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Background: The inflammasome is a multimolecular complex that regulates the processing of the pro-inflammatory

cytokine interleukin-18.

Results: Inhibitors of deubiquitinase (DUB) enzymes inhibited the release of interleukin-1p.

Conclusion: DUBs regulate assembly of the inflammasome.

Significance: DUBs may represent new anti-inflammatory drug targets for the treatment of inflammatory disease.

IL-18 is a potent pro-inflammatory cytokine produced in
response to infection or injury. It is synthesized as an inactive
precursor that is activated by the protease caspase-1 within a
cytosolic molecular complex called the inflammasome. Assem-
bly of this complex is triggered by a range of structurally diverse
damage or pathogen associated stimuli, and the signaling
pathways through which these act are poorly understood. Ubiq-
uitination is a post-translational modification essential for
maintaining cellular homeostasis. It can be reversed by deubiq-
uitinase enzymes (DUBs) that remove ubiquitin moieties from
the protein thus modifying its fate. DUBs present specificity
toward different ubiquitin chain topologies and are crucial for
recycling ubiquitin molecules before protein degradation as
well as regulating key cellular processes such as protein traffick-
ing, gene transcription, and signaling. We report here that small
molecule inhibitors of DUB activity inhibit inflammasome acti-
vation. Inhibition of DUBs blocked the processing and release of
IL-1 in both mouse and human macrophages. DUB activity was
necessary for inflammasome association as DUB inhibition also
impaired ASC oligomerization and caspase-1 activation without
directly blocking caspase-1 activity. These data reveal the
requirement for DUB activity in a key reaction of the innate
immune response and highlight the therapeutic potential of
DUB inhibitors for chronic auto-inflammatory diseases.

Inflammation is a response of the innate immune system to
infection or injury. During inflammation, signaling cascades are
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triggered that result in the synthesis of pro-inflammatory medi-
ators, including members of the interleukin-1 (IL-1) cytokine
family, such as IL-18 and IL-1« (1). IL-1f is a potent pro-in-
flammatory molecule, and its overproduction is associated with
chronic inflammation and the development of pathologies such
as gout, diabetes, or cancer (2). IL-18 production is, therefore,
tightly regulated at transcriptional and post-transcriptional
levels (3). IL-1B is synthesized as an inactive precursor mole-
cule (pro-IL-1, 31 kDa) by cells of the innate immune system
such as macrophages upon the activation of pattern recognition
receptors by pathogen- or damage-associated molecular pat-
terns (1). Activated macrophages then require an additional
stimulus to trigger the assembly of a multimolecular complex
called the inflammasome that results in the activation of
caspase-1 and the processing of pro-IL-13 to an active, secreted
IL-1B molecule (4). Inflammasomes are typically formed by a
cytosolic pattern recognition receptor of the Nod-like receptor
(NLR)? family, such as NLRP1, NLRP3, NLRP6 or NLRC4 (5),
or members of the PYHIN family such as AIM-2 (absent in
melanoma 2) receptor (6). The assembly of both NLRP3 and
AIM2 inflammasomes requires the adaptor protein ASC (apo-
ptosis-associated speck-like protein containing a CARD) to
bring the receptor and the zymogen pro-caspase-1 into close
proximity (4, 6). This results in the activation of caspase-1 and
processing and secretion of IL-18 (7). The specificity of inflam-
masome signaling depends upon the pathogen-associated
molecular pattern or the damage-associated molecular pattern
that the cell encounters. For example, NLRP3 is reported to
sense a range of structurally diverse pathogen- and damage-
associated molecular patterns (4), whereas AIM2 directly binds
double-stranded DNA (8), and NLRC4 appears to detect the

2 The abbreviations used are: NLR, Nod-like receptor; DUB, deubiquitinase;
USP, ubiquitin-specific protease; UCH, ubiquitin C-terminal hydrolase;
MSU, mono-sodium urate; LC3, light chain 3; (c)IAP, (cellular) inhibitor of
apoptosis; ASC, apoptosis-associated speck-like protein containing a
CARD; ESI, eeyarestatin [; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; Z-, benzyloxycarbonyl; AFC, aminofluo-
romethylcoumarin; ER, endoplasmic reticulum.
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presence of intracellular pathogens by sensing flagellin (9).
However, the endogenous signaling mechanisms that coordi-
nate inflammasome formation are largely unknown.

Post-translational protein modifications, such as phosphor-
ylation or ubiquitination, provide the means by which cells
integrate the presence and meaning of extracellular signals (10).
Ubiquitination involves the attachment of ubiquitin, a process
regulated by three enzymes, E1, E2, and E3. E1 is an ubiquitin-
activating enzyme and mediates the formation of an E1-ubiq-
uitin thiol ester bond. E2, a ubiquitin-conjugating enzyme,
mediates the transfer of ubiquitin from E1 to the target protein
and interacts with E3, a ubiquitin-protein ligase, that finally
conjugates ubiquitin to a lysine of the target protein (11). The
functional outcome of this modification depends upon the
nature of ubiquitination and the specific linkage between ubigq-
uitin molecules (10). Ubiquitination can be reversed by deubigq-
uitinases (DUBs), enzymes that remove ubiquitin from pro-
teins. There are ~90 different predicted DUBs in humans that
can selectively recognize different types of ubiquitin chains
(12). These can be grouped into five different families; the ubiq-
uitin-specific protease (USP), ubiquitin C-terminal hydrolases
(UCH), ovarian tumor proteases, Machado-Josephin domains,
and the JAB1/MPN/MOV34 metalloenzymes (12). DUBs are
often associated with ubiquitin recycling and protein degrada-
tion by the proteasome (11). However, DUBs are also known to
promote protein stability, to directly regulate protein activity,
and to form protein scaffolds independent of their proteolytic
activity. Indeed, several DUBs have been shown to play a crucial
role in ubiquitin-mediated cellular processes such as mem-
brane trafficking, signaling, and gene transcription (12, 13).

Post-translational modifications are important for inflam-
masome formation. Phosphorylation/dephosphorylation is
required because the protein phosphatase inhibitors okadaic
acid and calyculin A are reported to inhibit the formation of a
number of inflammasomes (14). Phosphorylation of NLRC4 is
also required for NLRC4 inflammasome activation by Salmo-
nella typhimurium infection (15). There is increasing evidence
that ubiquitination is also important for the regulation of IL-13
processing and release. The cellular inhibitors of apoptosis,
cIAP1 and cIAP2, have ubiquitin ligase activity and modulate
the release of IL-18 in response to the activation of multiple
inflammasomes by direct ubiquitination of caspase-1 (16).
Depletion of IAP proteins can also activate a RIP3 kinase-de-
pendent IL-18 processing and secretion that is partially
dependent upon caspase-8 (16, 17). The ubiquitin ligase-asso-
ciated protein SGT1 also interacts with the NLRP3 inflam-
masome and regulates its activity (18). Recent findings have
shown that DUBs are required for assembly of the NLRP3
inflammasome (19). The objective of the study presented here
was also to investigate the role of DUBs in inflammasome acti-
vation and IL-13 secretion.

