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MyD88 is an essential adaptor molecule for Toll-like recep-
tors (TLRs) and interleukin (IL)-1 receptor. MyD88 is thought to
be present as condensed forms or aggregated structures in the
cytoplasm, although the reason has not yet been clear. Here, we
show that endogenous MyD88 is present as small speckle-like
condensed structures, formation of which depends on MyD88
dimerization. In addition, formation of large aggregated struc-
tures is related to cytoplasmic accumulation of sequestosome
1 (SQSTM1; also known as p62) and histone deacetylase 6
(HDACS®), which are involved in accumulation of polyubiquiti-
nated proteins. A gene knockdown study revealed that SQSTM1
and HDAC6 were required for MyD88 aggregation and exhib-
ited a suppressive effect on TLR ligand-induced expression of
IL-6 and NOS2 in RAW264.7 cells. SQSTM1 and HDACG6 were
partially involved in suppression of several TLR4-mediated sig-
naling events, including activation of p38 and JNK, but they
hardly affected degradation of IkBa (inhibitor of nuclear factor
kB). Biochemical induction of MyD88 oligomerization induced
recruitment of SQSTM1 and HDAC6 to the MyD88-TRAF6 sig-
naling complex. Repression of SQSTM1 and HDAC6 enhanced
formation of the MyD88-TRAF6 complex and conversely
decreased interaction of the ubiquitin-specific negative regula-
tor CYLD with the complex. Furthermore, ubiquitin-binding
regions on SQSTM1 and HDAC6 were essential for MyD88
aggregation but were not required for interaction with the
MyD88 complex. Thus, our study reveals not only that SQSTM1
and HDAC6 are important determinants of aggregated localiza-
tion of MyD88 but also that MyD88 activates a machinery of
polyubiquitinated protein accumulation that has a modulatory
effect on MyD88-dependent signal transduction.

MyD88 was originally identified as an inducible protein dur-
ing terminal differentiation of M1 myeloleukemic cells upon
interleukin (IL)-6 stimulation (1). The essential function of
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MyD88 was later revealed to be a universal adaptor molecule
for type 1 IL-1 receptor (IL-1R)*and Toll-like receptors (TLRs)
(2—4). MyD88 is composed of three distinct regions, an N-ter-
minal death domain, an intermediary domain, and a Toll/IL-1
homology domain at the C terminus (5). After receptor ligation,
MyD88 interacts with the Toll/IL-1 homology domain of
IL-1R/TLRs and then activates the signaling pathway through
dimerization and utilizing death domain-containing IL-1R-as-
sociated kinases (2, 6, 7). This pathway is further activated
through the ubiquitin E3 ligase TRAF6 (tumor necrosis factor
(TNF) receptor-associated factor 6) that works together with a
ubiquitin-conjugating enzyme complex consisting of UBC13
and UEV1A to catalyze Lys®*-linked polyubiquitination, which
then activates the TAK1 kinase. TAK1 activates I«B kinases and
cascades of mitogen-activated protein kinases (MAPKs), ulti-
mately leading to early phase activation of nuclear factor
(NF)-«B and AP-1 and the transcription of genes encoding var-
ious proinflammatory mediators, such as TNF, NOS2 (nitric-
oxide synthase 2), and IL-6 (6, 7).

In contrast to many findings in the signaling function of
MyDS88, the cellular distribution of MyD88 has still been
unclear. Most studies on the subcellular localization have
shown that MyD88 is present as condensed forms, such as dis-
crete foci, fibrillar aggregates, and inclusion bodies, in the cyto-
plasm (8-11). Nishiya ez al. (10) found that aggregated struc-
tures of MyD88 have irregular morphologies and do not reside
in known particular organelles. They also showed that the
entire molecule except the Toll/IL-1 homology domain was
required for forming the structures. However, because overex-
pressed MyD88 automatically induces death domain-depen-
dent activation of downstream signaling pathways (4, 10, 12,
13), it is still not known whether such condensed distribution is
an artificial observation ascribed to overexpression.

Here we show that endogenous MyD88 is present as a dimer-
ized form to exhibit small speckle-like structures. In addition,
the aggregated distribution is associated with the mechanism
for protein accumulation by sequestosome 1 (SQSTM]I; also
known as p62) and histone deacetylase 6 (HDACS6). Both

2 The abbreviations used are: IL-1R, IL-1 receptor; EGFP, enhanced green fluores-
cent protein; ODN, oligodeoxynucleotide; Pam;CSK,, the synthetic bacterial
lipopeptide N-palmitoyl-(S)-dipalmitoylglyceryl-CSKKKK; qRT-PCR, quantita-
tive reverse transcription-coupled PCR; TLR, Toll-like receptor; UBA,
ubiquitin-associated; BUZ, bound to ubiquitin zinc finger.
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SQSTM1 and HDACS6 are important molecules for accumula-
tion of Lys®*-linked polyubiquitinated proteins to form protein
aggregates, which ultimately leads to lysosomal degradation by
autophagy (14). Our results indicate that oligomerized MyD88
recruits SQSTM1 and HDACEG to the signaling complex, which
may be an important step for formation of aggregated struc-
tures. In addition, SQSTM1 and HDAC6 are involved in down-
regulation of formation of the MyD88-TRAF6 complex and
have a suppressive effect on the signal transduction. Thus, our
results may provide novel information to elucidate the enig-
matic subcellular localization and complex functioning of
MyDSS.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Cell Culture—The Streptomyces
product coumermycin Al was purchased from Sigma. Novo-
biocin was obtained from Fluka. Highly purified Escherichia
coli LPS and the synthetic bacterial lipopeptide Pam;CSK, were
described previously (15, 16). CpG oligodeoxynucleotide (ODN)
1826 was purchased from Invivogen. Anti-FLAG M2 mono-
clonal antibody (F3165) was obtained from Sigma. Antibodies
to SQSTMI (sc-28359 and sc-25575), HDAC6 (sc-28386 and
sc-11420), MyD88 (sc-11356), TRAF6 (sc-7221), cylindroma-
tosis 1 (CYLD; sc-25779), GAPDH (sc-25778), and Akt1/2/3
(sc-8312) were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Anti-MyD88 rabbit polyclonal antibody
(ab2064) was obtained from Abcam. Phosphorylation-specific
antibodies to p38 (4631), INK (4671), ERK (4376), IkBa (9246),
Akt Thr?°® (4056), and Akt Ser*”? (9271) and antibodies to p38
(9212), JNK (9258), ERK (9102), and IkBa (9242) were obtained
from Cell Signaling Technology. FK2 monoclonal antibody
(MFK-004) was obtained from Nippon Biotest. RAW264.7
mouse macrophages and human embryonic kidney 293T cells
were maintained at 37 °C in a humidified atmosphere of 5%
CO, in DMEM supplemented with 10% FBS, penicillin G (100
units/ml), and streptomycin (100 ug/ml). The cells were stim-
ulated with coumermycin and TLR ligands in antibiotic-free
DMEM supplemented with 5% FBS.

