IFNo/
IFNB), which activate transcription of host genes and induce the
development of an anti-viral state in the host cell [8]. Loss of IFNf
signalling leads to severe immunodeficiency towards viral infection
[9]. All of the anti-viral PRRs can induce the transcription of
IFNB, although the signalling components vary between different
PRRs. Common features, however are the recruitment of adaptor
proteins (e.g. TLR3 recruits Toll-interleukin 1 receptor domain
containing adaptor inducing IFNB (TRIF)) to form a scaffold,
upon which cellular ubiquitin ligases including TRAF3, and the
protein kinases TANK-binding kinase 1 (TBKI1) and its homo-
logue I-xB kinase (IKKg) are recruited [10].
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TBKI1/IKKe play a central role during the induction of IFN in
response to virus infection, underscored by mouse knockout
experiments that demonstrate the loss of virus-triggered IFNf
production in TBK1 ~/~ mice [11,12]. Currently, the molecular
mechanisms that regulate TBK1/IKKe activation are unclear,
although recent studies using the small cell permeant inhibitor
BX795 suggest that TBK1/IKKe are phosphorylated on Ser172 by
an undetermined protein kinase in response to TLR3 signalling
[13]. Phosphorylation of Ser172 leads to an activated form of the
kinase that is capable of phosphorylating down-stream substrates
including IRF3. Endogenous TBK1/IKKe is found complexed in
cells to a number of critical adaptor proteins including TANK [14],
NAPI [15], SINTBAD [16] and the recently described optineurin
[17]. These adaptors bind constitutively to TBK1/IKKe and serve
to link the kinases to both upstream signalling components as well as
down-stream substrates [18] [19]. These studies suggest that there
are distinct TBK1/IKKe complexes within the cell that may
respond differently to anti-viral signalling [20].

Recently various proteins, including A20, SIKE and RNF125,
have been demonstrated to negatively regulate IFNB induction by
targeting TLR/RLH signalling pathways [21,22,23]. The TBK1
adaptor protein optineurin (also called NRP (Nemo related
protein) and FIP2 (14.7K-interacting protein 2)) inhibits TNFo
mediated activation of NFkB by competing with Nemo for binding
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Author Summary

Viral infection stimulates the innate immune response to
produce various cytokines and chemokines to induce an
anti-viral state within the host. The best studied of these are
the type | interferons (IFNa/pB), which are essential for an
effective anti-viral response. Our understanding of how IFNj
is requlated is not well understood. This study demonstrates
that the Nemo-related protein optineurin helps to regulate
the levels of IFNB in response to virus infection. We
expressed optineurin in cells and found that the cells failed
to express IFNB when infected with various RNA viruses.
Using biochemical experiments we showed that optineurin
interacts with the protein kinase TBK1 and the ubiquitin
ligase TRAF3. Furthermore, a mutation in optineurin that
prevents the interaction with the small protein modifier
ubiquitin (D474N) ablated the negative regulatory function
of optineurin. Our findings provide a first example of a role
for optineurin in anti-viral signalling and aid in our
understanding of the negative regulation of IFN.

to RIP1 and is implicated in TNFa induced cell death [24,25].
Here we describe optineurin as a negative regulator of virus-
induced IFNP induction. Optineurin achieves this via an ubiquitin-
dependent protein interaction with TBKI1, with which it co-
localises within the cell. Over-expression of optineurin inhibits
IFNP expression, thereby increasing viral titres, whereas optineurin
siRNA dramatically enhances the IFN-mediated suppression of
virus replication. As such we propose that optineurin may
represent a broad ranging inhibitor of pro-inflammatory signalling.

Results

Expression of optineurin is induced in response to virus
infection

To investigate whether the expression of optineurin is activated in
response to viral infection, HEK293 cells were infected with the
RIG-I agonist Sendai virus (SeV) and HEK-TLR3 cells were treated
with the TLR3 ligand dsRNA (poly-I:C) (Figure 1). Using qPCR we
found that the abundance of optineurin RNA was increased after 6
hours of SeV infection or dsRNA treatment (Figure 1A). Consistent
with this we observed increased optineurin protein levels that
reached a peak after 12 hours (Figure 1B). Cells that were stimulated
with the mitogenic phorbol ester PMA (previously documented to
induce the expression of optineurin) [26] demonstrated similar levels
of optineurin induction (Figure 1A-B). To confirm that optineurin
protein synthesis was directly activated by virus infection and not
indirectly through a response to IFN, we repeated the SeV infections
in cells engineered to constitutively express a functional V protein of
Parainfluenza virus-5 (PIV5) that blocks IFN signaling (Hep2/PIV5-
V cells) (Figure S1A) [27,28] and in Vero cells, which lack the genes
for type I interferon [29]. Similar levels of optineurin protein
expression were observed in response to SeV infection or PMA
treatment in naive cells, PIV5-V expressing cells and Vero cells,
despite the inability of these cells to respond to IFN (Figures 1C and
S1B). These data collectively indicate that optineurin expression is
increased in direct response to virus infection.

Over-expression of optineurin inhibits TLR3 and
RLH-triggered induction of the IFN promoter

Since optineurin levels are induced following viral infection we
next sought to determine whether optineurin regulates virus-
triggered signalling. Using reporter assays, over-expression of
optineurin strongly inhibited IFNB induction in response to SeV
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mnfection in a dose-dependent manner (Figure 2A left). Furthermore,
over-expression of optineurin also inhibited dsRNA-induced
induction of the IFNB promoter in HEK-TLR3 expressing cells
(Figure 2A right). To further define the role of optineurin in the
RLH-triggered IFN activation pathway, cells were transfected with
plasmids encoding RIG-I or Mda-5. Over-expression of RLHs
induced a robust activation of the IFNP reporter, as shown
previously [30,31]. Consistently, optineurin over-expression inhibit-
ed activation of the IFNP promoter in these assays (Figure S2A).
Importantly, the observed effects were not due to optineurin-
mediated effects on RIG-I or Mda-5 protein expression, as
demonstrated by western blotting (Figure S2A). Induction of IFN
relies on the co-ordinated action of the transcription factors NFkB
and IRF3 [32,33,34]. In reporter assays optineurin inhibited SeV-
triggered activation of the NFxB-dependent PRDII element of the
IFNB promoter (Figure 2B), consistent with previous reports of an
optineurin-dependent inhibition of NFIFxB [24]. Importantly,
expression of optineurin inhibited SeV-induced activation of
PRDII/I and ISRE (from the ISG54 gene) reporters, both
recognised by activated IRF3 (Figure 2B). In similar experiments
optineurin had no inhibitory effects on a serum response element
reporter (SRE) or a cAMP response element responsive reporter
(CRE) (Figure S2B). In comparison both reporters were successfully
inhibited in the presence of known viral antagonists of the MAPK
and cAMP pathways, NS5A and NS3, respectively [35,36,37].

