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Abstract
Viral invasion into a host is initially recognized by the innate immune system, mainly through

activation of the intracellular cytosolic signaling pathway and coordinated activation of inter-

feron regulatory factor 3 (IRF3) and nuclear factor kappa B (NF-κB) transcription factors

that promote type I interferon gene induction. The TANK-binding Kinase 1 (TBK1) phos-

phorylates and activates IRF3. Here, we show that Optineurin (Optn) dampens the antiviral

innate immune response by targeting the deubiquitinating enzyme CYLD to TBK1 in order

to inhibit its enzymatic activity. Importantly, we found that this regulatory mechanism is abol-

ished at the G2/M phase as a consequence of the nuclear translocation of CYLD and Optn.

As a result, we observed, at this cell division stage, an increased activity and phosphoryla-

tion of TBK1 that lead to its relocalization to mitochondria and to enhanced interferon pro-

duction, suggesting that this process, which relies on Optn function, might be of major

importance to mount a preventive antiviral response during mitosis.

Author Summary

The innate immune system has evolved to detect and neutralize viral invasion. Triggering
of this defense mechanism relies on the production and secretion of soluble factors that
stimulate an intracellular antiviral defense mechanism. The protein Optineurin was
shown to negatively regulate this process. Importantly, we discovered the mechanism by
which Optineurin inhibits antiviral activity and showed that this regulation is prevented
during a critical step of cell division leading to enhancement of the cellular defense mecha-
nism. This paper shows that the antiviral immune system is controlled during the cell
cycle and that Optineurin-mediated induction of this system might serve to protect cells
from infection during cell division.

Introduction
Innate immunity is a host mechanism found in most multicellular organisms that serves as a
first line of defense against microbial pathogens. The innate immune response results in the
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production of immune modulatory cytokines and the mobilization of innate immune cells. De-
tection of pathogen associated molecular patterns (PAMPS) by the pattern-recognition recep-
tors (PRR) activates intracellular signaling pathways that culminate in the production and
secretion of pro-inflammatory cytokines, chemokines and type I IFN, i.e. IFN-α and IFN-β.
Once secreted, these cytokines stimulate transcription of IFN-stimulated genes (ISGs), prod-
ucts of which prevent virus spreading and activate the adaptive immune responses [1,2].

Among these PRRs, membrane-bound Toll-like receptors (TLRs) sense nucleic acids from
microbial genome, bacterial lipopolysaccharides or viral coat proteins, while early RNA replica-
tive intermediates are mainly detected by retinoic acid inducible-I (RIG-I)-like receptors
(RLRs) including cytosolic RNA helicases RIG-I and Mda-5 (melanoma differentiation-associ-
ated gene 5) (reviewed by [3]). In addition, cytosolic DNA-dependent RNA polymerase III can
convert AT-rich double stranded DNA into dsRNA that can be subsequently sensed by RIG-I
[4]. Recognition of double-stranded viral RNAs bearing 5’-triphosphate by RIG-I allows its in-
teraction with the mitochondrial adaptor protein MAVS, also known as Cardif/IPS-1/VISA
[5,6]. Engagement of MAVS, localized at the outer mitochondrial membrane, leads to the as-
sembly of a signaling platform and to the activation of interferon regulatory (IRFs) and nuclear
factor-κB (NF-κB) transcription factors, which cooperatively activate type I IFN gene tran-
scription [7]. In contrast to NF-κB activation that relies on the degradation of cytoplasmic in-
hibitors, activation of IRF3 and IRF7 in the cytoplasm occurs directly through their
phosphorylation by the TANK-binding kinase-1 (TBK1) and IKKε kinases that present se-
quential and structural homologies with the IκB kinases, IKKα and IKKβ [8]. These phosphor-
ylations induce conformational changes in IRF3 that promote its dimerization, nuclear
transport, and association with co-activators such as CBP/p300 and PCAF to stimulate their
transcriptional activities [9,10].

TBK1 is a serine/threonine kinase functioning as a key node protein in several cell signaling
pathways including innate immune response, autophagy-mediated elimination of bacteria and,
under physiological conditions, cell growth and proliferation [11–15]. TBK1 is composed of a
kinase domain, an ubiquitin-like (UBL) domain, a dimerization domain and a C-terminal
adaptor-binding motif [16]. TBK1 is regulated by phosphorylation on Serine 172 (S172) within
the classical kinase activation loop. The upstream kinase activating TBK1 in response to viral
infection is not yet known, although genetic and pharmacological studies suggested that TBK1
could be activated by IKKβ, as well as by autophosphorylation that can be facilitated by Glyco-
gen Synthase Kinase (GSK)-3β interaction [17,18]. Several phosphatases have been identified
as regulators of TBK1 phosphorylation, including the inositol 5’ phosphatase SHIP-1 or pro-
tein phosphatase Mg2+/Mn2+ dependent 1B (PPM1B/PP2Cβ), during TLR3 stimulation or
virus infection, respectively [19,20]. TBK1 K63-linked polyubiquitination was recently shown
to be important for LPS- and RLR-induced IFN production. In response to RNA virus infec-
tion, the E3 ligases Mind Bomb 1 and 2 (MIB1 and 2) were shown to couple K63-linked ubiqui-
tin to TBK1 on residues K69, K154 and K372 [12,16], while its ubiquitination is mediated by
Ndrp1 in LPS-stimulated cells [21]. At the opposite, several deubiquitinases cleave K63-linked
polyubiquitination to terminate TBK1-mediated pathway, including deubiquitinating enzyme
cylindromatosis (CYLD), ubiquitin-editing enzyme A20 (also known as TNFAIP3) and Ubi-
quitin-Specific Protease 2b (USP2b) [22–25]. Recently, the RING finger protein 11 (RNF11)
was reported to functionally cooperate with TAX1BP1 to inhibit K63-linked polyubiquitina-
tion of TBK1 and IFN production and to remove K63-linked chains from this kinase [26]. Re-
cent observations have demonstrated that NEMO (NF-κB essential modulator) bridges the
NF-κB and IRF signaling pathways: MIB-dependent attachment of K63-linked chains to TBK1
following viral RNA recognition induces its interaction with NEMO and the recruitment of
this complex to MAVS [16], while linear ubiquitination of NEMO dissociates the

Regulation of the Innate Immune Response by Optineurin

PLOS Pathogens | DOI:10.1371/journal.ppat.1004877 April 29, 2015 2 / 27



MAVS-TRAF3 complex to inhibit the RIG-I signaling for the benefit of the NF-κB-dependent
pathway [27].

Optineurin (tineurin (TE.DATA the MAVS-TRAOptn), also called NRP (NEMO-related
protein) or FIP-2 (adenovirus E3-14.7K-interacting protein) exhibits 53% of sequence similari-
ties with NEMO [28,29]. Despite these similarities, Optn does not play a critical role in the reg-
ulation of the NF-κB pathway except in some circumstances [29–31]. Optn has been linked to
different pathologies since mutations in the Optn gene have been associated with different pri-
mary and juvenile forms of Open-Angle Glaucoma (the most frequent mutation being E50K)
as well as with Amyotrophic Lateral Sclerosis (ALS) and polymorphisms of Optn gene are risk
factor for Paget’s disease of bone [32]. So far, Optn has been involved in at least four apparently
unrelated functions: membrane trafficking, antiviral innate immunity, autophagy and regula-
tion of mitosis (reviewed in [33]). The function of Optn in the TBK1-dependent pathways was
suggested by different observations. A link between Optn and the innate immune response has
been first suggested by its interaction with TBK1 [34] and its identification as a substrate of
this kinase in response to LPS stimulation [14,35]. Second, using RNAi and overexpression ex-
periments, Mankouri et al. [36] suggested that Optn has an inhibitory effect on the transcrip-
tional activation of IFN-B gene in response to virus infection. In addition, ALS-associated
mutants of Optn abrogate the inhibition of IRF3 activation in response to MDA5 or TRIF over-
expression [37]. However, the negative regulatory function of Optn in the TBK1-dependent
pathways remains controversial. Thus, using knocked-in mice expressing an Ub-binding defec-
tive mutant of Optn (Optn-D477N), Gleason et al. [35] concluded that Optn enhanced TBK1
activation in response to LPS or dsRNA based on the finding that TBK1/IRF3/IFN-B signaling
pathway is impaired in bone marrow-derived macrophages obtained from Optn-D477N
knock-in mice compared to wild-type mice. Similarly, it was found that the Ub-binding func-
tion of Optn was necessary for optimal TBK1 and IRF3 activation and that macrophages and
dendritic cells from knocked-in mice expressing an Ub-binding defective mutant of Optn
(Optn-470T) had diminished IFN-β production upon LPS stimulation [30].

In the present study, we confirmed that Optn plays a negative regulator role on the virus-in-
duced IFN pathway by targeting TBK1 activity [36,37]. We further demonstrated that Optn-
mediated recruitment of the deubiquitinase CYLD to TBK1 is responsible for this inhibitory ef-
fect. We had previously shown that Optn negatively regulates the activity of the mitotic kinase
Polo-like 1 (Plk1) [38]. During the G2/M phase, Optn is phosphorylated on Serine 177 by Plk1
and subsequently undergoes nuclear translocation, to control Plk1 activity for proper mitotic
progression through a feedback loop mechanism. Interestingly, our results indicate that the
TBK1/Optn/CYLD complex is disrupted during G2/M phase as a consequence of Optn and
CYLD accumulation to the nucleus, leading to enhancement of TBK1 activity and relocaliza-
tion of its active form to the mitochondria. Release of the CYLD-mediated inhibition of TBK1
during this phase results in enhanced IFN/ISG signaling pathway, independently of viral infec-
tion. Overall, our data demonstrate that Optn dampens the IFN signaling pathway by targeting
TBK1 activity and that this process is abolished during the G2/M phase, resulting in enhanced
TBK1/IRF/IFN activity and consequently in augmented antiviral immune response.

Results

Optn acts as a negative regulator of the antiviral innate immune
response
To assess the role of Optn in antiviral host response, we used HeLa cell clones depleted of Optn
using stably introduced shRNA, and stably complemented with either wild-type (wt) or mutat-
ed shRNA-resistant Optn plasmids that we previously generated to ensure a uniform ectopic
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expression equivalent to the endogenous level of Optn [38]. As previously observed by Man-
kouri et al. [36], infection of Optn-deficient cells with Sendai Virus (SeV) led to increased
IFN-B gene expression (2- to 4-fold) compared to control or to wt Optn reconstituted cells
(S1A Fig). Enhancement of the IFN-Stimulated Gene transcription such as ISG15 and Viperin,
was also observed in Optn-deficient cells at 9h post-infection, compared to control or Optn-
reconstituted cells, without affecting the NF-κB-dependent transcription of IκBα gene (S1B
Fig). Consistent with this Optn-dependent regulation of the IFN response, we observed a
2-fold increase in the IFN-β protein levels secreted from poly(I:C)-stimulated Optn-deficient
cells (S1C Fig). Altogether, these results are consistent with a specific effect of Optn on the
IRF3/7-mediated activation of the IFN pathway. We further observed that transfection of poly
(I:C) led to higher IFN-B expression in Optn-depleted compared to Optn-reconstituted cells
and that increasing amount of transfected Optn-expressing plasmid inhibited poly(I:C)-
induced IFN-B gene transcription in a dose-dependent manner (S1D and S1E Fig).

Ubiquitin-binding activity and phosphorylation of Optn are required for its
inhibitory function in innate immunity
Since it was previously reported that TBK1 phosphorylates Optn on Serine 177 (S177) in re-
sponse to LPS [14,35], we determined the S177 phosphorylation status of Optn in SeV-infected
cells by Western blot analysis using a phospho-specific antibody (pS177) (S2A Fig, [38]). We
observed basal phosphorylation of Optn S177 that was enhanced in response to virus infection,
with a kinetic similar to that of IRF3 (on Serine 396) that reflects its activation (Fig 1A). As for
IRF3 phosphorylation, virus-induced phosphorylation of Optn at S177 was abrogated in the
presence of TBK1 inhibitor BX795 (Fig 1B). Consistent with the presence of several consensus
phosphorylation sites for TBK1 in the insert region of Optn (see S2A Fig), multiple phosphory-
lated forms of Optn were separated in two-dimensional gel electrophoresis when VSV-tagged
Optn was co-expressed with TBK1 in HEK293T cells (Fig 1C). These post-translational modi-
fied forms disappeared after treatment with λ-phosphatase or after substitutions of the Serine
residues present in the consensus motif for TBK1 by Alanine residues. Kinase assays performed
using immunoprecipitated TBK1 (as source of kinase) and mutants of Optn on multiple Serine
(as substrates) further indicated that S177 was the preferential site of phosphorylation by
TBK1 (Fig 1D). The inhibitory effect of wt Optn on virus-induced IFN-B gene expression was
abolished by the S177A substitution and by mutation in its ubiquitin-binding domain
(D474N), but was not affected by the pathogenic E50K mutation (Figs 1E, left panel and S2B–
S2C). Similar results were obtained when HeLa cells were transfected with dsRNA or dsDNA
(Figs 1E, middle and right panels, respectively and S2B). These data indicated that the inhibito-
ry function of Optn on stimulated IFN-B expression requires integrity of its ubiquitin-binding
domain (consistent with previous results [36]) and of its main phosphorylation site.