Here, we provide evidence that in both murine and human
macrophages DUBs regulate the release of IL-1 and that this
process is independent of proteasome activity or protein trans-
location. In addition, our data suggest that DUB inhibitors act
upstream of caspase-1 and are required for ASC oligomeriza-
tion and speck formation. These data validate recent findings
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regarding the role of DUBs in this process (19) and, crucially,
provide further insights into their mechanisms of regulation.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Bacterial lipopolysaccharide (LPS,
Escherichia coli 026:B6) was purchased from Sigma. Fetal
bovine serum (FBS) was obtained from PAA Laboratories. The
primary antibodies used for the Western blot were anti-IL-13
and IL-la (anti-mouse and anti-human) from R&D, rabbit
anti-ASC (sc-22514-R, Santa Cruz), anti UCH37 (EP4897,
Novus Biologicals), anti-LC3 (M115-3, Medical and Biology
Laboratories), ubiquitin (sc-8017, Santa Cruz), anti-caspase-1
pl0 (sc-515, Santa Cruz), and anti-B-actin-HRP (Sigma
A3854). Secondary antibody HRP conjugates used for Western
blot were from DAKO (1:1000). Alexa Fluor 594-conjugated
donkey anti-rabbit antibody (A-21207, Invitrogen) was used for
immunohistochemistry. Lipofectamine2000 was from Invitro-
gen. Eeyarestatin I (ESI) and ESR35 were synthesized at the
University of Manchester as previously published (20), cpd A
was from Novartis, b-AP15 was donated by Prof. Stig Linder,
WP1130 was from Selleck, IU1 was from Calbiochem, MG-262
was from Calbiochem, and bortezomib was from Selleck.

Cells and Treatments—Macrophages were prepared from
adult male C57BL/6 mice (Harlan) as described previously (21).
Briefly, the peritoneal cavity was gently lavaged with RPMI
1640 media (Sigma). Cells were collected by centrifugation of
the recovered media (250 X g, 5 min) and plated in 24-well
plates at a density of 5 X 10° cells/well in RPMI 1640 media
(Sigma) supplemented with 5% FBS (PAA Laboratories), 100
units/ml penicillin, and 100 pg/ml streptomycin (Sigma). The
macrophages were allowed to adhere overnight (37 °C, 5% CO,)
and washed with fresh medium to remove unattached cells
before use. Cultured peritoneal macrophages were LPS-primed
(1 pg/ml, 2h) to induce pro-IL-1B expression before ATP
treatment.

THP-1 cells were cultured in RPMI 1640 media (Sigma) sup-
plemented with 10% FBS (PAA Laboratories), 100 units/ml
penicillin, and 100 ug/ml streptomycin (Sigma). Cells were
plated in 24-well plates at a density of 5 X 10° cells/well and
treated with phorbol 12-myristate 13-acetate (0.5 um). After
3 h, the medium was removed, fresh media was added, and cells
were incubated overnight (37 °C, 5% CO,). Cells were then
LPS-primed (1 pg/ml, 4 h) to induce pro-IL-18 expression
before nigericin treatment.

Cells were treated for 15 min with vehicle (0.5% DMSO) or
the indicated inhibitors ESI (50 uMm unless otherwise stated),
ESR35 (50 um), ES24 (50 um), ESI-B (50 um), cpd A (10 um),
b-AP15 (1 M), WP1130 (1 um), IUT (50 pm), MG-262 (20 um),
or bortezomib (50 nMm) before the addition of ATP (5 mmMm, 20
min), nigericin (10 uM, 60 min), or mono-sodium urate (MSU;
250 ug/ml, 60 min). For the AIM2 activating experiments,
endotoxin-free plasmid DNA (empty mammalian expression
vector pCMV-Tag4B) was prepared using a Qiagen EndoFree
plasmid MAXTI kit. After LPS treatment, macrophages were
transferred to serum and antibiotic free media and treated with
inhibitors immediately before transfection with pCMV-Tag4B
(1.6 wg/ml) using Lipofectamine (4 ul per 1 ml of media) according
to the manufacturer’s instructions. Controls included DNA or
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Lipofectamine treatment alone. Cells were incubated for 4 h
before the collection of supernatants and cell lysates for analysis
of IL-1 release.

ELISA—Macrophage supernatants were analyzed for IL-1«
and IL-1B using specific ELISA kits from R&D Systems accord-
ing to the manufacturer’s instructions.

Western Blots—Cells were collected in lysis buffer (HEPES 50
mM, EGTA 0.1 mm, EDTA 0.1 mm, NaCl 120 mm, Nonidet P-40
0.5%, pH 7.5, protease inhibitors), and the insoluble fraction
was removed by centrifugation (12500 X g, 10 min). Superna-
tants and cell lysates (10-15 pg) were resolved on 15% poly-
acrylamide gels for detection of IL-18, IL-1a, UCH37, and light
chain 3 (LC3) and 10% gels for detection of ubiquitinated pro-
teins. Proteins were transferred to a nitrocellulose membrane,
and specific proteins were detected by Western blotting with
anti-IL-18 (1:1000), anti-ubiquitin (1:1000), anti-LC3 (1:1000),
or anti-UCH37 (1:1000) followed by a secondary HRP-conju-
gated antibody or with anti-B-actin-HRP and subsequently
detected using enhanced chemiluminescence reagents (ECL,
Amersham Biosciences).

ASC Speck Detection and Quantification—Cells were plated
as described above on glass coverslips. Peritoneal macrophages
or THP-1 cells were LPS-primed (1 ug/ml, 2 or 4 h, respec-
tively). After b-AP15 or DMSO 0.5% treatment, cells were acti-
vated with ATP or nigericin and fixed with 4% paraformalde-
hyde, 4% sucrose in PBS for 30 min. The cells were
permeabilized with 0.1% Triton X-100 and then quenched with
0.25% ammonium chloride. A blocking step for 1 h using 5%
BSA, 5% donkey serum (block solution) was used before incu-
bation with the rabbit anti-ASC (1:50) in block solution for 1 h.
Coverslips were then washed in PBS. ASC antibodies were
detected by incubation with Alexa Fluor 594 conjugated don-
key anti-rabbit antibody (1:200) in blocking solution for 1 h.
The coverslips were washed again with PBS and finally in dis-
tilled water before being dried and mounted onto a glass slide
using ProLong Gold mounting medium containing DAPI
(Invitrogen). Images were taken with an Olympus BX51 upright
microscope using a 10X/0.50 Plan Fln objective and captured
using a Coolsnap EZ camera (Photometrics) through MetaVue
Software (Molecular Devices). To quantify the extent of speck
formation, the percentage of cells that contained an ASC speck
was counted. Cells from 10 different fields (average of 200 cells/
field for peritoneal macrophages and 650 cells/field for THP-1)
were counted for each of the different experiments (n = 3 for
THP-1 and n = 2 for peritoneals). Images were analyzed using
Image] (rsb.info.nih.gov). The data are expressed as the per-
centage of ASC specks per number of cells per field.

ASC Oligomerization Assay—Cross-linking of ASC oligo-
mers was performed as previously described (22). Briefly, cells
were lysed in buffer A (20 mm Hepes-KOH, pH 7.5, 10 mm KCI,
1.5 mm MgCl,, 1 mm EDTA, 1 mMm EGTA, and 320 mM sucrose,
Halt Protease and Phosphatase Inhibitor Mixture (Thermo
Fisher)) by syringing 40X on ice using a 1-ml syringe with a
25-gauge needle. The cell lysate was centrifuged at 2000 rpm,
and the supernatant (cell lysate) was diluted with one volume of
CHAPS buffer (20 mm Hepes-KOH, pH 7.5, 5 mm MgCl,, 0.5
mM EGTA, 0.1% CHAPS, and Halt Protease and Phosphatase
Inhibitor Mixture) and then centrifuged at 5000 rpm to pellet

JANUARY 25,2013 +VOLUME 288-NUMBER 4

Deubiquitinases Regulate IL-1[3 Release

the ASC oligomers. This final step was repeated twice. ASC
oligomers were cross-linked using 2 mm NHS-Diazirine (SDA)
cross-linkers (Thermo Fisher) for 30 min at 4 °C in CHAPS
buffer. UV irradiation (using a 365-nm UV bulb) was per-
formed for 15 min at room temperature before adding lithium
dodecyl sulfate (LDS) sample buffer (Invitrogen). Proteins were
then separated on NuPAGE Novex 4—12% Bis-Tris gels (Invit-
rogen) and transferred onto nitrocellulose membrane (0.2
pm pore size). Specific proteins were detected by Western
blotting as described in the Western blot section using anti-
IL-1B (1:1000), anti-ASC (1:1000), or anti-caspase-1 (1:300)
antibodies.