Western blot analysis revealed that cells expressing optineurin
displayed a 60% reduction in IRF3 phosphorylation when infected
with SeV and a 50% decrease in IRF3 phosphorylation in
response to poly-I:C treatment (Figures 2C and S2C). Blotting
with phosphorylation state-independent antibodies showed similar
levels of total IRF3 (Figure 2C). These data imply that in cells
overexpressing optineurin the phosphorylation of IRF3 and its
subsequent activity are inhibited.

Consistent with the promoter reporter assays SeV-induced IFN-
B protein levels were also reduced in HEK293 cells over-
expressing optineurin (Figure 2D). Taken together, these data
indicate that optineurin acts specifically as a negative regulator of
the IFNP response to RNA-activated antiviral signalling pathways.

Sub cellular localisation of endogenous optineurin
Previous studies have shown that optineurin associates with
myosin VI and Rab8 [38,39]. These proteins are involved in the
transport of vesicles and cargo recruitment. It was plausible that
optineurin might regulate innate immune signalling in the
endocytic pathway. We therefore investigated the localisation of
endogenous optineurin. Consistent with previous findings opt-
neurin was found to localise to a Golgi-associated compartment as
demonstrated by co-staining for TGN46 (Figure 3) [38]. However,
a distinct portion of optineurin localised to a broader cytoplasmic
region of the cell (Figure 3A), which did not significantly localise
with EEA1 or CD63, markers of early and late endosomes
respectively (Figure 3B and 3C). In addition, we saw no significant
co-localisation of optineurin with concanavalin A (ConA)
(Figure 3D), which suggests that optineurin is not localised to
the endoplasmic reticulum (ER). When optineurin was transiently
over-expressed compared to the endogenous distribution we
observed increased accumulation of optineurin in TGIN46 positive
vesicles, suggesting that over-expressing the protein increases
optineurin translocation to this compartment (see below).

Optineurin interacts with TBK1

We screened likely optineurin-binding partners from the innate
anti-viral signalling pathways for an interaction with optineurin by
expressing GST-tagged versions of the bait proteins and a HA-
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Figure 1. Optineurin expression is induced by virus infection. (A) Serum starved cells were infected with 100 HA units of Sendai virus (SeV),
100 pg/ml poly-I:C or PMA treated (100 ng/ml) and RNA was isolated from cells at the times shown and optineurin mRNA levels determined by Q-
PCR. Results were corrected for expression of an 18S loading control and calculated relative to an un-stimulated control. Error bars represent the
SEM values of stimulations from three independent experiments. (B) Immunoblot of cell lysates 8 and 12 hours after SeV infection (100 HA units/
ml), poly-I:C treatment (100 ug/ml) or treatment with PMA (100 ng/ml) analysed with polyclonal anti-optineurin antisera or anti-GAPDH (loading
control). All data are representative of at least three independent experiments. (C) Immunoblot of Hep-2 or Hep2-PIV5-V cell lysates 8 and 12 hours
after SeV infection (100 HA units/ml) or treatment with PMA (100 ng/ml) analysed with a polyclonal anti-optineurin antisera or anti-GAPDH (loading

control).
doi:10.1371/journal.ppat.1000778.g001

tagged optineurin. This successfully detected a constitutive
interaction with the protein kinase TBKI1, occurring both in the
presence and absence of SeV infection (Figure 4A). These
experiments were repeated using dsRNA treatment of HEK293-
TLRS3 cells to activate TLR3 signalling and a similar constitutive
interaction between TBK1 and optineurin was detected (data not
shown). We next immunoprecipitated endogenous optineurin
from a murine macrophage cell line stimulated with poly-1:C and
investigated whether it was capable of interacting with TBK1. The
optineurin precipitates contained detectable levels of constitutively
bound TBK1 (Figure 4B). Additionally, an anti-TBK1 antibody
successfully immunoprecipitated optineurin from the same lysates
(Figure 4C). In parallel experiments, a control immunoprecipita-
tion undertaken with a pre-immune antibody, failed to precipitate
significant levels of TBK1 or optineurin (Figure 4B and C).

@ PLoS Pathogens | www.plospathogens.org

To further assess the interaction of TBK1 and optineurin we
investigated their intracellular localisation in HEK293 cells in
response to SeV infection. We observed prior to stimulation the
majority of optineurin localised with TBK-1 and both the
binding and amount of optineurin-TBK-1 co-localisation did
not change following stimulation, consistent with a constitutive
interaction (Figure 4D). The majority of optineurin (~65%)
localised to TBK-1 positive compartments whilst a smaller
proportion of total TBK1 was optineurin-associated (Figure 4D).

Optineurin is found in a complex containing the
ubiquitin ligase TRAF3

TRAFS3 is a critical signalling molecule for IFNP activation in
response to virus infection [40], and is a well established binding
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Figure 2. Optineurin inhibits TLR and RLH induction of IFN. (A) Effect of optineurin on an IFNB promoter driven luciferase reporter (pIFNf-
luc) construct. HEK293 or HEK-TLR3 cells were transfected with the IFNB promoter-driven reporter in the presence of increasing amounts of
optineurin expression vector and infected with SeV (100 HA units/ml) (left) or stimulated with extracellular poly-I:C (100 ug/ml) (right). Cells were
lysed after 16 hours treatment and analysed for levels of luciferase. (B) HEK293 cells were transfected with either the PRDII, PRDIII/I or ISRE (from
ISG54) reporter constructs in combination with optineurin or an empty expression plasmid and infected with SeV (100 HA units/ml). Cells were lysed
after 16 hours treatment and analysed for levels of luciferase. Data for all experiments are presented as fold luciferase from an un-stimulated control
lacking optineurin co-expression. Error bars are SEM from three independent experiments. (C) HEK293 cells stably expressing optineurin or an empty
plasmid control were infected with SeV (100 HA units/ml) and lysed after 8 hours infection. Lysates were analysed for P-IRF3 (Ser396), IRF3, and
optineurin by immunoblot. (D) HEK293/HEK-TLR3 cells expressing optineurin or empty plasmid control were infected with SeV (100 HA units/ml) or
treated with poly-I:C (100 pg/ml) for 24 hours and IFNB production was determined by ELISA. Error bars are SEM from three independent
experiments.

doi:10.1371/journal.ppat.1000778.g002

partner for the TBKI adaptor protein TANK, residing in a them with a FLAG peptide, and the released material was
trimeric complex containing TBKI1 [19] [41]. GST pull-down immunoprecipitated with antibodies to endogenous TRAFS3,

experiments confirmed the interactions between TBKI1 and followed by an anti-HA western blot analysis, which detected
optineurin  (Figure 5A lanes 5 and 8), TBKl and TRAF3 the TBKI1 (Figure 5B). These data demonstrate that a ternary
(Figure 5A lanes 4 and 6), and importantly, an interaction was complex is formed in cells consisting of optineurin, TBK1 and

observed between optineurin and TRAF3. This interaction was TRAF3.

