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Nedd8 Regulates Inflammasome-Dependent Caspase-1 Activation
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Caspase-1 is activated by the inflammasome complex to process cytokines like interleukin-1f3 (IL-1f3). Pro-caspase-1 consists of
three domains, CARD, p20, and p10. Association of pro-caspase-1 with the inflammasome results in initiation of its autocatalytic
activity, culminating in self-cleavage that generates catalytically active subunits (p10 and p20). In the current study, we show that

Nedd8 is required for efficient self-cleavage of pro-caspase-1 to generate its catalytically active subunits. Nedd8 silencing or
treating cells with the neddylation inhibitor MLN4924 led to diminished caspase-1 processing and reduced IL-13 maturation
following inflammasome activation. Coimmunoprecipitation and mass spectrometric analysis of 293 cells overexpressing pro-
caspase-1 (and CARD) and Nedd8 suggested possible neddylation of caspase-1 CARD. Following inflammasome activation in
primary macrophages, we observed colocalization of endogenous Nedd8 with caspase-1. Similarly, interaction of endogenous
Nedd8 with caspase-1 CARD was detected in inflammasome-activated macrophages. Furthermore, enhanced autocatalytic activ-
ity of pro-caspase-1 was observed following Nedd8 overexpression in 293 cells, and such activity in inflammasome-activated
macrophages was drastically diminished upon treatment of cells with MLN4924. Thus, our studies demonstrate a role of Nedd8
in regulating caspase-1 activation following inflammasome activation, presumably via augmenting autoprocessing/cleavage of

pro-caspase-1 into its corresponding catalytically active subunits.

aspase-1 is a critical enzyme required for processing of the

31-kDa pro-interleukin-13 (pro-IL-1p) protein to the 17-
kDa active (secreted form) IL-1f3, a key proinflammatory media-
tor that modulates the host response to disease and infection (1—
7). Caspase-1 activity is also required for processing of cytokines
like IL-18 and induction of the intracellular pathogen-induced
cell death mechanism known as pyroptosis. Pro-caspase-1 is syn-
thesized as an inactive precursor of 45 kDa consisting of three
domains: CARD (9 kDa), p20 (20 kDa), and p10 (10 kDa). Pro-
caspase-1, which possesses autocatalytic activity, cleaves itself at
specific aspartic acid (Asp) residues to generate enzymatically
active caspase-1, which is comprised of a tetramer of p10-p20
subunits. Activation of caspase-1 occurs following recruitment
of pro-caspase-1 to a multiprotein complex known as the in-
flammasome (8-37). Various signals (e.g., from the pathogen,
endogenous factors like ATP, cholesterol crystals, and mono-
sodium urate) trigger formation of the inflammasome, com-
prised of a homo- and hetero-oligomeric complex of proteins,
such as NLRP3, AIM2, NLRC4, NLRP1, NLRP6, NLRP7, and
RIG-I. Among the different inflammasome complexes, the
NLRP3/ASC inflammasome is best characterized. It is postulated
that the inflammasome complex recruits pro-caspase-1 via a
CARD-CARD interaction between pro-caspase-1 and ASC. A
conformational change in pro-caspase-1 due to its recruitment to
the inflammasome induces its autocatalytic activity, resulting in
self-cleavage to yield p10 and p20 subunits, the functional sub-
units of active caspase-1.

Caspase-1-mediated production of active IL-1B is a critical
regulator of the host response under various stress conditions.
Thus, deregulated inflammasome/caspase-1 activation resulting
in high or low active IL-1f secretion can manifest in various dis-
eases, like pneumonia (viral or bacterial), diabetes, atherosclero-
sis, obesity, cancer, gout, Alzheimer’s, arthritis, etc. (8-37). More-
over, IL-1B maturation disorders (inflammasomopathies) have
been associated with various autoinflammatory diseases, such as
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familial cold autoinflammatory syndrome, Muckle-Wells syn-
drome, and familial Mediterranean fever (38, 39). Since the in-
flammasome plays a crucial role in health and disease, it is imper-
ative to understand the cellular/molecular mechanism regulating
its activation. Toward that end, we have uncovered that neddyla-
tion may play a role in inflammasome activation, by virtue of it
enhancing cleavage and processing (autocatalytic activity) of pro-
caspase-1 to yield active caspase-1.

We recently identified Nod2 and Nod-like receptor proteins
(NLRPs) as important host factors controlling respiratory virus
(respiratory syncytial virus [RSV] and influenza A virus [[AV]),
specific innate immune responses following induction of type I
interferon (40), and activation of NLRP3/ASC inflammasomes in
RSV-infected cells (41). We also recently reported that RSV uti-
lizes lipid rafts during virus budding (42), and since budding
events of several viruses are regulated by Nedd proteins like Nedd4
(Nedd4 is a component of ESCRT [the endosomal sorting com-
plex required for transport] pathway [43, 44] that utilizes L (late-
assembly) domains during virus budding), we knocked down (via
RNA interference [RNAi]) several Nedd proteins, including
Nedd4 and Nedd8 (as a control). During those studies, we surpris-
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ingly uncovered that Nedd8 knockdown drastically reduced IL-13
production from RSV-infected cells. This observation led to stud-
ies focusing on the role of neddylation (45, 46) in regulating in-
flammasome activation. Silencing of Nedd8 in macrophages and
epithelial cells led to reduced IL-1B secretion and maturation.
This was due to diminished processing of pro-caspase-1 to yield
functional subunits (i.e., the p10 subunit). The knockdown stud-
ies were further validated by using MLN4924, a neddylation in-
hibitor that blocks the activity of Nedd8-activating enzyme (NAE)
(47-49). Further studies revealed colocalization and coimmuno-
precipitation of endogenous Nedd8 with caspase-1 in inflam-
masome-activated macrophages. Biochemical analysis by overex-
pressing caspase-1 and Nedd8 in 293 cells showed that
caspase-1 is neddylated and that CARD of pro-caspase-1 is the
site of neddylation. Mechanistically, our studies also suggested
that neddylation enhances autocleavage/autocatalytic activity
of pro-caspase-1, since increased levels of cleaved caspase-1
products were detected in cells overexpressing Nedd8 and
caspase-1. Finally, the physiological significance of neddylation
was borne out by the observation that administration of
MLN4924 to mice treated with lipopolysaccharide (LPS) and ATP
(to trigger inflammasome-mediated production of mature IL-183)
led to significantly reduced IL-1f levels in serum. Thus, our stud-
ies have uncovered a role of neddylation during inflammasome-
dependent activation of caspase-1 and subsequent release of ma-
ture IL-13.

