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Upon stimulation of toll-like receptors with various microbial
ligands, induction of a variety of inflammatory genes is elicited
by activation of a myeloid differentiation primary-response pro-
tein 88 (MyD88)-dependent signaling pathway. Interleukin-1
(IL-1) receptor-associated kinase 1 (IRAK1) plays an essential
role in this pathway by activating nuclear factor kB (NF-«B)
and mitogen-activated kinases (MAPKs). Here, we identified
optineurin (OPTN) as an IRAK1-binding protein by yeast two-
hybrid screening using IRAK1 as bait. A C-terminal fragment of
OPTN harboring a ubiquitin-binding domain was co-immuno-
precipitated with IRAK1. In reporter analyses, overexpression
of OPTN inhibited IL-183-, IRAK1-, and LPS-induced NF-«B
activation. Consistently, OPTN deficiency resulted in increased
NEF-kB activation in response to IL-18/LPS stimulation. To
address the mechanisms underlying the inhibitory effect of
OPTN on NF-kB signaling, we focused on tumor necrosis factor
(TNF) receptor-associated factor 6 (TRAF6), which is an adap-
tor protein of IRAK1 and upon polyubiquitination plays a cru-
cial role during NF-«kB activation. Overexpression of OPTN pre-
vented TRAF6 polyubiquitination. Furthermore, OPTN H486R
mutant, which is unable to recruit the deubiquitinase CYLD,
failed to inhibit IRAK1-induced NF-kB activation. These results
suggest that the IRAK1-binding protein OPTN negatively regu-
lates IL-1/LPS-induced NF-kB activation by preventing polyu-
biquitination of TRAF6.

Innate immunity is a defense system against viral infection
and bacterial invasion. Pathogen-associated molecular patterns
from viruses and bacteria are recognized by toll-like receptors
(TLRs), critical receptors expressed on innate immune cells (1,
2). Except for TLR3,> all TLRs utilize a common signaling cas-
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cade dependent on the adaptor protein MyD88, which plays a
crucial role in inflammatory responses (3). IL-1 receptor, which
plays a crucial role in inflammatory responses after IL-13 stim-
ulation, also recruits MyD88. When MyD88 is recruited to
TLRs or IL-1 receptor via pathogen-associated molecular pat-
terns or IL-18 stimulation, MyD88 in turn recruits IRAK1 and
forms a complex with them through their respective death
domains (4). After recruitment, IRAK1 is phosphorylated and
dissociated from the receptor to interact with tumor necrosis
factor receptor-associated factor 6 (TRAF6) (5). Activation of
TRAF6 is essential for the activation of canonical and non-
canonical pathways of nuclear factor (NF)-«B in the IL-1 and
TLR pathways to control inflammatory gene expression (6 —8).
Phosphorylated IRAK1 is rapidly degraded in a proteasome-de-
pendent manner, resulting in the down-regulation of signaling-
induced inflammatory responses (9). However, the detailed
mechanisms of IRAKI1-dependent inflammatory responses
remain unclear.

In this study we show that IRAK1 forms a complex with
OPTN and that this interaction involves the C terminus (amino
acids 425-577) of OPTN. We also show that OPTN negatively
regulates IRAK1-dependent and IL-13-induced NF-«B target
gene expression. Further investigation reveals that OPTN
prevents polyubiquitination of TRAF6, which is critical for
subsequent NF-«B activation. These findings suggest that
OPTN is a negative regulator of TLR/IL-13-MyD88-IRAK1-
TRAF6-NF-«B signaling cascades.

Results

Identification of OPTN as an IRAK1-binding protein by yeast
two-hybrid screening

To identify proteins involved in IRAK1 signaling, we per-
formed yeast two-hybrid screening using a human leukocyte
c¢DNA library and obtained 410 positive clones after re-streak-
ing from 7.85 X 10° clones. Subsequent 4 rounds of dropout

adhesion molecule-1; IRAKT, interleukin-1 receptor-associated kinase 1;
KD, kinase dead; NF-«B, nuclear factor kB; OPTN, optineurin; TRAF, tumor
necrosis factor receptor associated factor; MyD88, myeloid differentiation
primary-response protein 88; RIP, receptor-interacting protein; SD, syn-
thetically defined.