maintained when TRAF3 or optineurin were fused to GST

(Figure 5A lanes 7 and 9) and was specific as GST alone failed to The ubiquitin-binding domain of optineurin is required
interact with any of the HA-tagged binding partners (Figure 5A for inhibition of IFNB induction

lanes 1-3). Furthermore, all constructs expressed to approximately Optineurin was recently identified from a genetic screen as a
equal levels as judged by western blot analysis of cell lysates novel ubiquitin binding protein [42]. Sequence alignment with the
(Figure 5A lanes 10-18). related proteins, Nemo and Abin 1-3 revealed that they share a

To gain a better insight into the nature of this potential protein highly conserved DFxxER (Ubiquitin binding in Abin and Nemo
complex, cells were transfected with a FLAG-tagged optineurin (UBAN)) motif that is necessary for ubiquitin binding [42,43]. To
with or without HA-TBK1 and anti-FLAG immunoprecipitations verify the ubiquitin binding abilities of optineurin we created an
were performed, as described by Gatot et al. [41]. The ubiquitin binding deficient optineurin (D474N) mutant (Figure 6A).
immunoprecipitations were released from the beads by incubating The wild type and D474N mutant optineurin were expressed in
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Figure 3. Optineurin distributes to a TGN like cellular compartment. HEK293 cells were serum starved overnight and the following day fixed
with ice-cold methanol and permeabilised with 50% methanol/acetone. Optineurin was visualised via labelling with polyclonal rabbit anti-optineurin
antibodies followed by staining with antibodies against (A) TGN46, (B) CD63 and (C) EEA1 followed by labelling with Alexa-fluor 488 conjugated
secondary antibodies. Labelled ConA (Alexa-594) (D) was added to cells for 1 hour after optineurin labelling with Alexa fluor 488 anti-rabbit secondary
antibodies. The indicated images on the right side indicate a higher magnification of the boxed areas. Representative confocal images are shown.

Scale bar indicates 10 uM.
doi:10.1371/journal.ppat.1000778.g003

HEK293T cells and immunoblotting used to verify equal
expression and integrity (Figure 6A bottom panels). Bacterial
expressed GST tetra-ubiquitin (tetra-Ub) was used to pull-down
the optineurin proteins described above from cell lysates. We
observed binding of wild-type optineurin to tetra-Ub but the
mutation within the UBAN motif reduced binding significantly
(Figure 6A).

We reasoned that the ubiquitin-binding motif of optineurin
might aid in the interaction with binding partners such as TBK1.
To address this issue, the interaction between optineurin and
TBK1 was further analysed in cells. Cell lines expressing a GST-
tagged TBK1 were co-transfected with FLAG-tagged wild type or
D474N optineurin and the TBK1 precipitated with glutathione-
agarose beads. GST-TBKI1 co-precipitated with wild-type opti-
neurin, whereas GST alone did not (Figure 6B). Interestingly,
GST-TBK1 precipitated substantially less optineurin D474N
compared to wild-type protein (Figure 6B top panels), with no
apparent difference in wild-type and D474N protein expression
(Figure 6B bottom panels). These data suggest that the ubiquitin-
binding domain (UBAN) of optineurin may therefore be required
for the efficient interaction with TBKI.

When the sub-cellular distribution of the D474N mutant protein
was analysed we observed a dramatic redistribution into a
cytosolic-like staining pattern whilst the wild-type optineurin
clustered around TGN46 positive vesicles (Figure 7A). This

@ PLoS Pathogens | www.plospathogens.org

suggests that part of the requirement for optineurin to target to
these membranes is fulfilled by an interaction with ubiquitin.
Consistent with this we observed a high degree of co-localisation of
ubiquitin at these clustered sites of optineurin localisation (data not
shown). Additionally, endogenous TBK1 displayed co-localisation
with over-expressed wild-type optineurin to these large vesicles,
whilst the endogenous TBKI1 distribution in D474N over-
expressing cells remained diffuse (Figure 7A lower panels).

To elucidate the requirement for ubiquitin binding and TBK1
co-localisation on the inhibition of IFNf we analysed the effect of
the optineurin ubiquitin binding deficient mutant (D474N) on
activation of IFNPB. In these studies TRIF was expressed
ectopically in lieu of extracellular poly-I:C as a means to activate
TLRS3 signalling. In these reporter assays the optineurin D474N
mutant was unable to inhibit the activation of the IFNf promoter
in response to TLR3 or RIG-I signalling (Figure 7B).

Depletion of optineurin enhances the induction of ifnf
To confirm that endogenous optineurin also repressed IFNf
signalling, optineurin specific siRNA oligonucleotides were
employed. Immunoblotting demonstrated that two independent
optineurin siRNA oligonucleotides (optnl and optn2) successfully
reduced optineurin expression by at least 70% (Figure 8A top),
whilst a scrambled control had negligible effect (Figure 8A top).
None of the oligonucleotides had a significant effect on the levels of

February 2010 | Volume 6 | Issue 2 | 1000778
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the housekeeping protein GAPDH (Figure 8A bottom). As
expected levels of 7fnf mRNA rose sharply in response to infection
with SeV or treatment with dsRNA (Figure 8B). Silencing of
optineurin had no effect on the basal levels of 7zf mRNA in un-
stimulated cells but enhanced the subsequent induction of ifnff
transcripts by SeV and dsRNA (Figure 8B), whereas the scrambled
control oligonucleotide had no effect. Similarly, reporter gene
assays revealed that transcriptional activation of the IFNP
promoter in response to SeV and dsRNA was enhanced by
optineurin specific stRNA oligonucleotides but not the scrambled
control (Figure 8C). Parallel studies utilising the PRDII and ISRE
reporter constructs showed increased levels of NFkB and IRF3
driven transcription in optineurin silenced cells infected with SeV

@ PLoS Pathogens | www.plospathogens.org

(Figure S3). Consistent with the transcriptional data, SeV and
dsRNA induced IFN- protein levels were also greater in the cells
transfected with optineurin specific siRNA oligonucleotides
(Figure 8D).