MATERIALS AND METHODS

Antibodies and reagents. Dulbecco’s modified Eagle’s medium (DMEM),
RPMI 1640, OPTI-MEMV, fetal bovine serum (FBS), and penicillin-strep-
tomycin were purchased from Life Technologies (Grand Island, NY). A
bronchial epithelial cell growth medium (BEGM) bullet kit was purchased
from Lonza. Bacterial lipopolysaccharide (LPS-EB; Escherichia coli O111:
B4) was purchased from Invivogen. ATP and nigericin were purchased
from Sigma-Aldrich (St. Louis, MO). Primary antibodies used included
rabbit anti-human caspase-1 p10, rabbit anti-mouse caspase-1 p10, goat
anti-mouse caspase-1 p20, mouse anti-green fluorescent protein (anti-
GFP; Santa Cruz Biotechnology), rabbit anti-caspase-1 CARD (LSBio),
rabbit anti-Nedd8 (Cell Signaling), goat anti-mouse IL-1B p17 (R&D Sys-
tems), mouse anti-human IL-1 3ZD (NCI—Frederick Cancer Research
and Development Center), mouse anti-FLAG, mouse anti-myc, and
mouse antihemagglutinin (anti-HA; Sigma), and antiactin antibody
(Bethyl Laboratories). Secondary antibodies included goat anti-mouse
antibody—horseradish peroxidase (HRP), goat anti-rabbit antibody—
HRP, and donkey anti-goat antibody—~HRP conjugates (Jackson Immu-
noResearch), and goat anti-rabbit antibody—fluorescein isothiocyanate
(FITC), goat anti-rabbit antibody—Texas Red, goat anti-mouse antibody—
FITC, goat anti-mouse antibody—Texas Red, and donkey anti-goat anti-
body-Texas Red conjugates (ProSci Inc.). Control small interfering RNA
(siRNA) A and Nedd8 siRNA were purchased from Santa Cruz Biotech-
nology. Enzyme-linked immunosorbent assay (ELISA) kits for human
IL-1B, mouse IL-13, and tumor necrosis factor alpha (TNF-a) were pur-
chased from eBioscience. A mouse IL-18 ELISA kit was purchased from
MyBioSource.

Virus purification and cell culture. RSV (A2 strain) was propagated
in CV-1 cells (40, 50-52). RSV was purified by centrifugation (two times)
on discontinuous sucrose gradients as described previously (40, 50-53).
Influenza A virus [IAV; A/PR/8/34 (HIN1)] was grown in the allantoic
cavities of 10-day-old embryonated eggs (40, 54). IAV was purified by
centrifugation (two times) on discontinuous sucrose gradients (40, 54).
293 cells were maintained in DMEM supplemented with 10% FBS, 100
IU/ml penicillin, 100 pg/ml streptomycin. Normal human bronchial ep-
ithelial (NHBE) cells were maintained in BEGM complete medium
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(Lonza) in accordance with the manufacturer’s instructions, and cells
used for the experiments were in their third passage or sooner. Immortal-
ized mouse bone marrow-derived macrophages (NR-9456 cells) were
maintained in DMEM supplemented with 10% FBS, 100 IU/ml penicillin,
100 pg/ml streptomycin. THP-1 cells were maintained in RPMI 1640
medium supplemented with 10% FBS, 100 IU/ml penicillin, 100 g/ml
streptomycin, and 50 uM 2-mercaptoethanol. THP-1 differentiation was
achieved by culturing 5 X 10° cells in complete medium containing 50 nM
phorbol 12-myristate 13-acetate (PMA) for 24 h in 12-well cell culture
plates. After 24 h, PMA-containing medium was replaced with fresh com-
plete medium, and cells were maintained for 48 h before treatments. Bone
marrow-derived macrophages (BMDM:s) were obtained from femurs and
tibias of wild-type C57BL/6 mice and were cultured for 6 to 8 days as
described elsewhere (40, 54, 55). Cells were plated in 12-well cell culture
plates containing RPMI 1640, 10% FBS, 100 IU/ml penicillin, 100 pwg/ml
streptomycin, and 20 ng/ml granulocyte-macrophage colony-stimulating
factor. 293 and THP-1 cells were obtained from the American Type Cul-
ture Collection (ATCC; Manassas, VA). NHBE cells were obtained from
Lonza. NR-9456 cells were a gift from Michael T. Berton (UT Health
Science Center at San Antonio).