SASBMB

© 2017 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.


http://www.jbc.org/cgi/content/full/M117.813899/DC1
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M117.813899&domain=pdf&date_stamp=2017-9-7

Table 1

Identification of putative IRAK1-binding partners by yeast two-hybrid
screening with four rounds of dropout selection

Gene UniGene Number of
Gene symbol  number clones
Optineurin OPTN Hs.332706 3
Tax1 (human T-cell leukemia virus type I)- TAXIBPI Hs.34576 1
binding protein 1
FOS-like antigen 2 FOSL2 Hs.220971 1
Tetratricopeptide repeat domain 14 TTCI14 Hs.43213 1
NF-«B-repressing factor NKRF Hs.437084 1
LSM7 homolog, U6 small nuclear RNA- LSM7 Hs.512610 1
associated (S. cerevisiae)
Clone 48u-44 immunoglobulin heavy IGH Hs.610137 1
chain variable region
Eukaryotic translation initiation factor 3, ~ EIF3S7  Hs.55682 1
subunit 7¢, 66/67kDa
DnaJ (Hsp40) homolog, subfamily B, DNAJBI  Hs.515210 1

member 1

selection revealed that 11 clones were able to grow on all
selection plates. As each of these positive yeast clones may
harbor several different plasmids, single plasmids were iso-
lated by using Escherichia coli transformation and re-trans-
fected into yeast cells for another round of two-hybrid
screening. Thus, three positive OPTN clones were obtained
(Table 1), two of which (#1 and #2) had exactly the same
sequence; the third (#3) was 9 bases shorter than the others
(supplemental Table 1). In addition to these OPTN clones,
we also obtained eight clones containing different genes
(Table 1). The OPTN clone #1 along with the eight clones
was tested, and we found that only OPTN has the ability to
interact with IRAK1 (Fig. 14).

OPTN, a protein composed of 577 amino acids, is known
to be a negative regulator of the TNF-« signaling pathway
and has a ubiquitin-binding domain in its C-terminal region
(amino acids 424 -509) (10). All of the three clones of OPTN
plasmids contained sequences corresponding to amino acids
425-577, thereby including most of the ubiquitin-binding
domain (supplemental Table 1). Therefore, we cloned amino
acids 425-577 of OPTN (OPTN425-577) and showed that
IRAKI1 can form a complex with OPTN through this region
alone (Fig. 1B).

Next, we performed immunoprecipitation to confirm the
IRAK1-OPTN interaction. Significant binding between IRAK1
and OPTN could not be detected under our experimental con-
ditions (Fig. 1C). This is probably because IRAK1 can undergo
autophosphorylation, leading to its proteasomal degradation
(9, 11), Therefore, kinase-dead IRAK1 (IRAK1-KD) (12) was
utilized in the following experiments to improve IRAK1 stabil-
ity. IRAK1-KD was shown to bind to both full-length OPTN
and OPTN425-577 (Fig. 1C). Furthermore, we confirmed by
immunoprecipitation that TRAF6, an adaptor protein of
IRAKI, formed a complex with IRAK1-KD.

OPTN controlled the TLR and IL-1 receptor signaling pathways

To detect the TLR/IL-1 receptor signaling, an endothelial-
leukocyte adhesion molecule-1 (ELAM-1) reporter assay was
utilized. The ELAM-1 reporter can be activated in HEK293
cells in an NF-«B-dependent manner in response to TNF-« or
IL-18 (12, 13). Overexpression of OPTN prevented ELAM-1
reporter activation in response to TNF-« (Fig. 2A4), which is
consistent with a previous report that OPTN inhibited NF-«B-
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dependent gene transcription by TNF-« (14). Interestingly,
overexpression of OPTN also prevented ELAM-1 reporter acti-
vation in response to IL-1f stimulation (Fig. 24). To address
the effect of OPTN on TLR signaling, the mouse macrophage
RAW?264.7 cell line was used as a responder to LPS. Indeed,
overexpression of OPTN prevented LPS-induced ELAM-1
reporter activity in RAW?264.7 cells (Fig. 2B). IRAK1 transfec-
tion in HEK293 cells also activated ELAM-1 reporter activity,
which was effectively blocked by OPTN overexpression
(Fig. 20).