DNA Constructs—The expression plasmid for N-terminal
FLAG-tagged MyD88 was described previously (15). The DNA
construct for MyD88 C-terminally fused to enhanced green
fluorescent protein (EGFP) (17) was a gift from Margaret K.
Offermann. The expression plasmid for the E. coli B subunit of
DNA gyrase (GyrB) (18) was a gift from Michael A. Farrar. The
expression plasmid (pcDNA3; Invitrogen) encoding 3XFLAG-
tagged MyD88 fused to GyrB was originally constructed and
provided by Hicker et al. (13). The ¢cDNA of (1X)FLAG-
MyD88-GyrB fusion protein was amplified by PCR and then
subcloned into pcDNA3.1/V5-His (Invitrogen). Constructs
encoding N-terminally hemagglutinin (HA) epitope-tagged
SQSTM1 (HA-SQSTM1) and HA-HDAC6 were generated by
amplifying RAW264.7 ¢cDNA and by subcloning them into
pcDNA3.1/V5-His (Invitrogen). Constructs encoding UBA
domain-deleted HA-SQSTM1 (HA-SQSTM1 AUBA), BUZ
domain-deleted HA-HDAC6 (HA-HDAC6 ABUZ), and an
enzyme-inactive mutant of HA-HDAC6 (His*'®> and His®"?
substituted to Ala) were generated using a QuikChange II
site-directed mutagenesis kit (Stratagene) according to the
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manufacturer’s instructions. Transfection of plasmids into
RAW264.7 cells and 293T cells was performed using Lipo-
fectamine 2000 reagent (Invitrogen). RAW264.7 cells stably
expressing FLAG-MyD88-GyrB fusion protein were main-
tained in DMEM supplemented with 10% FBS and 1 mg/ml
G418 (Roche Applied Science).

Small Interference RNA—ON-TARGET plus SMARTpool
small interference RNAs (siRNAs) against mouse Hdac6 (L-
043456-00-0005) and mouse Sgstm1 (L-047628-01-0005) were
purchased from Dharmacon as well as the control ON-TAR-
GET plus non-targeting siRNA pool (D-001810-01). ON-TAR-
GET plus SMARTpool siRNAs consist of four distinct RNA
oligoduplexes per target gene. The ON-TARGET plus non-tar-
geting siRNA pool also consists of four distinct RNA oligodu-
plexes. For the transfection of siRNAs, RAW264.7 cells were
washed once with Opti-MEM I medium (Invitrogen), and then
transfection of siRNAs (100 nm) was performed with Lipo-
fectamine RNAi MAX reagent (Invitrogen) as instructed by the
manufacturer (1 ul per 20 pmol of siRNA was used). After 12 h
of incubation, culture media were changed to DMEM supple-
mented with 5% FBS, and incubation was continued further for
12 h. ON-TARGET plus SMARTpool siRNAs have a guaran-
teed silencing effectiveness of at least 75% at the mRNA level.
Indeed, more than 85% of suppressive effects on the respective
gene expression could be confirmed by quantitative reverse
transcription-coupled polymerase chain reaction (qQRT-PCR)
compared with the control transfection (data not shown).

Microscopy and Image Analysis—Images of live 293T cells
expressing MyD88-EGFP were obtained using a KEYENCE
BZ-8000 fluorescent microscope. For immunofluorescence
microscopy, cells were seeded on Lab-Tek chamber 8-well Per-
manox slides (Nunc) and fixed at —20 °C with methanol for 20
min. Double immunostaining was then carried out using anti-
FLAG M2 monoclonal antibody (Sigma) and Alexa488-conju-
gated anti-mouse IgG antibody (Invitrogen) and then with anti-
SQSTM1 or anti-HDAC6 rabbit polyclonal antibody (Santa
Cruz Biotechnology, Inc.) and Alexa564-conjugated anti-rabbit
IgG antibody (Invitrogen). Stained cells were embedded in
Mowiol 4—88 (Calbiochem) in the presence of the Prolong
Gold Antifade reagent (Invitrogen). Fluorescent images were
obtained as described previously (16, 19).

Quantification of Cellular Condensed Structures—Cells seeded
on Lab-Tek chamber 8-well Permanox slides were stimulated with
coumermycin, novobiocin, or TLR ligands. Immunofluorescent
staining of cells was carried out with anti-FLAG, anti-SQSTM1, or
anti-HDAC6 antibody and then with Alexa 488-conjugated sec-
ondary antibody. The percentage of cells with small speckle-like
MyD88 condensed structures or MyD88 inclusion body-like
structures of more than 1 wm in diameter or with SQSTM1 or
HDACS6 condensed structures was quantified by counting cells on
three or five images of microscopic fields including at least 30 cells
scored. Results are representative of three separate experiments
and expressed as the mean *= S.E. (n = 3 or 5).

RNA Isolation and gRT-PCR—T otal RNA was prepared from
cells using a GenElute mammalian total RNA miniprep kit
(Sigma). One ug of total RNA was reverse-transcribed using
ReverTraAce reverse transcriptase (TOYOBO) with both an
0ligo21dT primer and random hexamer primers. qRT-PCR was
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performed using SYBR Premix Ex Taq (TaKaRa) on a thermal
cycler dice real-time system TP800 (TaKaRa), according to the
manufacturer’s instructions. All of the primer sets used in this
study were obtained from TaKaRa. We confirmed that there
was no critical difference between the values normalized to the
levels of each of three different housekeeping genes, Gapdh,
Ppial,and Hprtl. Results shown were normalized to the level of
Gapdh.