RNA isolation, PCR amplification, and RT-PCR. Total RNA isola-
tion from cells was performed using a monophasic solution of phenol and
guanidine thiocyanate (TRIzol; Sigma-Aldrich, St. Louis, MO), as recom-
mended by the suppliers. Total cellular RNA (1 jg) was used to generate
cDNA by using Moloney murine leukemia virus reverse transcriptase
(Applied Biosystems, Carlsbad, CA). PCR was routinely performed using
0.625 units of Taq polymerase, 10 pmol of each oligonucleotide primer, 1
mM MgCl,, and 100 uM deoxynucleotide triphosphates in a final reac-
tion volume of 25 pl. The amplification cycle was as follows: an initial
denaturing step (95°C for 3 to 5 min) was followed by 28 cycles of dena-
turing (94°C for 30 s), annealing (60°C for 30 s), and extending (72°C for
30s), followed by 10 min at 72°C for elongation. Following amplification,
the PCR products were analyzed on 1.5% agarose gels, and band intensi-
ties were quantified by densitometry (Syngene gel documentation sys-
tem). Equal loading in each well was confirmed by analyzing expression of
the housekeeping glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene. The primers used to detect the genes for the indicated proteins by
reverse transcription-PCR (RT-PCR) are as follows (forward and reverse
sequences, respectively, are shown in the 5'-to-3" direction): human pro-
IL-1B8, AAACAGATGAAGTGCTCCTTCCAG and TGGAGAACACCAC
TTGTTGCTCCA (product size, 391 bp); human GAPDH, GTCAGTGG
TGGACCTGACCT and AGGGGTCTACATGGCAACTG (product size,
420 bp); human Nedd8, ATGCTAATTAAAGTGAAGACGCTGAC and
TCACTGCCTAAGACCACCTCCTC (product size, 246 bp); mouse pro-
IL-1B, GACAGTGATGAGAATGACCTGTTC and CCTGACCACTGTT
GTTTCCC (product size, 730 bp); mouse GAPDH, GCCAAGGTCATC
CATGACAACTTTGG and GCCTGCTTCACCACCTTCTTGATGTC
(product size, 314 bp); mouse Nedd8, ATGCTAATTAAAGTGAAGACG
CTGAC and TCACTGCCCAAGACCACCTCCTC (product size, 246
bp); mouse Ubc12, TTTGACCACCACGTGATTAT and CTTTAATAGC
CTGGTGGGAC (product size, 211 bp); human pro-caspase-1, GGTCC
TGAAGGAGAAGAGAA and AGGCCTGGATGATGATCACC (product
size, 842 bp); human AS, GGACGCCTTGGCCCTCACC and GGCGCG
GCTCCAGAGCCCTG (product size, 150 bp); human NLRP3, TTCTTT
CTGTTTGCTGAGTTTTTG and TTCCTGGCATATCACAGTGG (prod-
uct size, 467 bp).

Cell transfection and RNA interference. 293 cells were transfected
with Lipofectamine 2000 (Invitrogen) at 80% confluence (40) in 12-well
cell culture plates with expression plasmids carrying genes for human ASC
(1.6 pg/well), human NLRP3 (1.6 pg/well), human pro-IL-13 (0.1 pg/
well), myc-procaspase-1 or myc-procaspase-1-HA (1.6 wg/well), FLAG-
Nedd8 or GFP-Nedd8 (1.6 pg/well), myc-tagged CARD or p30 domain
proteins (1.6 pg/well), or empty pcDNAG6.1 (1.6 pg/well) vector express-
ing FLAG, myc, HA, or GFP tags alone. At 24 h posttransfection, 293 cells
were either treated with ATP (5 mM) or nigericin (15 wM) or infected
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with RSV at a multiplicity of infection (MOI) of 1 or with IAV (MOI, 1).
BMDMs and NR-9456 cells were silenced by using Lipofectamine 2000
(40 pmol siRNA with 3 pl Lipofectamine per reaction mixture) for 24 h.
NHBE cells were silenced by using Primefect and Primefect diluent
(Lonza) according to the manufacturer’s transfection protocol A for 24 h.

Treatments and infections. Macrophages were treated with LPS for 4
h (BMDM s with 100 ng/ml, NR-9456 and THP-1 with 1 pg/ml) followed
by ATP (5 mM) for 30 min and nigericin (15 wM) for 30 min. For
MLN4924 experiments, macrophages were stimulated with LPS for 2 h,
followed by addition of 250 nM MLN-containing medium with fresh LPS
for 4 h, then ligand (nigericin or ATP) treatment for 30 min. 293 cells,
NHBE cells, and BMDM:s were infected with purified RSV or IAV at an
MOI of 1 in serum-free antibiotic-free OPTI-MEM medium (Gibco).
Virus adsorption was performed for 1.5 h at 37°C. Following adsorp-
tion, cells were washed twice with phosphate-buffered saline (PBS),
and the infection was continued in the presence of complete medium
for the specified time points. For the in vivo experiment, 6- to 8-week-
old C57BL/6 male mice (obtained from Jackson Laboratories) were
injected intraperitoneally (i.p.) with LPS (300 pg) in PBS for 3 h, then
injected i.p. with MLN4924 (3 mg/kg of body weight, 6 mg/kg, or
vehicle in PBS; 5 mice per group) for 4 h, then injected i.p. with ATP
(100 pl of a 100 mM PBS solution) for 15 min. Mice were then bled via
the retro-orbital method and sacrificed. Cytokine levels in serum were
detected by an ELISA.