Deficiency of OPTN led to NF-kB activation

The CRISPR/CAS9 system was used to establish an OPTN-
knock-out (KO) HEK293 cell line. A four-nucleotide deletion in
the OPTN-coding sequence led to a premature stop codon in
both alleles (Fig. 3, A and B). As expected, OPTN protein
expression was completely depleted in the KO HEK293 cells
(Fig. 3C).

To address the role of OPTN in IL-18 signaling, ELAM-1
reporter assay was performed with KO HEK293 cells. ELAM-1
reporter activity was significantly higher in KO HEK293 cells
than in control (WT) HEK293 cells after either IL-13 or TNF-«
stimulation (Fig. 3D). In addition, the IRAK1 transfection-in-
duced ELAM-1 reporter activity was also significantly higher in
KO HEK293 cells than in WT HEK293 cells (Fig. 3E).

As HEK293 cells do not respond to LPS stimulation in the
ELAM-1 reporter assay, the role of OPTN in TLR signaling was
evaluated with a newly established OPTN-knock-out (KO)
RAW?264.7 cell line, which has a premature stop codon due
to a single nucleotide deletion in the OPTN-coding sequence
in both alleles (Fig. 4, A and B). Because it was difficult to
detect the OPTN protein expression by Western blotting in
RAW264.7 cells under our experimental conditions (data not
shown), we performed real time PCR to check the mRNA levels
of OPTN. Depletion of OPTN mRNA expression was observed
in the KO RAW?264.7 cells (Fig. 4C), probably due to the non-
sense-mediated mRNA decay (15). The ELAM-1 reporter assay
demonstrated that the LPS-stimulated reporter activity of KO
RAW264.7 cells was significantly up-regulated compared with
that of WT RAW264.7 cells (Fig. 4D).

These results suggested that OPTN is a negative regulator of
IRAK1-dependent NF-«B signaling pathways.

OPTN controlled TRAF6 polyubiquitination

The IL-1B/LPS-MyD88 axis induces phosphorylation of
IRAK1 (16). Then, phosphorylated IRAK1 activates TRAF6
through the K63-linked polyubiquitination, which is a prereq-
uisite for NF-«B activation (16). We examined the effect of
OPTN on TRAF6 polyubiquitination by immunoprecipitation
assays. Co-transfection of HA-tagged ubiquitin and FLAG-
tagged TRAF6 enabled us to detect TRAF6 polyubiquitination
in HEK293T cells (Fig. 54). Of interest, further transfection of
Myc-tagged OPTN significantly decreased the level of TRAF6
polyubiquitination (Fig. 5, A and B). Thus, OPTN seems to
negatively regulate NF-kB activation by preventing TRAF6
polyubiquitination.
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Figure 1. Identification of IRAK1-binding partners by yeast two-hybrid screening. A, AH109 cells were transfected with each of the pGADT7-based
putative positive clones, which are mentioned in Table 1 and also with pGBKT7-based IRAK1 or p53. Upper and lower plates are SD/—leucine/—tryptophan and
SD/—leucine/—tryptophan/—histidine/+3-AT, respectively. B, a truncated form of OPTN (OPTN425-577) was cloned and expressed in yeast cells. C, HEK293T
cells were transfected with FLAG-tagged IRAK1 or IRAK1-KD along with Myc-tagged OPTN, OPTN425-577, or TRAF6. After 48 h of transfection, immunopre-
cipitation was performed using anti-FLAG antibody. Then Western blotting (WB) was performed using anti-Myc or anti-FLAG antibody. The data are represen-
tative of three independent experiments with similar results.
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Figure 2. Inhibition of ELAM-1 reporter activity by OPTN. A, HEK293 cells were transfected with ELAM-1 reporter vector and OPTN expression vector. After
48 h, cells were stimulated with TNF-« or IL-18 for 5 h, and the reporter activity was measured. B, RAW264.7 cells were transfected with ELAM-1 reporter vector
and OPTN expression vector. After 48 h, cells were stimulated with LPS for 5 h, and the reporter activity was measured. C, HEK293 cells were transfected with
ELAM-1 reporter vector and also with OPTN and IRAK1 expression vectors. After 48 h, the reporter activity was measured. The data are representative of at least
three independent experiments with similar results and are shown as the mean = SD (n = 3). **, p < 0.01.
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Figure 3. Biallelic deletion that targets the open reading frame of the
OPTN gene in a HEK293 cell line. A, DNA sequences of the OPTN gene in
wild-type (WT) and knock-out (KO) cells. A four-nucleotide deletion event is
shown by dashes. B, amino acid sequences of OPTN in WT and KO cells.
Mutated amino acids in KO cells are highlighted in gray. The asterisk (*) shows
the end of an amino acid chain. C, Western blotting (WB) of OPTN and actin-
(internal control). Data are representative of three independent experiments
with similar results. D, ELAM-1 reporter gene assay with cytokine stimulation.
After 48 h of ELAM-1 reporter vector transfection, HEK293 cells were stimu-
lated with TNF-a or IL-18 for 5 h. Then, the reporter activity was measured.
Data are representative of at least three independent experiments with sim-
ilar results and are shown as the mean = SD (n = 3). E, ELAM-1 reporter gene
assay with IRAK1 transfection. HEK293 cells were transfected with ELAM-1
reporter vector and IRAK1 expression vector. After 48 h, the reporter activity
was measured. Data are representative of three independent experiments
with similar results and are shown as the mean = SD (n = 3).%,p < 0.05; **,p <
0.01.