Optn inhibitory effect targets the TBK1 kinase activity
To identify the step of the IFN pathway targeted by the inhibitory function of Optn, we overex-
pressed native or constitutively active form of components of the RIG/IRF/IFN signaling path-
way in Optn-depleted cells (Figs 2A and S2D). Transfection of plasmids encoding the
truncated form of RIG-I (RIG-ΔN), the native forms of MAVS and TBK1 resulted in a 1.6- to
1.9-fold enhancement of the IFN-B gene expression in cells co-transfected with Optn-specific
siRNAs compared to those transfected with non-target siRNAs, while no effect was observed
after transfection of the constitutive form of IRF3 (IRF3-5D). These results strongly suggested
that Optn inhibitory effect targets TBK1 kinase activity, this hypothesis being supported by the
increased S172 TBK1 phosphorylation (maximum of 1.8-fold) observed in Optn-deficient cells
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(S2E Fig). Depletion of Optn also led to an up to 3-fold enhancement of IRF3 S396 phosphory-
lation in response to dsRNA that was reduced by pretreatment of the cells with the TBK1 spe-
cific inhibitor (BX795), arguing again for an effect of Optn on TBK1 (Fig 2B).

Optn has been identified as a receptor for bacterial-induced autophagy and its phosphoryla-
tion on S177 by TBK1 was shown to control its interaction with LC3 [14]. This observation
suggests that Optn could inhibit the innate immune response by inducing the autophagy-
mediated degradation of TBK1. We further tested this hypothesis and found that induction of
autophagy by rapamycin or serum deprivation (S3A Fig, lanes 2 and 3) or inhibition of autop-
hagy by bafilomycin (S3A Fig, lanes 4–6) did not affect TBK1 protein levels, nor altered the
stimulated IFN-B gene expression in wild-type or Optn-depleted cells (S3C–S3E Fig). Further-
more, no inhibition or enhancement was observed using 3-Methyladenine (3-MA), that blocks
autophagosome formation via the inhibition of type III Phosphatidylinositol 3-kinases (S3D

Fig 1. Optn negative effect on the virus-induced interferon pathway requires its phosphorylation and
ubiquitin-binding activity. (A) Phosphorylation status of Optn (on S177) and IRF3 (on S396) were
determined byWestern blot in uninfected HeLa cells and at different time after infection by Sendai virus. (B)
Total cell lysates from HEK293T infected for 6h with SeV in the presence or absence of the TBK1-specific
inhibitor BX795 were analyzed byWestern blot using anti-pS177 Optn, anti-Optn, anti-pS396 IRF3, anti-IRF3
and anti-tubulin antibodies. (C) Total cell lysates extracted from HEK293T cells expressing either VSV-Optn
(Optn, left panels) or VSV-Optn S162-170-171-173-174-177A (Optn-S6A, right panels) were transfected with
empty vector (-) or with TBK1-expressing plasmid (TBK1) and subjected to two-dimensional gel
electrophoresis. Optn isoforms were analyzed by immunoblotting with an anti-VSV antiserum. As control,
lysates were pre-treated with lambda phosphatase (λ-Phos.) at 30°C. (D) HEK293T cells were transiently
transfected with Flag-TBK1. TBK1 kinase assays were carried out using Flag immunoprecipitates as enzyme
and GST-Optn wt, GST-Optn S177A, GST-Optn S171-173A or GST-Optn S171-173-177A as substrates. (E)
IFN-B mRNA levels were determined by RT-QPCR in control HeLa cells, Optn-deficient cells and deficient
cells reconstituted with wt, D474N- or S177A-mutated forms of Optn following infection by SeV or stimulation
with dsRNA (pIC) or dsDNA (poly(dA):(dT)) and presented as mRNA transcripts levels related to the mRNA
of 18S (set at 100). Mean ± SD values of expression levels are shown.

doi:10.1371/journal.ppat.1004877.g001
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Fig 2. Optn inhibitory effect requires CYLD and targets TBK1 ubiquitination. (A) IFN-B mRNA levels
were determined in HeLa cells cotransfected with non-targeting or Optn-specific siRNAs together with empty
vector or plasmid expressing either constitutively active form of RIG (RIG-ΔN) and IRF3 (IRF3-5D) or native
form of MAVS and TBK1 and presented as in Fig 1E. Mean ± SD values of induction folds (corresponding to
the ratio of the IFN-B expression level observed in Optn-deficient cells to that observed in control cells) are
shown. ** p values < 0.01, *** p values < 0.001. (B) Cell lysates from control and stable Optn-depleted cells
transfected with poly(I):poly(C) (pIC) for the indicated periods of time (h), in the absence or in the presence of
the TBK1 inhibitor BX795, were immunoblotted with anti-pS396 IRF3 and IRF3 antibodies. Quantification of
the signals obtained is presented as a ratio of phosphorylated levels versus total protein levels in the graph
below. (C) IFN-B mRNA levels determined by RT-QPCR in HeLa cells transfected with non-targeting (siNT),
Optn- or CYLD-specific siRNAs or/and with plasmids expressing CYLD or Optn and then stimulated by poly
(I):poly(C) are presented as in Fig 1E. Mean ± SD values of induction folds (corresponding to the ratio of the
IFN-B expression levels relative to that observed in cells transfected with non-targeting siRNA) are shown.
** p values < 0.01, *** p values < 0.001. (D) Nickel-Sepharose-purified ubiquitinated products (Ni2+ beads)
and whole cell lysates (WCL, 5% of the total lysates) were resolved on SDS-PAGE and analyzed byWestern
blot using anti-TBK1 and anti-CYLD antibodies. The molecular weights (kDa) are represented on the left of
each immunoblot. (E) TBK1-containing complexes were immunoprecipitated from pIC-stimulated HeLa cells
overexpressing HA-tagged ubiquitin and wt TBK1 alone and together with and CYLD or with TBK1 mutated
form mutated on the ubiquitination sites K30 and K401 (TBK1-K/R). TBK1-isolated complexes were resolved
on SDS-PAGE and analyzed byWestern blot using anti-HA and anti-TBK1 (control) antibodies. The
molecular weights (kDa) are represented on the left of each immunoblot.

doi:10.1371/journal.ppat.1004877.g002
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Fig), as confirmed by inhibition of the S6 Ribosomal protein phosphorylation (S3E Fig, [39]).
This observation argued against a potential effect of sequestration of Optn-containing com-
plexes into autophagosomes on the IFN-B expression. These results were consistent with the
observation that disruption of the Optn-LC3 interaction (mutant F178R, described in [14]) did
not affect the inhibitory effect of Optn on the pIC-stimulated IFN-B gene expression (S3B Fig).

Taken together, these results indicated that the inhibitory effect of Optn on the IFN-B gene
expression was not related to Optn function in the autophagic degradation pathway. Since
TBK1 activity is regulated by its phosphorylation and ubiquitination [40], we hypothesized
that Optn could exert its inhibitory effect on TBK1 activity by recruiting and/or activating a
phosphatase or a deubiquitinase (see below) that, in turn, could inactivate TBK1. Interaction of
Optn with the myosin phosphatase complex MYPT1/PP1β has been shown to exert a negative
regulatory effect on Plk1 phosphorylation during the G2/M phase [38], suggesting that this
complex could inhibit TBK1 activity by dephosphorylation. However, expression of an Optn
mutant that is defective for its association with MYPT1 (Optn L150P/L157P, [38]) did not sig-
nificantly affect the IFN-B gene expression stimulated with poly(I:C) (see S2B Fig). These re-
sults suggested that interaction of Optn with the MYPT1/PP1β phosphatase complex could not
account for the inhibitory effect of Optn on TBK1 activity, thus suggesting that either another
phosphatase or a deubiquitinase could mediate this inhibitory function.

CYLD affects dsRNA-induced IFN-B gene transcription in an Optn-
dependent manner
Since the E3 ligases Mind Bomb 1 and 2 (MIB1 and MIB2) have been recently shown to pro-
mote the attachment of K63-linked ubiquitin chains to TBK1 following virus infection [12]
and that this modification is required for TBK1-induced gene expression and kinase activation
[40], we hypothesized that Optn may act as an inhibitor of the antiviral signaling pathway by
targeting a deubiquitinase to TBK1. Interestingly, Optn interacts with the tumor suppressor
gene CYLD, a deubiquitinase (DUB) that catalyzes the cleavage of linear and K63-linked polyu-
biquitin chains and with A20, a DUB for K63-linked polyubiquitinated signaling mediators
such as TRAF6 and RIP1 [41–44]. To test whether any of these two DUBs could be involved in
the Optn-mediated regulation of innate immunity, we performed depletion experiments in
dsRNA-stimulated HeLa cells. Strikingly, the shRNA-mediated depletion of CYLD resulted in
enhancement of both IFN-B gene expression and NF-κB-mediated transcription, while deple-
tion of A20 affected only the NF-κB-mediated transcription (S4A and S4B Fig). We therefore
focused on the role of CYLD in Optn-mediated inhibition of the innate immunity. As shown
in Figs 2C and S4C, siRNA-mediated depletion and overexpression of CYLD or Optn led to
similar enhancement and inhibition of IFN-B gene expression, respectively. Interestingly,
CYLD and Optn were dependent on each other for their inhibitory effect, since CYLD and
Optn overexpression could not inhibit IFN-B in the absence of each other (Fig 2C). Similar de-
pendencies between Optn and CYLD was also observed in stable cell lines, since overexpression
of CYLD inhibited the poly(I:C)-stimulated IFN-B gene expression in control HeLa cells, but
not in cells stably depleted for Optn (S4D Fig). These results clearly indicate that Optn-
mediated inhibition of the antiviral immune response is dependent on CYLD. Accordingly, an
enzymatically inactive mutant of CYLD (H871N or H/N, [45]) and a mutant of interaction of
Optn with CYLD (H486R mutant, [46]) failed to inhibit poly(I:C)-stimulated IFN-B gene ex-
pression compared to wt CYLD and Optn, respectively (S4D and S4E Fig). We next isolated
ubiquitinated proteins from His-tagged ubiquitin-overexpressing cells using nickel (Ni2+)
beads under denaturing conditions and monitored the ubiquitination of exogenously expressed
TBK1 by Western blot using anti-TBK1 antibodies (Figs 2D and S4F). As expected, expression
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of CYLD resulted in reduction of the ubiquitination levels of overexpressed TBK1, further indi-
cating that CYLD activity targeted TBK1 (Fig 2D). Similar results were obtained when TBK1
was immunoprecipitated from pIC-stimulated HeLa cells overexpressing wt TBK1 and CYLD
(Figs 2E and S4G). Specificity of the TBK1 ubiquitination signal was confirmed by the reduc-
tion observed when TBK1 was mutated on the ubiquitination sites K30 and K401 (Fig 2E), as
previously described [40]. We therefore concluded that Optn targets the deubiquitinase activity
of CYLD to TBK1 to prevent its activity and to dampen the antiviral response.

Formation of the TBK1/Optn/CYLD complex is disrupted during the G2/
M transition
Since we have previously shown that Optn accumulates in the nucleus during the G2/M transi-
tion [38], we speculated that this Optn relocation could prevent Optn/CYLD-mediated inhibi-
tion of TBK1 activity. Interestingly, we found that not only Optn, but also CYLD accumulated
into the nucleus when cells were treated with RO-3306 (a Cdk1 inhibitor that synchronize cells
at the a G2/M boundary) and/or dsRNA (Fig 3A and quantification in 3B). CYLD was also de-
tected in the nucleus of cells stimulated with dsRNA alone (Fig 3A and 3B), suggesting that ac-
cumulation of CYLD to the nucleus might be also part of the TBK1 activation mechanism after
dsRNA stimulation of unsynchronized cells. Subcellular fractionation followed by Western
blot analyses confirmed the reduced levels of CYLD and Optn in the cytosolic compartment of
RO- and RO/poly(I:C)-treated cells (Fig 3C, compare lanes 5 and 7 with lane 1), although
CYLD and Optn levels in the nuclear fractions were only slightly increased (compare lanes 6
and 8 with lane 2). No cross-contaminations were found in the different cell fractions when an-
alyzed for the presence of cytosolic and nuclear compartment specific markers (respectively
NEMO and RNA Polymerase II B subunit, RBP1).

We then hypothesized that the accumulation of Optn/CYLD to the nucleus during G2/M
phase should disrupt the TBK1-Optn-CYLD complex formation. To visualize this complex
that was hardly detectable by immunoprecipitation experiments of endogenous proteins, we
used in situ Proximity Ligation Assays (PLA) that allows detection of interactions by generat-
ing a discrete and localized signal. Specificity of the antibodies used in PLA was confirmed by
immunofluorescence using siRNA-mediated depletion of Optn, CYLD and TBK1 (S4H and
S4I Fig). While only few non-specific punctate signals were observed in the absence of antibody
or when the antibodies were used separately (Figs 4A, upper panels and S5A), a high number
of dots were detected with both anti-TBK1 and anti-Optn in untreated parental or VSV-Optn
expressing HeLa cells (Fig 4A and 4B, lower left panels). As a consequence of nuclear accumu-
lation of Optn in G2/M synchronized cells, a dramatic reduction of the amounts of complexes
formed between endogenous TBK1 and Optn (either endogenous or exogenous VSV-Optn)
was observed after treatment of cells with RO-3306 (Fig 4A and 4B, lower right panels). Quan-
tification of the PLA dots observed in the presence of anti-TBK1 and anti-Optn/VSV antibod-
ies indicated a 3-fold decrease of the number of TBK1/Optn complexes in G2/M-synchronized
cells compared to non-treated cells (Fig 4C). Since Optn inhibitory function in the IFN path-
way requires its phosphorylation at S177 site and integrity of its ubiquitin-binding motif, we
next assessed whether mutations of these motifs would interfere with Optn interaction with
TBK1. Interestingly, expression of Optn S177A mutant did not apparently affect the formation,
nor the RO-dependent dissociation of this complex, while this complex was hardly detectable
when Optn D474N mutant was expressed (Fig 5A). Thus, unlike Optn phosphorylation at
S177, ubiquitin-binding activity of Optn is critical for the TBK1/Optn interaction as previously
shown [36]. As expected, formation of the TBK1/CYLD complex was also reduced during the
G2/M phase, while CYLD-Optn interaction remained unaffected as shown by co-
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immunoprecipitation and in situ PLA experiments performed in RO-treated cells (Fig 5B, 5C
and 5D, middle and lower panels, respectively).