Immunoprecipitation—For immunoprecipitation of FLAG-
MyD88-GyrB, cells seeded on 6-well plates were lysed with 600
wl of lysis buffer (20 mm HEPES buffer (pH 7.4) containing 0.5%
Triton X-100, 150 mMm sodium chloride, 12.5 mm B-glycero-
phosphate, 1.5 mm magnesium chloride, 10 mm sodium fluo-
ride, 2 mm DTT, 1 mm sodium orthovanadate, 2 mm EGTA, 1
mM phenylmethylsulfonyl fluoride, EDTA-free “Complete”
protease inhibitor mixtures (Roche Applied Science) and
“PhosSTOP” phosphatase inhibitor mixtures (Roche Applied
Science)) at4 °C for 15 min. After clarification by centrifugation
at 15,000 X g for 10 min, cell lysates were immunoprecipitated
using 25 ul of anti-FLAG M2-agarose (Sigma) for 1.5 h at 4 °C
on a rotating platform. For immunoprecipitation of endoge-
nous SQSTM1, HDACS6, or GAPDH, cells seeded on 100-mm
dishes were lysed with 750 ul of the lysis buffer. After clarifica-
tion, cell lysates were immunoprecipitated using 50 ul of Dyna-
beads Protein A (Invitrogen; treated beforehand with 10 ug of
antibody to SQSTM1, HDAC6, or GAPDH) for 1 hat4 °Cona
rotating platform. The beads were washed four times with 1 ml
of lysis buffer, boiled with SDS sample buffer containing 2-mer-
captoethanol, and subjected to immunoblotting using the indi-
cated antibodies.

Immunoblotting and Densitometry Analysis—Cell lysates
were prepared with lysis buffer (20 mm HEPES buffer (pH 7.4)
containing 1% Triton X-100, 0.5% Nonidet P-40, 150 mm
sodium chloride, 12.5 mm 3-glycerophosphate, 1.5 mm magne-
sium chloride, 10 mMm sodium fluoride, 2 mm DTT, 1 mm
sodium orthovanadate, 2 mm EGTA, 1 mMm phenylmethylsulfo-
nyl fluoride, protease inhibitor mixtures, and phosphatase
inhibitor mixtures) at 4 °C for 15 min. Lysates were boiled with
SDS sample buffer, separated on 5-20% gradient SDS-PAGE,
and transferred to Immobilon PVDF transfer membranes (Mil-
lipore). The membranes were blocked in 10% skim milk in PBS.
Immunoreactive bands were detected using the antibodies
described above. The ECL Plus Western blotting detection sys-
tem (Amersham Biosciences) was used to visualize the blots on
an ECL minicamera (Amersham Biosciences) with the instant
black and white film FP-3000B (Fuji Films). Densitometric
quantification of the immunoblot bands was performed using
an Epson ES-H7200 scanner and Image]J densitometry software
(Version 1.6, National Institutes of Health). Values of the bands
of phosphorylated proteins were normalized to the levels of
respective proteins and expressed as -fold increase by taking the
control values as 1.

Statistical Analysis—Data are expressed as the mean = S.E.
(Figs. 1 (D-F),2 (Band D), 34, 6, and 8C) or as the mean = S.D.
(Fig. 5). p values were calculated by Student’s £ test and one-way
analysis of variance and were considered significant at a value of
0.05 or 0.01.
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RESULTS

MyD88 Dimerization Induces Formation of Condensed
Structures—MyD88 is thought to be physiologically present as
condensed forms in the cytoplasm. Immunofluorescent stain-
ing of RAW264.7 cells revealed that endogenous MyD88
is present as small speckle-like condensed forms scattered
throughout the cytoplasm (Fig. 14, left). In addition, after LPS
stimulation, large aggregated structures of more than 1 um in
diameter could be found in a small number of the cells (Fig. 14,
right), indicating that MyD88 has the potential to form small
condensed and large aggregated structures.

In contrast to endogenous MyD88, overexpression of C-ter-
minally EGFP-tagged MyD88 showed an aggregated feature in
all types of cells that we tested (Fig. 1B, left) (data not shown).
The similar aggregated feature was obtained for overexpression
of N-terminally FLAG-tagged MyD88 (Fig. 1B, right), indicat-
ing that the property to form aggregated structures depends on
MyD88 itself and does not depend on the tag. However, it is still
unclear whether the formation of such aggregated structures is
an artificial observation attributable to overexpression.

To further analyze the properties of MyD88, we applied a
biochemical approach utilizing MyD88 C-terminally fused to
GyrB, which is known to dimerize upon binding with the Strep-
tomyces product coumermycin with a stoichiometry of 2:1,
whereas a related monomeric antibiotic, novobiocin, binds
GyrB as a 1:1 complex (18). Hicker et al. (13) found that the
MyD88-GyrB fusion protein does not exhibit nonspecific acti-
vation unless cells are exposed to coumermycin or to IL-1R/
TLR stimulation. In cells expressing MyD88-GyrB, they also
found that coumermycin can activate signaling pathways simi-
lar to TLR signaling pathways through recruitment of TRAF6
and TRAF3 to dimerized or oligomerized MyD88-GyrB (13).
We investigated the cytoplasmic localization of MyD88-GyrB
in RAW264.7 cells. Of note, in contrast to the condensed or
aggregated localization of endogenous MyD88, MyD88-GyrB
was diffusely present in the cytoplasm despite overexpression
(Fig. 1C). Identical results were obtained in other types of cells
that we tested (data not shown). Intriguingly, treatment of cells
with coumermycin resulted in formation of a large number of
small speckle-like condensed structures scattered throughout
the cytoplasm (Fig. 1C), which were very similar to endogenous
MyD88 shown in Fig. 1A (left). Treatment with novobiocin,
which would bind monomeric MyD88-GyrB to inhibit dimer-
ization, did not exhibit such an effect (Fig. 1C). After cou-
mermycin treatment, some cells formed relatively large aggre-
gated structures of more than 1 wm in diameter (Fig. 1C). Such
large structures were detected as polyubiquitinated proteins by
FK2 antibody, whereas this antibody could not detect any small
speckle-like condensed structures (data not shown). Cells con-
taining small speckle-like structures increased by 25% within 5
min of coumermycin treatment, followed by a further increase
by ~90% (Fig. 1D). In contrast to small speckle-like structures
promptly formed after coumermycin treatment, large aggre-
gated structures gradually increased (Fig. 1E).