OPTN mutation H486R failed to prevent IL-1B/LPS-induced
NF-kB activation

The OPTN H486R mutant loses the binding ability toward
the deubiquitinase CYLD and, thus, cannot inhibit TNF-a-in-
duced NF-kB activation (10). To confirm the involvement of
CYLD recruitment in the OPTN-mediated inhibition of IL-13/
LPS-induced NF-«B activation, we performed ELAM-1 re-
porter assays with the OPTN H486R mutant in HEK293 cells.
Consistent with the previous report (10), the H486R mutation
has impaired the suppressive function of OPTN in TNF-a-in-
duced NF-kB activation (Fig. 64). In addition, the H486R
mutant displayed a similar impairment in the prevention of
IL-1B-induced NF-«B activation (Fig. 6A4). In RAW264.7 cells,
the H486R mutant showed a functional defect in the prevention
of LPS-induced NF-«B activation (Fig. 6B). Furthermore, we
found that IRAK1-induced NF-«B activation was significantly
inhibited in the presence of OPTN WT but not in the presence
of the OPTN H486R mutant (Fig. 6C). Of note, we found that
CYLD inhibited ELAM-1 reporter activity in cooperation with
OPTN WT; however, it did less well with OPTN H486R mutant

SASBMB
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Figure 4. Biallelic deletion that targets the open reading frame of the
Optn gene in a RAW264.7 cell line. A, DNA sequences of the Optn gene in
wild-type (WT) and knock-out (KO) cells. A one-nucleotide deletion event is
shown by a dash. B, amino acid sequences of OPTN in WT and KO cells.
Mutated amino acids in KO cells are highlighted in gray. The asterisk (*) shows
the end of an amino acid chain. C, RT-PCR for Optn mRNA expression. Data are
normalized by Gapdh mRNA expression and shown as the mean = SD of four
independent experiments. D, ELAM-1 reporter gene assay with LPS.
RAW?264.7 cells were transfected with ELAM-1 reporter vector. After 48 h, cells
were stimulated with LPS for 5 h. Then the reporter activity was measured.
Data are representative of three independent experiments with similar
results and are shown as the mean = SD (n = 3).*, p < 0.05; **, p < 0.01.

(Fig. 6C). These data suggest that OPTN forms a complex with
IRAK1 and inhibits the IRAK1/TRAF6-NF-«B axis by prevent-
ing TRAF6 polyubiquitination.

Discussion

OPTN negatively regulates TNF-a receptor signaling by
localizing in the cytoplasm (17). Mechanistically, OPTN forms
a complex with CYLD and polyubiquitinated receptor-inter-
acting protein (RIP). As a member of the deubiquitinating
enzyme family, CYLD deubiquitinates RIP and thereby pre-
vents binding of nuclear factor kB essential modulator (NEMO)
to RIP (10), resulting in the inhibition of TNF-a-induced
NEF-kB activation (17, 18). In this study, we reveal that OPTN is
a novel binding partner of IRAK1 and prevents the IRAK1-
TRAF6-NEF-kB signaling axis. It is worth noting that the IRAK1
is involved in IL-1 receptor and TLR signaling, but not in
TNEF-a receptor signaling (1, 19).

