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Abstract

Pathogen-associated molecular pattern (PAMP) recognition leads to TANK-binding kinase
(TBK1) polyubiquitination and activation by trans-autophosphorylation, resulting in IFN-f
production. Here we describe a mouse model of optineurin insufficiency (OptnAl7) in which the
TBK1-interacting N-terminus of optineurin was deleted. PAMP-stimulated cells from OptnA1®7
mice had reduced TBK1 activity, no phosphorylation of optineurin Serl87, and mounted low IFN-B
responses. In contrast to pull-down assays where the presence of N-terminus was sufficient for
TBK1 binding, both the N-terminal and the ubiquitin-binding regions of optineurin were needed
for PAMP-induced binding. This report establishes optineurin as a positive regulator TBK1 via a
bipartite interaction between these molecules.
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Introduction

Optineurin is a ubiquitin-binding protein whose mutations have been found in two

neurodegenerative diseases: primary open angle/normal-tension glaucoma (POAG/NTG)
and amyotrophic lateral sclerosis (ALS) [1, 2]. The exact role of optineurin in the

pathogenesis of neurodegeneration is unclear. Moreover, the mutations found in ALS and
POAG/NTG do not seem to overlap, suggesting that different regions of optineurin exert
different and/or multiple functions, perhaps even in different cell types. Interestingly, /n vitro
studies have implicated optineurin in an unusually large number of cellular functions
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including regulation of inhibitor of B kinase (IKK) and TANK binding kinase 1 (TBK1),
autophagy, vesicle trafficking, cell division, regulation of transcription, and maintenance of
the structure of Golgi apparatus [3-9]. During these processes optineurin is mostly thought
to act as an adaptor, exerting its function by bridging various cellular proteins. The initial
studies of optineurin interactions with other proteins revealed that its N-terminal region is
indispensible for binding to TBK1, myosin VI, Rab8 and glutamate receptor GluR1a,
whereas its C-terminal region is required for binding to RIP1, CYLD, myosin VI, and
huntingtin [10, 11]. It was subsequently shown, though, that such binding is dynamic and
contingent on various ubiquitination and phosphorylation events. For example, optineurin
binding to LC3, a protein expressed on autophagosomal membranes, is enhanced upon
TBK1-mediated phosphorylation of optineurin on serine 177 (S177) [5].

A prominent feature of optineurin is its ubiquitin binding. Optineurin contains two ubiquitin
binding sites, highly homologous to those of NF-xB essential modulator (NEMO): the
Ubiquitin-binding regions of ABIN proteins and NEMO (UBAN), and a zinc finger (ZF)[3,
12, 13]. This bipartite region maps to the C-terminal portion of optineurin and is necessary
for its selective high-affinity binding to K63- and M1-polyubiquitinated proteins. Optineurin
binding to such polyubiquitin chains was proposed to be important for both cell signaling
and autophagy [3, 5]. During signaling, given the close homology between optineurin and
NEMO ubiquitin-binding domains, it was proposed that optineurin binds to the same
polyubiquitin-modified proximal signaling molecules to which NEMO binds during NF-xB
and interferon regulatory factor 3 (IRF3) pathway activation [3, 14, 15]. Ubiquitination is
indispensible in both signaling pathways as it allows the assembly of multimeric signaling
complexes (signalosomes) necessary for kinase activation and signal propagation. However,
whereas NEMO deficiency leads to complete shutdown of NF-xB and IRF3 activation in
response to various pathogens or pathogen-mimicking ligands [16, 17], the role of optineurin
is still controversial.