The TBK1/IFN pathway is enhanced during the G2/M transition
Disruption of the interaction between TBK1 and CYLD should lead to higher ubiquitination
levels of this kinase and consequently to its hyperactivation. To address this issue, we speculat-
ed that in situ PLA experiments using anti-TBK1 and anti-ubiquitin antibodies could allow the
detection of cellular ubiquitinated TBK1. Indeed, analysis of poly(I:C)-stimulated cells by this
approach revealed a significantly higher amount of PLA-specific dots compared to non-treated
cells or to control experiments performed with a single antibody (Fig 6A). To ensure the

Fig 3. CYLD and Optn accumulate in the nuclei of G2/M synchronized cells. (A) Changes in localization
of CYLD and Optn were monitored by immunofluorescence microscopy in HeLa cells untreated (NT) or
synchronized in G2/M by RO-3306 (RO, inhibitor of Cdk1 activity) and either stimulated by poly(I):poly(C)
(pIC) or left untreated. Bars = 10 μm. (B) Quantification of cells expressing nuclear CYLD or Optn. Fold
differences between cell numbers exhibiting nuclear CYLD or Optn relative to the respective non-treated
condition (NT) are indicated. *** p values < 0.001. (C) Cytoplasmic (C, lanes 1, 3, 5 and 7) and nuclear
extracts (N, lanes 2, 4, 6 and 8) of HeLa cells obtained by subcellular fractionation treated with RO-3306 or
left untreated (NT) in the presence or in the absence of pIC were immunoblotted with anti-CYLD, anti-Optn,
anti-NEMO or anti-RBP1 (largest subunit of RNA polymerase II) antibodies. Crosscontaminations were
assessed by immunoblotting for the cytosolic NEMO protein and nuclear RNA Polymerase II B subunit
(RBP1) as compartment specific markers. The molecular weights (kDa) are represented on the left of
each immunoblot.

doi:10.1371/journal.ppat.1004877.g003
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specificity of these dots, we preincubated the fixed and permeabilized cells with recombinant
deubiquitinase (viral ovarian tumor or vOTU) before PLA assay, a procedure that resulted in a
complete loss of the PLA-specific signal obtained using anti-TBK1 and anti-ubiquitin antibod-
ies, clearly indicating that PLA signal was related to ubiquitinateion of TBK1 or associated pro-
teins (S5B Fig, right panels). As control, classical immunofluorescence microscopy confirmed
that treatment of cells with vOTU reduced dramatically the ubiquitin cellular levels without af-
fecting the detection of other proteins such as Optn (S5B Fig, left panels), suggesting that
vOTU removed ubiquitin from almost all ubiquitinated proteins in cells. Interestingly, the
number of PLA-specific dots observed using anti-TBK1 and anti-ubiquitin antibodies was in-
creased in RO-treated cells compared to untreated cells (Fig 6A), strongly suggesting that dis-
ruption of the TBK1/CYLD interaction during the G2/M transition led to increased
ubiquitination of TBK1 and therefore to its activation [40].

Fig 4. Interaction between TBK1 and Optn is prevented in G2/M synchronized cells. HeLa cells (A) and
Optn-deficient HeLa cells expressing VSV-Optn (B), left untreated (NT) or synchronized in G2/M by RO-3306
(RO), were analyzed by in situ proximity ligation assays (PLA) using anti-TBK1 and anti-Optn (in A, lower
panels) or anti-VSV (in B, lower panels) antibodies. Control PLA experiments were performed in the absence
of antibodies (wo Abs, A and B, upper panels). Magnified views (x5 zoom factor) of the white square area are
presented. Bars = 10 μm. (C) Quantification of the number of PLA spots per cell. In each condition, an
average of 23 to 158 cells was imaged and 200 to 10.000 spots were counted using Imaris. Fold differences
between PLA spots/cell observed with TBK1/Optn antibodies in HeLa cells (in A) or with TBK1/VSV
antibodies in HeLa cells (in B) relative to the spots observed in the absence of antibodies (wo Abs) are
indicated. p values < 0.01, *** p values < 0.001.

doi:10.1371/journal.ppat.1004877.g004
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Accordingly, it was recently found that TBK1 is activated at mitosis in A549 cells and that
loss of TBK1 impaired mitotic phosphorylation of the mitotic Polo-like kinase 1 (Plk1) in
TBK1-sensitive lung cancer cells [47]. We observed a similar increase in TBK1 activity in HeLa
cells arrested at the G2/M phase (Fig 6B and 6C). Thus, TBK1 activity (monitored using anti-
pS172 TBK1 antibody) is enhanced in G2/M-synchronized cells and further increased after 15
minutes of RO-3306 release, when cells enter mitosis (Figs 6C and S6A). Interestingly, PLA ex-
periments using anti-phosphorylated TBK1 and anti-ubiquitin antibodies showed higher num-
ber of dots in G2/M arrested-cells (Fig 6B) compared to non-treated cells (lower left panels) or
to phospho-TBK1 antibodies alone (upper panels), further suggesting a connection between
ubiquitination and phosphorylation of TBK1 during G2/M phase.

Fig 5. Characterization of the TBK1/CYLD- and Optn/CYLD-containing complex formation in G2/M
synchronized cells. (A) Optn-deficient HeLa cells expressing VSV-Optn mutants (S177A or D474N), left
untreated (NT) or synchronized in G2/M by RO-3306 (RO), were analyzed by in situ Proximity Ligation Assay
(PLA) using anti-TBK1 and anti-VSV antibodies. Magnified views (x5 zoom factor) of the white square area
are presented. Bars = 10 μm. (B-C) Whole cell lysate (WCL) from HeLa cells left untreated (-) or synchronized
in G2/M by RO-3306 treatment (+) were immunoprecipited with anti-TBK1 antibodies and immunoblot with
anti-CYLD and anti-TBK1 antibodies (A) or immunoprecipited with anti-Optn antibodies and immunoblot with
anti-CYLD or anti-Optn antibodies (B). (D) HeLa cells left untreated (NT) or synchronized in G2/M by RO-
3306 (RO) were analyzed by PLA in the absence (control wo Abs, upper panels) or in the presence of anti-
TBK1 and anti-CYLD (middle panels) or in the presence of anti-Optn and anti-CYLD antibodies (lower
panels). Magnified views (x5 zoom factor) of the white square area are presented. Bars = 10 μm.

doi:10.1371/journal.ppat.1004877.g005
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Since the transport of TBK1 between membranous organelles such as the ER, Golgi and mi-
tochondria was shown to be required for optimal induction of innate immune responses
[48,49], we next used immunofluorescence microscopy to determine the subcellular localiza-
tion of TBK1 in G2/M arrested cells. Treatment with poly(I:C), RO-3306 or combination of
both led to the detection of the phosphorylated forms of TBK1 (detected by the anti-
pS172-TBK1 antibodies) in punctate structures, while only weak or no signals were detected in
untreated cells (Fig 6D, left panels). These structures colocalized with a mitochondrial marker
(mitotracker), but not with a Golgi apparatus resident protein, i.e. GM130 (Figs 6E and S6B).

Fig 6. Activity and subcellular localization of TBK1 are altered in G2/M synchronized cells. (A) HeLa
cells, left untreated (NT), stimulated by poly(I):poly(C) (pIC) or synchronized in G2/M by RO-3306 (RO), were
analyzed by PLA using anti-ubiquitin antibodies alone (upper left panels) or in combination with anti-TBK1
antibodies. Magnified views (x5 zoom factor) of the white square area are presented. Bars = 10 μm. (B) HeLa
cells left untreated (NT) or synchronized in G2/M by RO-3306 (RO) were analyzed by PLA using anti-pS172
TBK1 alone (upper panels) or in combination with anti-Ub antibodies. Magnified views (x5 zoom factor) of the
white square area are presented. Bars = 10 μm. (C) Cell lysates from HeLa cells, treated with RO and
released for the indicated periods of time (min), were immunoblotted with anti-pS172 TBK1 and anti-TBK1
antibodies. (D) Changes in localization of pS172-TBK1 (left panels) and total TBK1 pool (right panels) were
monitored by immunofluorescence microscopy in HeLa cells untreated (NT) or synchronized by RO-3306
(RO) treatment and stimulated or not by poly(I):poly(C) (pIC). Bars = 10 μm. (E) Co-localization of
pS172-TBK1 and mitochondria was performed by immunofluorescence using Mitotracker staining in HeLa
cells untreated (NT) or synchronized by RO-3306 (RO) treatment and stimulated or not by poly(I):poly(C)
(pIC). Bars = 10 μm.

doi:10.1371/journal.ppat.1004877.g006
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Of note, mitochondrial localization of active TBK1 has only been reported in response to infec-
tion by DNA viruses [50]. Unlike its phosphorylated form, TBK1 colocalized with GM130, but
not with mitotracker in both untreated and stimulated cells (Figs 6D and S6C). These data
clearly indicated that, as in the case of viral infection, synchronization of cells at the G2/M
phase activates TBK1 and induces its recruitment to the mitochondrial compartment in prox-
imity to the MAVS signalosome and to IRF3 [51].

Enhancement of TBK1 activity in G2/M synchronized cells should lead to increased IFN-B
gene expression at this cell cycle phase independently of viral infection. Indeed, the basal ex-
pression level of IFN-B, that was barely detectable by RT-QPCR in asynchronous (AS) cells,
was 7-fold increased when more than 50% of cells were blocked at G2/M phase following RO
treatment (Figs 7A and S7A and S7B). Similarly, the enhancement of IFN-B expression ob-
served following cell synchronization by thymidine block and release was correlated with the
percentage of cells in G2/M phase. Accordingly, ELISA experiments indicated a 3- to 4-fold in-
crease in the RO-induced IFN-β protein level, although this amount remains 10-fold lower
than the IFN-β production following poly(I:C) stimulation (Fig 7B). This enhancement was
linked to activation of the TBK1/IRF3 pathway as depletion of TBK1 resulted in strong inhibi-
tion of the RO-induced IFN-B gene expression, as for poly(I:C) stimulation (S7C and S7D Fig).
The dsRNA-induced levels of IFN-B transcription was also increased in G2/M-arrested
cells, since an almost 2-fold higher level of IFN-B gene expression was observed in RO-treated
cells compared to unsynchronized cells following dsRNA stimulation (Fig 7C). Such a cell
cycle-dependent regulation of the IFN-B gene expression was not observed in Optn-depleted
cells (after siRNAs transfection), in which IFN-B transcription levels were high and unregulat-
ed regardless of the cell cycle stage (Fig 7A). Similar results were obtained in HeLa cells
stably depleted for Optn and synchronized at the G2/M transition following RO treatment
(Fig 7D).

Protection against virus infection is enhanced during the G2/M transition
We next assessed the physiological role of this cell cycle-dependent regulation of the IFN pro-
duction and found a similar cell cycle-dependent regulation of transcription of ISGs such as
ISG56 (Fig 7E). Accordingly, we observed a 2- to 3- fold higher levels of luciferase activity
when HL116 cells (expressing the luciferase gene controlled by the 6–16 ISG promoter) were
incubated with supernatants from RO-treated compared to asynchronous HeLa cells, that were
either left untreated, stimulated with dsRNA or infected by virus (S7E Fig). As expected, Optn
depletion also led to higher 6-16-driven luciferase expression, which did not further increase
upon RO treatment. Finally, we observed that replication of Sendai virus (monitored by West-
ern blot experiments detecting the SeV-HN protein expression levels) was 2- to 4- fold de-
creased in HeLa cells synchronized at G2/M phase (Fig 7F and 7G). Increased protection
against virus infection was also observed in antiviral cytopathic protection experiments (CPE),
presented in S8A Fig, using supernatants from Sendai virus-infected (siNT SeV+RO) G2/M-
synchronized Hela cells in comparison to asynchronous cells (siNT SeV). Additionally, deple-
tion of Optn also significantly enhanced the protective effect of supernatants from SeV-infected
cells against the Vesicular Stomatitis Virus infection (comparison of siNT SeV and siOptn
SeV), indicating once again the negative regulatory role of Optn in the antiviral innate
response.