Considering the data of the OPTN H486R mutant that is
deficientin the binding to CYLD (10), OPTN is likely to exert an
inhibitory effect on IL-1 receptor and TLR signaling by recruit-
ing CYLD to polyubiquitinated molecules. Thus, the potential

J. Biol. Chem. (2017) 292(42) 17250-17257 17253
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Figure 5. Regulation of TRAF6 polyubiquitination by OPTN. A, HEK293T
cells were transfected with FLAG-tagged TRAF6 and HA-tagged ubiquitin
with or without Myc-tagged OPTN. After 36 h of transfection, immunoprecipi-
tation (IP) was performed using anti-FLAG antibody. Then Western blotting
(WB) was performed using anti-FLAG, anti-HA, or anti-Myc antibody. Data are
representative of three independent experiments with similar results. B, rela-
tive polyubiquitination level of TRAF6 in OPTN-transfected HEK293T cells.
Data are the mean = SD of three independent experiments and are pre-
sented relative to the vector-transfected control cells, set as 1. *, p < 0.05.

target molecule(s) of CYLD is likely to be not only associated
with IRAK1 but also essential for IL-1 receptor and TLR signal-
ing, similar to RIP in TNF-a receptor signaling. We assumed
that the polyubiquitinated TRAF6 exhibits the requirements to
be considered as a CYLD target (supplemental Fig. S1). Indeed,
our results consistently demonstrate that OPTN reduces the
polyubiquitination level of TRAF®6, although other molecular
mechanisms may also be involved in the OPTN inhibition of
the IRAK1-TRAF6-NF-«B signaling axis.

OPTN knockdown in a mouse neuroblastoma cell line pro-
moted cell death in response to TNF-a, which was associated
with an anomalous increase in NF-«B activity (20). In humans,
OPTN mutations that lack the ability to inhibit NF-«B activity
were reported to be involved in the pathogenesis of amyo-
trophic lateral sclerosis (ALS) (18), a fatal neurodegenerative
disorder affecting large motor neurons of the brain and spinal
cord. These reports indicate that aberrant activation of NF-«B
can underlie ALS. Here, we propose a novel mechanism for the
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Figure 6. Effects of the OPTN H486R mutant on ELAM-1 reporter activity.
A, HEK293 cells were transfected with ELAM-1 reporter vector and with either
OPTN WT or H486R mutant expression vector. After 48 h, cells were stimu-
lated with TNF-« or IL-18 for 5 h. Then, the reporter activity was measured. B,
RAW264.7 cells were transfected with ELAM-1 reporter vector and with either
OPTN WT or H486R mutant expression vector. After 48 h, cells were stimu-
lated with LPS for 5 h. Then, the reporter activity was measured. C, HEK293
cells were transfected with ELAM-1 reporter vector along with other expres-
sion vectors as indicated. After 24 h, the reporter activity was measured. All
data are representative of three independent experiments with similar results
and are shown as the mean = SD (n = 3).*, p < 0.05; **, p < 0.01.

ALS pathogenesis in which the aberrant NF-«B activation by
ALS-related OPTN mutations is partly due to enhanced signal-
ing from IL-1 receptor and TLR (21, 22). Indeed, the spinal cord
of ALS patients contained higher levels of IL-18 (23), which
induced neural inflammation and accelerated ALS pathogene-
sis (24). In the case of TLR, high expression of neuronal TLR4
was reported in the spinal cords of ALS patients (25). TLR4 was
shown to be stimulated by high mobility group box1, which is
also extensively present in the spinal cord of ALS patients and
regulates neurotoxicity (26). Therefore, inhibition of NF-«B
activation by targeting IL-1 receptor and TLR4 signaling via
OPTN may represent a potential therapeutic strategy for treat-
ment of ALS patients.