We next investigated the formation of MyD88 aggregated
structures after physiological TLR stimulation. RAW?264.7
cells stably expressing MyD88-GyrB were stimulated with
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FIGURE 1. Dimerization of MyD88 induces formation of condensed structures. A, immunofluorescent
images of endogenous MyD88 in RAW264.7 cells. Cells were left untreated or treated with 1 pwg/ml E. coli LPS
for 60 min. Immunofluorescent staining (/F) of cells was carried out with anti-MyD88 antibody (obtained from
Abcam) and Alexa 488-conjugated anti-mouse IgG antibody. Images are representative of three independent
experiments. Arrowheads, MyD88 aggregated structures; Scale bar, 10 um. B, fluorescent images of live 293T
cells expressing MyD88-EGFP (left) and RAW264.7 cells stably expressing FLAG-MyD88 (right). Morphology of
live 293T cells was determined by differential interference contrast microscopy. Immunofluorescent staining of
RAW264.7 cells was carried out with anti-FLAG and Alexa 488 anti-mouse IgG antibodies. C, immunofluores-
cent images of RAW264.7 cells stably expressing FLAG-MyD88-GyrB. Cells were treated with 1 um coumermy-
cin for 10-60 min or 10 um novobiocin for 30 min. Immunofluorescent staining of cells was carried out with
anti-FLAG and Alexa 488 anti-mouse IgG antibodies. Images are representative of three independent experi-
ments. Scale bar, 10 um. D and E, quantification of the percentage of RAW264.7 cells stably expressing FLAG-
MyD88-GyrB with small speckle-like condensed structures (D) and with structures of more than 1 um in diam-
eter (E). Cells were treated with 1 um coumermycin or 10 um novobiocin for the indicated periods.
Immunofluorescent staining of cells was carried out with anti-FLAG and Alexa 488 anti-mouse IgG antibodies.
Results, shown as the mean = S.E. (n = 3), were obtained from three images of microscopic fields including at
least 30 cells and are representative of three independent experiments. F, quantification of the percentage of
RAW264.7 cells stably expressing FLAG-MyD88-GyrB with structures of more than 1 um in diameter. Cells were
stimulated with 1 um coumermycin, 1 ug/ml Pam;CSK,, 100 ng/ml LPS, or 10 um CpG ODN 1826 for the
indicated periods. Immunofluorescent staining of cells was carried out with anti-FLAG and Alexa 488 anti-
mouse IgG antibodies. Results, shown as the mean = S.E. (error bars) (n = 3), were obtained from three images
of microscopic fields including at least 30 cells and are representative of three independent experiments.
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Pam,CSK, (for TLR2), LPS (for
TLR4), and CpG ODN 1826 (for
TLRY), all of which are known to
activate the MyD88-dependent sig-
naling pathway. All of the TLR
ligands had the ability to induce for-
mation of relatively large MyD88
aggregated structures of more than
1 pm in diameter, although the
activity was modest compared with
coumermycin (Fig. 1F).

These results collectively suggest
that 1) endogenous MyD88 is nor-
mally present as a dimerized form to
exhibit inactive small speckle-like
structures; 2) monomeric MyD88 is
able to exist diffusely in the cyto-
plasm; and 3) the aggregated struc-
tures of MyD88 may be a result of
activation of dimerized MyD88 to
be switched to further oligomerized
forms or to “Myddosome” that con-
sists of six MyD88, four IRAK-4, and
four IRAK-2 (20).

Involvement of SQSTMI1 and
HDACES6 in the Formation of MyD88
Aggregated Structures—We were
very interested in why dimerized
MyD88 could have the potential to
be aggregated in the cytoplasm. One
important possibility is that MyD88
signaling may activate a machinery
of intracellular protein accumula-
tion. Generally, mechanisms of pro-
tein accumulation have been con-
sidered to be linked to cellular
management of misfolded (or un-
necessary) proteins. These pro-
teins interact with specific ubiquitin
E3 ligases after recognition by heat
shock protein family members, by
which accumulation of polyubig-
uitinated misfolded proteins is pro-
moted in the cytoplasm (14).
Polymerization of the polyubiquiti-
nated misfolded proteins results in
the formation of microscopically
visible structures known as inclu-
sion bodies and aggresomes (14).
SQSTMI has been found to serve as
an important adaptor molecule
to recognize the polyubiquitinated
misfolded proteins, leading to se-
questration of misfolded proteins
for the formation of inclusion bod-
ies or sequestosomes (21-23). The
microtuble-associated cytoplasmic
deacetylase HDACG6 is known to be
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FIGURE 2. SQSTM1 and HDAC6 are condensed in the cytoplasm after TLR stimulation. A and C, parental
RAW264.7 cells were left untreated or stimulated with 1 wg/ml Pam;CSK,, 100 ng/ml LPS, or 10 um CpG ODN
1826 for 30 or 180 min. RAW264.7 cells stably expressing FLAG-MyD88-GyrB were stimulated with 1 um
coumermycin for 30 min. Cells were then fixed and stained with anti-SQSTM1 antibody (A) or anti-HDAC6
antibody (C) and with Alexa488-conjugated anti-rabbit IgG antibody. Scale bar, 20 um. Band D, quantification
of the percentage of parental RAW264.7 cells with condensed structures of SQSTM1 or HDAC6. Cells were
stimulated with 1 ug/ml Pam;CSK,, 100 ng/ml LPS, or 10 um ODN 1826 for the indicated periods. Immunofluo-
rescent staining (IF) of cells was carried out with anti-SQSTM1 antibody (B) or anti-HDAC6 antibody (D) and with
Alexa488-conjugated anti-rabbit IgG antibody. Results, shown as the mean = S.E. (error bars) (n = 5), were
obtained from five images of microscopic fields including at least 30 cells and are representative of three
independent experiments.
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FIGURE 3.SQSTM1 and HDAC6 are involved in formation of MyD88 aggregated structures. A, quantifica-
tion of the percentage of cells with structures of more than 1 wm in diameter in RAW264.7 cells stably express-
ing FLAG-MyD88-GyrB. Cells were transfected with siRNA pools directed against Sqstm1 and Hdac6 or with
control siRNA. After 24 h, cells were treated with 1 um coumermycin for the indicated periods. Immunofluo-
rescent staining of cells was carried out with anti-FLAG and Alexa 488 anti-mouse IgG antibodies. Results,
shown as the mean = S.E. (IP) (n = 3), were obtained from three images of microscopic fields including at least
30 cells and are representative of three independent experiments. *, p < 0.01 for comparison with the control
siRNA group. B,immunoblot analysis of endogenous MyD88 coimmunoprecipitated with SQSTM1 and HDAC6.
RAW264.7 cells were left unstimulated or stimulated with 1 wg/ml LPS for 1 h. Then immunoprecipitation (/P)
using Dynabeads protein A with anti-SQSTM1, anti-HDAC6 or anti-GAPDH antibody was carried out with
clarified cell lysates, followed by immunoblotting with anti-MyD88, anti-SQSTM1, and anti-HDAC6 antibodies.
Results are representative of three independent experiments.

an important molecule for retrograde transportation of ubiq-
uitinated aggregated proteins to the microtubule-organizing
center to form aggresomes (14, 24, 25).