Serine-threonine kinase TBK1 is a central kinase regulating type | IFN secretion in response
to pathogens [18, 19]. It does so by direct phosphorylation of IRF3, a transcriptional factor
that then moves to the nucleus and binds promoter regions of type | IFN genes [20]. TBK1 is
constitutively expressed in most cells as an inactive homodimer in which kinase domains
(KD) face away from each other [21]. Upon PAMP recognition by Toll-like receptors (TLR)
or intracellular DNA and RNA sensors, TBK1 is K63-ubiquitinated, allowing signalosome
assembly and intradimer KD interaction, leading to activation by trans-autophosphorylation
at Serl172 [22]. The role of optineurin as an adaptor for TBK1 signalosome assembly was
addressed in several studies, but there have been disparate results. It was reported that
overexpression of optineurin in HEK293-hTLR3 cells inhibited, whereas transient
optineurin silencing promoted production of type | interferon IFN- upon viral infection
[15]. This suggested that optineurin was a negative regulator of TBK1 activation, perhaps
acting as a competitive inhibitor of NEMO. However, two mouse models designed to abolish
ubiquitin-binding activity of optineurin, i.e. one carrying a point mutation in the ubiquitin-
binding domain (OptnP477N) and another lacking the entire C-terminal region encompassing
the UBAN and ZF (Optn#79T), argued the opposite, i.e. that the ubiquitin-binding function of
optineurin was required for positive regulation of TBK1. Notably, in bone marrow derived
macrophages (BMDM) and dendritic cells (BMDC) from both models optineurin was
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necessary for optimal TBK1 activation and IFN-f secretion upon TLR-3, -4, and -9
stimulation [4, 23]. Optn#79T mice also had diminished IFN-p secretion during LPS-induced
sepsis. Although this issue of was considered to be closed with the newer /n vivo data, a
recent report reiterated the role of optineurin as negative regulator of TBK1 in HeLa cells in
a viral infection model [24]. Moreover, that study proposed a novel mechanism of
optineurin-mediated TBK1 suppression, demonstrating that optineurin brings the CYLD
deubiquitinase to polyubiquitinated TBK1, thus leading to signal shutdown. Given the
discrepancy between in vivoand in vitroresults, it is possible that OptnP477N and Optn#70T,
which like most mutations found in ALS patients lack the ubiquitin-binding function, act in
a dominant-negative fashion. Importantly, the TBK1-binding site in optineurin maps to
amino acids 1-127 [25], and is preserved in these models. To resolve this controversy and
elucidate the physiologic role of optineurin in TBK1 activation, we have examined the
contribution of optineurin to type I IFN activation by designing a mouse model in which the
N-terminal region (residues 1-157; OptnA®7 mice), encompassing the entire TBK1-binding
site, was deleted.

Materials and methods

Mice

Cell culture,

Mice with the N-terminal truncation of optineurin were generated by genetic recombineering
as described [26]. Exons 2 and 3 of the mouse optineurin gene in 129 embryonic stem (ES)
cells were floxed, and ES clones verified by Southern blot were injected into C57BL/6
blastocysts in the Mouse Cancer Genetics Program, NCI-Frederick. The chimeras were
crossed to B-actin-Cre to generate whole body optineurin deletion (OptnA17). The OptnA57
mice used in these studies were backcrossed onto the B6 background for at least four and up
to eleven generations; for all experiments, the controls from the same generation were used.
The mice were kept in NCI animal facility and all studies were approved by the National
Cancer Institute Animal Care and Use Committee.

plasmids, and reagents

Human embryonic kidney (HEK) 293 cells were obtained from the American Type Culture
Collection (ATCC), and HEK?293 cells that stably express human TLR3 (HEK293-hTLR3)
from Invivogen. Cell lines were maintained in DMEM supplemented with 10% fetal calf
serum, 5 mM glutamine, and antibiotics (complete medium). Bone marrow-derived
macrophages (BMDMs) were generated from mouse bone marrow cells and cultured in
complete RPMI supplemented with supernatant of L929 cell cultures (final concentration of
30%). The mouse optineurin gene was cloned from the cDNA generated from mouse
embryonic fibroblast mRNA, and subcloned into pcDNA3.1+ expression vector. To find the
alternative translation initiation site in mice with the N-terminal truncation, OptnA157 and
OptnA192 DNA fragments were generated. To subclone WT, OptnA157, OptnA192, the
following forward primers were used: ACCATGTCCCATCAACCTCTGAGC,
ACCATGCGCCTTCGGGCTGAAAAGGC, ACCATGACCGAAGGAGAGACTGAAGGG,
respectively. The reverse primer was:
GGGCTCTAGATCAAATGATGCAGTCCATCACATGG. HEK293 cells were transfected
by calcium phosphate method with pcDNA3.1+ harboring WT, OptnA157 or OptnA192, and
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lysates were prepared 20 hr later in RIPA buffer. The human optineurin gene, as well as
E50K, A147 and D474N mutants were subcloned into bacterial pDest15 expression vector
harboring a GST tag. The plasmid encoding myc-TBK1 plasmid was a kind gift from
Rongtuan Lin (McGill University). Antibodies recognizing phospho-S172 TBK1, TBK1,
IRF3, and phospho-S396 IRF3 were from Cell Signaling, anti-myc and anti-IxBa from
Santa Cruz, and anti-optineurin (N-term and C-term) from Cayman. Anti-f-actin, N-
ethylmaleimide (NEM) and LPS were from Sigma. Poly(l:C) was purchased from
Invivogen. Phospho-S177 optineurin antibody was generated as reported [5]. Vesicular
stomatitis virus (VSV) strain Indiana was kindly provided by Jonathan W. Yewdell (NIAID).
Secondary antibodies conjugated with HRP were purchased from GE Healthcare.
Nitrocellulose membranes were purchased from Biorad. Protease and phosphatase inhibitor
cocktails and SuperScript® First-Strand Synthesis System were obtained from Roche, and
enhanced chemiluminiscence reagent from Pierce. Power SYBR Green was obtained from
Applied Bioscience. High-molecular weight poly(l:C) was from InvivoGen, NUPAGE®SDS-
PAGE, and Lipofectamine 2000 from Invitrogen. Triton and RIPA buffer for mammalian cell
lysis were obtained from Thermo Scientific.