Silencing of UCH37 with siRNA—Accell SMARTpool siRNA
for human UCH37 or control was purchased from Thermo Sci-
entific Dharmacon, and the manufacturer’s protocol was fol-
lowed for the delivery of siRNAs into the cells. Briefly a suspen-
sion of THP-1 cells was prepared in Accell delivery media
(Dharmacon). siRNA, control or UCH37, was added to the cell
suspension to a final concentration of 1 um. The cells were
incubated for 72h (37 °C, 5% CO,). Phorbol 12-myristate 13-ac-
etate was added to each well to a final concentration of 0.1 um,
and cells incubated overnight (37 °C, 5% CO,). The following
day cells were primed with LPS (1 ug/ml, 4 h) before nigericin
was added as previously described. Where stated, cells were
incubated with IU-1 (50 um) before nigericin treatment.

Analysis of Fibroblast Growth FGF Factor-1 (FGF1), FGF2,
and IL-1a Release—NIH3T3 cells were used to study the effect
of ESI upon the non-conventional release of proteins 48 h after
adenoviral transduction with FGF1:HA, FGF2:HA, or mature
IL-10:V5. A heat shock-induced release assay was performed by
incubation of the cells at 37 °C or 42 °C for 110 min in serum-
free DMEM containing 5 units/ml of heparin (Sigma) in the
presence or absence of 25 uMm ESI or ESR35. Cell viability was
assessed by measuring lactate dehydrogenase activity in the
medium using the Promega CytoTox kit. The heat shock treat-
ment did not cause significant NIH3T3 cell death. To assess the
export of FGF1, conditioned media were collected and briefly
centrifuged at 1000 X gto remove detached cells, and FGF1 was
isolated for immunoblot analysis using heparin-Sepharose
chromatography as described (23). FGF1 was eluted from hep-
arin-Sepharose with 3 M NaCl, concentrated using Amicon
concentrator filter units (cutoff 10 kDa), resolved by SDS-
PAGE, and Western-blotted using rabbit anti-FGF1 antibodies
produced in the Prudovsky laboratory. 2% of the cell lysate and
50% of FGF1 isolated from the medium were loaded per SDS-
PAGE lane. FGF2 has a stronger affinity to heparan sulfate pro-
teoglycans of the cell surface than FGF1. For this reason, after
collecting the medium cells were washed with a small volume
(10% of medium volume) of the following buffer: 2 M NaCl in 10
mwm Tris-HCI, pH 7.2, supplemented with 0.5% BSA. The high
salt wash buffer was then mixed with the previously collected
medium. Isolation and detection of FGF2 was performed simi-
larly to FGF1 except that a commercial (Covance) mouse
monoclonal anti-HA antibody was used for Western blotting.
IL-1a has a very low affinity to heparin. Thus, conditioned
media were directly concentrated using Amicon centrifugal
devices (cutoff 10 kDa), resolved by SDS-PAGE, and West-
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FIGURE 1. Eeyarestatin | blocks the release of IL-13 from macrophages. LPS-primed (1 ug/ml, 2 h) peritoneal macrophages (black columns) were incubated
with DMSO (0.5%), ESI, or ESR35 (10 and 50 um) for 15 min before a 20-min incubation with 5 mm ATP (A and B) or 10 um nigericin (Nig, C and D). LPS-primed (1
ng/ml, 4 h) THP-1 cells (gray columns) were incubated with DMSO (0.5%), ESI, or ESR35 (10 and 50 um) before a 1-h incubation with 10 um nigericin (E and F).
Supernatants (SN) were collected and analyzed for IL-18 by ELISA (A, C, and E) and Western blot (WB; B, D, and F). In the blots (B, D, and F) the band at 31 kDa
represents pro-IL-18, and the band at 17 kDa represents mature IL-13. Data are presented as the mean of 4 separate experiments = S.D. ***, p < 0.001; **, p <
0.01; *, p < 0.05. All inhibitor groups were compared with ATP or nigericin alone.

ern-blotted using a mouse monoclonal anti-V5 antibody
(Invitrogen).

Caspase-1 Activity Assays—The caspase-1 activity of THP-1
cells was determined with the fluorogenic substrate Z-YVAD-
AFC (caspase-1 substrate VI, Calbiochem) as previously
described (24). Briefly, cells were lysed in hypotonic cell lysis
buffer (25 mm HEPES, 5 mMm EGTA, 5 mMm dithiothreitol (DTT),
pH 7.5) on ice for 5-10 min and centrifuged to remove the
insoluble fraction (12,500 X g, 10 min). THP-1 lysates (50 ul) or
recombinant caspase-1 (10 units/ml) was incubated with 50 um
YVAD-AFC and 50 ul of reaction buffer (0.2% CHAPS, 0.2 m
HEPES, 20% sucrose, 29 mMm DTT, pH 7.5) for 2 h. After incu-
bation, the fluorescence of the AFC released from the Z-YVAD-
AFC substrate was measured by an increase in fluorescence
(excitation 335 nm, emission 460 nm).

Statistical Analysis—Statistical analyses were performed
using GraphPad Prism Version 5.00 for Windows (GraphPad
Software). Differences between three or more groups were
identified using one-way analysis of variance with post-hoc
Bonferroni multiple comparison tests. Data are expressed as
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the mean = S.D. from the number of assays indicated. ***, p <
0.001; **, p < 0.01; *, p < 0.05.

RESULTS

IL-1B Release Is Inhibited by Eeyarestatin I—ESI (20) is a
small molecule inhibitor of endoplasmic reticulum-associated
protein degradation that works by inhibiting deubiquitination
processes (25). ESI also induces an ER stress response by inhib-
iting protein translocation (20, 26). ESI contains a nitrofuran-
containing group that is the functional domain responsible for
its inhibitory action and an aromatic domain that has no inhib-
itory activity but targets the molecule to intracellular mem-
branes (27). Incubation of LPS-primed murine peritoneal
macrophages with ESI at both 10 and 50 uMm, but not ESR35
composed of only the inactive aromatic domain (26), blocked
ATP-induced release of IL-1 (Fig. 1, A and B) and IL-1« (sup-
plemental Fig. S14). ATP activates the cell surface P2X7 recep-
tor and induces release of IL-1 via activation of the NLRP3
inflammasome (28 —30). To test whether ESI blocks P2X7-de-
pendent signaling rather than a general inhibition of the NLRP3
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FIGURE 2. Eeyarestatin | is not a general inhibitor of non-conventional protein secretion. NIH3T3 cells were adenovirally transduced to express FGF1:HA,
FGF2:HA, or mature IL-1a:V5. 48 h later the cells were subjected to a heat shock by incubation of the cells at 37 or 42 °C for 110 min in the presence or absence
of 25 um ESI or ESR35 with the levels of FGF1 (A), IL-1a (A), or FGF2 (B) in the lysates (left side blots) and the supernatants (SN, right hand blots) measured as

described under “Experimental Procedures.”

inflammasome, we tested the effects of the inhibitor against the
potassium ionophore nigericin that induces activation of the
NLRP3 inflammasome independently of the P2X7 receptor (29,
30). As with ATP, preincubation of LPS-primed macrophages
with ESI inhibited nigericin-induced processing and release of
IL-18 (Fig. 1, C and D) and IL-la (supplemental Fig. S1B).
These effects on IL-1 release were not due to decreased levels of
cytokine expression as indicated by Western blots of the cell
lysates (supplemental Fig. S1C). ESI also inhibited nigericin-
induced IL-1p release from human monocytic THP-1 cells (Fig.
1, Eand F), indicating that this is a mechanism common to both
murine and human macrophages. No increase in cell death was
detected by incubation with these compounds alone, indicating
that they are not cytotoxic under these experimental conditions
(supplemental Fig. S2, A-C). However, ESI but not ESR35,
decreased the levels of cell death induced by nigericin in both
peritoneal macrophages and THP-1 cells (supplemental Fig. S2,
A-C).