Overall, these results suggest that Optn/CYLD dissociates from TBK1 following tehir accu-
mulation in the nucleus during the G2/M transition, preventing the inhibition of TBK1 activity
by the deubiquitinase activity of CYLD and thus promoting activation of the antiviral innate
immune signaling pathway before cells enter into mitosis.
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Fig 7. The IFN/ISG signaling pathway is induced in G2/M synchronized cells. (A) IFN-B mRNA levels
were determined by RT-QPCR as described in Fig 1E, in HeLa cells transfected with non-target siRNAs (white
bars) or with Optn-specific siRNAs (dark bars) and left unsynchronized (AS), blocked in G2/M phases by RO-
336 treatment (RO) or blocked in G1/S transition by double thymidine block and release for the time indicated
(in hours). Mean ± SD values of expression levels are presented. Paired t-test was used to determine the
significance of the IFN-B level difference between asynchronous and synchronized cells. ** p values < 0.01,
*** p values < 0.001. Average % of cells in G2/M determined by PI staining/FACS analysis for both siNT- and
siOptn-transfected cells is shown. (B) IFN-β protein levels were determined by ELISA in the supernatants of
HeLa cells left untreated (NI), synchronized in G2/M by RO-3306 (RO) or stimulated by poly(I:C) (pIC).
Mean ± SD values of expression levels relative to 104 cells are presented. Mean ± SD values of the induction
folds corresponding to the ratio of the IFN-β protein level observed in RO-treated cells to that observed in
control cells, is shown. * p values < 0.05. (C) IFN-B mRNA levels were determined by RT-QPCR in HeLa cells
transfected with poly(I):(C) (pIC) and left unsynchronized (-), blocked in G2/M phases by RO-336 treatment
(RO) as described in (A). Mean ± SD values of the induction folds corresponding to the ratio of the IFN-B
expression level observed in RO-treated cells to that observed in control cells, is shown. *** p values < 0.001.
(D) IFN-B mRNA levels were determined by RT-QPCR as described in (A) in control or stably Optn deficient
HeLa cells transfected left unsynchronized (AS) or blocked in G2/M phases by RO-336 treatment (RO). The%
of cells in G2/M determined in each condition by PI staining/FACS analysis is shown. (E) ISG56mRNA levels
were determined by RT-QPCR as described in (A), in HeLa cells transfected with non-target siRNAs or with
Optn-specific siRNAs and left unsynchronized (AS), blocked in G2/M phases by RO-336 treatment (RO) or
blocked in G1/S transition by double thymidine block and release for the time indicated (in hours). Mean ± SD
values of expression levels, significance and average % of cells in G2/M are calculated as in (A). (F) Western
blot analyses of extracts from asynchronous and RO-treated cells before and after different time (in hours) of
SeV-infection using Hemagglutinin-Neuraminidase Protein of the Sendai virus (SeV-HN) and anti-actin-α
antibodies. (G) Quantification of the signals obtained in (F) is presented as a ratio of SeV-HN protein levels
versus actin levels. Paired t-test was used to determine the significance of the difference between the
SeV-HN protein levels observed in asynchronous versus G2/M-treated cells after infection. * p values < 0.05,
** p values < 0.01, *** p values < 0.001.

doi:10.1371/journal.ppat.1004877.g007
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Discussion
The production of type I IFN is a fundamental cellular response to protect an organism against
viral invasion. Various viral components are recognized as pathogen-associated molecular pat-
terns by specific receptors, among which RIG-like helicase receptor (RLR) family members
were shown to play a critical role in the cytosolic sensing and host resistance against infection
of a broad range of RNA viruses and some DNA viruses [3]. Given that RLRs are localized in
the cytoplasm, the signaling pathway activated by these receptors should be tightly controlled
to avoid autoactivation of the innate immune system in the absence of infection that could
eventually lead to the development of autoimmune diseases [52,53]. Many studies have there-
fore focused on the mechanisms that regulate positively or negatively the RIG/MAVS/TBK/
IRF pathway [3].

In the present study, we show that Optn acts as a negative regulator of the virus-induced
IFN pathway by targeting the deubiquitinase CYLD to TBK1 in order to negatively regulate its
activity. This finding first confirmed the previous observations, obtained by Mankouri et al.
[36], describing Optn as an inhibitory effector of the innate immune system and further ad-
dressed the molecular mechanism of this negative regulatory function. Actually, we found that
Optn targets TBK1 leading to downregulation of IRF3 phosphorylation levels and IFN-B gene
expression. In agreement with other studies [14,35], our results indicate that TBK1-mediated
phosphorylation of Optn occurs mainly on the S177 residue and is required for Optn inhibitory
function, in addition to its ubiquitin-binding activity. We further showed that Optn targets the
deubiquitinase CYLD to TBK1 in order to downregulate the antiviral innate immune pathway.
This conclusion also originates from previous findings showing that CYLD is an interacting
partner of Optn and a deubiquitinase for TBK1 [22,23]. We further demonstrate that Optn’s
function in the innate immune pathway is related to its association with CYLD (but not with
the deubiquitinase A20 or with a phosphatase complex) and that both Optn and CYLD are de-
pendent on each other for their inhibitory effect on the IFN-B expression level.

Our results led us to propose a model for the regulation of TBK1 activity by Optn: In unin-
fected cells, the complex formed by TBK1, Optn and CYLD would allow constitutive deubiqui-
tination and inhibition of TBK1, thereby limiting its activity in the absence of upstream
signaling. Interestingly, formation of this complex relies not only on constitutive interactions
between the interacting proteins, but also on modification-dependent interaction as shown by
the loss of TBK1/Optn complex formation when an ubiquitin-binding deficient mutant of
Optn is expressed. Following virus infection, activation of the RIG/MAVS pathway leads to
TBK1 activation (presumably through phosphorylation by an upstream unknown kinase and
ubiquitination by the E3 ligases MIB1/2 or Ndrp1) and to the disruption of its interaction with
Optn and CYLD. At later times of infection, several TBK1-related mechanisms could be in-
volved in the termination of IFN activation. First, dephosphorylated Optn could re-associate
with CYLD to inhibit TBK1 activity. Second, active TBK1 may undergo K48-linked ubiquitina-
tion and degradation as previously hypothesized [22,54]. Moreover, as Optn is considered as
an IFN-stimulated gene [29], an alternative mechanism could be provided by a negative feed-
back loop involving IFN-induced Optn expression. As Optn and NEMO share structural ho-
mologies, interact both with the deubiquitinase CYLD and are both involved as regulators of
the RIG/TBK/IRF signaling pathway [16,27,45], a major issue will be to determine whether
they interfere one with another through competitive interactions or coordinately act to regulate
this pathway.

In this report, we have shown that Optn could exert a negative regulatory function on virus-
induced IFN transcription in cells of fibroblastic origin in agreement with other studies
[36,37]. In contrast, Optn was considered to play a positive role in LPS-mediated activation of
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TBK1 and IFN production in macrophages and dendritic cells [30,35] and it was found that
TBK1 activity, IRF3 phosphorylation and IFN-β production were severely impaired in MEFs
that express a polyubiquitin-binding defective mutant (D477N) of Optn [30,35]. These results
apparently differ from those presented here, in particular the enhanced IFN-B expression in
Optn-deficient cells reconstituted with Optn D474N mutant. These discrepancies could be ex-
plained by species differences. Indeed, unlike murine Optn D477N, human Optn D474N mu-
tant did not interact with TBK1 (this study and [36]). It is also striking that the murine
mutated form can apparently not be phosphorylated in response to LPS despite its interaction
with TBK1 [35]. This hypothesis was further confirmed by comparing the effect of human
D474N- and murine D477N-mutated versions of Optn in human HeLa and MEFs cells deplet-
ed from endogenous Optn by siRNA transfection (S8B and S8C Fig). Indeed, both human and
murine wild-type Optn proteins negatively affected the pIC-stimulated expression of IFN-B,
while only mutation of the human Optn in its UBD reverted its inhibitory effect. The similar or
even higher inhibitory effect observed with the D477N-mutated mouse Optn compared to wt
form that we observed in both human HeLa and MEF cells, clearly indicated that the human
and murine Optn UBD-mutants are not functionally similar regarding the antiviral innate re-
sponse, although they both are deficient for ubiquitin-binding activity [35]. It could be hypoth-
esized that differential consequences of these mutations on CYLD interaction might explain
their disparate effects on TBK1/IRF pathway. Yet, the inhibitory effect exerted by both human
and murine Optn wt forms argues in favor of a negative regulatory role of Optn in the virus-
induced IFN transcription when stimulated through the cytosolic RIG-dependent pathway.

We have previously shown that upon phosphorylation by Plk1 at S177, Optn recruits and
delivers myosin phosphatase to the nucleus, thereby controlling Plk1 activity for proper mitotic
progression [55]. Interestingly, the same Serine residue of Optn is phosphorylated by TBK1,
and this phosphorylation is essential for Optn to function in the autophagy triggered by bacte-
rial infection and in the antiviral innate immune responses ([14,38] and this study). In addi-
tion, both TBK1 and Plk1 interact with the upstream adaptor MAVS [56,57]. These findings
raise the intriguing possibility that Optn may constitute a coordinating element of host defense
and mitosis. Interplay between these two kinases has been complicated by the observation that
TBK1 could target and activate Plk1 on Thr210 [47], but it will be interesting to determine
whether phosphorylation by one of these kinases could promote or interfere with modification
of Optn by the other and the functional consequences of this interplay. Our study revealed that
the TBK1/IFN pathway is activated during the G2/M phase, as a consequence of Optn nuclear
translocation and subsequent release of the CYLD-mediated inhibition of TBK1 kinase activity.
Activation of TBK1 at mitosis was previously reported and further shown to promote phos-
phorylation of Plk1 and metadherin in TBK1-sensitive lung cancer cells to maintain their sur-
vival [47]. We similarly report that TBK1 is activated during the G2/M phase in the
TBK1-insensitive HeLa cell line and provide a cell cycle-dependent mechanism for this activa-
tion. We now demonstrated that enhancement of TBK1 activity during the G2/M phase leads
to increased IFN/ISG axis independently of viral infection. Constitutive secretion of IFN-β and
other type I IFN at low amounts by many tissues of the body (close to the threshold level of de-
tection) has already been reported and shown to maintain homeostasis and priming of cells to
allow a rapid and robust innate and adaptive immune response to subsequent challenge (re-
viewed in [58]). In addition to immune functions, such as increase in myeloid cell function and
regulation of macrophage/NK cell homeostasis, constitutive IFN-β secretion occurring in
healthy animals is necessary for a diverse array of biological effects including maintenance of
the hematopoietic stem cell niche and bone remodeling [59–61]. It is therefore tempting to
speculate that IFN production during the G2/M phase accounts (at least in part) for the consti-
tutive low amounts of IFN protein detected in tissues and for their role in preserving
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homeostasis, although part of this constitutive IFN-β transcription was suggested to rely on c-
Jun/NF-κB pathways [62]. Alternatively, increased IFN secretion before mitosis could serve to
protect cells against infection in this critical phase of the cell cycle where transcription is mostly
shutdown, especially by maintaining the expression of IRF/STAT proteins and other signaling
intermediates. Both activation of the Jak-Stat pathway during G2/M transition (as monitored
by ISG expression analysis and HL116 cell assays), inhibition of Sendai virus protein expres-
sion and protective effects against VSV infection argue in favor of an antiviral function of the
cell cycle-mediated IFN production.

Optn has been linked to various pathologies including primary and juvenile forms of Open-
Angle Glaucoma and Amyotrophic Lateral Sclerosis (ALS) [32]. The familial primary open-
angle glaucoma-associated E50K Optn mutant was reported to bind with higher efficiency to
TBK1 [34] and the development of open angle glaucoma was observed in the course of interfer-
on alpha therapy for chronic hepatitis B [63]. However, expression of E50K mutant in Optn-
deficient cells restored the inhibitory effect of Optn on the innate immune response as effi-
ciently as the wild type, indicating that association of this mutant with glaucoma does not seem
to be linked to the role played by Optn in innate immunity. The effect of E50K Optn mutant in
glaucoma has been rather linked to Optn turnover and to apoptosis in neuronal cells [64–66].
On the other hand, the ALS-associated mutants of Optn abrogate the inhibitory function of
Optn on IRF3 activation in response to MDA5, or TRIF overexpression [37], suggesting a po-
tential effect of these mutants on the TBK1/CYLD inhibitory mechanism. In the light of the
close relationship between CYLD and apoptosis (reviewed in [41]), it could be speculated that
the deregulation of the Optn/TBK1/CYLD axis could be involved in the neuronal cell death ob-
served in Open Angle Glaucoma and familial ALS, independently of its effect on the antiviral
immune pathway. This hypothesis have been very recently underscored by two studies identi-
fying TBK1 as an ALS gene and showing that haploinsufficiency of TBK1 such as observed in
the case of Optn-interaction mutant of TBK1, causes ALS and fronto-temporal dementia
[67,68]. Finally, since Optn regulates positively the autophagic process to restrict bacterial
growth [14] with same requirements as for its inhibitory antiviral function, it will be of interest
to determine whether the relocalization of Optn/CYLD in the nucleus during the G2/M phase
could also be involved in the regulation of the autophagic clearance of the cytosolic Salmonella.