Optineurin regulates the response to virus infection
These studies were extended to measure the effects of optineurin
expression on replication of the alphavirus Semliki, Forest virus
(SFV), which is highly sensitive to type I interferons [44]. Cell lines
constitutively over-expressing optineurin were infected with a
recombinant SFV4 virus - SFV4(3H)-RLuc- carrying a Renilla
luciferase (RLuc) marker gene. In this virus, RLuc is flanked by
duplicated nsP2-protease cleavage sites at the nsP3/4 junction as
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versions of these proteins. After 36 hours cells were lysed and GST
pulldowns performed (PD defines pulldown), followed by immunoblot-
ting with an anti-HA monoclonal antibody. (B) HEK293T cells were
transfected with a FLAG-optineurin and HA-TBK1 and lysates were
immunoprecipitated with FLAG-agarose beads. Precipitates were eluted
with a competing FLAG peptide, which was followed by immunoprecip-
itation with an anti-TRAF3 antibody. Precipitated samples were subjected
to immunoblot analysis with an anti-HA antibody to detect bound TBK1.
Lysates were also assessed for expression of the appropriate proteins.
doi:10.1371/journal.ppat.1000778.9005

part of the viral non-structural polyprotein [45,46]. Virus growth
curve assays were performed, and these clearly demonstrated that
cells over-expressing optineurin produced higher levels of Renilla
luciferase compared with those expressing empty plasmid
(compare white squares [control] to black squares [optineurin
over-expressing] Figure 9A). Additionally, SFV4(3H)-RLuc repli-
cation was measured in optineurin siRNA treated cells. Opti-
neurin siRNA treated cells were more resistant to SFV infection
and subsequently produced less luciferase than those treated with
the scrambled control siRNA (compare squares [control] to circles
[optineurin siRNA] Figure 9B).
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Figure 6. Ubiquitin binding motif of optineurin is required for
TBK1 binding. (A) HEK293T cells were transfected with the indicated
optineurin plasmids and cell lysates were used for pulldown with
bacterial expressed GST or GST-tetraUb (PD denotes pulldown),
followed by immunoblotting with an anti-FLAG monoclonal antibody
to probe for bound optineurin. (B) HEK293T cells were transfected with
GST or GST-TBK1 plus the indicated optineurin plasmid. Cell lysates
were precipitated with glutathione agarose beads (PD denotes
pulldown). Precipitates were subjected to immunoblotting with
monoclonal anti-FLAG antibody to assess binding to optineurin and
anti-GST polyclonal antisera to confirm precipitation of the appropriate
GST fusion protein. Lysates were probed to demonstrate equal
expression of the expressed proteins.

doi:10.1371/journal.ppat.1000778.9006

As further verification of the role of optineurin in the anti-viral
response we analysed the effect of modulating the levels of
optineurin on the replication of Bunyamwera virus lacking the
IFN antagonist, NSs. Bunyamwera virus is a segmented negative
stranded RNA virus and the prototypic member of the Bunyaviridae
family. The NSs protein acts as a potent IFN antagonist and can
effectively block induction of IFNB [47]. Viruses lacking the NSs
protein (BUNdeINSs) are strong inducers of IFNP [47,48]. Cells
expressing wild-type optineurin or optineurin D474N along with
the IFNP reporter were infected with BUNdeINSs virus.
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Figure 7. Ubiquitin binding motif of optineurin is required for function. (A) HEK293 cells were transfected with optineurin wildtype and
D474N and stained with anti-FLAG antibody to assess the sub-cellular distribution of optineurin. Additionally, cells were stained with markers for the
Golgi (TGN46) and endogenous TBK1. The images were merged to assess co-localisation and the images on the right side indicate a higher
magnification of the boxed areas. Representative confocal images are shown. Scale bar indicates 10 uM. (B) HEK293 cells were transfected with
pIFNp-luc, optineurin wild-type or D474N and either TRIF or Mda5. The next day cells were left untreated or were infected with T00HA units/ml of SeV
for 16 hours. Luciferase levels were determined and are presented as fold luciferase from an un-stimulated control lacking optineurin co-expression.

Error bars are SEM from three independent experiments.
doi:10.1371/journal.ppat.1000778.9007

Optineurin had an inhibitory effect on IFNP reporter activation
after infection with BUNdeINSs, whereas the D474N mutant that
was incapable of binding to ubiquitin did not (Figure 9C).

Discussion

During infection cytokine signalling must be controlled to
prevent unwanted tissue damage. Host cells have therefore
developed strategies to regulate the level of cytokines produced
in response to infection. Critical to this regulation are an
increasing number of negative regulatory proteins. The results
presented in this paper establish optineurin as a novel regulator of
virus-triggered IFNP induction. Over-expression of optineurin
inhibited both TLR3 and cytoplasmic helicase (RIG-I/Mda-5)
triggered activation of the IFNP promoter and suppressed the
ability of a defective Bunyamweravirus to induce IFN. Con-
versely, cells that were depleted of optineurin by treatment with
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siRNNA were more resistant to SeV and SFV infection, and these
cells produced more IFN upon infection. Previously it has been
described that optineurin is induced by inflammatory cytokines
including TNFa [49]. We have now established that wvirus
infection also markedly increases the amount of optineurin protein
present in the cells directly as optineurin expression in cells unable
to respond to IFN was still up-regulated by virus infection.
Promoter mapping studies suggest this up-regulation is likely to be
mediated by NFkB [50]. Coupled with the observation that
optineurin deficiency did not result in induction of IFNP, but
rather augmented the virus-induced transcription of IFNJ, these
data indicate that optineurin levels are increased upon virus
infection in order for it to contribute to the fine-tuning of the anti-
viral response.

Optineurin has recently been characterised as an NIxB-
regulated gene product that interacts with the receptor interacting
kinase RIP1 in response to TNT'a and initiates a negative feedback
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Figure 8. Depletion of optineurin enhances the induction of
ifng. (A) Optineurin levels were reduced by transfection of siRNA
oligonucleotides (optn1 and optn2) as demonstrated by immunoblot-
ting with polyclonal anti-optineurin antisera. The siRNA had minimal
impact on levels of GAPDH as judged by immunoblotting. (B) Cells
treated with optineurin siRNA or control siRNA were infected with 100
HA units/ml SeV or treated with extracellular poly-I:C (100 pg/ml) and
RNA was isolated from cells at the times shown and ifnff mRNA levels
determined by Q-PCR. Results were corrected for expression of 185 and
calculated relative to an un-stimulated control. Error bars represent the
SEM values of stimulations from three independent experiments. (C)
Levels of IFNB promoter driven luciferase were determined in
optineurin-silenced cells. Cells expressing IFNfB-luc were stimulated as
described in (B) and levels of luciferase assayed. Results are shown as
fold luciferase from an un-stimulated control. (D) To detect levels of
IFNB protein cells were stimulated as described in (B) and (C) and
secreted cytokine was detected by ELISA. Error bars are SEM from three
independent experiments. Student’s t-test was used and for all tests, a P
value of less than 0.05 was considered statistically significant.
doi:10.1371/journal.ppat.1000778.9g008

loop to inhibit NFxB signalling [24,50]. The inhibition of both
TNFo and IFNP pathways suggests that optineurin functions as a
negative feedback regulator of immune signalling. In this context it
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Figure 9. Optineurin regulates the response to virus infection.
(A) Cell lines expressing optineurin or empty expression plasmid were
infected (MOI 5) with recombinant SFV (SFV4(3H)-RLuc) containing a
Renilla luciferase (RLuc) reporter gene. Cells were lysed 8 hours post
infection and luciferase levels determined. Data is presented as fold
luciferase from uninfected control. Cells expressing optineurin (black
boxes), cells expressing empty plasmid (white boxes). (B) Cells treated
with optineurin siRNA optn1 and optn2 (black and white circles),
control siRNA (white box) or mock treated cells (black box) were
infected (MOI 5) with SFV4(3H)-RLuc. Cells were lysed 8 hours post
infection and luciferase levels determined. Data is presented as fold
luciferase from uninfected control. (C) Cells expressing optineurin
wildtype or D474N were infected with a Bunyamweravirus lacking the
IFN antagonist NSs protein in conjunction with the pIFNf-luc reporter
plasmid. Levels of viral induced IFNB-promoter driven luciferase were
assayed and are displayed as fold luciferase from an uninfected control.
Error bars are SEM from three independent experiments.
doi:10.1371/journal.ppat.1000778.9009
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will be important to determine the response of optineurin deficient
mice to virus infection.