Immunofluorescence. For immunofluorescence, 1 X 10° BMDMs
were seeded onto 12-mm number 1.5 glass coverslips (Fisher) and cul-
tured for 48 h. BMDMs were treated or infected following the protocol
described above. BMDMs were then fixed with 10% stock formaldehyde
in PBS overnight at 4°C, treated with 50 mM glycine for 1 h, permeabilized
with 1% Triton X-100 in PBS for 1 h, blocked with 1% bovine serum
albumin in PBS for 1 h, probed with goat anti-mouse caspase-1 p20 (1:300
for 1 h, washed 5 times [10 min per wash] with PBS, probed with rabbit
anti-Nedd8 [1:300]) for 1 h, washed 5 times, probed with donkey anti-
goat antibody-Texas Red conjugate (1:100); 30 min, washed 5 times,
probed with goat anti-rabbit antibody—FITC conjugate for 30 min,
washed 5 times, and finally mounted onto glass slides by using 5 pl Slow-
Fade Gold antifade reagent with 4',6-diamidino-2-phenylindole (DAPI;
Invitrogen) and clear nail polish. Slides were then analyzed on an Olym-
pus FV-1000 confocal multiphoton spectral laser scanning microscope.

Western blotting and immunoprecipitation. Primary antibodies for
Western blotting included the following: rabbit anti-human caspase-1
p10 (1:500), rabbit anti-mouse caspase-1 p10 (1:500), goat anti-mouse
caspase-1 p20 (1:500), rabbit anti-caspase-1 CARD (1:2,000), rabbit anti-
Nedd8 (1:1,000), goat anti-mouse IL-1B p17 (1:2,000), mouse anti-hu-
man IL-1B (1:1,000), antiactin (1:5,000), mouse anti-GFP (1:2,000),
mouse anti-myc (1:2,000), mouse anti-FLAG (1:2,000), and mouse an-
ti-HA (1:2,000). Secondary antibodies for Western blotting included the
following: goat anti-mouse antibody—HRP (1:5,000), goat anti-rabbit an-
tibody—HRP (1:5,000), and donkey anti-goat antibody—HRP (1:5,000).

For immunoprecipitation, 293 lysate was harvested using 1% Triton
X-100 in PBS with 5 mM Tris (pH 7.4) and 1X Roche Complete Mini
EDTA-free protease inhibitor cocktail. Lysates were sonicated 3 times for
5 s under cold conditions. Lysates were then centrifuged at 13,000 rpm for
10 min, and clear lysate supernatant was transferred to a new tube. For 293
cells, lysates were mixed with 50 pl rabbit anti-c-myc—agarose (Sigma), 50
pl mouse anti-HA—agarose (Thermo Scientific), or 50 pl mouse anti-
FLAG-agarose (Clontech) for 4 h at 4°C. For Western blotting with
BMDMs, cell lysate was prepared as described above for 293 cells. The
medium supernatant was precipitated with trichloroacetic acid (TCA) to
analyze proteins in the medium by Western blotting. BMDM medium
supernatant was collected and, following addition of TCA (15%), it was
left on ice for 30 min. The medium was then centrifuged (at 14,000 rpm
for 10 min at 4°C). Ice-cold acetone was added to the pellet, and following
mixing of the pellet in acetone, it was once again centrifuged for 5 min (at
14,000 rpm at 4°C). Washing of the pellet with ice-cold acetone was re-
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peated twice. After drying the pellet (to remove acetone), 2X sample
buffer was directly added to the pellet for Western blot analysis.

For immunoprecipitation with BMDMs, cell lysate was mixed with 4
jLg rabbit anti-Nedd8 IgG (Cell Signaling) for 1 h, followed by addition of
50 wl protein G-agarose (Thermo Scientific) for 3 h at 4°C. Samples were
centrifuged at 1,000 rpm for 1 min, and the pellet was washed 4 times with
PBS-5mM Tris (pH 7.4) and protease inhibitor. For each sample, protein
was eluted from the final pellet with 100 mM glycine (pH 2.9). Eluted
protein was precipitated with 20% TCA overnight at 4°C. Precipitated
protein was pelleted by centrifugation at 13,000 rpm for 10 min, washed
twice with ice-cold acetone, resuspended in SDS dissolving buffer, and
separated on a 12% SDS-PAGE gel. Protein was transferred onto a 0.2-pm
nitrocellulose membrane (Bio-Rad) for Western blot analysis, or the SDS-
PAGE gel was stained with Coomassie blue for mass spectrometry analy-
sis. For analysis of cleaved pro-caspase-1 (p10) and pro-IL-1B (p17) levels
(see Fig. 1B and E and 4B and C, below), we prepared cell lysate and
TCA-precipitated (acetone-washed) pellet from the medium supernatant
as described above. A portion of the cell lysate and TCA pellet (in SDS
sample buffer) derived from medium supernatant was utilized for West-
ern blotting with p10- and p17-specific antibodies. In order to detect total
actin protein (loading control for the experiments shown in Fig. 1B and E
and 4B and C), for each set an equal volume of cell lysate was added to an
equal volume of SDS sample buffer containing the resuspended TCA pel-
let from the medium supernatant. This was followed by Western blotting
with antiactin antibody.