IL-1e, like IL-1, lacks a signal peptide for direction to the
classical secretory pathway through the ER and the Golgi, and
thus both cytokines harness non-conventional protein secre-
tion pathways (7). Pro-IL-1« is not a substrate for caspase-1,
and yet IL-1« release is inhibited in macrophages isolated from
caspase-1 and NLRP3 KO mice in response to damage-associ-
ated molecular patterns (31), suggesting that IL-1a and IL-13
share a common secretory route in these systems. However,
non-conventional secretion is not unique to IL-1 family mem-
bers, and there are other secreted proteins such as FGF-1 and
FGE-2 that harness such pathways. FGF-1 and mature IL-1c
overexpressed in cell lines are secreted through a membrane
translocation process in response to cellular stress such as heat
shock, whereas FGF-2 is constitutively secreted (32). To study
whether ESI has a direct effect on these translocation processes,
we tested whether it blocked heat shock-induced export of
FGF-1 and IL-1« (Fig. 2A4) and/or constitutive export of FGF-2
(Fig. 2B) in NIH3T3 cells overexpressing FGF1, FGF2, or
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mature IL-1a. ESI had no effect on the secretion of these pro-
teins (Fig. 2). These data suggest that ESI does not block non-
conventional secretion per se but inhibits a caspase-1-depen-
dent process.

DUBSs Regulate Caspase-1 Activation and IL-1[3 Release—To
further investigate whether the ESIs previously reported effect
on protein translocation contributed to its inhibitory effect on
IL-1 release or whether it was due to an inhibition of DUBs (25,
26), we investigated the effects of a selective DUB inhibitor
b-AP15 and of the protein translocation inhibitor cpd A.
b-AP15 is a small molecule DUB inhibitor of the proteasome-
associated DUBs UCH37 and USP14 (33, 34), whereas cpd A is
a selective inhibitor of the ER translocon with no effect on DUB
activity (35). Pretreatment with b-AP15, but not with cpd A,
inhibited ATP-induced IL-1p release from LPS-primed perito-
neal macrophages (Fig. 3, A and B) and nigericin-induced
release from LPS-primed THP-1 cells (Fig. 3, C and D). Neither
b-AP15 nor cpd A was cytotoxic at the concentrations used in
the assay (supplemental Fig. S2, D and E). As seen with ES]I,
b-AP15 reduced the levels of cell death induced by nigericin
treatment in THP-1 cells, whereas cpd A had no effect (supple-
mental Fig. S2E). The potential involvement of DUBs in IL-1f3
release was further examined with a third DUB inhibitor,
WP1130, that directly blocks the DUB activity of USP14,
UCH37, USP5, and USP9x (36). WP1130 was also very recently
reported to inhibit the activation of caspase-1 in response to
NLRP3 inflammasome-activating stimuli (19). Treatment of
murine peritoneal macrophages with WP1130 before ATP (Fig.
4, A and B) or of human THP1 cells before nigericin (Fig. 4, C
and D) blocked release of IL-13, in agreement with its reported
effects on caspase-1 (19).

Because b-AP15 is known to inhibit two of the three DUBs
associated with the proteasome, UCH37 and USP14 (34), and
WP1130 also inhibits these enzymes, we decided to investigate
whether they were involved in caspase-1-dependent release of
IL-1B. We tested U1, a specific inhibitor of USP14 (37). How-
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FIGURE 3. Effects of ESI can be attributed to an inhibition of DUBs. LPS-primed (1 wg/ml, 2 h) peritoneal macrophages (black columns) were incubated with
0.5% DMSO, ESI (50 um), b-AP15 (1 um), or cpd A (10 um) 15 min before a 20-min incubation with 5 mm ATP (A and B). LPS-primed (1 pg/ml, 4 h) THP-1 cells (gray
columns) were incubated with ESI (50 um), b-AP15 (1 um), bortezomib (Bz, 50 nm), or cpd A (10 um) for 15 min before a 1-h incubation with nigericin (Nig, 10 um)
(Cand D). Supernatants (SN) and cell lysates were collected and analyzed for IL-18 by ELISA (A and C) and Western blot (Band D). In the blots (B and D) the band
at 31 kDa represents pro-IL-13, and the band at 17 kDa represents mature IL-13. Also shown is the B-actin. Data are presented as the mean of three separate
experiments = S.D. **, p < 0.01; ¥, p < 0.05. All inhibitor groups were compared with ATP or nigericin alone.

ever, IU1 had no effect on ATP (Fig. 4, A and B) or nigericin-
induced (Fig. 4, Cand D) IL-1p release. The lack of effect of [U1
suggested that the enzyme responsible for the observed effect
could be UCH37. However, silencing of UCH37 (60% reduction
compared with untreated control) (Fig. 4, E and F) had no effect
on nigericin-induced IL-1p release from THP-1 cells (Fig. 4G).
These data and the fact that UCH37 or USP14 may have a
redundant DUB function (34, 38) and also that b-AP15 and
WP1130 inhibit both UCH37 and USP14 suggests that a con-
tribution from both enzymes may be needed. However, USP14
inhibition with IU1 after UCH37 silencing in THP-1 again had
no effect on the levels of IL-1 released in response to nigericin
(Fig. 4H). These data suggest that multiple or as yet uncharac-
terized DUBs are required for IL-1f3 processing and release.
DUB Inhibitors Block IL-1B Release Independently of the
Proteasome—Because ESI, WP1130, and b-AP15 cause an
increase in polyubiquitinated proteasomal substrates (33, 36,
39) similar to that obtained after proteasome inhibition, we
next investigated whether the inhibitory effects of these mole-
cules on IL-1 release could be explained by an effect on pro-
teasomal function. LPS-primed mouse peritoneal macrophages
were treated with the proteasome inhibitors bortezomib or
MG262, and the effects on ATP-induced IL-1B release
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observed. Neither compound affected the release of IL-18 (Fig.
5, A and B) or cell death (supplemental Fig. S2F) at doses known
to inhibit the proteasome (40). Similarly, treatment of THP-1
cells with bortezomib had no effect on IL-1 release induced by
nigericin (Fig. 3, Cand D) or cell death (supplemental Fig. S2E).
These data suggest that the effects of the DUB inhibitors on
IL-1B release were not due to an inhibition of proteasome
function.

DUBs Are Required for ASC Oligomerization—We next
investigated whether the effect of DUB inhibitors on IL-1f3
release was due to a direct inhibition of caspase-1. However, ESI
or b-AP15 had no direct effect on caspase-1 activity as meas-
ured by the cleavage of a fluorogenic caspase-1 substrate
(Z-YVAD-AFC) by either recombinant caspase-1 (Fig. 6, A and
B) or a hypotonic THP-1 cell lysate (Fig. 6C). We used the
caspase-1 inhibitor YVAD as a positive control to directly
inhibit caspase-1 (Fig. 6, A, B, and C).