Immunofluorescence Microscopy

BMDM were grown in 8 well Lab-Tec chamber slides (Thermo Fisher Scientific) for 24 hr
and fixed with 4% paraformaldehyde for 15 min. After fixation, cells were washed three
times with PBS, permeabilized with 0.1% Triton X-100 for 15 min, and blocked with 10%
goat serum for 1 hr. The slides were then incubated overnight with anti-optineurin from
Cayman (1:500) and anti-GM130 antibody from BD Transduction Laboratories (1:500) in
PBS at 4°C, and after thorough washing incubated with secondary goat anti-rabbit 1gG
Alexa Fluor®594 and 1gG-Alexa Fluor®488 (each at 1:2000) from Molecular Probes. The
slides were mounted with DAPI-containing mounting medium (Vector laboratories) and
images were acquired with a confocal microscope (LSM 510 META, Carl Zeiss) and
processed using Zeiss LSM image browser.

In vitro protein pull-down assays

In vitro protein pull-down assays were performed as described [3]. Briefly, GST or GST-
optineurin fusion proteins were expressed in BL21 E. Coli cells, purified on glutathione
Sepharose 4B beads (Amersham Pharmacia), and equal amounts as verified by Coomassie
blue staining were used in pull-down assays. HEK?293 cells transfected with myc-TBK1
were lysed in Triton lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 1
mM EDTA, 30 mM NaF, 2 mM sodium pyrophosphate, 5 mM N-ethylmaleimide, and
protease inhibitor cocktail). Purified GST proteins on beads were used to pull down
HEK293 cell lysate with overexpressed myc-TBKL1 in lysis buffer. The beads were washed
with RIPA buffer and after protein elution resolved by SDS-PAGE and immunoblotted.

Immunoblotting and immunoprecipitation

Whole cell extracts of peripheral blood mononuclear cells (PBMC), BMDM, and HEK293
cells were prepared in RIPA lysis buffer for detection of phospho-IRF3 and IRF3, or Triton
lysis buffer for other proteins. Proteins were resolved on NUPAGE®SDS-PAGE and

transferred to nitrocellulose membranes and immunoblotted with the indicated primary and
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HRP-conjugated secondary antibodies. Signals were detected using enhanced
chemiluminiscence. Immunoprecipitation was performed as described [3]. Briefly, BMDM
were treated with 100 pg/ml poly(1:C) or 100 ng/ml LPS for the indicated times. The cells
were washed once with PBS and lysed in Triton lysis buffer supplemented with protease and
phosphatase inhibitors. For p-TBKZ1 blots after optineurin immunoprecipitation, HEK293-
hTLR3 cells were lysed with the following lysis buffer: 50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 1% Triton X-100, 2 mM EDTA, 2 mM sodium pyrophosphate, 25 mM f3-
glycerophosphate, 1 mM sodium orthovanadate and protease inhibitor cocktail (Thermo
Scientific). The cell lysates were precleared with protein G-conjugated Sepharose-4B
(Sigma) and incubated with anti-optineurin antibody for 16 hr at 4°C, followed by
incubation with protein G-conjugated beads for another hour. The immunoprecipitates were
resolved by SDS-PAGE and immunoblotted with anti-pTBK1, -TBK1, and -optineurin
antibodies.

ELISA for IFN B

BMDM cultured in complete DMEM were stimulated with 100 ng/ml LPS or 30 pg/ml
poly(I:C), and supernatants were collected at the indicated times. Mice were injected with
1010 plague forming units (pfu) of VSV intraperitoneally (i.p.) and blood was drawn 16 hr
later. Supernatants and sera were assayed for IFN- with the IFN- ELISA kit (PBL
Interferon Source) following the manufacturer’s protocol.