To establish a molecular mechanism for the regulatory role of
optineurin we demonstrated an interaction with the protein kinase
TBKI1. TBKI is a ubiquitously expressed kinase and a critical
point of convergence for TLR and RLH-triggered induction of
IFNB, and as such is a likely candidate for regulation.
Characterisation of the optineurin-TBK1 interaction suggests that
optineurin is a TBK1 adaptor protein. Binding assays indicated
that optineurin was constitutively associated with TBK1, akin to
known adaptor proteins including TANK-NAPI-SINTBAD [20]
and immunofluorescence analysis demonstrated co-localisation of
optineurin and TBKI1. Interestingly, quantification of the amounts
of optineurin co-localised with TBK1 revealed a significant pool of
TBK1 not associated with optineurin, which presumably con-
tained TBK1 complexed with other adaptor proteins (TANK-
NAPI-SINTBAD). Morton and colleagues recently identified
TBKI1 as an optineurin binding partner [17]. Importantly, our
findings confirm the constitutive interaction data presented in their
study. Moreover, they also identified that optineurin and TANK
may share a common binding site on TBK1 [17], which supports
the theory that there are distinct pools of TBK1 within a cell, each
bound by a specific adaptor protein [20]. TBKI is closely related
to IKKe and is thought to have overlapping functions, including
inducing transcription of type I IFN. Both TBKI1 and IKKe
constitutively interact with TANK-NAPI-SINTBAD [20] and
these adaptor proteins are thought to be essential for the
overlapping functions of these kinases. Surprisingly, binding assays
demonstrated that optineurin was not able to interact with IKKe
[17]. If this were the case it suggests that optineurin is the first
TBKI specific adaptor protein found to date and that the TBK1-
optineurin complex regulates distinct aspects of the response to
virus infection.

It is currently unclear exactly how optineurin regulates the
induction of IFN. A clue comes from mutagenesis studies, which
demonstrate that the ubiquitin-binding motif (UBAN) within
optineurin is essential for inhibitory function, as a mutation within
this motif (D474N) profoundly impaired the ability of optineurin to
inhibit the induction of IFNf. Furthermore, our studies using this
mutant highlighted the requirement of this motif for binding to
TBKI1. Although, the putative TBKI binding motif within
optineurin has been suggested to locate to the amino terminal
third of the protein [17], our data clearly demonstrate that
significantly less optineurin (D474N) is bound by TBK1 compared
to wild-type protein. The disparity in findings prompted us to
investigate the effect of the D474N mutant on optineurin
localisation. Immunofluorescence analysis showed that the
D474N mutant was not targeted to the same sub-cellular
localisation as wild-type protein. Clearly, in this case the
ubiquitin-binding motif acts as a potent localisation signal.
Moreover, in co-localisation experiments the sites of specific
optineurin-TBKI1 clustering were lost when optineurin was unable
to bind to ubiquitin. Collectively these data suggest that optineurin
targets TBK1 to specific sites in the cell and that this is dependent
on an interaction with ubiquitin. This was reminiscent of the role
of Epsl3, which uses an ubiquitin-binding motif to correctly
orchestrate formation of protein complexes during receptor
tyrosine kinase endocytosis [51] and suggests a model where
optineurin may bind to specific ubiquitylated targets to orchestrate
specific signalling.

Recent studies suggest that key proteins within the antiviral
response are ubiquitylated; including RIG-I and IPS-1 [52,53] and
that several cellular regulators target this ubiquitylation including
CYLD, DUBA and RNF125 [23,54,55]. Indeed, a mechanism
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proposed by Zhu and colleagues for the regulation of NFxB by
optineurin relies on the competitive recruitment of optineurin to
polyubiquitylated RIP1 [24]. The impact of the D474N mutant on
the ability of optineurin to inhibit IFNf induction would argue for
a similar mechanism in this case. A role for ubiquitin in the
function of optineurin is further strengthened by the observation
that optineurin can interact with TRAF3. We speculate that
TRAF3 may be required for the polyubiquitylation of optineurin
binding partners within the innate signalling pathways, although
these targets are not known at this stage. Further studies are
needed to ascertain the functional significance of the optineurin-
TBKI1 sub-cellular targeting and the constituents of any multi-
protein complexes, in addition to TRAF3 that contain optineurin.
Future studies will undoubtedly identify additional ubiquitylated
binding partners for optineurin in antiviral signalling pathways.

In conclusion this study expands the role of optineurin, beyond
the negative regulation of TNFa signalling, to include the
regulation of virus triggered IFNP induction. Although, more
studies are needed to address the molecular mechanisms by which
optineurin regulates the antiviral response, we propose that that
optineurin may be a broad-spectrum negative regulator of
inflammation.

Materials and Methods

Materials

Poly-I:C and human embryonic kidney (HEK) cells expressing
TLR3 were purchased from Invivogen. Sendai virus (SeV) Cantell
strain was obtained from Charles River Laboratories. The
optineurin, TBK1, TRAF3 and HA antibodies were obtained
from Abcam. IRF3 and phospho-IRF3 (Ser 396) antibodies were
from Cell Signalling Technologies. Anti-FLAG monoclonal
antibody, FLAG peptide, protein G and Glutathione agarose
were from Sigma.

DNA manipulations

The luciferase reporter plasmids and Mda-5 expression vector
have been described previously [56] and were provided by S.
Goodbourn (University of London). The NS5A and NS3
expression vectors have been described previously [29][31]. The
plasmid for bacterial expressed GST-Ub was a kind gift from F.
Randow (University of Cambridge). An optineurin expression
construct was obtained from F. Buss (University of Cambridge)
and used as a template for PCR to generate an optineurin
sequence that was cloned into pEBG2T for expression as an
amino-terminal GST fusion or with an in-frame amino-terminal
FLAG or HA tag that were cloned into pcDNA3.1. A plasmid
expressing TRIF was a gift from L. O’Neill (Trinity College,
Dublin). RIG-I, TBK1, TRAF3 and IRF3 were amplified with
KOD polymerase and inserted into vectors for expression in
mammalian cells. Site directed mutagenesis of optineurin was
performed using a Quick-Change kit (Stratagene).