Materials and Methods

Cells, infection and cell treatment
HeLa, HEK-293T, A549 (a kind gift from Eliane Meurs, Institut Pasteur, France) cells and
Mouse Embryonic Fibroblasts (MEFs) were grown in DMEM supplemented with FBS (10%).
HL116 cells (a kind gift from Sandra Pellegrini, Institut Pasteur, France [69]) were grown in
DMEM supplemented with 10% FBS and HAT (Hypoxanthine: 20 μg/mL, Aminopterin:
0.2 μg/mL, Thymidine: 20 μg/mL). HeLa clones stably depleted for Optn expression were se-
lected with 200 μg/ml of Geneticin (G418). HeLa cell lines expressing Optn wild type and mu-
tants were selected with 1 μg/ml puromycin. Transient transfections of HeLa cells with siRNA
and/or plasmids were performed using JetPrime (Ozyme/PolyPlus), Lipofectamine 2000 or
Lipofectamine RNAiMAX (Invitrogen) following the manufacturer’s instructions (Eurogen-
tec). Generation of Optn-deficient HeLa cell line (and their control with empty vector) and
those reconstituted with wt or mutated Optn (E50K, S177A, F178R and D474N) was previous-
ly described [38]. For generation of HeLa cells reconstituted with L150/152P Optn mutant,
pMSCV-puro vector (encoding the Optn construct) was transfected into Plat-A packaging cell
line using FuGENE 6 (Roche) and retroviral-containing supernatants were harvested. High ti-
ters of recombinant viruses were obtained 48h after transfection and used to infect Optn-
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deficient cells. For Sendai virus infections (a kind gift from D. Garcin and E. Meurs), HeLa cells
were incubated with the virus at m.o.i of 1 to 5 for 1h in serum free medium. Medium was then
replaced by serum-complemented medium until harvesting. For stimulation of the intracellular
pathways, HeLa cells were transfected with 2 μg/ml Poly(I)�Poly(C) (GE Healthcare/Amer-
sham) or with 2 μg/ml of Poly(dA)�Poly(dT) (GE Healthcare/Amersham) using JetPrime
(Ozyme/PolyPlus) according to manufacturer’s instructions. For TBK1 kinase inhibition, cells
were pre-treated 4h with 1 μM of BX795 (Sigma-Aldrich) and induction was performed in the
continuous presence of the drug.

A detailed list of antibodies, DNA constructs and chemicals is described in S1 Text.

Cell extracts, immunoprecipitations and immunoblots
Lysis, immunoprecipitation and immunoblotting were performed as previously described [38].
For subcellular fractionations, cytoplasmic and nuclear extracts were obtained using the Sub-
cellular Protein Fractionation Kit, according to the manufacturer’s instructions (Thermo Scien-
tific). Cell lysis and purification of Ubiquitin conjugates was performed as described in Moretti
et al. [70], at room temperature in denaturing conditions (8 M urea, 0.1 M NaH2PO4, 10 mM
Tris-Hcl pH8, 1% Triton X-100 and 20 mM Imidazole). The chemiluminescence reaction was
visualized and processed using myECL Imager system (Thermo Scientific). For relative quanti-
fication, densitometry analyses were performed using myImageAnalysis Software (Thermo Sci-
entific). Band intensities in the linear range of the signal were measured using underexposed
membranes. Two different concentrations of each sample were tested and samples with lower
concentrations were used for analyses.

Real-time RT-QPCR analysis
DNase I-treated total RNA was prepared using the NucleoSpin RNA L isolation kit
(Macherey-Nagel). Reverse transcription reactions were primed with oligo(dT)12-18 (Thermo-
Scientific) and performed with 2 μg of total RNA using the SuperScript reverse transcriptase
(Life Technologies). QPCR assays were performed at least in triplicates using the Power Sybr
Green Master Mix (Life Technologies) in CFX96 Real-Time PCR Detection System (Bio-Rad).
Primer sets did not generate PCR products in the absence of reverse transcription. Primer pairs
used to determine the expression levels of human IFN-B, ISG15, ISG56, Viperin, Optn, IκBα,
18S and murine IFN-B, Optn and GAPDH genes are presented in S1 Table. For determination
of the constitutive expression levels of IFN-B and ISG56 genes, 4 μg of total RNA were used in
reverse transcription reactions. The amplification product was identified by DNA sequencing
and checked by the analysis of the melting curve in each assay. Relative expression levels are
presented as mRNA copies relative to 18S mRNA copies. Standard deviation values indicated
in the histograms derived from at least two independent experiments performed in triplicate.
Two-tailed paired Student’s t-tests were used for generating p-values to determine statistical
significance of virus-induced gene expression. In all analyses, the threshold for statistical signif-
icance was p<0.05.

Immunofluorescence and in situ Proximity Ligation Assay
For immunofluorescence experiments, fixation, permeabilization and image acquisition were
performed as previously described [38]. Staining of nuclei was performed with DAPI (Sigma)
for 5 min. MitoTracker probe (Invitrogen) was added at 200 nM for 30 min at 37°C before fixa-
tion. In situ PLA experiments were performed according to the manufacturer’s instructions
(Sigma-Aldrich/Olink Bioscience). PLA hybridization signals were observed using a fluores-
cent microscope (Zeiss Axio Imager Z1, using the Zeiss ApoTome system and the Zeiss
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Axiovision 4.8 software). For deubiquitinase treatment, fixed/permeabilized cells were incubat-
ed for 90 min at 37°C in the presence of 30 μM of the recombinant vOTU deubiquitinase
(OTU domain from Crimean Congo hemorrhagic fever virus L1 protein, [71]). For quantifica-
tion of PLA experiments, randomly selected fields were imaged on a LSCM (LSM700 from
Zeiss, Jena, Germany) with a 63 × oil objective lens. Imaris (Bitplane, Zurich, Switzerland) was
used to count the number of spots per cell. In each condition, an average of 23 to 158 cells was
imaged and 200 to 10 000 spots were counted.

Treatment with chemicals for cell cycle analyses and autophagy
For double Thymidine block and release, cells were first incubated with 2.5 mM Thymidine
(Sigma) for 16h and then released for 8h. The Thymidine block was then repeated, and the sec-
ond release was performed for the indicated period of time. For the G2/M border arrest, cells
were treated with 9 mM RO-3306 (Calbiochem) during 20h and then released for the indicated
period of time. Cells were washed with PBS, fixed in cold 70% ethanol, and resuspended in PBS
containing 50 μg/mL propidium iodide (Sigma) and 200 μg/mL RNase A (Sigma). Analyses
were performed with FACSCalibur or LSR Fortessa flow cytometer (BD bioscience) and FlowJo
v10.0 software. To analyze the role of autophagy, HeLa cells were stimulated with poly(I:C) for
16h in the presence of autophagy inducers, such as 20 μM rapamycin or serum deprivation
(starved in EBSS medium) and with autophagy inhibitors including 5 mM 3-Methyladenine
(3-MA) and 200 nM bafilomycin A1.

ELISA, IFN detection and antiviral-based Cytopathic effect (CPE) assay
The amounts of IFN-β protein in culture supernatants were determined using an ELISA kit
(PBL Biomedical Laboratories, Piscataway, NJ) following the manufacturer’s supplied protocol.
Optical densities taken at 450 nm for quantification were measured using the Thermo Scientific
Multiskan EX plate reader. IFN secretion was quantified using the reporter cell line HL116 that
carries the luciferase gene under the control of the IFN-inducible 6–16 promoter [69]. 5×104

HL116 cells, plated 16 h prior the assay in 24-well plate, were incubated for 6 h with the desired
culture supernatants or with human IFNα2a (500 U/ml) as control (PBL Biomedical Laborato-
ries). Cells were then lysed (Luciferase Cell Culture Lysis, 5X Reagent, Promega) and luciferase
activity measured using the Luciferase Assay Reagent (Promega) with Berthold LB960 lumin-
ometer apparatus. As treatment of cells with RO-3306 leads to cell proliferation arrest, lucifer-
ase activities were normalized relative to the concentration of proteins extracted from HeLa
cells to compensate for the difference in cell proliferation with asynchronous cells. For antiviral
cytopathic effect assay (CPE), 1.5×104 A549 cells, seeded 16 h prior the assay in 96-well
plate, were incubated for 20 h with the desired culture supernatants or with human IFNα2a
(500 U/ml, PBL Biomedical Laboratories) as control. Cells are infected with various MOI
(3x105 pfu/ml for MOI of 1) of Vesicular Stomatitis Virus (VSV, provided by Eliette Bonnefoy,
Université Paris Descartes, France) virus until the virus control showed> 90% CPE (approxi-
mately after 24h). Cells were washed once with PBS and subsequently fixed and stained
(50 μl/well) with crystal violet/formaldehyde solution for 20 minutes at room temperature.
Quantification was performed after addition of 2-Methoxyethanol by measuring optical densi-
ties at 550 nm using a TECAN Infinite F500 plate reader.

Supporting Information
S1 Fig. Optn negatively regulates the antiviral innate immune response. (A) Expression of
the IFN-B gene measured by RT-QPCR in control, Optn-deficient and wild-type Optn recon-
stituted HeLa cells at 6h after Sendai virus (SeV) infection are presented as mRNA transcript
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levels related to the 18S mRNA (set at 100). Mean ± SD values of expression levels are shown.
Mean ± SD values of induction folds (corresponding to the ratio of the IFN-B expression levels
relative to that observed in HeLa cells) are shown. Paired t-test was used to determine the sig-
nificance of the IFN-B level increase. �� p values< 0.01. (B) Expression of the ISG15, Viperin
and IκBα genes measured by RT-QPCR in control, Optn-deficient and wild-type Optn recon-
stituted HeLa cells at 9h after Sendai virus (SeV) infection are presented as in (A). (C) IFN-B
protein levels were determined by ELISA in the supernatants of control or Optn-depleted
HeLa cells left untreated (NI) or stimulated by poly(I:C) (pIC). Mean ± SD values of expression
levels relative to 104 cells are presented. Mean ± SD values of the induction folds corresponding
to the ratio of the IFN-β protein level observed in pIC-stimulated Optn-depleted HeLa cells to
that observed in control HeLa cells, is shown. � p values< 0.05. (D) Dose-dependent stimula-
tion of IFN-B expression determined by RT-QPCR as in (A) after transfection of Optn-
deficient and wild-type Optn reconstituted HeLa cells with different concentrations (0.25, 0.5,
1, 2 and 4 μg/ml) of poly(I):poly(C) (pIC). (E) Expression of the IFN-B transcripts measured
by RT-QPCR in HeLa cells transfected with increasing amounts of VSV-Optn expressing vec-
tor (0.125, 0.25, 0.5, 1 and 2 μg/ml) and stimulated by poly(I):poly(C) as described in (A). In-
sert: Total cell lysates from HeLa cells transfected and induced as described above, were
immunoblotted with anti-VSV antibodies.
(TIF)

S2 Fig. Optn inhibitory effect targets TBK1 activity. (A) Schematic representation of human
Optn protein showing its structural domains and the localization of these domains relative to
each other: coiled-coil regions (CC), Leucine zippers (LZ), zing fingers (ZF), putative helical
domains (HLX), UBD domain, as well as a 166 aa insert region which is absent in NEMO and
contains a putative Leucine zipper. Interfaces for interaction with polyubiquitin chains (Ub-
binding) are indicated. Alignment of TBK1 phosphorylation consensus site with that of Optn
and IRF3 proteins is shown. Potential phosphorylated Serine residues present in the [150–185]
region of Optn are indicated. (B) Western blotting control of the experiments presented in
Fig 1E. HeLa cells, Optn-deficient cells and deficient cells stably reconstituted with wt, D474N-
or S177A-mutated forms of Optn were infected by Sendai virus, transfected with poly(I:C)
(pIC) or with poly(dA:dT) (pdAdT). Whole cell Extracts from these cells were immunoblotted
with anti-Optn antibodies. (C) IFN-B mRNA levels were determined by RT-QPCR in control
HeLa cells, Optn-deficient cells and deficient cells reconstituted with wt, E50K- or LL/PP-
mutated Optn that were infected by SeV for 6h. Insert: Total cell lysates from HeLa cells trans-
fected and induced as described above, were immunoblotted with anti-VSV antibodies. (D)
Western blotting control of the experiments presented in Fig 2A. Extracts from HeLa cells
cotransfected with non-targeting (lanes 1–5) or Optn-specific (lanes 6–10) siRNAs together with
empty vector (lanes 1 and 6) or plasmid expressing either constitutively active form of RIG
(RIG-ΔN, lanes 2 and 7) and IRF3 (IRF3-5D, lanes 5 and 10) or native form of MAVS (lanes 3
and 8) and TBK1 (lanes 4 and 9) were immunoblotted with anti-Optn, anti-Myc, anti-TBK1 and
anti-IRF3 antibodies. (E) Cell lysates from control and stable Optn-depleted cells transfected
with poly(I):poly(C) (pIC) for the indicated periods of time (hours) were immunoblotted with
anti-pS172 TBK1 and TBK1 antibodies. Quantification of the signals obtained was performed
and presented as a ratio of phosphorylated levels versus total protein levels in the graph below.
(TIF)