Mass spectrometry. Following immunoprecipitation, proteins were
separated by one-dimensional (1-D) SDS-PAGE and stained with Coo-
massie blue. Another SDS-PAGE gel was used for Western blotting with
specific antibodies. Bands of interest (as deduced by comparing the West-
ern blot bands with the corresponding bands in the Coomassie blue-
stained gel) were excised, and the proteins were digested in situ with
trypsin (Promega). The digests were analyzed by capillary high-perfor-
mance liquid chromatography—electrospray ionization-tandem mass
spectrometry (HPLC-ESI-MS/MS) on a Thermo Fisher LTQ Orbitrap
Velos mass spectrometer fitted with a New Objective Digital PicoView 550
NanoESI source. Online HPLC separation of the digests was accom-
plished with an Eksigent/AB Sciex NanoLC-Ultra 2-D HPLC system: Pi-
coFrit column (New Objective; 75-pm inner diameter; New Objective)
packed to 15 cm with C 4 adsorbent (218MS; 5 wm, 300 A; Vydac). Pre-
cursor ions were acquired in the Orbitrap in centroid mode at 60,000
resolution (m/z 400); data-dependent collision-induced dissociation
(CID) spectra of the six most intense ions in the precursor scan above a set
threshold were acquired at the same time in the linear trap. Mascot (Ma-
trix Science) was used to search the spectra against a database containing
sequences of locally generated recombinant proteins and constructs con-
catenated to the Swiss-Prot database. GlyGly-lysine, methionine oxida-
tion, and deamidation of glutamine and asparagine were considered vari-
able modifications; trypsin was specified as the proteolytic enzyme, with
two missed cleavages allowed. Subset search of the identified proteins by
X! Tandem, cross-correlation with the Mascot results, and determina-
tions of protein and peptide identity probabilities were accomplished by
using Scaffold (Proteome Software). The thresholds for acceptance of
peptide and protein assignments in Scaffold were 95% and 99.9%, respec-
tively.

RESULTS

Diminished IL-1f3 and pro-caspase-1 processing in Nedd8-si-
lenced macrophages. In order to evaluate the role of Nedd8 in
IL-1B maturation, we silenced Nedd8 in primary BMDMs (Fig.
1A). The Nedd8-lacking cells were treated with LPS and inflam-
masome activators (nigericin and ATP) (Fig. 1B). IL-18 matura-
tion was evaluated by Western blotting of medium supernatant
with an antibody specific for mature IL-1B (p17) (Fig. 1B). West-
ern blotting of medium supernatant with a caspase-1 p10 subunit-
specific antibody was also performed to detect the levels of pro-
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FIG 1 Nedds8 silencing in BMDMs reduces caspase-1 activation and IL-1f processing during inflammasome activation. (A) RT-PCR analysis of Nedd8
expression in BMDM s transfected with control siRNA or Nedd8 siRNA. (B) Western blotting results for caspase-1 p10 and mature IL-1f p17 in supernatants
(supn) of Nedd8-silenced BMDMs treated with LPS followed by ATP or nigericin treatment. Actin served as a loading control (i.e., control for cell numbers). (C)
RT-PCR analysis of Nedd8 expression in NR-9456 cells transfected with control siRNA or Nedd8 siRNA. (D) ELISA results for IL-1B in supernatants of
Nedd8-silenced NR-9456 cells treated with LPS and nigericin. The values represent the means * standard deviations from three independent experiments
performed in triplicate. *, P < 0.05 using Student’s ¢ test. (E) Western blotting results for caspase-1 p10 in supernatants of Nedd8-silenced NR-9456 cells treated
with LPS and nigericin. Actin served as a loading control (i.e., control for cell numbers). RT-PCR data (A and C) and Western blotting data (B and E) are

representative of three independent experiments with similar results.

cessed/cleaved caspase-1 (Fig. 1B). Nedd8 is essential for IL-13
maturation, since the levels of mature IL-1B were reduced in
Nedd8-silenced cells (Fig. 1B). The loss of IL-1(3 maturation was a
result of inefficient processing of pro-caspase-1, which was evi-
dent from the reduced levels of caspase-1 p10 subunit in Nedd8-
silenced cells (Fig. 1B).

Similar results were obtained by using immortalized BMDMs
(NR-9456 cells) silenced for Nedd8 expression (Fig. 1C). ELISA
analysis of medium supernatant demonstrated loss of IL-1f3 pro-
duction following inflammasome activation (LPS plus nigericin
treatment) of NR-9456 cells treated with Nedd8 siRNA (Fig. 1D).
Diminished IL-1B production was due to inefficient processing of
pro-caspase-1, which was evident from the reduced levels of
caspase-1 p10 subunit in Nedd8-lacking NR-9456 cells (Fig. 1E).
Lack of mature IL-1P is not due to differences in pro-IL-13 levels,
since expression of pro-IL-1B was similar in control siRNA and
Nedd8 siRNA-treated BMDMSs and NR-9456 cells (see Fig. S1A
and B in the supplemental material). Similarly, pro-caspase-1 ex-
pression levels were unaltered in Nedd8-silenced cells compared
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to control cells (data not shown). During the time frame of our
experiment, loss of Nedd8 had no effect on NF-«kB activation,
since LPS treatment of Nedd8-silenced cells did not alter TNF-a
production (see Fig. S1C). These studies demonstrated that Nedd8 is
an important regulator of IL-1f maturation and pro-caspase-1 pro-
cessing, following inflammasome activation in macrophages.
Nedd8 is required for optimal IL-1 maturation/production
following infection of lung epithelial cells with respiratory syn-
cytial virus. Recently, we showed that RSV activates the NLRP3/
ASC inflammasome in macrophages (41). Similar activation of
the NLRP3 inflammasome was noted in RSV-infected primary
lung epithelial cells (56). Thus, we evaluated whether the Nedd8
requirement is restricted to only myeloid cells (i.e., macrophages)
or if it can also regulate IL-1f production from nonmyeloid cells
(i.e., epithelial cells). Since epithelial cells do not activate inflam-
masomes following treatment with LPS and inflammasome-acti-
vating agents (e.g., nigericin, ATP), we infected primary NHBE
cells with RSV. NHBE cells silenced for Nedd8 expression (Fig. 2A)
were infected with RSV, and IL-1B production was assessed in
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these cells. The requirement of Nedd8 is not only limited to my-
eloid cells, since IL-1B production from RSV-infected NHBE cells
was significantly diminished following Nedd8 silencing (Fig. 2B).
Western blot analysis of medium supernatant with antibody spe-
cific for mature IL-1B (p17) confirmed the loss of mature IL-13
(p17) in RSV-infected Nedd8-silenced cells (see Fig. S1D in the
supplemental material). No change in expression of pro-IL-13
(Fig. 2A) was noted in Nedd8-lacking NHBE cells. Furthermore,
the RSV infectious titer was comparable in control siRNA-treated
cells versus Nedd8 siRNA-treated cells (data not shown). Thus,
Nedd8 regulates IL-1(3 maturation/production in both nonmy-
eloid (NHBE) and myeloid (macrophage) cells.