ASC is an adaptor protein required for the activation of the
NLRP3 and AIM2 inflammasomes (4, 6), and upon inflam-
masome assembly its presence within the complex is readily
visualized inside cells by its oligomerization and the appearance
of large aggregates called specks (8, 33, 41). Pretreatment of
LPS-primed THP-1 cells with b-AP15 significantly reduced the
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numbers of ASC specks formed after nigericin treatment (Fig.
7,A and C). Similarly, ATP-induced speck formation in murine
peritoneal macrophages was also inhibited by b-AP15 (Fig. 7 B
and D), suggesting that DUB inhibitors act upstream of
caspase-1 for the secretion of IL-1B3. To further demonstrate
this we analyzed the presence of ASC oligomers by Western
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blot as previously described (22). We found that ASC oligomers
were only present in THP-1 cells that had not been incubated
with ESI, b-AP15, or WP1130 before nigericin treatment (Fig.
7E). These DUB inhibitors also inhibited the release of the pro-
cessed caspase-1 p10 subunit, correlating with reduced IL-13
secretion (Fig. 7F). Altogether these data demonstrate that the
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effects of these DUB inhibitors on IL-1B release occur upstream
of caspase-1 by blocking the oligomerization of ASC.

NLRP3 (and Partially AIM2) Inflammasome-dependent
IL-18 Release Require DUBs—Given the inhibitory effect of
b-AP15 on ASC oligomerization and the requirement of this
adaptor protein to activate the AIM-2 and NLRP3 inflam-
masomes (4, 6), we decided to investigate whether DUB inhibi-
tion targeted one or both of these inflammasomes. ATP and
nigericin are well established activators of the NLRP3 inflam-
masome (29). To further confirm the requirement of DUBs for
NLRP3 inflammasome activation, LPS-primed macrophages
were treated with another well characterized NLRP3 activator,
crystals of MSU (42). b-AP15 and WP1130 both inhibited
MSU-induced IL-1p release, further confirming that DUBs are
involved in the activation of the NLRP3 inflammasome (Fig. 8,
A and B). The AIM2 inflammasome is activated by cytosolic
double-stranded DNA (4, 6), and so to determine whether
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AIM2 inflammasome formation was also DUB dependent we
transfected LPS-primed macrophages from NLRP3 KO mice
with plasmid DNA in the presence or absence of b-AP15. We
observed a partial inhibition of IL-1 release induced by DNA
transfection by b-AP15 (Fig. 8, C and D), indicating that DUBs
are also involved in AIM-2 inflammasome activation, although
to a lesser extent than for NLRP3.

Autophagy is a catabolic process in which ubiquitination
plays an important role (43) and is also reported to contribute to
the regulation of the inflammasome under certain conditions
(44, 45). Microtubule-associated protein 1 light chain 3 (LC3)
participates in autophagosome formation and maturation (46).
LC3 KO animals have decreased levels of autophagy that result
in increased caspase-1 activation and IL-183 release (44). In
addition, it was recently reported that ASC can be ubiquiti-
nated and targeted for autophagy as a means of regulating
inflammasome activity (45). LC3 is present in two different
forms: LC3-1 (18 kDa), that is cytosolic, and LC3-II (16 kDa),
which associates with the autophagosomal membrane and
whose levels correlate with the autophagosome numbers
within the cell (47). In LPS-primed THP-1 cells nigericin treat-
ment induced an increase of the levels of LC3-II, indicating an
increase in autophagy, which was not affected by treatment
with b-AP15 (Fig. 8E). Furthermore, b-AP15 in the absence of
nigericin treatment did not affect levels of LC3-II compared
with untreated cells (Fig. 8E) despite an overall increase in poly
ubiquitinated proteins (Fig. 8F).

DISCUSSION

In this study we have shown that inhibition of DUBs with the
inhibitors ESI, b-AP15, or WP1130 blocked IL-1 processing
and release induced by NLRP3-inflammasome-dependent
responses with a partial effect observed on an AIM2-inflam-
masome-dependent response. The effects we observe with the
DUB inhibitors are in complete agreement with a recent study
that reported WP1130 to effectively inhibit NLRP3-dependent
activation of caspase-1 (19). Our data suggest that these effects
were upstream of inflammasome formation as DUB inhibitors
blocked ASC speck formation but had no direct effect on
caspase-1 activity. Together with recently published data (19),
our data provide new insights into the signaling mechanisms
regulating inflammasome formation.

Ubiquitination, a post-translational modification of proteins
that regulates many biological processes, has a well established
role in regulating immune responses. Activation of pattern rec-
ognition receptors such as Toll-like receptors, Rig-1-like recep-
tors, and NLR triggers different signaling cascades that culmi-
nate with the synthesis of pro-inflammatory cytokines and/or
interferons (48). The ubiquitin ligase TRAF6 (TNF receptor-
associated factor) plays an essential role in Toll-like receptor-
dependent activation of NF«kB and mitogen-activated protein
kinase (48). In the case of Rig-1-like receptors, RIG-1 requires
ubiquitination of one of its CARD domains (caspase recruit-
ment domain) to signal effectively (49), and NLR family mem-
ber NOD2-mediated activation of NFkB and mitogen-activated
protein kinases also requires ubiquitination of the protein
kinase RIP2 by cIAP or TNF receptor-associated factor proteins
(50, 51). Together these studies show that ubiquitination is
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commonly present in immune signaling pathways where it acts
as a signal to recruit ubiquitin-binding proteins regulating the
assembly of signaling complexes. As with any dynamic process,
assembly of ubiquitin chains has to occur in a regulated manner
involving their disassembly; hence, the importance of DUBs in
these systems. The best studied DUBs that regulate immune
responses are A20 (also known as tumor necrosis factor a-in-
duced protein 3, TNFAIP3) and CYLD (cylindromatosis deu-
biquitinase) (52). These DUBs specifically cleave Lys-63-linked
polyubiquitin chains and negatively regulate NF«B signaling
(53).

There is evidence that caspase-1 activation within the
inflammasome is regulated by ubiquitin, and recently ubiquitin
ligases of the IAP family were shown to regulate the processing
andrelease of IL-13 (16, 17). Sugl, aregulatory protein of the 26
S proteasome with ubiquitin ligase activity mediates ubiquiti-
nation of NLRC4 (54), and the ubiquitin ligase-associated pro-
tein SGT1 interacts with the NLRP3 inflammasome regulating
its activity (18). Recent findings have reported that deubiquiti-
nation of NLRP3 is important for its activation (19). This is in
agreement with the data reported in this manuscript. We pro-
vide additional insights, however, that there is also a partial
DUB dependence of AIM2 inflammasome formation, that the
effects of DUBs occur upstream of ASC oligomerization, and
that the effects on IL-1 secretion are specific to caspase-1-de-
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pendent processes rather than an effect on non-classical pro-
tein secretion.