We examined whether TLR stimulation alters the subcel-
lular localization of SQSTMI1 and HDAC6 in parental
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RAW?264.7 cells. After stimulation
with Pam;CSK,, LPS, and CpG
ODN for 30 min, SQSTM1 was
observed as condensed structures in
the cytoplasm (Fig. 24). Cells con-
taining SQSTMI1 aggregates in-
creased by ~40 — 80% within 30 min
of stimulation, followed by a
decrease over a period of 3 h (Fig.
2B). HDAC6 was also observed as
condensed structures in the cyto-
plasm and nucleus after stimulation
with TLR ligands (Fig. 2C). Cells
containing HDAC6 aggregates in-
creased by more than 25% within 30
min of TLR stimulation (Fig. 2D).
Similar results of formation of
condensed structures of SQSTM1
and HDAC6 were observed in
RAW?264.7 cells stably expressing
MyD88-GyrB stimulated with cou-
mermycin (Fig. 2, A and C). Thus,
MyD88-dependent TLR stimula-
tion is able to induce cytoplasmic
accumulation of SQSTMI1 and
HDACS.

To determine whether formation
of MyD88 aggregated structures is
linked to the mechanisms involving
SQSTM1 and HDACS6, we investi-
gated the effect of repression of
Sgstm1 and Hdac6 on the formation
of MyD88 aggregated structures in
cells stably expressing MyD88-
GyrB by using siRNA. Of note, the
number of cells containing aggre-
gated structures of more than 1 um
in diameter after coumermycin
treatment was decreased by repres-
sion of Sgstml or Hdac6 (Fig. 3A).
Repression of Sgstml exhibited a
more obvious effect than that of
Hdac6 on reduction of the number
of cells containing aggregated struc-
tures (Fig. 34). These data indicate
that both SQSTM1 and HDAC6
participate in the processes of for-
mation of aggregated structures of
MyD88. We therefore investigated
whether endogenous MyD88 can
interact with SQSTM1 and HDACS.
Immunoprecipitation analysis re-
vealed that both SQSTMI1 and

HDAC6 were recruited to MyD88 only after LPS stimulation of
the cells (Fig. 3B and supplemental Fig. 1).

We also examined the subcellular localization of endogenous
MyD88 and SQSTM1/HDACS. In unstimulated cells, MyD88
was found as small speckle-like structures, and SQSTM1 was
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diffusely present in the cytoplasm (Fig. 4A4). Upon LPS stim-
ulation, SQSTM1 formed inclusion body-like structures
with an elliptic or a circular shape throughout the cytoplasm,
which partly colocalized with large MyD88 aggregated struc-
tures (Fig. 4B). HDAC6 was present throughout the cyto-
plasm and around the nuclear membrane in unstimulated
cells (Fig. 4C). After LPS stimulation, HDAC6 was condensed
around the juxtanucleus to form aggresome-like structures,
which colocalized with MyD88 aggregated structures (Fig. 4D).
We further examined the subcellular localization of MyD88-
GyrB and SQSTM1/HDACS6. In unstimulated cells stably
expressing MyD88-GyrB, SQSTM1 was diffusely present in the
cytoplasm (Fig. 4E). Upon MyD88-GyrB dimerization by
coumermycin treatment, SQSTM1 formed inclusion body-like
structures throughout the cytoplasm, which colocalized with
large MyD88-GyrB aggregated structures (Fig. 4F). HDAC6
was present throughout the cytoplasm and around the nuclear
membrane similarly to that found in parental RAW?264.7 cells
(Fig. 4G). After MyD88-GyrB dimerization, HDAC6 was con-
densed around the juxtanucleus to form aggregated structures
with an elongated shape, which colocalized with MyD88-GyrB
aggregated structures (Fig. 4H). Coumermycin itself did not
have any effect on formation of aggregates of SQSTM1 and
HDACS6 in parental RAW?264.7 cells (data not shown). Collec-
tively, given the fact that both SQSTM1 and HDAC6 have an
ability to form intracellular protein aggregates, our results
strongly suggest that SQSTM1 and HDACG6 are involved in the
formation of MyD88 aggregated structures.

SQSTM1 and HDAC6 Regulate the MyD88-dependent Sig-
naling Pathway—In addition to the alteration of the cyto-
plasmic state of SQSTM1 and HDAC6 by TLR ligands (Fig. 2,
A and C), we found that TLR ligands exhibit a certain extent
of regulatory effects on gene expression levels of SgstmI and
Hdac6 (Fig. 4A). Within 1 h, Sgstm1 expression was increased
2—-5-fold by TLR ligand stimulation in RAW264.7 cells (Fig. 54,
left). Elevated expression of Sgstm 1 was maintained at least for a
period of 6 h (Fig. 44, left). On the other hand, Hdac6 ex-
pression was decreased 1.5—2-fold by TLR ligand stimulation
(Fig. 5A, right). In Pam;CSK,- and LPS-stimulated parental
RAW264.7 cells, Hdac6 expression was gradually decreased
during a period of 6 h (Fig. 54, right). Therefore, we speculated
that SQSTM1 and HDACG6 play some physiological roles in
regulation of TLR-mediated signaling pathways.