Loss of IL-1$ production from Ubcl2-silenced macro-
phages. Ubc12 functions as the E2 conjugating enzyme for Nedd8
(57). Ubcl2 is required for shuttling activated Nedd8 to the E3
ligase, which then conjugates Nedd8 to specific substrates. Ubc12
is the only E2 conjugating enzyme of the Nedd8 pathway. Thus,
we silenced Ubc12 in macrophages to further provide evidence
that the Nedd8 pathway regulates IL-1@ maturation/production
following inflammasome activation. For these studies, we silenced
Ubcl2 in NR-9456 cells (Fig. 2C). These cells were then treated
with LPS and ATP to activate inflammasomes. Expression of
Ubcl12 is critical for IL-1f production, since diminished IL-1f3
production was noted following Ubc12 silencing (Fig. 2D). Loss of
IL-1pB production was not due to reduced pro-IL-1f3 (Fig. 2C) or
pro-caspase-1 (data not shown) expression in Ubcl2-silenced
cells. These studies validated an essential role of Nedd8 in regulat-
ing IL-1B production following inflammasome activation.

Enhanced IL-1f3 production from 293 cells overexpressing
Nedd8. In order to further confirm Nedd8’s role as a positive
regulator of IL-1f3 production, we overexpressed Nedd8 in 293
cells along with pro-caspase-1, pro-IL-13, ASC, and NLRP3. The
293 cell reconstitution system has been utilized successfully to
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analyze NLRP3 inflammasome-mediated IL-13 production. Cells
overexpressing pro-1L-1 and inflammasome components (in the
presence or absence of Nedd8 expression) were stimulated with
NLRP3 inflammasome-activating agents, such as ATP, nigericin,
and viruses (RSV and IAV). All of the inflammasome-activating
agents drastically enhanced IL-13 production only in the presence
of Nedd8 (Fig. 3A and B). The levels of pro-caspase-1, pro-IL-1j3,
ASC, and NLRP3 expression were similar in control cells and cells
expressing Nedd8 (Fig. 3C). Note that although RT-PCR detected
endogenous Nedd8 in Nedd8-nontransfected cells, enhanced
Nedd8 expression was observed in cells transfected with FLAG-
Nedd8. These studies demonstrated a role of Nedd8 as a positive
regulator of IL-1 production.

Neddylation inhibitor MLN4924 blocks IL-1{3 maturation/
production in vitro and in vivo. Since Nedd8 is embryonic lethal,
Nedd8 knockout (KO) mice do not exist. Nedd8 conditional KO
also did not yield a productive model, since Nedd8 is required for
cellular homeostasis. Therefore, in order to validate the results
obtained with RNAi technology and establish the in vivo physio-
logical relevance of neddylation during IL-1 production, we uti-
lized an inhibitor of neddylation called MLN4924, which blocks
the activity of Nedd8-activating enzyme (47-49). MLN4924 is
currently being developed as an anticancer drug during tumoro-
genesis, since neddylation of the tumor suppressor protein p53
results in loss of its activity. Several clinical trials conducted with
human cancer patients have concluded that MLN4924 is a safe
and highly efficacious anticancer drug. Since neddylation could
also be involved in IL-1 maturation/production, we next as-
sessed the effects of MLN4924 on pro-caspase-1 processing and
IL-1B3 maturation/production. Both murine (BMDM) and hu-
man (THP-1) macrophages were treated with LPS and inflam-
masome-activating agents (ATP and nigericin) either in the
presence or absence of MLN4924. Treatment of BMDMs with
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MLN4924 resulted in significantly reduced IL-1B production
(Fig. 4A). Loss of IL-1B production was due to diminished IL-1(3
maturation and reduced pro-caspase-1 processing in BMDMs,
since Western blot analysis of medium supernatant revealed loss
of mature IL-1f (p17) (Fig. 4B) and processed pl0 subunit of
pro-caspase-1 (Fig. 4B) following MLN4924 treatment. Similar to
BMDMs, MLN4924 treatment of THP-1 cells also led to loss of
IL-1B maturation and reduced pro-caspase-1 processing (Fig.
4C). MLN4924 treatment did not significantly alter the expression
of pro-IL-1f in BMDMs (see Fig. S2A in the supplemental mate-
rial) and THP-1 cells (see Fig. S2B, upper panel). The levels of
pro-caspase-1 were unaltered in MLN4924-treated THP-1 cells
(see Fig. S2B, lower panel) or BMDMs (data not shown). The loss
of mature IL-1 (p17 subunit) and processed caspase-1 (p10 sub-
unit) in the medium supernatant of Nedd8-silenced (data not
shown) and neddylation-inactivated MLN4924-treated cells (see
Fig. S2D) was not due to a problem in secretion of these cleaved
fragments, since we failed to detect any p17 and p10 in the cell
lysate following inflammasome triggering by nigericin (see Fig.
S2C). Our results corroborated results from previous studies (58)
that demonstrated NLRP3 inflammasome activation in BMDMs
(by ATP or nigericin) triggering rapid release of p10 and p17 in the
medium supernatant following cleavage of pro-caspase-1 and
pro-IL-1B, respectively. Therefore, p10 and p17 can only be de-
tected in the medium supernatant and not in the cell lysate of
ATP- and nigericin-treated cells (58). Although we detected p10
and p17 in the medium supernatant of inflammasome-activated
BMDMs (Fig. 4B), albeit at reduced levels in MLN4924-treated
cells (Fig. 4B), we failed to detect any p10 and p17 in the cell lysate
of inflammasome-activated (activated by nigericin) control or
MILN4924-treated cells (see Fig. S2C), thus precluding any possi-
bility of interference with secretion of p10 and p17 in neddylation-
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inhibited cells. In accordance with previous studies (58), we also
observed that inflammasome activation resulted in loss of intra-
cellular pro-caspase-1 and pro-IL-1P proteins due to their release
into the medium supernatant (see Fig. S2C). Diminished levels of
intracellular caspase-1 and complete loss of intracellular pro-
IL-1P protein in inflammasome-activated control and MLN4924-
treated cells (see Fig. S2C) indicated that reduced levels of p10
and pl7 in the medium supernatant of MLN4924-treated cells
(Fig. 4B) were not due to a secretion problem, but rather due to
diminished processing of pro-caspase-1 and pro-IL-13. We ob-
served similar results in inflammasome-activated Nedd8-silenced
BMDMs (data not shown). In addition, note that nigericin (and
ATP) treatment of BMDMs causes release of pro-caspase-1 and
pro-IL-1B in the medium supernatant independent of inflam-
masome activation (58). Therefore, although MLN4924 dimin-
ished caspase-1 activation (and pro-IL-1p cleavage), low levels of
intracellular pro-caspase-1 and pro-IL-13 were detected in con-
trol and MLN4924-treated cells activated with inflammasome-
triggering agent nigericin (see Fig. S2C).