Experimental procedures
Cells and plasmids

HEK293T, HEK293, and RAW?264.7 cells were cultured in
DMEM (Wako Pure Chemical Industries, Osaka, Japan) sup-
plemented with 10% heat-inactivated FCS, 100 units/ml peni-
cillin, and 100 ug/ml streptomycin at 37 °C in 5% CO,. Yeast
strain AH109 was obtained from Clontech Laboratories
(Mountain View, CA). To delete the Optn gene, RAW264.7
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cells were transfected with CRISPR/CAS9 KO plasmid (sc-
427990: Santa Cruz Biotechnology) using Neon transfection
system (Thermo Fisher Scientific, Waltham, MA). After a cou-
ple of days, GFP-positive RAW?264.7 cells were sorted by using
a cell sorter SH800 (SONY, Tokyo, Japan). Sorted cells were
plated on 10-cm dishes at 100—400 cells/dish. Isolated single
colonies grown on the plates were picked up manually.
OPTN-KO RAW264.7 cell lines were identified by DNA
sequencing for the target sites. HEK293 cells were transfected
with CRISPR/Cas9 KO plasmid, (PX458: Addgene), which was
designed to target the human OPTN gene, using PEI-MAX re-
agent (Polysciences, Warrington, PA). Single clones were iso-
lated, and KO lines were identified as described above for
RAW264.7 cells.

We used the plasmids pEF6-FLAG, pEF6-Myc, pEF6-
IRAK1-FLAG, pEF6-IRAK1-KD-FLAG, pEF6-TRAF6-FLAG,
and pELAM1-Luc, which were described previously (12, 27).
pcDNA3-HA-ubiquitin was obtained from Addgene (Cam-
bridge, MA) (28). pcDNA3-FLAG-CYLD (Isoform 2) was a
kind gift from Dr. Fuminori Tokunaga (Osaka City University)
(29). Human IRAK1 was cloned into the BamHI/EcoRI site in
pGBKT7 (Clontech Laboratories). phRLTK-Luc was obtained
from Promega Corp. (Madison, WI). The expression plasmids
for full-length OPTN and truncated (amino acids 425-577)
OPTN were created by using human ¢cDNA fragments that
were amplified by PCR and subcloned into the BamHI/EcoRI
site in the pEF6-Myc vector. The H486R mutation was intro-
duced into pEF6-OPTN-Myc by changing the codon CAT into
CGT.

Yeast two-hybrid screening

Yeast AH109 clones were cultured on YPDA-agarose plates
(20 g/liter Bacto Peptone, 10 g/liter yeast extract, 20 g/liter agar,
0.003% adenine hemisulfate) at 30 °C for 3 days. Then, yeast
AH109 colonies were picked and cultured in YPDA broth at
30 °C for 16 20 h. Cultured broth was centrifuged for 5 min at
850 X g at room temperature, and the supernatant was dis-
carded. The pellet was washed using TE (10 mm Tris-HCI (pH
7.5) and 1 mm EDTA) solution and then resuspended in TE
containing 0.1 M LiAc (pH 7.5) (competent yeast AH109 cell
solution).

Two-hybrid screening was performed using a human leuko-
cyte cDNA library (Clontech Laboratories) according to the
manufacturer’s instructions. In brief, pGBKT7-IRAKI, the
human leukocyte cDNA library (Clontech Laboratories) prein-
cubated (100 °C for 20 min) salmon testis carrier DNA (Sigma)
were mixed at 1:0.5:20 ratio and added to the competent yeast
AH109 cell solution and PEG/LiAc solution. After vortexing for
1 min, the mixture was incubated in a shaking water bath (200
rpm, 30 °C) for 30 min, and DMSO was added up to 10% of the
solution. The solution was further incubated at 42 °C for 15 min
and then on ice for 1 min. The solution of transformed yeast
AH1009 cells was centrifuged at 10,000 X g for 10 s. The super-
natant was removed, and the pellet was resuspended in YPDA
broth and spread on synthetically defined (SD) media lacking
leucine/tryptophan/histidine + 25 mm 3-amino-1,2,4-triazole
(3-AT) plates (Sigma). After 6 —8 days of culture at 30 °C, pos-
itive blue colonies were picked and spread on SD/—leucine/
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—tryptophan/—histidine/ —adenine + 25 mm 3-AT plates. The
picking and spreading of colonies was then repeated using
SD/—leucine/—tryptophan/—histidine + 25 mm 3-AT plates
and SD/—leucine/—tryptophan + 25 mm 3-AT plates.