Cell culture, transfection and cell lysis

All cells lines were cultured in DMEM supplemented with 10%
fetal calf serum, 100 IU/ml penicillin, 100 ug/ml streptomycin
and 0.1% Normocin (Invivogen). Routine transfections were
carried out using PEI (Polysciences Inc.) at 5 ug/pg DNA
according to manufacturer’s instructions. Cells were lysed in lysis
buffer (50 mM Tris-HC1 pH7.5, 1 mM EDTA, 1 mM EGTA, 1%
Triton-X100, 1 mM Na3VO,, 50 mM NaF, 5 mM sodium
pyrophosphate, 10 mM sodium glycerophosphate, 0.27 M sucrose
and 50 mM iodoacetamide) and placed on ice. Cell lysates were
clarified by centrifugation for 20 min at 18,000 g.
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GST pulldowns, immunoprecipitations and
immunoblotting

For GST pulldowns cells over-expressing the proteins of interest
were lysed in lysis buffer and either used immediately or snap
frozen in liquid nitrogen prior to storage at -80°C. 1 mg of total
cell lysate was incubated with glutathione-agarose beads for
4 hours at 4°C with constant shaking. For immunoprecipitations
involving over-expressed proteins in HEK293T cells, ectopically
expressed FLAG tagged protein was precipitated with FLAG-
agarose beads (Sigma) for 2 h at 4°C with constant shaking. For
precipitations of endogenous optineurin, RAW 264.7 and
HEK293 cells treated with poly-I:C (100 ug/ml) or infected with
SeV (100 HA units/ml) were lysed and 1 mg of total lysate was
incubated with 5 pg of anti-optineurin antibody for 2 h at 4°C and
then incubated with protein G agarose beads overnight. All
precipitates were washed thoroughly in lysis buffer, and proteins
released from the beads with the addition of Laemmli loading
buffer. Precipitated proteins were analysed by SDS PAGE,
transferred to PVDF membrane and immunoblotted. Levels of
phosphorylated IRF3 were quantified by Image densitometry
imaging to analyze intensity of western blot bands. The signal
intensities for quantification were normalized to the background
values and this signal subsequently normalized to the levels of total

IRF3.

Immunofluorescence

Cells grown on glass coverslips were transfected with either
FLAG-tagged optineurin (for over-expression studies) or the
indicated constructs (where applicable). 48 h post-seeding or
transfection, cells were fixed with ice-cold methanol for 10 min-
utes, followed by permeabilisation in ice-cold methanol/acetone
for 10 minutes. Cells were washed with PBS and blocked in PBS/1
% BSA for 30 min. Cells were then incubated with a rabbit
polyclonal anti-optineurin antibody (Abcam) for 1 h (for investi-
gation of endogenous localisation) or with mouse ant-FLAG
antibody (for over-expression studies) in PBS/1 % BSA and
washed with PBS prior to incubation with Alexa—Fluor 594
conjugated anti goat (rabbit) or anti-mouse secondary antibody
(Invitrogen-Molecular Probes) in PBS/1 % BSA for 1 hour at
room temperature. Cells were probed with sheep anti-TGIN46
conjugated to anti-sheep 488 antibodies for Golgl investigation,
anti-mouse EEA1 or anti-CD63 antibodies conjugated to anti-
mouse secondaries for endosomal investigation. Cells were washed
and mounted onto microscope slides using Citifluor (Agar
Scientific). Labelled cells were viewed on a Zeiss 510-META laser
scanning confocal microscope under an oil-immersion X63
objective lens (NA =1.40). Alexa-fluor 594, (550 nm excitation:
570 nm emission) was excited using a helium/neon laser fitted
with 543 nm filters. Images displayed are representative and
displayed as single optical sections of 50 uM thickness.

For quantification of co localization, images were captured as
single optical sections of 50 uM thickness (maintaning identical
channel settings throughout) and analyzed using IMARIS software
using Col.oc and surpass modules. Briefly the thresholds of the
each channel were set at 10% of the maximum intensity and
vesicles of a diameter of 0.5 UM were recorded in both the 488 nm
and 594 nm channels using Imaris to calculate the structures that
fall into this sizing. The number of vesicles was then entered into
the corresponding channel thresholds in the col.oc module and
white pixels appeared on the image to show the location of co-
localized pixels. The number of co localized vesicles was then
expressed as a percentage of the total vesicle count for each of the
488 nm and 594 nm channels using the surpass statistics tab. Each
experiment represents the quantified co localization from 20 cells.
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Reporter assays

Cells (1x10%) were seeded into 12 well dishes and transfected
the following day using PEI (Polysciences Inc.) with reporter
plasmids expressing firefly luciferase under the control of the
complete IFNB promoter, the PRDII, PRDIII/T elements of the
IFNB promoter or a tandem ISRE element taken from the ISG54
promoter. Where appropriate, cells were co-transfected with
plasmids expressing cellular proteins (e.g. Mdad). Empty plasmid
was added to ensure each transfection received the same amount
of total DNA. To normalise for transfection efficiency pRLTK
Renilla luciferase reporter plasmid was added to each transfection.
Where necessary, 24 hours post transfection cells were treated with
100 pg/ml poly-I:C or infected with 100 HA units/ml Sendai
virus for a further 16 hours. Samples were lysed in passive lysis
buffer (Promega) and activity measured using a dual-luciferase
reporter assay system (Promega) as described [37].

SFV virus preparation and infection

Recombinant Remilla luciferase-expressing SFV4(3H)-RLuc (de-
rived from strain SFV4) [46] was grown in BHK-21 cells (37°C; in
MEM/2% newborn calf serum (NBCS). Virus-containing super-
natants were clarified by centrifugation (3x, 30 minutes,
15000 rpm) and viruses concentrated from supernatant on a
20% (w/v) sucrose/ TNE buffer (pH 7.4) cushion by ultracentri-
fugation (25000 rpm, 90 minutes, SW28 rotor). Pellets were
resuspended in TNE buffer, and viruses titrated by plaque assay.
Infection of mammalian cells was performed at 37 °C for 1 hour,
respectively, at an m.o.i. of 5 plaque forming units (pfu) per cell in
DMEM containing 0.5% foetal calf serum. After infection
complete medium was added to the cells.

RNA interference

Decreased optineurin expression was obtained using pre-
validated siRNA molecules (Ambion). These were transfected
using the siPort Neofect reagent according to the protocol
provided by the manufacturer (Ambion).

Detection of cellular mRNA

Cells were transfected with siRNNA to silence endogenous
optineurin as described. Cells were stimulated with agonist and
incubated for the times indicated. Total RNA was extracted using
a Nucleospin kit (Machery-Nagel) and cDNA was generated from
1 pg of total RNA using the Super-Script II reagent (BioRad). The
resulting cDNA was subjected to semi-quantitative real time PCR
using the SYBR green reagent (BioRad) as previously described
[57].