Genotyping and quantitative RT-PCR (qRT-PCR)

OptnAlS7 mice were genotyped with the following primers: forward:
CCTGCTTCCTCATGCAGTGATCCAGAG and reverse:
AAGGAAAAAAGAGCTCGCGGCCGCGCTCCTGATAACAC; another forward primer
was used as internal control:
ACGCGTCGACGTCGGCCATAGCGGGGACACACACTTGT. Real-time PCR was
performed with SYBR Green using a 7500 Real Time PCR System (Applied Bioscience).
Housekeeping ribosomal 18S RNA was amplified to normalize RNA content of the lysate
and obtain a ACT value. The primers used were, Optr-Forward:
GCTCCGAAATCAAGATGGAG; Optn-Reverse: GCAGAGTGGCTAACCTGGAC; 18s-
Forward: AAATCAGTTATGGTTCCTTTGGTC,; 18S-Reverse:
GCTCTAGAATTACCACAGTTATCCAA, //6-Forward:
GCTACCAAACTGGATATAATCAGGA and //6-Reverse:
CCAGGTAGCTATGGTACTCCAGAA-3'.

Statistical analysis and protein quantification

Results

Statistical analysis was done using Student’s #test with GraphPad Prism software.
Densitometry was done with Image J software (National Institutes of Health).

Generation of mice lacking the optineurin TBK1 binding region

To generate mice lacking the optineurin TBK1-binding region, the first two coding exons of
Optnwere floxed (Fig 1A). Mice carrying the floxed allele were crossed to mice expressing
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Cre recombinase under the control of the -actin promoter, achieving whole body deletion of
this fragment. The excision of the floxed exons was verified by PCR of tail DNA (Fig 1B),
and lysates of bone marrow derived macrophages (BMDM) from homozygous WT and the
mice with N-terminal deletion that were immunoblotted for optineurin. An antibody against
N-terminal optineurin detected a ~75 kDa WT protein, whereas no band was detected in
mice where the N-terminus of optineurin was deleted (Fig 1C). In the latter, an antibody
against the C-terminus of optineurin uncovered a ~50 kDa band (Fig 1D), demonstrating that
the excision of the first coding exon did not result in complete optineurin deficiency, instead
generating a truncated protein. The truncated protein was expressed at approximately 1.5
fold lower level than its WT counterpart, as measured by densitometry (Fig. 1E). The
comparison of MRNA expression levels showed that N-terminal deletion also had several
fold lesser mRNA levels (Fig. 1F). To examine which of the possible alternative open
reading frames in the optineurin gene was being used to generate truncated protein, we
created expression vectors encoding the possible truncated proteins transcribed from the two
ATG codons that could likely generate a ~50 kDa protein. Constructs of the full-length
optineurin and the two possible N-terminal truncations starting from the first and the second
methionine in exon 4 (OptnA157 and OptnA192) were made, and confirmed by PCR
analysis (Fig. 1G and data not shown). Western blot of lysates of HEK293 cells transfected
with WT, OptnA157, or OptnA192 constructs demonstrated that the deletion of the first two
coding exons resulted in the initiation of the optineurin translation at the first ATG of exon 4
(Fig. 1H and data not shown). The mice were hence designated OptnA1®7,

The initial characterization did not show differences between WT and OptnA57 mice.
OptnA57 mice were born at normal Mendelian frequencies and did not exhibit signs of
disease. Moreover, OptnA®7 had the same cellular localization as WT protein, both being
found in the cytoplasm, and preferentially located at the Golgi apparatus, as demonstrated by
their colocalization with Golgi matrix protein GM130 (Fig. 11).