To test this, we investigated the effect of repression of Sgstm 1
and Hdac6 on TLR ligand-induced proinflammatory gene
expression. In RAW264.7 cells, Pam,CSK,, LPS, and CpG ODN
could induce expression of Tuf, Nos2, 1l6, and Nfkbiz (Fig. 5B).
Induction of Nfkbiz expression is known to be specific to the
MyD88-dependent signaling pathway (26). Compared with the
control, repression of SgstmI and Hdac6 exerted an up-regula-
tory effect on the TLR ligand-induced expression of /6 and
Nos2 but did not affect the expression of Tnf and Nfkbiz (Fig.
5B). Repression of Sgstm1 and Hdac6 had a suppressive effect
on the CpG ODN-induced expression of Tnf and Nfkbiz (Fig.
5B). These results suggest that both SQSTM1 and HDAC6
serve as negative regulators for several proinflammatory gene
expression induced by the MyD88-dependent pathway,
although the effects are limited.
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FIGURE 4. SQSTM1 and HDAC6 are colocalized with MyD88 aggregated
structures. A-D, RAW264.7 cells were left untreated (A and C) or stimulated
with 1 ug/ml LPS for 1 h (B and D). Cells were then fixed and stained with
anti-MyD88 rabbit polyclonal antibody and Alexa488-conjugated anti-rabbit
IgG antibody and then with anti-SQSTM1 mouse monoclonal antibody (A and
B) or anti-HDAC6 mouse monoclonal antibody (C and D) and Alexa564-con-
jugated anti-mouse IgG antibody. Scale bar, 10 um. E-H, RAW264.7 cells sta-
bly expressing FLAG-MyD88-GyrB were left untreated (E and G) or stimulated
with 1 um coumermycin for 30 min (Fand H). Cells were then fixed and stained
with anti-FLAG mouse monoclonal antibody and Alexa488-conjugated anti-
mouse IgG antibody and then with anti-SQSTM1 rabbit polyclonal antibody
(E and F) or anti-HDAC6 rabbit polyclonal antibody (G and H) and Alexa564-
conjugated anti-rabbit IgG antibody. Scale bar, 10 um.
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To further test whether SQSTM1
A and HDACS6 affect the MyD88-de-
5 - *qutm7 Hdac6 pendent signaling pathway, we
* 104 m investigated phosphorylation of
three MAPKs and Akt and degrada-
tion of IkB under the condition of
repression of Sgstm1 and Hdac6 in
LPS-stimulated RAW264.7 cells.
Compared with the control, LPS-in-
duced activation of p38 and JNK
136 136 136 () was enhanced under the condition
Pam,CSK, LPS  CpG ODN of HDACS6 repression (Fig. 6). On
the other hand, compared with
B Sqstm1 Hdacé the control, Sgstml repression
4 1 - [ Control SIRNA enhanced LPS-induced activation
B 1.0 4 = O Sgstm1 siRNA of p38, INK, ERK, and IkBa and
B HdacesiRNA  suppressed later phase activation of
Akt (Fig. 6). Intriguingly, repression
of Hdac6 and Sgstml hardly
affected LPS-induced degradation
of IkBa (Fig. 6), suggesting that
SQSTM1 and HDACG6 do not have a
regulatory effect on NF-«B signal-
ing. These results indicate that
SQSTM1 and HDACS differentially
regulate the TLR-mediated signal-
ing pathways. However, both mole-
. 400 - cules at least had suppressive regu-
latory effects on activation of p38

300 1 * and JNK.

Role of SQSTM1 and HDACE in
Regulation of MyD88-dependent
Signaling—We sought to under-
stand how SQSTM1 and HDAC6
exert the regulatory effect. To
examine whether SQSTM1 and

Q? R HDAC6 were recruited to the
MyD88 signaling complex, we ana-
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15 4 e X protein complex formed upon cou-
* . mermycin treatment. Consistent
10 4 . with the results of a previous study
(13), TRAF6 was coimmunoprecipi-
tated with MyD88-GyrB after cou-
mermycin treatment (Fig. 7A).
Lo dh
s Importantly, both SQSTMI1 and
000 HDAC6 were coimmunoprecipi-
R tated in a coumermycin treatment-
FIGURE 5. Effects of SQSTM1 and HDAC6 on proinflammatory gene expression induced by TLR stimula-  dependent manner (Fig. 74). Inter-
tion. A, expression levels of Sgstm1 and Hdacé6 in parental RAW264.7 cells. Cells were stimulated with 1 wg/ml  estingly, the ubiquitination-specific
Pam5CSK,, 100 ng/ml LPS, or 10 um ODN 1826 for the indicated periods. The expression levels of Sgstm1 and ; ;

Hdacé in cells were determined by qRT-PCR. Each value is expressed as the mean = S.D. (error bars) of three TLR SIgnahng regl'llelltor CY],“D
independent experiments by taking the control group as 1 (¥, p < 0.01; 1, p < 0.05, for comparison with the =~ Was coimmunoprecipitated with
control groups). B, RAW264.7 cells transfected with siRNA against Sgstm1 or Hdac6 or with control siRNA were MyD88-GyrB and found to dissoci-
stimulated with 1 ug/ml Pam;CSK,, 100 ng/mlI LPS, or 10 um ODN 1826 for 6 h. The expression levels of Sgstm1, te from the MvD88 complex after

Hdace, Il6, Nos2, Tnf, and Nfkbiz in cells were determined by gRT-PCR. Each value is expressed as the mean = ate Iro e. Y comp ? alte
S.D. of three independent experiments by taking the control group as 1 (*,p < 0.01; 1, p < 0.05, for comparison ~ coumermycin treatment (Flg. 7A).
with the control groups). Our results for recruitment of
SQSTM1 and CYLD to the MyD88
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FIGURE 6. Effects of SQSTM1 and HDAC6 on signaling events activated by LPS. Inmunoblot analysis of
parental RAW264.7 cells transfected with siRNA against Sgstm1 or Hdacé. Cells were stimulated with 100 ng/ml
LPS for the indicated periods. Whole cell lysates were analyzed by immunoblotting with antibodies to phos-
phorylated (p-) JNK, p38, ERK, and Akt and IkBa. Total JNK, p38, ERK, Akt, SQSTM1, and HDAC6 served as loading
controls. Results are representative of three independent experiments. Densitometric quantification was per-
formed on all of the immunoblot bands obtained by three independent experiments. Each value of phospho-
p38, phospho-JNK, phospho-ERK, phospho-Akt (Ser*’®), and phospho-Akt (Thr*°®) was normalized to each
level of total p38, total JNK, total ERK, total Akt, and total Akt, respectively. Results were expressed as the
mean = S.E. (error bars) of three independent experiments and as -fold increase by taking the control values

(control siRNA, 0 min) as 1. %, p < 0.05, for comparison with the control group.

signaling complex are consistent with the results of previous
studies showing that SQSTM1 directly interacts with TRAF6
(23,27, 28) and CYLD (23). Also, the results for recruitment of
HDACS6 to the complex may be consistent with the results
showing that the MyD88-interacting molecule nucleoredoxin
can interact with HDACG6 (29). Recruitment of SQSTM1 and
HDACEG6 to the MyD88-GyrB complex was also observed when
cells were stimulated with LPS and Pam,CSK,, (Fig. 7B).