Determination of IFNf protein levels

HEK?293 cells expressing optineurin or treated with optineurin
specific siRNA were infected with SeV (100 HA units/ml) or
treated with poly-I:C (100 pg/ml) and levels of secreted IFNB
detected by ELISA using the manufacturer’s protocols (PLB
Interferon Source).

Supporting Information

Figure S1 (A) HEp-2 parental and HEp-2 cells expressing the
PIV5 V protein (HEp-2/PIV5-V) cells were transfected with
luciferase reporter contructs pIFNf or pISRE and stimulated with
SeV infection or 1000 IU/ml IFNa. Expression of PIV5-V protein
had no significant effect on the levels of luciferase generated from
the pIFNP reporter, demonstrating that V is not able to inhibit the
production of IFN. In contrast expression of V led to a statistically
significant decrease in pISRE driven luciferase. These data show
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that cells expressing PIV5-V are able to produce IFN but not able
to respond to it. ¥* corresponds to a <P0.05. (B) Vero cells were
serum starved for 24 hours then infected with SeV (100 HA units/
ml) or treated with PMA (100 ng/ml) for the indicated times. Cell
lysates were analysed with a polyclonal anti-optineurin antibody
and anti-GAPDH to show equal protein loading.

Found at: doi:10.1371/journal.ppat.1000778.s001 (0.50 MB TTF)

Figure $2 (A) Cells containing pIFNB-luc were co-transfected
with RIG-I (left) or Mdab (right) expression plasmids in the
presence of increasing concentrations of optineurin expression
vector. (B) Cells were transfected with a serum responsive element
(SRE)-reporter (left) or (C) a cAMP responsive element (CRE)
reporter (right) in combination with optineurin or the appropriate
controls, HCV NS3A (left) and HCV NS3 (right). Cells were
stimulated with serum (SRE) or forskolin (CRE) (right) for 16
hours. Data for all experiments are presented as fold luciferase
from an unstimulated control lacking optineurin co-expression.
Error bars are SEM from three independent experiments. (D)
HEK293 cells stably expressing optineurin or an empty plasmid
control were infected with SeV (100 HA units/ml) and lysed after
8 hours infection. Lysates were analysed for P-IRF3 (Ser396),
IRF3, and optineurin by immunoblot.

Found at: doi:10.1371/journal.ppat.1000778.s002 (0.90 MB TIF)
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Figure 83 Optineurin siRNA enhances PRDII and ISRE
activation. HEK293 expressing (A)PRDII or (B) ISRE reporter
constructs were treated with scrambled or optineurin specific
siRNA stimulated with SeV (100 HA Units/ml) for 18 hours and
levels of luciferase assayed. Results are shown as fold luciferase
from an unstimulated control. Error bars are SEM from three

independent experiments.
Found at: doi:10.1371/journal.ppat.1000778.s003 (0.33 MB TIF)

Acknowledgments

The authors would like to thank Stephen Goodbourn (St Georges,
University of London), Folma Buss (University of Cambridge), Felix
Randow (University of Cambridge), Luke O’Neill (Trinity, Dublin), Andres
Merits (University of Tartu, Estonia), Richard Randall (University of St-
Andrews) and Sreenivasan Ponnambalam (University of Leeds) for the kind
provision of reagents. We are indebted to the research staff within the
Elliott lab for technical assistance with Bunyavirus infections. We also
thank Matthew J. Bentham and Stephen Griffin (University of Leeds) for
critical reading of this manuscript.

Author Contributions

Conceived and designed the experiments: AK AM. Performed the
experiments: JM RF KHR LFW. Analyzed the data: JM AK AM.
Contributed reagents/materials/analysis tools: MH AK RME. Wrote the
paper: JM AM.

pathways in type I IFN induction. Journal of immunology (Baltimore, Md: 1950)
177: 8676-8683.

. Guo B, Cheng G (2007) Modulation of the interferon antiviral response by the

TBK1/IKKi adaptor protein TANK. The Journal of biological chemistry 282:

11817-11826.

Chau T-L, Gioia R, Gatot J-S, Patrascu F, Carpentier I, et al. (2008) Are the

IKKs and IKK-related kinases TBK1 and IKK-epsilon similarly activated?

Trends in biochemical sciences 33: 171-180.

. Wang Y-Y, Li L, Han K-J, Zhai Z, Shu H-B (2004) A20 is a potent inhibitor of
TLR3- and Sendai virus-induced activation of NF-kappaB and ISRE and IFN-
beta promoter. FEBS letters 576: 86-90.

. Huang]J, Liu T, Xu L-G, Chen D, Zhai Z, et al. (2005) SIKE is an IKK epsilon/
TBKI-associated suppressor of TLR3- and virus-triggered IRF-3 activation
pathways. The EMBO journal 24: 4018-4028.

. Arimoto K-i, Takahashi H, Hishiki T, Konishi H, Fujita T, et al. (2007)
Negative regulation of the RIG-I signaling by the ubiquitin ligase RNF125.
Proceedings of the National Academy of Sciences of the United States of
America 104: 7500-7505.

. Zhu G, Wu C-J, Zhao Y, Ashwell JD (2007) Optineurin negatively regulates
TNFalpha- induced NF-kappaB activation by competing with NEMO for
ubiquitinated RIP. Current biology: CB 17: 1438-1443.

. Li Y, Kang J, Horwitz MS (1998) Interaction of an adenovirus E3 14.7-
kilodalton protein with a novel tumor necrosis factor alpha-inducible cellular
protein containing leucine zipper domains. Mol Cell Biol 18: 1601-1610.

. Schwamborn K, Weil R, Courtois G, Whiteside ST, Israel A (2000) Phorbol
esters and cytokines regulate the expression of the NEMO-related protein, a
molecule involved in a NF-kappa B-independent pathway. J Biol Chem 275:
22780-22789.

. Carlos TS, Young D, Stertz S, Kochs G, Randall RE (2007) Interferon-induced
inhibition of parainfluenza virus type 5; the roles of MxA, PKR and oligo A
synthetase/RNase L. Virology 363: 166-173.

. Young DF, Andrejeva L, Livingstone A, Goodbourn S, Lamb RA, et al. (2003)
Virus replication in engineered human cells that do not respond to interferons.
J Virol 77: 2174-2181.

. Mosca JD, Pitha PM (1986) Transcriptional and posttranscriptional regulation

of exogenous human beta interferon gene in simian cells defective in interferon

synthesis. Mol Cell Biol 6: 2279-2283.

Sumpter R Jr, Wang C, Foy E, Loo YM, Gale M Jr (2004) Viral evolution and

interferon resistance of hepatitis C virus RNA replication in a cell culture model.

J Virol 78: 11591-11604.