S3 Fig. Inhibitory effect of Optn on TBK1 is not related to Optn function in autophagy.
(A) Whole cell lysate from HeLa cells non-transfected (lanes 1, 3, 4 and 6) or transfected with
poly(I:C) (pIC, lanes 2 and 5) for 16h in the absence (lane 1) or presence of autophagy induc-
ers: rapamycin (Rapa, 20 μM, lane 2) and nutrient deprivation (Nut. Dep., lanes 3 and 6) or the
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autophagy inhibitor bafilomycin A1 (baf 200 nM, lanes 4–6) were submitted to immunoblot
with anti-TBK1 antibodies, anti-Optn and anti-LC3 antibodies or with anti-tubulin antibodies
as loading control. The molecular weights (kDa) are represented on the left of immunoblot. (B)
IFN-B mRNA levels were determined by RT-QPCR in control HeLa cells, Optn-deficient cells
and deficient cells reconstituted with wt- or F178R-Optn that were transfected with poly(I:C)
for 16h. (C) IFN-B (left panel) or Optn (right panel) mRNA levels were determined by
RT-QPCR in HeLa cells transfected with non-targeting (siNT) or Optn-specific (siOptn) siR-
NAs and then stimulated by poly(I):poly(C) (pIC) in the absence or in the presence of rapamy-
cin (Rapa, 20 μM). (D) IFN-B mRNA levels were determined by RT-QPCR in HeLa cells
transfected with non-targeting (siNT) or Optn-specific (siOptn) siRNAs and then stimulated
by poly(I):poly(C) (pIC) in the absence or in the presence of two autophagy inhibitors
3-Methyladenine (3-MA, 5 mM) or Bafilomycin A1 (Baf, 200 nM). (E) Western blotting con-
trol of experiment presented in S3D Fig. Whole cell lysate from HeLa cells transfected with
non-targeting (siNT, lanes 1–6) or Optn-specific (siOptn, lanes 7–12) siRNAs and then stimu-
lated by poly(I):poly(C) (pIC, lanes 4–6 and 10–12) in the absence or in the presence of 5 mM
3-Methyladenine (3-MA, lanes 2, 5, 8 and 11) or 200 nM Bafilomycin A1 (Baf, lanes 3, 6, 9 and
12) were submitted to immunoblot with anti-LC3, anti-phosphoS6 ribosomal protein, anti-
Optn and anti-TBK1 antibodies. The molecular weights (kDa) are represented on the left
of immunoblot.
(TIF)

S4 Fig. Inhibitory effect of Optn on the IFN pathway requires CYLD. IFN-B (A) and IκBα
(B) mRNA levels were determined by RT-QPCR in HeLa cells cotransfected with control
(empty), CYLD- or A20-specific shRNA expressing plasmids and then stimulated by poly(I):
poly(C) are presented as in S1A Fig. Insert: Total cell lysates from HeLa cells transfected and
induced as described above, were immunoblotted with anti-CYLD and anti-A20 antibodies.
(C) Western blotting control of the experiments presented in Fig 2C. HeLa cells were cotrans-
fected with non-targeting (lane 1), Optn- (lanes 2 and 5) or CYLD-specific (lanes 3 and 7) siR-
NAs or/and with plasmids expressing CYLD (lanes 4 and 5) or Optn (lanes 6 and 7) and then
stimulated by poly(I):poly(C). Whole cell extracts were prepared from these cells to perform
immunoblotting experiments using anti-CYLD and anti-Optn antibodies. The molecular
weights (kDa) are represented on the left of immunoblot. (D) Expression of the IFN-B tran-
scripts measured by RT-QPCR in HeLa cells transfected with pcDNA3 plasmid, wild-type
pCYLD or DUB-deficient H/N mutated CYLD (pCYLDm) expressing vectors and stimulated
by poly(I):poly(C) as described in S1A Fig. Paired t-test was used to determine the significance
of the IFN-B level difference in the absence and following CYLD overexpression. n.s. non sig-
nificant, ��� p values< 0.001. Insert at bottom: Total cell lysates from HeLa cells transfected
with pcDNA3 plasmid (-), wild-type CYLD (wt) or DUB-deficient H/N mutated CYLD (mut.)
and induced as described above, were immunoblotted with anti-CYLD antibodies. (E) Expres-
sion of the IFN-B transcripts measured by RT-QPCR in HeLa cells transfected with increasing
amounts of VSV-Optn wt or VSV-Optn H486R expressing vectors (0.125, 0.25, 0.5, 1 and
2 μg/ml) and stimulated by poly(I):poly(C) as described in S1A Fig. Insert above: Total cell ly-
sates from HeLa cells transfected and induced as described above, were immunoblotted with
anti-CYLD antibodies. (F) Western blotting control of Fig 2D. Nickel-Sepharose-purified ubi-
quitinated products (Ni2+ beads) and whole cell lysates (WCL, 5% of the total lysates) were re-
solved on SDS-PAGE and analyzed using anti-Ubiquitin and anti-Optn antibodies. The
molecular weights (kDa) are represented on the left of each immunoblot. (G) Western blotting
control of Fig 2E. Whole cell lysates (WCL, 5% of the total lysates) were resolved on
SDS-PAGE and analyzed using anti-CYLD antibodies. (H) Control of the experiments
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presented in Fig 3A. HeLa cells transfected with non-targeting (siNT), Optn- (siOptn) or
CYLD-specific (siCYLD) siRNAs and treated or not with RO-3306 (RO) were analyzed by
immunofluorescence using anti-CYLD or anti-Optn antibodies. Bars = 10 μm. (I) Control of
the experiments presented in Fig 6D. HeLa cells transfected as indicated were analyzed by
immunofluorescence using anti-Optn or anti-TBK1 antibodies. Bars = 10 μm.
(TIF)

S5 Fig. Analyzes of the Optn/TBK1/CYLD complex formation by in situ Proximity Liga-
tion Assay. (A) Control of the experiments presented in Fig 5D. HeLa cells left untreated (NT)
or synchronized in G2/M by RO-3306 (RO), were analyzed by in situ Proximity Ligation Assay
(PLA) using anti-TBK1, anti-Optn or anti-CYLD antibodies alone. Magnified views (x5 zoom
factor) of the white square area are presented. Bars = 10 μm. (B) Control of the experiments
presented in Fig 6A. Fixed and permeabilized HeLa cells were treated or not with deubiquiti-
nase (DUB) as described in the Materials and Methods section and analyzed by immunofluo-
rescence using anti-Optn or anti-ubiquitin (Ub) antibodies or by in situ Proximity Ligation
Assay (PLA) using anti-TBK1 and anti-Ub antibodies. Magnified views (x5 zoom factor) of the
white square area are presented. Bars = 10 μm.
(TIF)

S6 Fig. Characterization of TBK1 activity and localization during the G2/M phase. (A)
Control of the experiments presented in Fig 6C. HeLa cells left untreated (Asynchronous) or
synchronized in G2/M by RO-3306 and released (RO-release) at different times indicated
were submitted to FACS for cell cycle analysis. (B-C) Control of the experiments presented in
Fig 6E. Co-localization of pS172-TBK1 (B) or TBK1 (C) and Golgi apparatus (GM130 marker,
left panels) or mitochondria (Mitotracker, right panels) was performed by immunofluores-
cence in HeLa cells untreated (NT) or synchronized by RO-3306 (RO) treatment and stimulat-
ed or not by poly(I):poly(C) (pIC). Bars = 10 μm.
(TIF)

S7 Fig. Changes in TBK1 localization during the G2/M phase lead to induction of the IFN/
ISG signaling pathway. (A) IFN-B mRNA levels were determined by RT-QPCR in HeLa cells
left unsynchronized (AS), blocked in G2/M phases by RO-336 treatment (RO) or blocked in
G1/S transition by double thymidine block and release for the time indicated (in h).
Mean ± SD values of expression levels are presented. Mean ± SD values of the induction folds,
corresponding to the ratio of the IFN-B expression level observed in synchronized to that ob-
served in asynchronized cells, is shown. �� p values< 0.01, ��� p values< 0.001. The % of cells
in G2/M determined in each condition by PI staining/FACS analysis is shown. (B) Control ex-
periments of S7A Fig. HeLa cells left untreated (Asynchronous), synchronized in G2/M by
RO-3306 or blocked in G1/S transition by double thymidine block and released (RO-release)
at different times indicated were submitted to FACS for cell cycle analysis. (C) IFN-B mRNA
levels were determined by RT-QPCR as described in (A) in HeLa cells transfected with non-
targeting (siNT) or TBK1-specific (siTBK1) siRNAs left unsynchronized (AS) or blocked in
G2/M phase by RO-336 treatment (RO) without (left graph) or followed by poly(I:C)-
stimulation (right graph). Mean ± SD values of expression levels are presented. Mean ± SD val-
ues of the inhibitory effect of TBK1 siRNA is shown. �� p values< 0.01. (D) Western blotting
control of experiments presented in (C) using anti-TBK1 and anti-Optn antibodies. (E) HeLa
cells were transfected with non-targeting (siNT) or Optn-specific (siOptn) siRNAs, left unsyn-
chronized (AS) or blocked in G2/M phase by RO-336 treatment (RO) followed by poly(I:C)-
stimulation (pIC) or Sendai virus-infection (SeV, m.o.i of 5). Activity of type I IFN in the cul-
ture supernatants was measured using the HL116 reporter cell line after 16h of stimulation/
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infection. Luciferase activities were measured after 8h of contact with supernatants, normalized
to the protein concentration extracted from HeLa cells. Data were obtained from three differ-
ent luciferase assays performed with biologically independent duplicates of HeLa supernatants.
Mean ± SD values of relative luciferase levels are presented. Mean ± SD values of the induction
folds, corresponding to the ratio of the luciferase level observed in synchronized to that ob-
served in asynchronized cells, is shown. � p values< 0.05, �� p values< 0.01.
(TIF)

S8 Fig. Cytophatic protection experiments and functional analysis of ubiquitin-binding
domain (UBD) mutants of the human and murine Optineurin. (A). Supernatants of HeLa
cells, transfected and treated as indicated, were incubated with A549 cells for 20h that were fur-
ther infected with different MOI of Vesicular Stomatitis Virus (VSV) for 24h. Living cells were
stained by crystal violet that was then dissolved in 2-Methoxyethanol. Quantifications were
done by measuring optical densities at 550 nm. Data were obtained from three different CPE
assays performed with biologically independent duplicates of HeLa supernatants. Values are
presented as the % of living cells relative to the signal obtained in non-infected conditions de-
fined as 100%. Paired t-test was used to determine the significance of the difference between
the protective effects observed in asynchronous versus G2/M-treated cells after infection.
� p values< 0.05, �� p values< 0.01. (B and C). Human and mouse IFN-B (lefts panels) and
Optn (right panels) mRNA levels were determined by RT-QPCR in HeLa cells (B) and MEFs
(C) co-transfected with non-targeting (siNT) or Optn-specific (siOptn) siRNAs in the absence
(-) or in the presence of either human or mouse Optn wt or UBD mutated forms (D474N-mu-
tated human Optn or D477N-mutated mouse Optn, respectively) and then stimulated by poly
(I):poly(C) (pIC). Mean ± SD values of inhibition folds (corresponding to the ratio of the
IFN-B expression levels observed after Optn overexpression relative to that observed in the ab-
sence of Optn) are shown. Paired t-test was used to determine the significance of the IFN-B
level inhibition. � p values< 0.05, �� p values< 0.01,��� p values< 0.001.
(TIF)

S1 Table. List of primers for selected human and mouse genes used for Quantitative Real-
Time PCR Analysis.
(PDF)

S1 Text. Supplementary materials and methods. Supplemental materials and methods and
references for S1 Table.
(PDF)

Acknowledgments
We thank J. Hiscott and R. Lin, Michael J. Eck and David A. Barbie for the generous gift of
plasmids, S. Pellegrini for HL116 cells, E. Meurs and D. Garcin for Sendai virus stock and E.
Bonnefoy for Vesicular Stomatitis Virus stock. We are grateful to J. Lippmann, D. Kachaner
and A. Israël for helpful discussion. We also thank the Imagopole (PFID, PFCF) and the flux
cytometry platforms of the Institut Pasteur; we especially thank Jean-Yves Tinevez and Pierre-
Henri Commere.

Author Contributions
Conceived and designed the experiments: PG FC EL RW. Performed the experiments: JCRF
EA CL FC SL PG. Analyzed the data: PG FC EL RW. Contributed reagents/materials/analysis
tools: PG SL FC EL JCRF EA. Wrote the paper: PG EL RW.