Inducible binding of TBK1 by the optineurin N-terminal region

The region of optineurin responsible for TBK1-binding has been mapped to residues 1-127
[25], and thus should be missing in OptnA®7 mice. To test this, myc-tagged TBK1 from
HEK?293 cell lysates was pulled down with either GST fusion proteins containing WT
optineurin or OptnAl47, the human truncation homologous to mouse OptnA®7. As expected,
GST-WT optineurin pulled down TBK1 (Fig 2A), as did the control optineurin E50K, a
glaucoma-related mutation that was found to associate to TBK1 even more strongly than the
WT protein [25]. In contrast, TBK1 was not pulled down with OptnA47, confirming that
this region is crucial for this interaction. A ubiquitin-binding point mutant in the UBAN
(optineurin D474N) bound to TBK1 comparably to the WT protein, strengthening the
previous report that the ability of optineurin to bind ubiquitin is not a prerequisite for a
TBK1 interaction [23]. The binding of TBK1 and optineurin was further tested in cell
lysates from cells stimulated with a synthetic double-strand RNA mimicking agent,
poly(1:C), which signals via TLR3 [27]. It has been reported that optineurin is constitutively
bound to TBK1 [15, 23]. We found, however, that only a small fraction of optineurin co-
immunoprecipitated with TBK1 in unstimulated HEK293-hTLR3 cells, and that binding
greatly increased upon stimulation (Fig 2B). Moreover, TBK1 bound to optineurin was
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activated, i.e. phosphorylated on S172 (Fig 2C). Inducible binding was also compared in WT
and OptnA>” BMDM after stimulation with LPS, a TLR4 ligand. Whereas WT optineurin
did not co-immunoprecipitate with TBK1 in unstimulated cells, LPS induced an association
that increased over time (Fig 2D). OptnA®7 did not bind to TBK1 in any situation,
confirming that optineurin binding to TBK1 is inducible and contingent on the presence its
N-terminal TBK1-binding region.

TBK1 phosphorylates human optineurin on S177 [5]. Although this is thought to be
important for autophagy, its relevance in TBK1-mediated signaling events is unclear. We
tested if TBK1 association to optineurin via its N-terminus is necessary for this
phosphorylation upon TLR-mediated stimulation. LPS stimulation of BMDM cells resulted
in WT optineurin phosphorylation on S187, the murine homolog of S177 (Fig 2E). In
contrast, no optineurin phosphorylation was observed in OptnA7 cells. Because OptnAl®?
is expressed at a lower level than the WT (Fig 2F), we also loaded 3-fold more OptnA1®7
immunoprecipitate, but still saw no phosphorylation of the truncated form (Fig. 2G).
Together, these results demonstrate that optineurin binds to TBK1 in an inducible manner,
and that the N-terminal region of optineurin is required for both TBK1 association and S187
phosphorylation.

The N-terminal region of optineurin is required for TBK1 phosphorylation and IFN-p

production

Upon TLR stimulation, TBK1 is activated by phosphorylation at S172, and subsequently
phosphorylates the transcription factor IRF3, which is essential for IFN-$ production [22].
To test the importance of N-terminal region of optineurin for TBK1 activation,
phosphorylation of TBK1 at S172 was determined. Stimulation with LPS induced
phosphorylation of TBK1 in WT BMDM that peaked at 30 min to 1 hr and waned thereafter
(Fig 3A). TBK1 was phosphorylated to a lesser extent in OptnAL%7 cells. We next examined
substrates of TBK1 in the TLR3/4 signaling cascades. IRF3 phosphorylation was detectable
30 min after LPS stimulation in WT BMDM, peaked at 1hr, and decreased thereafter (Fig
3B). Phosphorylation of IRF3 in OptnAL>” BMDM was markedly reduced compared to WT
cells. A similar reduction of IRF3 phosphorylation in OptnA15” BMDM was observed after
poly(l:C) treatment (Fig 3C). Thus, TLR-induced TBK1 and IRF3 activation were
compromised in BMDM in which an interaction between optineurin TBK1 is precluded.

TBK1-mediated IRF3 phosphorylation is crucial for IFN-B production in response to
pathogens. BMDM were LPS and poly(l:C) treated and IFN-f secretion was monitored. In
both cases, IFN-B production was diminished in OptnA®7 cells (Fig 3D and 3E). To test the
importance of optineurin in a viral model /7 vivo, WT and OptnA®7 mice were infected
with Vesicular Stomatitis Virus (VSV). Again, the IFN-B measured in the sera was decreased
in OptnA157 mice (Fig 3F). These data argue that TBK1:optineurin association is required
for optimal IFN-B responses, and confirm that optineurin is a positive regulator of TBK1
both in vitroand in vivo.

Several reports found reduced activation NF-xB upon optineurin overexpression, suggesting
that it acts as a negative regulator [2, 3]. However, enhanced NF-kB activation was not found
in the genetic models of optineurin insufficiency or deficiency [4, 23, 28]. To test if
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OptnA57 mitigated the activation of NF-B, we stimulated BMDM with LPS or poly(l:C)
and monitored proximal and distal signaling events. A similar pattern of 1xB degradation
was observed in both WT and OptnAL57 cells for both stimuli (Suppl. Fig. 1A and B), and
the NF-kB-regulated cytokine IL-6 was equally produced (Suppl. Fig. 1C and D). These
results argue that OptnA®7 does not interfere with LPS and poly(1:C) mediated NF-xB
activation. Taken together, the optineurin N-terminus is dispensable for NF-xB pathway but
necessary for optimal TBK1 activity and IFN-B production.