Plasmid isolation from yeast cells

Yeast AH109 cells, cultured on SD/—leucine/—tryptophan/
—histidine + 25 mm 3-AT broth at 30 °C, were centrifuged. The
pellet was then resuspended in TE solution containing 5
units/ul lyticase (Sigma) and incubated in a shaking water bath
(230 rpm, 37 °C) for 60 min. After SDS up to 14.3% was added,
the solution was subjected to 1 freeze-thaw cycle (from —20 °C
to room temperature). Freeze-thaw reagents and other un-
wanted substances were removed from the solution using
phenol/chloroform/isoamyl alcohol (25:24:1) solution, and
plasmids were purified according to the standard ethanol pre-
cipitation method (30).

Immunoprecipitation

Immunoprecipitation was carried out as described previ-
ously (31). Briefly, HEK293T cells were transfected with the
indicated expression vectors by the calcium phosphate method
(32). Two days after transfection, cells were washed with PBS,
lysed in radioimmune precipitation assay buffer (10 mm sodium
phosphate (pH 7.2), 150 mm NaCl, 2 mm EDTA, 1% Nonidet
P-40, 1% sodium deoxycholate, 0.1% SDS, 50 mm NaF, and 0.2
mM Na;VO,), and incubated on ice for 15 min. The cell lysate
was clarified by centrifugation and then subjected to immuno-
precipitation with anti-FLAG (M2) monoclonal antibody and
M2-agarose beads (Sigma).

Western blotting

Cells were lysed in radioimmune precipitation assay buffer as
described above. Equal amounts of proteins from the cell lysate
samples or the immunoprecipitated samples were subjected to
10% SDS-PAGE and analyzed by immunoblotting with peroxi-
dase-conjugated anti-FLAG (M2, Sigma), anti-c-Myc (9E10,
Roche Diagnostics), or anti-HA (3F10, Roche Diagnostics).
Anti-OPTN (sc-271549) was obtained from Santa Cruz Bio-
technology. Bound antibodies were visualized by chemilumi-
nescence after incubation with Immobilon Western Chemilu-
minescent HRP Substrate (Millipore, Billerica, MA).

Evaluation of TRAF6 polyubiquitination level

After the Western blot analysis of immunoprecipitated sam-
ples was performed as described above, the band intensities of
HA-tagged ubiquitin and FLAG-tagged TRAF6 were quanti-
tated by densitometry using a C-DiGit blot scanner (LI-COR
Biotechnology, Lincoln, NE). To evaluate the levels of TRAF6
polyubiquitination, the intensity ratio of immunoprecipitated
ubiquitin to immunoprecipitated TRAF6 was calculated. For
normalization, the ratio of pEF6-Myc (vector control) transfec-
tion sample was set as 1 in each experiment.

Luciferase assay

To perform transfection with the indicated expression vec-
tors along with the pELAM1-Luc reporter and phRLTK-Luc
vectors, HEK293 cells and RAW?264.7 cells were transfected
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with calcium phosphate and Hillymax (Dojindo, Kumamoto,
Japan), respectively. After 48 h of transfection, luciferase activ-
ity was measured by the Dual-Luciferase Reporter Assay Sys-
tem according to the manufacturer’s instructions (Promega).
For cell stimulation, IL-18, TNF-«, or LPS was used at a con-
centration of 10 ng/ml, after which cells were incubated for
another 5 h.

Real-time RT-PCR

Total RNA was prepared using RNAiso plus (Takara Bio Inc.,
Otsu, Japan). mRNA levels were quantified by real time RT-
PCR with High Capacity ¢cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA) and SYBR Premix EX
TaqlI (Takara Bio Inc.) using a LightCycler 3302 (Roche Diag-
nostics). The primer sequences used were as follows: murine
OPTN FW, (5'-ATGTCCCATCAACCTCTGAGC-3") and
REV (5'-TCAAATCGCCCTTTCATAGCTTG-3'); murine
GAPDH FW (5'-AGAGCTGAACGGGAAG-3’) and REV,
(5'-GAAGTCGCAGGAGACA-3').

Statistical analysis

Student’s ¢ test (two-tailed) was used to compare between 2
groups. For more than three groups, one-way analysis of vari-
ance with Tukey’s test was used to compare among all groups.
One-way analysis of variance with Dunnett’s test was per-
formed to compare with the control group. *, p < 0.05; **, p <
0.01.
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