Similar to Nedd8-silenced cells, MLN4924 treatment during
the time frame of our experiment did not alter NF-«B activation
status, since LPS triggered similar levels of TNF-a production
from control and MLN4924-treated cells (see Fig. S2D in the sup-
plemental material). Interestingly, Nedd8 was required for both
canonical NLRP3 inflammasome-mediated and noncanonical
NLRC4 inflammasome-mediated IL-1 release. Previous studies
have shown that 2-h infection of BMDMs with flagellin-deleted
Salmonella enterica serovar Typhimurium (AfliC AfliB) results in
NLRC4-mediated IL-1B release (59). We therefore analyzed
IL-1B release from control and MLN4924-treated BMDMs in-
fected with AfliC AfliB S. Typhimurium for 2 h. We observed a
significant loss of IL-1 release from MLN4924-treated Salmo-
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nella (AfliC AfliB)-infected cells (see Fig. S2E). Thus, our result
indicated that neddylation can also regulate NLRC4 inflam-
masome-dependent IL-1( release.

Since MLN4924 inhibited IL-1{ production/maturation, we next
administered MLN4924 to mice to investigate the i vivo role of ned-
dylation during IL-1B production. In order to assess the involvement
of Nedds8, IL-1B levels were measured in the serum of mice treated
(via the intraperitoneal route) with LPS and ATP (in the absence or
presence of MLN4924). A similar procedure was utilized previously
to investigate inflammasome activation in mice (32). Neddylation is
also required in vivo for IL-1@ production, since significantly reduced
levels of IL-13 were detected in the serum of MLN4924-treated ani-
mals (Fig. 5A). IL-18 is also released following caspase-1 activation.
We observed diminished IL-18 levels in the serum of MLN4924-
treated mice (Fig. 5B). The effect of MLN4924 was specific for IL-13
inhibition during the time frame of our experiment, because levels of
serum TNF-a were unaltered in MLN4924-treated and untreated
mice (Fig. 5C). These results demonstrated that IL-1@ and IL-18 pro-
duction in vivo is positively regulated by neddylation. Furthermore,
our in vivo studies suggest the potential use of MLN4924 as a specific
anti-IL-1B (and anti-inflammasome) therapeutic agent to control
inflammasome-dependent IL-1f production during various disease
processes.
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Nedd8 enhances the autocatalytic activity of caspase-1. Next,
we embarked on a series of studies focusing on the mechanism by
which Nedd8 regulates IL-13 maturation/production. First, we
performed coimmunoprecipitation (co-IP) studies with cell ly-
sates obtained from 293 cells expressing GFP-tagged Nedd8 (GFP-
Nedd8) along with various inflammasome-associated proteins.
We did not detect any interaction of Nedd8 with NLRP3 or ASC
(data not shown). However, co-IP analysis of cells coexpressing
GFP-Nedd8 and myc-pro-caspase-1 revealed two bands (indi-
cated by red arrows) corresponding to 45 kDa and 80 kDa (Fig.
6A). Based on the molecular mass of GFP-Nedd8 (8-kDa Nedd8
plus 27-kDa GFP = 35 kDa) and pro-caspase-1 (45 kDa), the
80-kDa band suggested possible covalent linkage (since the pro-
tein samples were boiled with SDS reducing buffer) of GFP-
Nedd8 monomer with pro-caspase-1 (i.e., 35-kDa GFP-Nedd8
conjugated to 45-kDa caspase-1 = 80 kDa). Since the CARD of
caspase-1 could be neddylated (see below) (Fig. 6B), the 45-kDa
band may represent neddylated CARD (i.e., 35-kDa GFP-Nedd8
conjugated to 9-kDa CARD = ~45 kDa). Mass spectrometry analy-
sis revealed the presence of caspase-1 and Nedd8 in the 80-kDa and
45-kDa bands (see Fig. S3 in the supplemental material). The ob-
served effect was not due to nonspecific binding of GFP to pro-
caspase-1, since expression of GFP alone did not result in its interac-
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tion with pro-caspase-1 (Fig. 6A). Moreover, Western blotting of the
cell lysate showed similar levels of GFP and GFP-Nedd8 expres-
sion (Fig. 6A). However, similar analysis showed reduced pro-
caspase-1 levels in GFP-Nedd8-expressing cells, which could be
attributed to the ability of Nedd8 to augment the autoprocessing
activity of pro-caspase-1 (see Fig. 7). Furthermore, we could ob-
serve interaction of pro-caspase-1 with Nedd8 by using Nedd8
fused to a smaller tag-like FLAG tag (see below) (see also Fig. S5B
in the supplemental material). The rationale for using GFP-
Nedd8 was based on the ability to detect appreciable shift in the
molecular mass of pro-caspase-1 if GFP-Nedd8 (especially with
mononeddylation of pro-caspase-1) were covalently linked to it.
Use of a smaller tagged Nedd8 protein may not show an apparent
difference in pro-caspase-1 molecular mass, if it is mononeddy-
lated. Thus, our studies demonstrated possible neddylation of
caspase-1 following overexpression of pro-caspase-1 and Nedd8
in 293 cells.