To examine whether SQSTM1 and HDAC6 affect MyD88
signaling complex, we immunoprecipitated dimerized MyD88-
GyrB to analyze coimmunoprecipitated TRAF6 and CYLD
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under the condition of repression of
each expression of Sgstml and
Hdac6 by using siRNA. Compared
with the control, repression of
Hdac6 did not alter coimmunopre-
cipitated SQSTM1 upon coumer-
mycin treatment (Fig. 7C). Interest-
ingly, coimmunoprecipitated TRAF6
and CYLD upon coumermycin
treatment were obviously increased
and decreased by Hdac6 repres-
sion, respectively, suggesting that
HDACS6 functions as a modulator of
the early phase recruitment of
TRAF6 and CYLD to the MyD88
signaling complex. In contrast,
compared with the control, repres-
sion of Sgstml did not abrogate
but on the contrary increased coim-
munoprecipitated HDAC6 upon
coumermycin treatment (Fig. 7C).
Repression of Sgstml suppressed
dissociation of TRAF6 from the
MyD88 complex and interaction of
CYLD with the complex (Fig. 7C),
suggesting that SQSTM1 functions
as a modulator of the later phase
recruitment of TRAF6 and CYLD to
the MyD88 signaling complex.
Thus, SQSTM1 and HDACS6 at least
separately and negatively affect the
formation of the MyD88-TRAF6
signaling complex possibly through
regulation of CYLD interaction with
the MyD88 complex.

SQSTM1 is composed of an N-
terminal Phox and Bem1p domain,
a zinc finger domain, and the C-ter-
minal UBA domain (Fig. 84). The
UBA domain of SQSTM1 can bind
both Lys*®-linked and Lys®*-linked
ubiquitin chains but with a higher
affinity for Lys®*-linked chains (23).
HDACS6 is composed of two distinct
deacetylase catalytic domains and
the C-terminal ubiquitin-binding
BUZ domain (Fig. 84). The BUZ
domain of HDAC6 preferentially binds Lys®*-linked ubiquitin
chains (24). It has recently been shown that SQSTM1 and
HDACS6 participate in accumulation of misfolded proteins
through recognition of the ubiquitin chain by UBA and BUZ,
respectively (14, 30). To determine whether the interaction of
these molecules with the MyD88 complex is mediated
through ubiquitin chain recognition, we performed coim-
munoprecipitation analysis using ubiquitin-binding domain-
deleted mutants of SQSTM1 and HDAC6 (Fig. 8B). An
enzyme-inactive mutant of HDAC6 was also used. Interest-
ingly, not only intact SQSTM1 and HDAC6 but also their dele-

-O- Control siRNA
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-@- Sgstm1 siRNA

010 30
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FIGURE 7. Recruitment of SQSTM and HDAC6 to the MyD88 signaling
complex and their regulatory effect on CYLD. A,immunoblot analysis of
components of the MyD88 dimerization-induced signaling complex in
RAW264.7 cells stably expressing FLAG-MyD88-GyrB. Cells were treated
with 1 um coumermycin for the indicated periods. Then immunoprecipi-
tation (IP) with anti-FLAG-agarose was carried out with clarified cell
lysates, followed by immunoblotting with anti-TRAF6, anti-SQSTM1, anti-
HDACS, anti-CYLD, and anti-FLAG antibodies. Results are representative
of three independent experiments. B, immunoblot analysis of TRAF6,
SQSTM1, and HDACG6 in the MyD88 dimerization-induced signaling com-
plex in RAW264.7 cells stably expressing FLAG-MyD88-GyrB. Cells were
stimulated with 100 ng/ml LPS (left) and 2.5 wg/ml Pam3CSK, (right) for the
indicated periods. Immunoprecipitation with anti-FLAG-agarose was car-
ried out with clarified cell lysates. Results are representative of three inde-
pendent experiments. C, RAW264.7 cells stably expressing FLAG-MyD88-
GyrB were transfected with siRNA pools directed against Sgstm1 or Hdac6
or with control siRNA. The cells were treated with 1 um coumermycin for
the indicated periods. Immunoprecipitation with anti-FLAG-agarose was
carried out with clarified cell lysates, followed by immunoblot analysis of
TRAF6, CYLD, SQSTM1, HDAC6, and FLAG-MyD88-GyrB. Results are repre-
sentative of three independent experiments.

TRAF6

tion mutants could interact with MyD88 (Fig. 8B), suggesting
that ubiquitin-binding domains are not required for interaction
with the MyD88 signaling complex. In addition, the HDAC6
enzyme inactive mutant could also interact with the complex
(Fig. 8B).

To determine whether formation of MyD88 condensed
structures by SQSTM1 and HDAC6 is mediated through ubig-
uitin recognition, these ubiquitin-binding domain-deleted
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mutants were expressed in cells stably expressing MyD88-
GyrB. The numbers of cells containing condensed structures
formed upon coumermycin treatment were increased by intact
SQSTM1 and HDACS6 (Fig. 8C). On the other hand, ubiquitin-
binding domain-deleted mutants greatly reduced the numbers
of cells containing condensed structures (Fig. 8C). In addition,
the HDAC6 enzyme inactive mutant also had a suppressive
effect (Fig. 8C). These data indicate that SQSTM1 and HDAC6
interact with the MyD88 signaling complex in a ubiquitination-
independent manner. However, their functions in the forma-
tion of condensed structures are dependent on recognition of
protein ubiquitination.