Although different release mechanisms for IL-18 have been
proposed, the exact pathways through which it exits the cell
remain unknown (7). Like IL-18 and IL-1¢, there are multiple
other proteins that lack a signal peptide and that harness non-
conventional routes of secretion, such as FGF-1, FGF-2, or
galectin-1 (55). Cellular stress such as heat shock induces the
release of FGF-1 and IL-1« via translocation across the plasma
membrane as part of a complex containing S10013 (55, 56).
FGF-2 secretion, however, occurs constitutively and is medi-
ated by phosphatidylinositol 4,5-bisphosphate at the inner leaf-
let and by heparan sulfate proteoglycans at the extracellular
side of the plasma membrane (57). The direct membrane trans-
location of FGF-1 and -2 or mature IL-1q, when overexpressed
in NIH3T3 cells, was not inhibited by ESI (Fig. 2). This sug-
gested that the effect of ESI on IL-1f3 secretion from macro-
phages was selective for the pathway regulating caspase-1 activ-
ity. Known ESI targets include Sec61-mediated translocation of
the ER and DUB activity associated with the endoplasmic retic-
ulum-associated protein degradation process (26, 39, 58). IL-13
lacks a signal peptide, and its secretion is not blocked by brefel-
din A (59), suggesting that it is highly unlikely that the effects of
ESI reported here reflected an effect on ER translocation. We
provided additional evidence for this by showing that the selec-
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treatment (C). Scale bar = 50 um.

tive ER translocation inhibitor cpd A (35) had no effect on IL-13
processing and release (Fig. 3), suggesting the effect of ESI on
IL-1 release was DUB-mediated. The DUB dependence of
caspase-1-dependent IL-1 secretion was further confirmed by
use of two more selective DUB inhibitors, b-AP15 and WP1130.

The inhibitor activity of b-AP15, tested on a panel of differ-
ent DUBEs, is selective for UCH37 and USP14 (34). DUBs not
inhibited by b-AP15 include BAP1, a deubiquitinase from the
same family as UCH37 and that shares a high degree of similar-
ity (34, 60). b-AP15 also failed to block total DUB activity from
cell lysates measured by cleavage of the substrate ubiquitin-
amidomethylcoumarin, whereas N-ethylmaleimide did (data
not shown) (34), confirming that b-AP15 is not a pan-DUB
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inhibitor. However, inhibition of USP14 activity with IU1,
silencing of UCH37 with siRNA, or a combination of both
approaches to inhibit both USP14 and UCH37 simultaneously
did not inhibit the release of IL-13 (Fig. 4). It is possible that the
level of UCH37 silencing we achieved with siRNA may not have
been sufficient to observe a measurable effect on nigericin-in-
duced IL-1 release. However, we cannot rule out the possibil-
ity that there is further redundancy with other DUBs through-
out this system and/or that these inhibitors act on more than
one target.

Although AIM2 inflammasome activation is restricted to
DNA sensing, NLRP3-dependent caspase-1 activation can be
induced by structurally diverse stimuli such as ATP, nigericin,

S
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or MSU (4, 6). Inhibition of protein synthesis with ricin or other
ribosomal inhibitors stimulates NLPR3-dependent IL-183
release in cells that have been previously treated with LPS, pos-
sibly due to the disappearance of a protein/s required for
inflammasome regulation, and this can be blocked by the pro-
teasomal inhibitors bortezomib and MG-132 (61, 62). Further-
more, nigericin, ATP, and MSU all reduce protein translation,
suggesting that inhibition of protein synthesis may be the
mechanism regulating activation of the NLRP3 inflammasome
(62). However, ATP- and nigericin-induced IL-1p release has
also been shown to occur independently of proteasome inhibi-
tion with MG-132 (63, 64). Consistent with these latter find-
ings, we report here that both ATP- and nigericin-induced
IL-1 release was not affected by proteasome inhibitors, indi-
cating that the effects of DUB inhibition on IL-1 release do not
involve proteasomal activity. Thus the data presented here sug-
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gest DUBs regulate signaling processes required for the assem-
bly of the inflammasome and caspase-1 activation.

Another mechanism through which inflammasome activity
can be regulated is autophagy (65). Ubiquitinated proteins can
be recruited into the autophagic route by the adaptor proteins
p62 (also called SQSTM1/A170) (46) through its interaction
with the autophagosomal protein LC3 that results in the engulf-
ing and degradation of p62 and its ubiquitinated cargo (66).
Activation of the inflammasome with nigericin or DNA is
accompanied by an increase in autophagy within macrophages
(45). This activation leads to the ubiquitination of ASC and
possibly other inflammasome components that can then bind
p62 entering the autophagy route of degradation (45). We
found, however, no evidence linking the effects of the DUB
inhibitors on IL-1p release to changes in levels of autophagy
within the cells (Fig. 8). DUB inhibitors did, however, inhibit
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ASC oligomerization and consequently caspase-1 activation
but had no direct effect on the activity of recombinant
caspase-1 (Figs. 6 and 7), suggesting that the process regulated
by DUBs occurs upstream of inflammasome assembly. It could
be possible that DUB inhibitors induce the accumulation of
ubiquitinated inflammasome components and consequently
increase their degradation by autophagy without altering the
autophagy levels in the macrophage. Alternatively it is possi-
ble that DUB inhibitors block DUB-mediated alterations of the
polyubiquitin chain of inflammasome components that are
required for the assembly of the complex and consequently
caspase-1 activation and IL-1f release as suggested recently
(19). In conclusion, we contribute to the growing evidence that
the ubiquitin system plays a crucial role in inflammasome acti-
vation. Furthermore, in addition to their effects on cancer cells,
the DUB inhibitors used in this study could also represent a new
class of anti-inflammatory molecule and may be effective in
IL-1-dependent pathologies.

Acknowledgments— We are grateful to Prof. Stig Linder (Department
of Oncology and Pathology, Karolinska Institute, Stockholm, Sweden)
for b-AP15. We are also grateful to Dr. Vishva Dixit of Genentech for
the NLRP3 KO mice. 1. P. used the services of the Maine Medical
Center Research Institute Viral Core supported by National Institutes
of Health Grant 8P30 GM 103392 (to R. Friesel).

REFERENCES

1. Medzhitov, R. (2001) Toll-like receptors and innate immunity. Nat. Rev.
Immunol. 1, 135-145
2. Lépez-Castejon, G., and Pelegrin, P. (2012) Current status of inflam-
masome blockers as anti-inflammatory drugs. Expert. Opin. Investig.
Drugs 21, 995-1007
3. Watkins, L. R., Hansen, M. K,, Nguyen, K. T, Lee, J. E., and Maier, S. F.
(1999) Dynamic regulation of the proinflammatory cytokine, interleukin-
1B. Molecular biology for non-molecular biologists. Life Sci. 65, 449 — 481
4. Martinon, F., Mayor, A., and Tschopp, J. (2009) The inflammasomes.
Guardians of the body. Annu. Rev. Immunol. 27, 229 —265
5. Strowig, T., Henao-Mejia, J., Elinav, E., and Flavell, R. (2012) Inflam-
masomes in health and disease. Nature 481, 278 —286
6. Hornung, V., and Latz, E. (2010) Intracellular DNA recognition. Nat. Rev.
Immunol. 10, 123-130
7. Lopez-Castejon, G., and Brough, D. (2011) Understanding the mechanism
of IL-1 secretion. Cytokine Growth Factor Rev. 22, 189-195
8. Hornung, V., Ablasser, A., Charrel-Dennis, M., Bauernfeind, F., Horvath,
G., Caffrey, D. R, Latz, E., and Fitzgerald, K. A. (2009) AIM2 recognizes
cytosolic dsDNA and forms a caspase-1-activating inflammasome with
ASC. Nature 458, 514 -518
9. Miao, E. A., and Warren, S. E. (2010) Innate immune detection of bacterial
virulence factors via the NLRC4 inflammasome. J. Clin. Immunol. 30,
502-506
10. Malynn, B. A,, and Ma, A. (2010) Ubiquitin makes its mark on immune
regulation. Immunity 33, 843— 852
11. Hershko, A., and Ciechanover, A. (1998) The ubiquitin system. Annu. Rev.
Biochem. 67, 425—479
12. Clague, M. ], Coulson, J. M., and Urbé¢, S. (2012) Cellular functions of the
DUB:s. J. Cell Sci. 125, 277-286
13. Reyes-Turcu, F. E., Ventii, K. H., and Wilkinson, K. D. (2009) Regulation
and cellular roles of ubiquitin-specific deubiquitinating enzymes. Annu.
Rev. Biochem. 78, 363—-397
14. Luheshi, N. M., Giles, J. A., Lopez-Castejon, G., and Brough, D. (2012)
Sphingosine regulates the NLRP3 inflammasome and IL-1f release from
macrophages. Eur. J. Immunol. 42, 716 -725
15. Qu, Y., Misaghi, S., Izrael-Tomasevic, A., Newton, K., Gilmour, L. L., Lam-