Regulation of the Innate Immune Response by Optineurin

PLOS Pathogens | DOI:10.1371/journal.ppat.1004877 April 29, 2015 23 / 27

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004877.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004877.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004877.s010


References
1. Ivashkiv LB, Donlin LT (2014) Regulation of type I interferon responses. Nat Rev Immunol 14: 36–49.

doi: 10.1038/nri3581 PMID: 24362405

2. Schneider WM, Chevillotte MD, Rice CM (2014) Interferon-stimulated genes: a complex web of host de-
fenses. Ann Rev Immunol 32: 513–545. doi: 10.1146/annurev-immunol-032713-120231 PMID:
24555472

3. Wu J, Chen ZJ (2014) Innate immune sensing and signaling of cytosolic nucleic acids. Ann Rev Immu-
nol 32: 461–488. doi: 10.1146/annurev-immunol-032713-120156 PMID: 24655297

4. Chiu YH, Macmillan JB, Chen ZJ (2009) RNA polymerase III detects cytosolic DNA and induces type I
interferons through the RIG-I pathway. Cell 138: 576–591. doi: 10.1016/j.cell.2009.06.015 PMID:
19631370

5. Myong S, Cui S, Cornish PV, Kirchhofer A, Gack MU, et al. (2009) Cytosolic viral sensor RIG-I is a 5'-
triphosphate-dependent translocase on double-stranded RNA. Science 323: 1070–1074. doi: 10.
1126/science.1168352 PMID: 19119185

6. Koshiba T (2013) Mitochondrial-mediated antiviral immunity. Biochim Biophys Acta 1833: 225–232.
doi: 10.1016/j.bbamcr.2012.03.005 PMID: 22440325

7. Jacobs JL, Coyne CB (2013) Mechanisms of MAVS regulation at the mitochondrial membrane. J Mol
Biol 425: 5009–5019. doi: 10.1016/j.jmb.2013.10.007 PMID: 24120683

8. Hiscott J (2007) Convergence of the NF-kappaB and IRF pathways in the regulation of the innate antivi-
ral response. Cytokine Growth Factor Rev 18: 483–490. PMID: 17706453

9. Genin P, Vaccaro A, Civas A (2009) The role of differential expression of human interferon—a genes in
antiviral immunity. Cytokine Growth Factor Rev s 20: 283–295. doi: 10.1016/j.cytogfr.2009.07.005
PMID: 19651532

10. ChenW, Royer WE Jr. (2010) Structural insights into interferon regulatory factor activation. Cell Signal
22: 883–887. doi: 10.1016/j.cellsig.2009.12.005 PMID: 20043992

11. Helgason E, Phung QT, Dueber EC (2013) Recent insights into the complexity of Tank-binding kinase
1 signaling networks: the emerging role of cellular localization in the activation and substrate specificity
of TBK1. FEBS lett 587: 1230–1237. doi: 10.1016/j.febslet.2013.01.059 PMID: 23395801

12. Li S, Wang L, BermanM, Kong YY, Dorf ME (2011) Mapping a dynamic innate immunity protein interac-
tion network regulating type I interferon production. Immunity 35: 426–440. doi: 10.1016/j.immuni.
2011.06.014 PMID: 21903422

13. Korac J, Schaeffer V, Kovacevic I, Clement AM, Jungblut B, et al. (2013) Ubiquitin-independent func-
tion of optineurin in autophagic clearance of protein aggregates. J Sell Science 126: 580–592.

14. Wild P, Farhan H, McEwan DG, Wagner S, Rogov VV, et al. (2011) Phosphorylation of the autophagy
receptor optineurin restricts Salmonella growth. Science 333: 228–233. doi: 10.1126/science.1205405
PMID: 21617041

15. Ikeda F, Hecker CM, Rozenknop A, Nordmeier RD, Rogov V, et al. (2007) Involvement of the ubiquitin-
like domain of TBK1/IKK-i kinases in regulation of IFN-inducible genes. EMBO J 26: 3451–3462.
PMID: 17599067

16. Wang L, Li S, Dorf ME (2012) NEMO binds ubiquitinated TANK-binding kinase 1 (TBK1) to regulate in-
nate immune responses to RNA viruses. PloS one 7: e43756. doi: 10.1371/journal.pone.0043756
PMID: 23028469

17. Clark K, Takeuchi O, Akira S, Cohen P (2011) The TRAF-associated protein TANK facilitates cross-talk
within the IkappaB kinase family during Toll-like receptor signaling. Proc Nat Acad Sciences U.S.A
108: 17093–17098. doi: 10.1073/pnas.1114194108 PMID: 21949249

18. Lei CQ, Zhong B, Zhang Y, Zhang J, Wang S, et al. (2010) Glycogen synthase kinase 3beta regulates
IRF3 transcription factor-mediated antiviral response via activation of the kinase TBK1. Immunity 33:
878–889. doi: 10.1016/j.immuni.2010.11.021 PMID: 21145761

19. Gabhann JN, Higgs R, Brennan K, ThomasW, Damen JE, et al. (2010) Absence of SHIP-1 results in
constitutive phosphorylation of tank-binding kinase 1 and enhanced TLR3-dependent IFN-beta produc-
tion. J Immunol 184: 2314–2320. doi: 10.4049/jimmunol.0902589 PMID: 20100929

20. Zhao Y, Liang L, Fan Y, Sun S, An L, et al. (2012) PPM1B negatively regulates antiviral response via
dephosphorylating TBK1. Cell Signal 24: 2197–2204. doi: 10.1016/j.cellsig.2012.06.017 PMID:
22750291

21. Wang C, Chen T, Zhang J, Yang M, Li N, et al. (2009) The E3 ubiquitin ligase Nrdp1 'preferentially' pro-
motes TLR-mediated production of type I interferon. Nat Immunol 10: 744–752. doi: 10.1038/ni.1742
PMID: 19483718

Regulation of the Innate Immune Response by Optineurin

PLOS Pathogens | DOI:10.1371/journal.ppat.1004877 April 29, 2015 24 / 27

http://dx.doi.org/10.1038/nri3581
http://www.ncbi.nlm.nih.gov/pubmed/24362405
http://dx.doi.org/10.1146/annurev-immunol-032713-120231
http://www.ncbi.nlm.nih.gov/pubmed/24555472
http://dx.doi.org/10.1146/annurev-immunol-032713-120156
http://www.ncbi.nlm.nih.gov/pubmed/24655297
http://dx.doi.org/10.1016/j.cell.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19631370
http://dx.doi.org/10.1126/science.1168352
http://dx.doi.org/10.1126/science.1168352
http://www.ncbi.nlm.nih.gov/pubmed/19119185
http://dx.doi.org/10.1016/j.bbamcr.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22440325
http://dx.doi.org/10.1016/j.jmb.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24120683
http://www.ncbi.nlm.nih.gov/pubmed/17706453
http://dx.doi.org/10.1016/j.cytogfr.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19651532
http://dx.doi.org/10.1016/j.cellsig.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20043992
http://dx.doi.org/10.1016/j.febslet.2013.01.059
http://www.ncbi.nlm.nih.gov/pubmed/23395801
http://dx.doi.org/10.1016/j.immuni.2011.06.014
http://dx.doi.org/10.1016/j.immuni.2011.06.014
http://www.ncbi.nlm.nih.gov/pubmed/21903422
http://dx.doi.org/10.1126/science.1205405
http://www.ncbi.nlm.nih.gov/pubmed/21617041
http://www.ncbi.nlm.nih.gov/pubmed/17599067
http://dx.doi.org/10.1371/journal.pone.0043756
http://www.ncbi.nlm.nih.gov/pubmed/23028469
http://dx.doi.org/10.1073/pnas.1114194108
http://www.ncbi.nlm.nih.gov/pubmed/21949249
http://dx.doi.org/10.1016/j.immuni.2010.11.021
http://www.ncbi.nlm.nih.gov/pubmed/21145761
http://dx.doi.org/10.4049/jimmunol.0902589
http://www.ncbi.nlm.nih.gov/pubmed/20100929
http://dx.doi.org/10.1016/j.cellsig.2012.06.017
http://www.ncbi.nlm.nih.gov/pubmed/22750291
http://dx.doi.org/10.1038/ni.1742
http://www.ncbi.nlm.nih.gov/pubmed/19483718


22. Friedman CS, O'Donnell MA, Legarda-Addison D, Ng A, CardenasWB, et al. (2008) The tumour sup-
pressor CYLD is a negative regulator of RIG-I-mediated antiviral response. EMBORep 9: 930–936.
doi: 10.1038/embor.2008.136 PMID: 18636086

23. Zhang M, Wu X, Lee AJ, Jin W, Chang M, et al. (2008) Regulation of IkappaB kinase-related kinases
and antiviral responses by tumor suppressor CYLD. J Biol Chem 283: 18621–18626. doi: 10.1074/jbc.
M801451200 PMID: 18467330

24. Parvatiyar K, Barber GN, Harhaj EW (2010) TAX1BP1 and A20 inhibit antiviral signaling by targeting
TBK1-IKKi kinases. J Biol Chem 285: 14999–15009. doi: 10.1074/jbc.M110.109819 PMID: 20304918

25. Zhang L, Zhao X, Zhang M, ZhaoW, Gao C (2014) Ubiquitin-Specific Protease 2b Negatively Regu-
lates IFN-beta Production and Antiviral Activity by Targeting TANK-Binding Kinase 1. J Immunol 193:
2230–2237. doi: 10.4049/jimmunol.1302634 PMID: 25070846

26. Charoenthongtrakul S, Gao L, Parvatiyar K, Lee D, Harhaj EW (2013) RING finger protein 11 targets
TBK1/IKKi kinases to inhibit antiviral signaling. PloS one 8: e53717. doi: 10.1371/journal.pone.
0053717 PMID: 23308279

27. Belgnaoui SM, Paz S, Samuel S, Goulet ML, Sun Q, et al. (2012) Linear ubiquitination of NEMO nega-
tively regulates the interferon antiviral response through disruption of the MAVS-TRAF3 complex. Cell
Host & Microbe 12: 211–222.

28. 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. PMID: 9488477

29. Schwamborn K, Weil R, Courtois G, Whiteside ST, Israel A (2000) Phorbol esters and cytokines regu-
late the expression of the NEMO-related protein, a molecule involved in a NF-kappa-B-independent
pathway. J Biol Chem y 275: 22780–22789. PMID: 10807909

30. Munitic I, Giardino Torchia ML, Meena NP, Zhu G, Li CC, et al. (2013) Optineurin insufficiency impairs
IRF3 but not NF-kappaB activation in immune cells. J Immunol 191: 6231–6240. doi: 10.4049/
jimmunol.1301696 PMID: 24244017

31. Journo C, Filipe J, About F, Chevalier SA, Afonso PV, et al. (2009) NRP/Optineurin Cooperates with
TAX1BP1 to potentiate the activation of NF-kappaB by human T-lymphotropic virus type 1 tax protein.
PLoS Pathogens 5: e1000521. doi: 10.1371/journal.ppat.1000521 PMID: 19609363

32. Ying H, Yue BY (2012) Cellular and molecular biology of optineurin. Int Rev Cell Mol Biol 294: 223–258.
doi: 10.1016/B978-0-12-394305-7.00005-7 PMID: 22364875

33. Kachaner D, Genin P, Laplantine E, Weil R (2012) Toward an integrative view of Optineurin functions.
Cell Cycle 11: 2808–2818. doi: 10.4161/cc.20946 PMID: 22801549

34. Morton S, Hesson L, Peggie M, Cohen P (2008) Enhanced binding of TBK1 by an optineurin mutant
that causes a familial form of primary open angle glaucoma. FEBS lett 582: 997–1002. doi: 10.1016/j.
febslet.2008.02.047 PMID: 18307994

35. Gleason CE, Ordureau A, Gourlay R, Arthur JS, Cohen P (2011) Polyubiquitin binding to optineurin is
required for optimal activation of TANK-binding kinase 1 and production of interferon beta. J Biol Chem
286: 35663–35674. doi: 10.1074/jbc.M111.267567 PMID: 21862579

36. Mankouri J, Fragkoudis R, Richards KH, Wetherill LF, Harris M, et al. (2010) Optineurin negatively reg-
ulates the induction of IFNbeta in response to RNA virus infection. PLoS Pathogens 6: e1000778. doi:
10.1371/journal.ppat.1000778 PMID: 20174559

37. Sakaguchi T, Irie T, Kawabata R, Yoshida A, Maruyama H, et al. (2011) Optineurin with amyotrophic
lateral sclerosis-related mutations abrogates inhibition of interferon regulatory factor-3 activation. Neu-
roscience Lett 505: 279–281. doi: 10.1016/j.neulet.2011.10.040 PMID: 22040667

38. Kachaner D, Filipe J, Laplantine E, Bauch A, Bennett KL, et al. (2012) Plk1-dependent phosphorylation
of optineurin provides a negative feedback mechanism for mitotic progression. Mol Cell 45: 553–566.
doi: 10.1016/j.molcel.2011.12.030 PMID: 22365832

39. Wu YT, Tan HL, Shui G, Bauvy C, Huang Q, et al. (2010) Dual role of 3-methyladenine in modulation of
autophagy via different temporal patterns of inhibition on class I and III phosphoinositide 3-kinase. J
Biol Chem 285: 10850–10861. doi: 10.1074/jbc.M109.080796 PMID: 20123989

40. Tu D, Zhu Z, Zhou AY, Yun CH, Lee KE, et al. (2013) Structure and ubiquitination-dependent activation
of TANK-binding kinase 1. Cell Rep 3: 747–758. doi: 10.1016/j.celrep.2013.01.033 PMID: 23453972

41. Sun SC (2010) CYLD: a tumor suppressor deubiquitinase regulating NF-kappaB activation and diverse
biological processes. Cell Death Diff 17: 25–34.