DISCUSSION

Our results suggest that MyD88 is physiologically present
as a dimerized form and the formation of aggregated struc-
tures of MyD88 depends on its potential to activate machin-
eries of protein accumulation through SQSTM1 and HDACS.
MyD88 can activate downstream signaling through the ubig-
uitin E3 ligase TRAF6, which is currently known to induce
Lys®?-linked polyubiquitination of TRAF6 itself and target pro-
teins (31). In accordance with this, overexpressed TRAF6 forms
aggregated structures in the cytoplasm (23, 28). SQSTM1 and
HDACS6 have been found to be important molecules for selec-
tive recognition of Lys®*-linked polyubiquitination and their
accumulation in the cytoplasm. Recent findings have provided
important evidence that Lys®*-linked polyubiquitination is a
signaling event for the selective removal of misfolded proteins
by autophagy (14, 30). SQSTM1 mediates accumulation of
polyubiquitinated proteins for formation of sequestosomes
(inclusion bodies), whereas HDAC6 mediates formation of
aggresomes (14, 30). Although the biological importance of the
formation of sequestosomes and aggresomes for cell signal
transduction has not generally been understood, the present
study revealed that SQSTM1 and HDAC6 suppress the forma-
tion of the MyD88-TRAF6 complex through regulation of
CYLD recruitment and limit activation of several signaling
events, especially activation of p38 and JNK. However, these
molecules did not have a distinct regulatory effect on NF-«B
signaling. Therefore, it is possible that the suppressive ef-
fects are more preferentially exerted through inhibition of
MAPKKKs downstream of TRAF6, such as MEKK3, Tpl-2,
and ASK1, than through inhibition of TAK1 that mediates
NEF-kB signaling. The functions of SQSTM1 and HDAC6 are
summarized in Fig. 9. Such functions of these molecules may
be useful to protect cells from strong extracellular stimuli or
cytotoxic signaling because the MyD88-dependent signaling
pathway is cytotoxic under certain cellular circumstances
(12, 32, 33).

Our results indicate that the ability of TLRs to form
MyD88 condensed structures is not so high. Although TLRs
are thought to activate signaling pathways through MyD88
recruitment, it is possible that TLRs only transiently interact
with MyD88, which may allow recycling of MyD88 to avoid
aggregation (through SQSTM1 and HDACS6) and to induce
further signal transduction. Alternatively, it is possible that
MyD88 is rapidly degraded after TLR signal transduction, in
which a specific ubiquitin E3 ligase may rapidly ubiquitinate
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FIGURE 8. Roles of the ubiquitin-binding domain of SQSTM1 and HDAC6. A, schematic diagram of
SQSTM1, HDACSG, and their mutant constructs. CAT, deacetylase catalytic domain. B,immunoblot analysis
of interaction of MyD88 with SQSTM1, HDAC6, and their mutant proteins. 293T cells were transfected with
FLAG-MyD88 together with HA-SQSTM1, HA-SQSTM1 AUBA, HA-HDAC6, enzyme-inactive HA-HDACS, or
HA-HDAC6 ABUZ. Immunoprecipitation (/P) with anti-FLAG-agarose was carried out with clarified cell
lysates, followed by immunoblotting (/B) with anti-FLAG and anti-HA antibodies. n.s., nonspecific bands.
C, quantification of the percentage of RAW264.7 cells stably expressing FLAG-MyD88-GyrB with con-
densed structures. Cells were transfected with HA-SQSTM1, HA-SQSTM1 AUBA, HA-HDAC6, enzyme-inac-
tive HA-HDAC6, or HA-HDAC6 ABUZ. After 24 h, cells were stimulated with 0.1 um coumermycin for 30 min.
Immunofluorescent staining of cells was carried out with anti-FLAG and Alexa 488 anti-mouse IgG anti-
bodies. Results, shown as the mean = S.E. (error bars) (n = 3), were obtained from three images of
microscopic fields including at least 30 cells and are representative of three independent experiments. *,

p < 0.01 for comparison with the empty vector group.

MyD88. Recently, a novel ubiquitin E3 ligase, Nrdp1, was
revealed to directly bind MyD88 for Lys*®-linked polyubiq-
uitination, then allowing its degradation (34). Lys*®-linked
ubiquitination is known to target substrates for proteasomal
degradation rather than for autophagic degradation (35).

It is increasingly becoming evident that the MyD88-de-
pendent signaling pathway is intricately regulated by protein
ubiquitination and deubiquitination. TRAF6 advances the
signaling processes itself through autoubiquitination. A20
serves as a ubiquitin-editing enzyme through removing
Lys®3-linked polyubiquitin chains from TRAF6 and then
ligating Lys*®-linked polyubiquitin chains, leading to restric-
tion of TLR responses (36, 37). TRIM30«, a ubiquitin E3
ligase, limits TLR signaling by targeting TAB2 and TAB3,
causing their degradation (38). CYLD, a member of the ubiq-
uitin-specific protease family, negatively regulates TLR-induced
inflammatory responses by deubiquitination of TRAF6 (39, 40). In
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plex, such a mechanism may be
deeply associated with the case of
MyD88-dependent TLR signal
transduction. Indeed, initiation of
the MyD88 signaling has been
shown to be induced in the site of
membrane ruffles and endocytic
vesicles in an actin-dependent
manner (9). SQSTM1 seemed to
function as a modulator of TRAF6
dissociation from the MyD88 sig-
naling complex (Fig. 7C). Recently,
SQSTM1 has been shown to be
involved not only in binding with TRAF6 and CYLD but also in
increased polyubiquitination and destabilization of IRF8 (23,
42), which ultimately results in attenuation of inflammatory
responses. Several results of our study may support such
conclusions.

Protein aggregates are widely found in diseases in both the
brain and the liver. These include Lewy bodies in Parkinson
disease, neurofibrillary tangles in Alzheimer disease, and
huntingtin aggregates. In the liver, Mallory bodies in steato-
hepatitis, hyaline bodies in hepatocellular carcinoma, and
a,-antitrypsin aggregates are known. Importantly, all of
these aggregates are attributed to accumulation of polyubig-
uitinated proteins, and polyubiquitinated protein-seques-
tering molecules, including SQSTM1 and HDACS6, have
been found in the aggregates (21, 24, 25, 30, 43, 44). Given
that MyD88 has a capability to form aggregates through
SQSTM1 and HDACS, dysregulation of MyD88 expression
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FIGURE 9. Schematic of MyD88-induced protein accumulation pathways
through SQSTM1 and HDACG. See “Discussion” for details. Ub, ubiquitin.

HDACS6

may lead to development of diseases associated with poly-
ubiquitinated protein aggregates.
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