Discussion

Optineurin has been proposed to bind to TBK1 and regulate its kinase activity. However, the
outcome of this interaction remains controversial. Here we found that in primary cells N-
terminal truncated optineurin OptnA157 was unable to bind to TBK1, resulting in diminished
TBK1 and IRF3 activity and IFN-f secretion. Although because OptnA®7 was present at a
1.5 lower level, we cannot formally exclude the possibility that lower level of the truncated
product contributed to the impaired IFN-f response, we believe that this relatively mild
optineurin deficiency could not by itself explain the complete lack of PAMP-induced
inducible TBK1 binding to OptnAL57 and subsequent lack of optineurin phosphorylation.
Our data contrast several reports in HEK293 and HeLa cell lines, one of which proposed that
optineurin recruits the CYLD deubiquitinase to TBK1 in a cell-cycle dependent manner to
shut down TBK1 activity [15, 24, 29]. We speculate that the reason for this discrepancy lies
in the cell lines used and/or the fact that these studies were limited to overexpression or
silencing. In addition, given that optineurin has been shown to interact to a large number of
cellular proteins and its levels increase upon cell stimulation, it is also possible that it
participates in additional regulatory pathways, and its activity is different at different times
after stimulation. Our results, however, strongly support the findings of two other genetic
models of optineurin insufficiency (OptnP4’7N and Optn*70T) [4, 23]. Moreover, while this
article was in preparation, another study found diminished TBK1 activity and IFN-f3
production in an optineurin knockout model [28]. Together these results strongly argue that
optineurin is positive regulator of TBK1-mediated IFN-f responses. Although it is formally
possible that OptnA®7 acts as a dominant negative protein, we find it unlikely because pull-
down assays showed that this truncation does not bind to TBK1, and more importantly,
OptnAL57 cells exhibited a similar loss of TBK1 activity upon PAMP stimulation as did
other optineurin insufficiency models.

Most mutations described in ALS patients either lack the C-terminal domain or harbor
mutations in the ubiquitin binding region, but the mechanism of their noxious effect is still
debated [2, 30]. The finding that both N-terminal and C-terminal optineurin insufficiency
together with the knockout model had diminished TBK1 activity argues that optineurin
mutations found in human ALS patients result in loss-of-function rather than gain-of-
function due to dominant-negative activity. Further elucidation of the role of optineurin in
ALS pathogenesis, currently ongoing in our laboratory, will show if this is directly linked to
suboptimal TBK1 activity and/or IFN-B production, and perhaps leads to
neuroinflammation, a major driving force in ALS. Of note, neither young OptnA®7 nor
OptnA*70T mice develop signs of motor neuron degeneration (up to one year of life; IM and
JDA unpublished observations), which is perhaps expected given the fact that ALS
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neurodegeneration is multifactorial, usually occurs late in life, and optineurin likely only has
a protective role, as discussed here.

The N-terminus of optineurin was shown to bind TBK1 /n vitro using recombinant GST
fusion products [25]. Here we have extended this finding to show the /n vivo relevance of
this interaction in TBK1 activation. The proposed binding site can likely be narrowed to
amino acids 78-121 in human optineurin, which are highly homologous to the TBK1-
binding sites of three other TBK1 adaptor proteins, namely TANK, NAP1, SINTBAD, all of
which have also been implicated in IRF3 and NF-«xB activation. However, it was suggested
that optineurin binding to TBK1 is constitutive and independent of ubiquitination [15, 23].
This is at odds with the proposed dynamic regulation of TBK1, in which PAMP stimulation
results in the recruitment of inactive TBK1 to signalosomes via adaptor proteins, leading to
its high local concentration and activation by trans-autophosphorylation [21]. Moreover,
K63-linked polyubiquitination of TBK1 on lysines 30 and 401 is a prerequisite for its
activation and optineurin, unlike the adaptors SINTBAD and NAP1, has an ubiquitin-
binding region [22, 31]. Consistent with this, we found that in HEK293-hTLR3 cells and
primary bone marrow macrophages, WT optineurin bound inducibly to TBK1 upon TLR
stimulation and was phosphorylated on S187. Inducible binding suggests that the optineurin
scaffolding function precedes TBK1 recruitment to signalosomes. We also demonstrate that
the TBK1 associated with optineurin is phosphorylated at S172. In contrast, OptnAL57 was
unable to bind TBK1, was not phosphorylated on S187, and led to reduced TBK1 activation.
Together with a published report on the role of the ubiquitin-binding region in the optineurin
C-terminus [23], current findings suggest that neither the N-terminus nor the ubiquitin-
binding regions alone are sufficient for stimulus-triggered binding, thus arguing for a
bipartite binding model between TBK1 and optineurin: the interaction with N-terminus of
optineurin is further strengthened upon TBK1 polyubiquitination. It is possible that this
bipartite interaction allows a positive feedback mechanism between those two proteins, as
recently proposed during mitophagy, whereby the phosphorylation of optineurin by TBK1
on S473 and S513 increases its binding to ubiquitinated mitochondria, which in turn further
amplifies TBK1 activation [32]. The optineurin scaffolding function is further characterized
in our submitted manuscript, where we show that virus-induced TBK1 polyubiquitination on
lysines 30 and 401 targets TBK1 to optineurin at the Golgi apparatus (Pourcelot et al.).