Andrejeva J, Childs KS, Young DF, Carlos TS, Stock N, et al. (2004) The V

proteins of paramyxoviruses bind the IFN-inducible RNA helicase, mda-5, and

inhibit its activation of the IFN-beta promoter. Proc Natl Acad Sci U S A 101:

17264-17269.

. Visvanathan KV, Goodbourn S (1989) Double-stranded RNA activates binding
of NF-kappa B to an inducible element in the human beta-interferon promoter.
EMBO J 8: 1129-1138.

20.

30.

31.

February 2010 | Volume 6 | Issue 2 | €1000778



33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Goodbourn S, Maniatis T (1988) Overlapping positive and negative regulatory
domains of the human beta-interferon gene. Proc Natl Acad Sci U S A 85:
1447-1451.

Goodbourn S (1990) The regulation of beta-interferon gene expression. Semin
Cancer Biol 1: 89-95.

. Aoubala M, Holt J, Clegg RA, Rowlands DJ, Harris M (2001) The inhibition of

cAMP-dependent protein kinase by full-length hepatitis C virus NS3/4A
complex is due to ATP hydrolysis. J] Gen Virol 82: 1637-1646.

Mankouri J, Griffin S, Harris M (2008) The hepatitis C virus non-structural
protein NS5A alters the trafficking profile of the epidermal growth factor
receptor. Traffic 9: 1497-1509.

Macdonald A, Crowder K, Street A, McCormick C, Saksela K, et al. (2003) The
hepatitis C virus non-structural NS5A protein inhibits activating protein-1
function by perturbing ras-ERK pathway signaling. J Biol Chem 278:
17775-17784.

del Toro D, Alberch J, Lazaro-Dieguez F, Martin-Ibanez R, Xifro X, et al.
(2009) Mutant huntingtin impairs post-Golgi trafficking to lysosomes by
delocalizing optineurin/Rab8 complex from the Golgi apparatus. Molecular
biology of the cell 20: 1478-1492.

Sahlender DA, Roberts RC, Arden SD, Spudich G, Taylor MJ, et al. (2005)
Optineurin links myosin VI to the Golgi complex and is involved in Golgi
organization and exocytosis. J Cell Biol 169: 285-295.

Oganesyan G, Saha SK, Guo B, He JQ), Shahangian A, et al. (2006) Critical role
of TRAF3 in the Toll-like receptor-dependent and -independent antiviral
response. Nature 439: 208-211.

Gatot J-S, Gioia R, Chau T-L, Patrascu F, Warnier M, et al. (2007)
Lipopolysaccharide-mediated interferon regulatory factor activation involves
TBKI1-IKKepsilon-dependent Lys(63)-linked polyubiquitination and phosphor-
ylation of TANK/I-TRAF. The Journal of biological chemistry 282:
31131-31146.

Wagner S, Carpentier I, Rogov V, Kreike M, Ikeda F, et al. (2008) Ubiquitin
binding mediates the NF-kappaB inhibitory potential of ABIN proteins.
Oncogene 27: 3739-3745.

Heyninck K, Kreike MM, Beyaert R (2003) Structure-function analysis of the
A20-binding inhibitor of NIF-kappa B activation, ABIN-1. FEBS Lett 536:
135-140.

Breakwell L, Dosenovic P, Karlsson Hedestam GB, D’Amato M, Liljestrom P, et
al. (2007) Semliki Forest virus nonstructural protein 2 is involved in suppression
of the type I interferon response. J Virol 81: 8677-8684.

. Tamberg N, Lulla V, Fragkoudis R, Lulla A, Fazakerley JK, et al. (2007)

Insertion of EGFP into the replicase gene of Semliki Forest virus results in a
novel, genetically stable marker virus. ] Gen Virol 88: 1225-1230.

@ PLoS Pathogens | www.plospathogens.org

13

46.

47.

48.

49.

50.

51.

52.

53.

Optineurin Regulates Antiviral Signaling

Kiiver K, Merits A, Sarand I (2008) Novel vectors expressing anti-apoptotic
protein Bcl-2 to study cell death in Semliki Forest virus-infected cells. Virus Res
131: 54-64.

Weber F, Bridgen A, Fazakerley JK, Streitenfeld H, Kessler N, et al. (2002)
Bunyamwera bunyavirus nonstructural protein NSs counteracts the induction of
alpha/beta interferon. J Virol 76: 7949-7955.

Leonard VH, Kohl A, Hart T]J, Elliott RM (2006) Interaction of Bunyamwera
Orthobunyavirus NSs protein with mediator protein MEDS8: a mechanism for
inhibiting the interferon response. J Virol 80: 9667-9675.

Li Y, Kang J, Horwitz MS (1998) Interaction of an adenovirus E3 14.7-
kilodalton protein with a novel tumor necrosis factor alpha-inducible cellular
protein containing leucine zipper domains. Molecular and cellular biology 18:
1601-1610.

Sudhakar C, Nagabhushana A, Jain N, Swarup G (2009) NF-kappaB mediates
tumor necrosis factor alpha-induced expression of optineurin, a negative regulator
of NF-kappaB. PLoS ONE 4: ¢5114. doi:10.1371/journal.pone.0005114.

de Melker AA, van der Horst G, Borst J (2004) Ubiquitin ligase activity of ¢c-Cbl
guides the epidermal growth factor receptor into clathrin-coated pits by two
distinct modes of Eps15 recruitment. J Biol Chem 279: 55465-55473.

Paz S, Vilasco M, Arguello M, Sun Q, Lacoste J, et al. (2009) Ubiquitin-
regulated recruitment of IKK{epsilon} to MAVS interferon signaling adapter.
Mol Cell Biol 29: 3401-3412.

Gack MU, Shin YC, Joo C-H, Urano T, Liang C, et al. (2007) TRIM25 RING-
finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity.
Nature 446: 916-920.

. Lin R, Yang L, Nakhaei P, Sun Q, Sharif-Askari E, et al. (2006) Negative

regulation of the retinoic acid-inducible gene I-induced antiviral state by the
ubiquitin-editing protein  A20. The Journal of biological chemistry 281:
2095-2103.

. Friedman CS, O’Donnell MA, Legarda-Addison D, Ng A, Cardenas WB, et al.

(2008) The tumour suppressor CYLD is a negative regulator of RIG-I-mediated
antiviral response. EMBO reports 9: 930-936.

. Park B-C, Shen X, Samaraweera M, Yue BYJT (2006) Studies of optineurin, a

glaucoma gene: Golgi fragmentation and cell death from overexpression of wild-
type and mutant optineurin in two ocular cell types. The American journal of
pathology 169: 1976-1989.

. Kaiser M, Wiggin GR, Lightfoot K, Arthur JS, Macdonald A (2007) MSK

regulate TCR-induced CREB phosphorylation but not immediate early gene
transcription. Eur J Immunol 37: 2583-2595.

February 2010 | Volume 6 | Issue 2 | €1000778