2732 JOURNAL OF BIOLOGICAL CHEMISTRY

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

kanfi, M., Louie, S., Kayagaki, N., Liu, J., Kémiwves, L., Cupp, J. E., Arnott,
D., Monack, D., and Dixit, V. M. (2012) Phosphorylation of NLRC4 is
critical for inflammasome activation. Nature 490, 539 —542

Labb¢, K., Mclntire, C. R., Doiron, K., Leblanc, P. M., and Saleh, M. (2011)
Cellular inhibitors of apoptosis proteins cIAP1 and cIAP2 are required for
efficient caspase-1 activation by the inflammasome. Immunity 35,
897-907

Vince, J. E., Wong, W. W., Gentle, L., Lawlor, K. E., Allam, R., O'Reilly, L.,
Mason, K., Gross, O., Ma, S., Guarda, G., Anderton, H., Castillo, R,,
Haicker, G., Silke, J., and Tschopp, J. (2012) Inhibitor of apoptosis proteins
limit RIP3 kinase-dependent interleukin-1 activation. Immunity 36,
215-227

Mayor, A., Martinon, F., De Smedt, T., Pétrilli, V., and Tschopp, J. (2007)
A crucial function of SGT1 and HSP90 in inflammasome activity links
mammalian and plant innate immune responses. Nat. Immunol. 8,
497-503

Juliana, C., Fernandes-Alnemri, T., Kang, S., Farias, A., Qin, F., and Al-
nemri, E. S. (2012) Non-transcriptional priming and deubiquitination reg-
ulate Nlrp3 inflammasome activation. /. Biol. Chem. 287, 36617-36622
McKibbin, C., Mares, A., Piacenti, M., Williams, H., Roboti, P., Puum-
alainen, M., Callan, A. C., Lesiak-Mieczkowska, K., Linder, S., Harant, H.,
High, S., Flitsch, S. L., Whitehead, R. C., and Swanton, E. (2012) Inhibition
of protein translocation at the endoplasmic reticulum promotes activation
of the unfolded protein response. Biochem. J. 442, 639 — 648

Le Feuvre, R. A, Brough, D., Iwakura, Y., Takeda, K., and Rothwell, N. J.
(2002) Priming of macrophages with lipopolysaccharide potentiates
P2X7-mediated cell death via a caspase-1-dependent mechanism inde-
pendently of cytokine production. J. boil. Chem. 277, 32103218
Fernandes-Alnemri, T., and Alnemri, E. S. (2008) Assembly, purification,
and assay of the activity of the ASC pyroptosome. Methods Enzymol. 442,
251-270

Tarantini, F., Gamble, S., Jackson, A., and Maciag, T. (1995) The cysteine
residue responsible for the release of fibroblast growth factor-1 residues in
a domain independent of the domain for phosphatidylserine binding.
J. Biol. Chem. 270, 29039 —29042

Kahlenberg, J. M., and Dubyak, G. R. (2004) Mechanisms of caspase-1
activation by P2X7 receptor-mediated K* release. Am. J. Physiol. Cell
Physiol. 286, C1100-C1108

Wang, Q., Li, L., and Ye, Y. (2008) Inhibition of p97-dependent protein
degradation by Eeyarestatin L. J. Biol. Chem. 283, 7445-7454

Cross, B. C., McKibbin, C., Callan, A. C,, Roboti, P., Piacenti, M., Rabu, C.,
Wilson, C. M., Whitehead, R., Flitsch, S. L., Pool, M. R,, High, S., and
Swanton, E. (2009) Eeyarestatin I inhibits Sec61-mediated protein trans-
location at the endoplasmic reticulum. /. Cell Sci. 122, 43934400
Wang, Q., Shinkre, B. A,, Lee, J. G., Weniger, M. A, Liu, Y., Chen, W,
Wiestner, A., Trenkle, W. C., and Ye, Y. (2010) The ERAD inhibitor Ee-
yarestatin I is a bifunctional compound with a membrane binding domain
and a p97/VCP inhibitory group. PLoS One 5, 15479

Ferrari, D., Chiozzi, P., Falzoni, S., Dal Susino, M., Melchiorri, L., Bari-
cordi, O. R, and Di Virgilio, F. (1997) Extracellular ATP triggers IL-1 3
release by activating the purinergic P2Z receptor of human macrophages.
J. Immunol. 159, 1451-1458

Mariathasan, S., Weiss, D. S., Newton, K., McBride, J., O'Rourke, K.,
Roose-Girma, M., Lee, W. P., Weinrauch, Y., Monack, D. M., and Dixit,
V. M. (2006) Cryopyrin activates the inflammasome in response to toxins
and ATP. Nature 440, 228 232

Solle, M., Labasi, J., Perregaux, D. G., Stam, E., Petrushova, N., Koller,
B. H,, Griffiths, R. ]., and Gabel, C. A. (2001) Altered cytokine production
in mice lacking P2X(7) receptors. J. Biol. Chem. 276, 125-132

Lamkanfi, M. (2011) Emerging inflammasome effector mechanisms. Nat.
Rev. Immunol. 11, 213-220

Tarantini, F., Micucci, I, Bellum, S., Landriscina, M., Garfinkel, S., Pru-
dovsky, I, and Maciag, T. (2001) The precursor but not the mature form of
IL1a blocks the release of FGF1 in response to heat shock. J. Biol. Chem.
276, 5147-5151

Berndtsson, M., Beaujouin, M., Rickardson, L., Havelka, A. M., Larsson, R.,
Westman, J., Liaudet-Coopman, E., and Linder, S. (2009) Induction of the
lysosomal apoptosis pathway by inhibitors of the ubiquitin-proteasome

VOLUME 288+-NUMBER 4+JANUARY 25,2013



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.
47.
48.

49.