Both TBK1 and optineurin are multifunctional proteins. Interestingly, they form a functional
unit not just in TLR signaling, but also during autophagy. Optineurin becomes an efficient
autophagy adaptor when phosphorylated by TBK1 on S177 (or murine S187); it
subsequently bridges LC3 coated autophagosomal membranes to autophagy targets, such as
ubiquitinated cytosolic Salmonella, protein aggregates or damaged mitochondria [5, 32-35].
Notably, TBK1 mutants that cannot bind optineurin were also recently found in ALS
patients, and the preliminary data suggest that they cause functional impairment of TBK1 in
autophagy, rather than in signaling [36, 37]. In line with this, it was recently described that
PINK1/parkin-mediated ubiquitination of damaged mitochondria leads to optineurin
recruitment and TBK1-mediated optineurin S177 phosphorylation, consequently leading to
LC3 recruitment and mitophagy [32, 34, 35]. It is unclear if there is a direct crosstalk
between autophagy or mitophagy and the pathways leading to IFN-f secretion and/or
whether some of the resources, such as optineurin itself, are limited. It is also possible that
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the two events are spatially and/or temporally dissociated, and that inducible optineurin
binding serves to distinguish between these different cellular events. Notably, S177
phosphorylation of optineurin by another kinase, Polo-like kinase 1 (Plk1), causes
dissociation of optineurin from Golgi-associated Rab8, allowing its nuclear translocation
and association with myosin phosphatase targeting subunit 1 (MYPT1), which then
antagonizes Plk1 activity and permits cell division [9]. It is thus likely that other regulatory
mechanisms are in place to efficiently transduce specific signals from the shared pool of
optineurin, which can apparently even harbor similar posttranslational modifications when
exerting different functions. Other reported posttranslational modifications of optineurin
might contribute. A tumor suppressor ubiquitin ligase HACE-1 was shown to add K48-
polyubiquitin to optineurin, prompting its association with another autophagy adaptor p62/
SQSTM1, accelerating autophagy flux [38]. Notably, the bipartite interaction of optineurin
to TBK1, via both N-terminus and ubiquitin-binding, is likely one of such specificity-
ensuring mechanisms. Overall, the finding that TBK1 interaction to optineurin is inducible,
and dependent on N-terminus, perhaps makes the inhibition of this interaction an interesting
target in overactive TBK1-mediated responses such as in autoimmune disease or cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of mice lacking the optineurin TBK1-binding region
(A) The generation of mice lacking the optineurin TBK1-binding region is shown. A