42. Niu J, Shi Y, Iwai K, Wu ZH (2011) LUBAC regulates NF-kappaB activation upon genotoxic stress by
promoting linear ubiquitination of NEMO. EMBO J 30: 3741–3753. doi: 10.1038/emboj.2011.264
PMID: 21811235

Regulation of the Innate Immune Response by Optineurin

PLOS Pathogens | DOI:10.1371/journal.ppat.1004877 April 29, 2015 25 / 27

http://dx.doi.org/10.1038/embor.2008.136
http://www.ncbi.nlm.nih.gov/pubmed/18636086
http://dx.doi.org/10.1074/jbc.M801451200
http://dx.doi.org/10.1074/jbc.M801451200
http://www.ncbi.nlm.nih.gov/pubmed/18467330
http://dx.doi.org/10.1074/jbc.M110.109819
http://www.ncbi.nlm.nih.gov/pubmed/20304918
http://dx.doi.org/10.4049/jimmunol.1302634
http://www.ncbi.nlm.nih.gov/pubmed/25070846
http://dx.doi.org/10.1371/journal.pone.0053717
http://dx.doi.org/10.1371/journal.pone.0053717
http://www.ncbi.nlm.nih.gov/pubmed/23308279
http://www.ncbi.nlm.nih.gov/pubmed/9488477
http://www.ncbi.nlm.nih.gov/pubmed/10807909
http://dx.doi.org/10.4049/jimmunol.1301696
http://dx.doi.org/10.4049/jimmunol.1301696
http://www.ncbi.nlm.nih.gov/pubmed/24244017
http://dx.doi.org/10.1371/journal.ppat.1000521
http://www.ncbi.nlm.nih.gov/pubmed/19609363
http://dx.doi.org/10.1016/B978-0-12-394305-7.00005-7
http://www.ncbi.nlm.nih.gov/pubmed/22364875
http://dx.doi.org/10.4161/cc.20946
http://www.ncbi.nlm.nih.gov/pubmed/22801549
http://dx.doi.org/10.1016/j.febslet.2008.02.047
http://dx.doi.org/10.1016/j.febslet.2008.02.047
http://www.ncbi.nlm.nih.gov/pubmed/18307994
http://dx.doi.org/10.1074/jbc.M111.267567
http://www.ncbi.nlm.nih.gov/pubmed/21862579
http://dx.doi.org/10.1371/journal.ppat.1000778
http://www.ncbi.nlm.nih.gov/pubmed/20174559
http://dx.doi.org/10.1016/j.neulet.2011.10.040
http://www.ncbi.nlm.nih.gov/pubmed/22040667
http://dx.doi.org/10.1016/j.molcel.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22365832
http://dx.doi.org/10.1074/jbc.M109.080796
http://www.ncbi.nlm.nih.gov/pubmed/20123989
http://dx.doi.org/10.1016/j.celrep.2013.01.033
http://www.ncbi.nlm.nih.gov/pubmed/23453972
http://dx.doi.org/10.1038/emboj.2011.264
http://www.ncbi.nlm.nih.gov/pubmed/21811235


43. Chalasani ML, Swarup G, Balasubramanian D (2009) Optineurin and its mutants: molecules associated
with some forms of glaucoma. Ophthalmic Res 42: 176–184. doi: 10.1159/000232400 PMID:
19672125

44. Shembade N, Harhaj EW (2012) Regulation of NF-kappaB signaling by the A20 deubiquitinase. Cell
Mol Immunol 9: 123–130. doi: 10.1038/cmi.2011.59 PMID: 22343828

45. Kovalenko A, Chable-Bessia C, Cantarella G, Israel A, Wallach D, et al. (2003) The tumour suppressor
CYLD negatively regulates NF-kappaB signalling by deubiquitination. Nature 424: 801–805. PMID:
12917691

46. Nagabhushana A, Bansal M, Swarup G (2011) Optineurin is required for CYLD-dependent inhibition of
TNFalpha-induced NF-kappaB activation. PloS one 6: e17477. doi: 10.1371/journal.pone.0017477
PMID: 21408173

47. Kim JY, Welsh EA, Oguz U, Fang B, Bai Y, et al. (2013) Dissection of TBK1 signaling via phosphopro-
teomics in lung cancer cells. Proc Nat Acad Sciences USA 110: 12414–12419. doi: 10.1073/pnas.
1220674110 PMID: 23836654

48. van ZuylenWJ, Doyon P, Clement JF, Khan KA, D'Ambrosio LM, et al. (2012) Proteomic profiling of the
TRAF3 interactome network reveals a new role for the ER-to-Golgi transport compartments in innate
immunity. PLoS Pathogens 8: e1002747. doi: 10.1371/journal.ppat.1002747 PMID: 22792062

49. Kagan JC (2012) Signaling organelles of the innate immune system. Cell 151: 1168–1178. doi: 10.
1016/j.cell.2012.11.011 PMID: 23217704

50. Suzuki T, Oshiumi H, Miyashita M, Aly HH, Matsumoto M, et al. (2013) Cell type-specific subcellular lo-
calization of phospho-TBK1 in response to cytoplasmic viral DNA. PloS One 8: e83639. doi: 10.1371/
journal.pone.0083639 PMID: 24349538

51. West AP, Shadel GS, Ghosh S (2011) Mitochondria in innate immune responses. Nat Rev Immunol
11: 389–402. doi: 10.1038/nri2975 PMID: 21597473

52. Eisenacher K, Krug A (2012) Regulation of RLR-mediated innate immune signaling—it is all about
keeping the balance. Europ J Cell Biol 91: 36–47. doi: 10.1016/j.ejcb.2011.01.011 PMID: 21481967

53. Goubau D, Deddouche S, Reis e Sousa C (2013) Cytosolic sensing of viruses. Immunity 38: 855–869.
doi: 10.1016/j.immuni.2013.05.007 PMID: 23706667

54. ZhaoW (2013) Negative regulation of TBK1-mediated antiviral immunity. FEBS Lett 587: 542–548.
doi: 10.1016/j.febslet.2013.01.052 PMID: 23395611

55. Kachaner D, Laplantine E, Genin P, Weil R (2012) Optineurin: a new vision of cell division control. Cell
Cycle 11: 1481–1482. doi: 10.4161/cc.20116 PMID: 22487679

56. Vitour D, Dabo S, Ahmadi Pour M, Vilasco M, Vidalain PO, et al. (2009) Polo-like kinase 1 (PLK1) regu-
lates interferon (IFN) induction by MAVS. J Biol Chem 284: 21797–21809. doi: 10.1074/jbc.M109.
018275 PMID: 19546225

57. Liu XY, ChenW, Wei B, Shan YF, Wang C (2011) IFN-induced TPR protein IFIT3 potentiates antiviral
signaling by bridging MAVS and TBK1. J Immunol 187: 2559–2568. doi: 10.4049/jimmunol.1100963
PMID: 21813773

58. Gough DJ, Messina NL, Clarke CJ, Johnstone RW, Levy DE (2012) Constitutive type I interferon modu-
lates homeostatic balance through tonic signaling. Immunity 36: 166–174. doi: 10.1016/j.immuni.2012.
01.011 PMID: 22365663

59. Essers MA, Offner S, Blanco-BoseWE, Waibler Z, Kalinke U, et al. (2009) IFNalpha activates dormant
haematopoietic stem cells in vivo. Nature 458: 904–908. doi: 10.1038/nature07815 PMID: 19212321

60. Sato T, Onai N, Yoshihara H, Arai F, Suda T, et al. (2009) Interferon regulatory factor-2 protects quies-
cent hematopoietic stem cells from type I interferon-dependent exhaustion. Nat Med 15: 696–700. doi:
10.1038/nm.1973 PMID: 19483695

61. Takayanagi H, Kim S, Matsuo K, Suzuki H, Suzuki T, et al. (2002) RANKLmaintains bone homeostasis
through c-Fos-dependent induction of interferon-beta. Nature 416: 744–749. PMID: 11961557

62. Hata N, Sato M, Takaoka A, Asagiri M, Tanaka N, et al. (2001) Constitutive IFN-alpha/beta signal for ef-
ficient IFN-alpha/beta gene induction by virus. Biochem Biophys Res Comm 285: 518–525. PMID:
11444873

63. Kwon YS, Choe YH, Chin HS (2001) Development of glaucoma in the course of interferon alpha thera-
py for chronic hepatitis B. Yonsei Med J 42: 134–136. PMID: 11293492

64. Meng Q, Lv J, Ge H, Zhang L, Xue F, et al. (2012) Overexpressed mutant optineurin(E50K) induces ret-
inal ganglion cells apoptosis via the mitochondrial pathway. Mol Biol Rep 39: 5867–5873. doi: 10.1007/
s11033-011-1397-7 PMID: 22422156

Regulation of the Innate Immune Response by Optineurin

PLOS Pathogens | DOI:10.1371/journal.ppat.1004877 April 29, 2015 26 / 27

http://dx.doi.org/10.1159/000232400
http://www.ncbi.nlm.nih.gov/pubmed/19672125
http://dx.doi.org/10.1038/cmi.2011.59
http://www.ncbi.nlm.nih.gov/pubmed/22343828
http://www.ncbi.nlm.nih.gov/pubmed/12917691
http://dx.doi.org/10.1371/journal.pone.0017477
http://www.ncbi.nlm.nih.gov/pubmed/21408173
http://dx.doi.org/10.1073/pnas.1220674110
http://dx.doi.org/10.1073/pnas.1220674110
http://www.ncbi.nlm.nih.gov/pubmed/23836654
http://dx.doi.org/10.1371/journal.ppat.1002747
http://www.ncbi.nlm.nih.gov/pubmed/22792062
http://dx.doi.org/10.1016/j.cell.2012.11.011
http://dx.doi.org/10.1016/j.cell.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23217704
http://dx.doi.org/10.1371/journal.pone.0083639
http://dx.doi.org/10.1371/journal.pone.0083639
http://www.ncbi.nlm.nih.gov/pubmed/24349538
http://dx.doi.org/10.1038/nri2975
http://www.ncbi.nlm.nih.gov/pubmed/21597473
http://dx.doi.org/10.1016/j.ejcb.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21481967
http://dx.doi.org/10.1016/j.immuni.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23706667
http://dx.doi.org/10.1016/j.febslet.2013.01.052
http://www.ncbi.nlm.nih.gov/pubmed/23395611
http://dx.doi.org/10.4161/cc.20116
http://www.ncbi.nlm.nih.gov/pubmed/22487679
http://dx.doi.org/10.1074/jbc.M109.018275
http://dx.doi.org/10.1074/jbc.M109.018275
http://www.ncbi.nlm.nih.gov/pubmed/19546225
http://dx.doi.org/10.4049/jimmunol.1100963
http://www.ncbi.nlm.nih.gov/pubmed/21813773
http://dx.doi.org/10.1016/j.immuni.2012.01.011
http://dx.doi.org/10.1016/j.immuni.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22365663
http://dx.doi.org/10.1038/nature07815
http://www.ncbi.nlm.nih.gov/pubmed/19212321
http://dx.doi.org/10.1038/nm.1973
http://www.ncbi.nlm.nih.gov/pubmed/19483695
http://www.ncbi.nlm.nih.gov/pubmed/11961557
http://www.ncbi.nlm.nih.gov/pubmed/11444873
http://www.ncbi.nlm.nih.gov/pubmed/11293492
http://dx.doi.org/10.1007/s11033-011-1397-7
http://dx.doi.org/10.1007/s11033-011-1397-7
http://www.ncbi.nlm.nih.gov/pubmed/22422156


65. Meng Q, Xiao Z, Yuan H, Xue F, Zhu Y, et al. (2012) Transgenic mice with overexpression of mutated
human optineurin (E50K) in the retina. Mol Biol Rep 39: 1119–1124. doi: 10.1007/s11033-011-0840-0
PMID: 21681420

66. Shen X, Ying H, Qiu Y, Park JS, Shyam R, et al. (2011) Processing of optineurin in neuronal cells. J
Biol Chem 286: 3618–3629. doi: 10.1074/jbc.M110.175810 PMID: 21059646

67. Cirulli ET, Lasseigne BN, Petrovski S, Sapp PC, Dion PA, et al. (2015) Exome sequencing in amyotro-
phic lateral sclerosis identifies risk genes and pathways. Science 347: 1436–1441. doi: 10.1126/
science.aaa3650 PMID: 25700176

68. Freischmidt A, Wieland T, Richter B, Ruf W, Schaeffer V, et al. (2015) Haploinsufficiency of TBK1
causes familial ALS and fronto-temporal dementia. Nat Neuroscience doi: 10.1038/nn.4000

69. Uze G, Di Marco S, Mouchel-Vielh E, Monneron D, Bandu MT, et al. (1994) Domains of interaction be-
tween alpha interferon and its receptor components. J Mol Biol 243: 245–257. PMID: 7932753

70. Moretti J, Chastagner P, Liang CC, Cohn MA, Israel A, et al. (2012) The ubiquitin-specific protease 12
(USP12) is a negative regulator of notch signaling acting on notch receptor trafficking toward degrada-
tion. J Biol Chem 287: 29429–29441. doi: 10.1074/jbc.M112.366807 PMID: 22778262

71. Tarantino N, Tinevez JY, Crowell EF, Boisson B, Henriques R, et al. (2014) TNF and IL-1 exhibit dis-
tinct ubiquitin requirements for inducing NEMO-IKK supramolecular structures. Journal Cell Biol 204:
231–245.

Regulation of the Innate Immune Response by Optineurin

PLOS Pathogens | DOI:10.1371/journal.ppat.1004877 April 29, 2015 27 / 27

http://dx.doi.org/10.1007/s11033-011-0840-0
http://www.ncbi.nlm.nih.gov/pubmed/21681420
http://dx.doi.org/10.1074/jbc.M110.175810
http://www.ncbi.nlm.nih.gov/pubmed/21059646
http://dx.doi.org/10.1126/science.aaa3650
http://dx.doi.org/10.1126/science.aaa3650
http://www.ncbi.nlm.nih.gov/pubmed/25700176
http://dx.doi.org/10.1038/nn.4000
http://www.ncbi.nlm.nih.gov/pubmed/7932753
http://dx.doi.org/10.1074/jbc.M112.366807
http://www.ncbi.nlm.nih.gov/pubmed/22778262