JANUARY 25,2013 +VOLUME 288-NUMBER 4

system. Int. J. Cancer 124, 1463-1469

D’Arcy, P., Brnjic, S., Olofsson, M. H., Fryknads, M., Lindsten, K., De Ce-
sare, M., Perego, P., Sadeghi, B., Hassan, M., Larsson, R., and Linder, S.
(2011) Inhibition of proteasome deubiquitinating activity as a new cancer
therapy. Nat. Med. 17, 1636 —1640

Besemer, J., Harant, H., Wang, S., Oberhauser, B., Marquardt, K., Foster,
C. A, Schreiner, E. P., de Vries, J. E.,, Dascher-Nadel, C., and Lindley, L J.
(2005) Selective inhibition of cotranslational translocation of vascular cell
adhesion molecule 1. Nature 436, 290 —293

Kapuria, V., Peterson, L. F., Fang, D., Bornmann, W. G., Talpaz, M., and
Donato, N.]J. (2010) Deubiquitinase inhibition by small-molecule WP1130
triggers aggresome formation and tumor cell apoptosis. Cancer Res. 70,
9265-9276

Lee, B. H,, Lee, M. ], Park, S., Oh, D. C,, Elsasser, S., Chen, P. C., Gartner,
C., Dimova, N,, Hanna, J., Gygi, S. P., Wilson, S. M., King, R. W, and Finley,
D. (2010) Enhancement of proteasome activity by a small-molecule inhib-
itor of USP14. Nature 467,179 -184

Koulich, E., Li, X., and DeMartino, G. N. (2008) Relative structural and
functional roles of multiple deubiquitylating proteins associated with
mammalian 26 S proteasome. Mol. Biol. Cell 19, 1072—-1082

Valle, C. W., Min, T., Bodas, M., Mazur, S., Begum, S., Tang, D., and Vij, N.
(2011) Critical role of VCP/p97 in the pathogenesis and progression of
non-small cell lung carcinoma. PLoS One 6, €29073

Kisselev, A. F., van der Linden, W. A., and Overkleeft, H. S. (2012) Protea-
some inhibitors. An expanding army attacking a unique target. Chem. Biol.
19, 99-115

Bauernfeind, F. G., Horvath, G., Stutz, A., Alnemri, E. S., MacDonald, K.,
Speert, D., Fernandes-Alnemri, T., Wu, ], Monks, B. G., Fitzgerald, K. A.,
Hornung, V., and Latz, E. (2009) Cutting edge. NF-«B activating pattern
recognition and cytokine receptors license NLRP3 inflammasome activa-
tion by regulating NLRP3 expression. /. Immunol. 183, 787-791
Martinon, F., Pétrilli, V., Mayor, A., Tardivel, A., and Tschopp, J. (2006)
Gout-associated uric acid crystals activate the NALP3 inflammasome.
Nature 440, 237-241

Clague, M. J., and Urbé, S. (2010) Ubiquitin. Same molecule, different
degradation pathways. Cell 143, 682— 685

Nakahira, K., Haspel, J. A., Rathinam, V. A,, Lee, S. J., Dolinay, T., Lam,
H. C.,, Englert, J. A., Rabinovitch, M., Cernadas, M., Kim, H. P., Fitzgerald,
K. A, Ryter, S. W., and Choi, A. M. (2011) Autophagy proteins regulate
innate immune responses by inhibiting the release of mitochondrial DNA
mediated by the NALP3 inflammasome. Nat. Immunol. 12, 222-230
Shi, C. S, Shenderov, K., Huang, N. N, Kabat, J., Abu-Asab, M., Fitzgerald,
K. A, Sher, A, and Kehrl, J. H. (2012) Activation of autophagy by inflam-
matory signals limits IL-18 production by targeting ubiquitinated inflam-
masomes for destruction. Nat. Immunol. 13, 255-263

He, C., and Klionsky, D. J. (2009) Regulation mechanisms and signaling
pathways of autophagy. Annu. Rev. Genet. 43, 67-93

Mizushima, N. (2004) Methods for monitoring autophagy. Int. J. Biochem.
Cell Biol. 36, 2491-2502

Takeuchi, O., and Akira, S. (2010) Pattern recognition receptors and in-
flammation. Cell 140, 805— 820

Gack, M. U, Shin, Y. C,, Joo, C. H., Urano, T., Liang, C., Sun, L., Takeuchi,
O., Akira, S., Chen, Z, Inoue, S., and Jung, J. U. (2007) TRIM25 RING-

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Deubiquitinases Regulate IL-1[3 Release

finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity.
Nature 446, 916 -920

Hasegawa, M., Fujimoto, Y., Lucas, P. C., Nakano, H., Fukase, K., Nufiez,
G., and Inohara, N. (2008) A critical role of RICK/RIP2 polyubiquitination
in Nod-induced NF-«B activation. EMBO J. 27, 373—-383

Bertrand, M. J., Doiron, K., Labbé, K., Korneluk, R. G., Barker, P. A., and
Saleh, M. (2009) Cellular inhibitors of apoptosis cIAP1 and cIAP2 are
required for innate immunity signaling by the pattern recognition recep-
tors NOD1 and NOD2. Immunity 30, 789 — 801

Jiang, X., and Chen, Z. J. (2012) The role of ubiquitylation in immune
defense and pathogen evasion. Nat. Rev. Immunol. 12, 35—48

Harhaj, E. W., and Dixit, V. M. (2012) Regulation of NF-«B by deubiquiti-
nases. Immunol. Rev. 246, 107—124

Kumar, Y., Radha, V., and Swarup, G. (2010) Interaction with Sugl enables
Ipaf ubiquitination leading to caspase 8 activation and cell death. Biochem.
J. 427, 91-104

Prudovsky, I, Mandinova, A., Soldi, R., Bagala, C., Graziani, I, Lan-
driscina, M., Tarantini, F., Duarte, M., Bellum, S., Doherty, H., and Maciag,
T. (2003) The non-classical export routes. FGF1 and IL-1« point the way.
J. Cell Sci. 116, 4871-4881

Prudovsky, I, Tarantini, F., Landriscina, M., Neivandt, D., Soldi, R., Kirov,
A., Small, D., Kathir, K. M., Rajalingam, D., and Kumar, T. K. (2008) Se-
cretion without Golgi. /. Cell. Biochem. 103, 1327-1343

Nickel, W. (2010) Pathways of unconventional protein secretion. Curr.
Opin. Biotechnol. 21, 621-626

Wang, Q., Mora-Jensen, H., Weniger, M. A., Perez-Galan, P., Wolford, C.,
Hai, T., Ron, D., Chen, W., Trenkle, W., Wiestner, A., and Ye, Y. (2009)
ERAD inhibitors integrate ER stress with an epigenetic mechanism to
activate BH3-only protein NOXA in cancer cells. Proc. Natl. Acad. Sci.
U.S.A. 106, 22002205

Rubartelli, A., Cozzolino, F., Talio, M., and Sitia, R. (1990) A novel secre-
tory pathway for interleukin-1 8, a protein lacking a signal sequence.
EMBO]. 9,1503-1510

Sanchez-Pulido, L., Kong, L., and Ponting, C. P. (2012) A common ances-
try for BAP1 and Uch37 regulators. Bioinformatics 28, 1953—-1956
Lindauer, M., Wong, J., and Magun, B. (2010) Ricin toxin activates the
NALP3 inflammasome. Toxins 2, 1500 —1514

Vyleta, M. L., Wong, J., and Magun, B. E. (2012) Suppression of ribosomal
function triggers innate immune signaling through activation of the
NLRP3 inflammasome. PLoS One 7, e36044

Juliana, C., Fernandes-Alnemri, T., Wu, J., Datta, P., Solorzano, L., Yu,
J. W., Meng, R, Quong, A. A, Latz, E., Scott, C. P., and Alnemri, E. S.
(2010) Anti-inflammatory compounds parthenolide and Bay 11-7082 are
direct inhibitors of the inflammasome. J. Biol. Chem. 285, 9792-9802
Squires, R. C., Muehlbauer, S. M., and Brojatsch, J. (2007) Proteasomes
control caspase-1 activation in anthrax lethal toxin-mediated cell killing.
J. Biol. Chem. 282, 34260 —34267

Deretic, V. (2012) Autophagy. An emerging immunological paradigm.
J. Immunol. 189, 15-20

Korolchuk, V. I, Menzies, F. M., and Rubinsztein, D. C. (2010) Mecha-
nisms of cross-talk between the ubiquitin-proteasome and autophagy-
lysosome systems. FEBS Lett. 584, 1393-1398

JOURNAL OF BIOLOGICAL CHEMISTRY 2733