targeting construct with LoxP-flanked exons 2 and 3 was inserted into the endogenous locus
and deleted upon Cre-mediated recombination. Neo cassette, FRT, and LoxP recombination
sites are indicated. (B) PCR distinguishing mice with WT optineurin and an N-terminal
deletion. (C and D) Western blot of BMDM from the indicated mice with anti-optineurin
antibodies raised against N-terminal and C-terminal epitopes, respectively. (E) Optineurin
protein from BMDM from WT and N-terminal deletion mice was detected by an antibody
against optineurin C-terminus. The level of optineurin expression was quantified from three
replicate blots on Image J software and the WT protein level is expressed as % of the level
of the deleted protein. (F) Optineurin mMRNA was detected in BMDM by qRT-PCR. AACT
of N-terminal deletion was designated as 1, and the difference between AACT of WT
optineurin and N-terminal deletion is depicted as mean + SEM for 2 independent
experiments with duplicate samples. (G) PCR of the WT or the indicated optineurin mutants
from pcDNA3.1+ expression plasmids. (H) Western blot with an antibody against the C-
terminus of optineurin in PBMC from the indicated mice (first two lanes), and lysates of
HEK?293 cells transfected with the WT optineurin or the indicated mutants in pcDNA3.1+
vector (last two lanes). (I) BMDM from WT and OptnA>7 mice were analysed by confocal
microscopy after staining with the indicated antibodies and DAPI (for nuclei). Objective
used for acquiring the images was Plan-Apochromat 63x/1.4 Qil DIC. One representative
experiment out of three is shown.
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Figure 2. The N-terminus of optineurin isimportant for TBK 1 binding
(A) Lysates of HEK293 cells overexpressing myc-TBK1 were incubated with purified GST

fusion proteins containing WT optineurin or the indicated mutants. Bound proteins were
subjected to immunoblotting using anti-myc and anti-optineurin antibodies. One of the three
experiments is shown. (B) Lysates of HEK293-hTLR3 cells were stimulated with 100 pg/ml
of poly(I:C) for indicated times and were immunoprecipitated with anti-optineurin. The
immunoprecipitate and the whole cell lysate were resolved on SDS-PAGE and
immunoblotted with anti-TBK1 and antioptineurin antibodies. (C) HEK293-hTLR3 cells
were stimulated with 10 pg/mL of poly(l:C) for the indicated times and an
immunoprecipitation was performed with an anti-optineurin antibody. Immunoprecipitates
(left) and whole cell lysates (right) were blotted for phospho-TBK1 and optineurin; one
representative experiment out of two is shown. *Designates phospho-TBK1 signal from the
previous blot. (D) BMDM from WT and OptnA157 mice were stimulated with LPS for the
indicated times and cells lysates were immunoprecipitated with anti-TBK1. Bound proteins
were resolved on SDS-PAGE and immunoblotted using anti-optineurin and anti-TBK1
antibodies, respectively. (E) and (F) BMDMs were stimulated with LPS for 30 min and the
lysates were immunoprecipitated using anti-optineurin antibody. Bound proteins were
subjected to SDS-PAGE and immunoblotted either with anti-phosphoS177 that recognizes
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phosphorylation of mouse optineurin at residue S187 (left panel), or anti-optineurin antibody
(right panel). (G) Optineurin immunoprecipitates shown in E and F, were loaded to SDS-
PAGE gels in ratio of KI:WT lysate as 3:1. Membranes were immunoblotted as indicated
above. All experiments were done 3 or more times, and a representative blot is shown.
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Figure 3. The N-terminus of optineurin isimportant for TBK 1 phosphorylation and | FN-B
secretion

(A) BMDMs from WT and OptnAL57 mice were stimulated with LPS for the indicated times
and cell extracts were subjected to immunoblotting using anti-phospho-TBK1 (upper panel),
stripped, and reprobed with an antibody recognizing total TBK1 (lower panel). (B) Lysates
from (A) were immunoblotted with anti-phospho-IRF3 antibody (upper panel), stripped, and
reprobed with an antibody recognizing total IRF3 (middle panel). Immunoblot with p-actin
antibody as loading control is shown for A and B. (C) BMDMs from WT and OptnA1®/
mice were stimulated with poly(1:C) and cell lysates immunoblotted with anti-phospho-IRF3
antibody (upper panel), stripped, and reprobed with an antibody recognizing total IRF3
(middle panel) or B-actin (lower panel). For A—C the experiments were done 3 or more times
and the representative blot is shown. WT and OptnA157 mice were treated with 100 ng/ml
LPS (D), 30 pg/ml poly(1:C) (E), and IFN-$ was measured in supernatants after 7 hr of
stimulation. The results from 3 separate experiments were normalized to WT IFN- levels.
(F) WT and OptnA57 mice were infected with VSV 1 x 1010 pfu for 16 hr and IFN-p was
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measured in the sera. Sera were taken from at least 7 mice per genotype from 2 separate
experiments, and the results were normalized as in E. The average IFN-f from two
experiments was 173 pg/mL and 61,4 in WT, and 41,6 and 12,5 pg/mL in OptnAL57 mice.
The data represent mean + SE measured. * p < 0.05; ** p <0.001: **** p<0,0001.
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