Next, we investigated which domain of pro-caspase-1 interacts
with Nedd8. For these studies, we expressed a myc-tagged N-ter-
minal CARD (myc-CARD) or C-terminal p30 (myc-p30) domain
(which is cleaved to generate p10 and p20, the functional subunits
of active caspase-1) in 293 cells along with GFP-Nedd8. Co-IP
analysis revealed interaction of GFP-Nedd8 with the caspase-1
CARD (i.e., with myc-CARD) (Fig. 6B; see also Fig. S4A and B in
the supplemental material). In contrast, the p30 domain of
caspase-1 did not interact with Nedd8 (see Fig. S5A in the supple-
mental material). The CARD was also covalently linked to Nedds,
since immunoprecipitation with myc antibody and blotting with
GFP antibody yielded two bands (Fig. 6B): (i) a 45-kDa band
which might correspond to mononeddylated CARD (35-kDa
GFP-Nedd8 conjugated to 9-kDa CARD = ~45 kDa), and (ii) an
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80-kDa band which might represent dineddylated CARD. These
studies demonstrated that the CARD of pro-caspase-1 interacts
with Nedd8, possibly via covalent attachment.

To gain further mechanistic insights, we expressed doubly
tagged pro-caspase-1 (myc-caspase-1-HA tagged with myc and
HA at the N terminal and C terminal, respectively) in 293 cells
along with FLAG-Nedd8. The rationale for using myc-caspase-
1-HA was to track processing (cleavage) of pro-caspase-1 into
various subunits. As expected, immunoprecipitation with HA an-
tibody followed by blotting with FLAG antibody yielded a band of
53 kDa, which may correspond to mononeddylated pro-caspase-1
(45-kDa pro-caspase-1 plus 8-kDa Nedd8 = 53 kDa) (see Fig. S5B
in the supplemental material). Mass spectrometry analysis con-
firmed that the 53-kDa band observed in Nedd8-expressing cells
was indeed caspase-1 (see Fig. S6 in the supplemental material).
Moreover, data from Nedd8-expressing cells revealed a Gly-Gly
modification (this modification on the lysine residue serves as a
signature for neddylation [60, 61]) in two lysine residues (residues
K37 and K53) of caspase-1 CARD. Thus, K37 and K53 may serve
as neddylation sites of caspase-1.

In order to examine the processing (cleavage) status of pro-
caspase-1 in the presence or absence of Nedd8, we next performed
immunoprecipitation with myc antibody followed by blotting
with myc antibody to detect the levels of cleaved CARD fragment.
Similarly, to observe the status of the cleaved p10 subunit, we also
immunoprecipitated with HA antibody followed by anti-HA
blotting. Surprisingly, we detected enhanced processing of pro-
caspase-1 in the presence of Nedd8 (Fig. 7A, B, and C). Increased
levels of cleaved fragments of the p10 subunit (10 kDa) and p30
subunit (30-kDa subunit generated after cleavage of the CARD)
were also detected in the presence of Nedd8 (Fig. 7A). Further-
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more, greater quantities of the CARD fragment were also detected
in cells expressing Nedd8 (Fig. 7B and C). It is important to note
that we did not detect any unneddylated CARD (9 kDa). Instead,
a 17-kDa band, which may represent mononeddylated CARD (9-
kDa CARD plus 8-kDa Nedd8 = 17 kDa), along with additional
processing intermediates were detected in the presence of Nedd8.
It is important to mention that a longer exposure was required to
visualize 53-kDa neddylated caspase-1 (Fig. 7C), as deduced from
our co-IP studies shown in Fig. S5B in th supplemental material.
Interestingly, the 53-kDa caspase-1 band was only observed in
cells expressing Nedd8 (Fig. 7C). The increased apparent molec-
ular mass of caspase-1 and its enhanced processing were also ob-
vious by Western blotting of a total cell lysate with HA antibody
(to detect pro-caspase-1 and C-terminal processing) (Fig. 7D).
Mass spectrometry analysis confirmed that the cleavage prod-
ucts were, in fact, processed caspase-1 (see Fig. S7 in the sup-
plemental material). These results suggested probable neddy-
lation of caspase-1 (CARD) and, furthermore, demonstrated
that neddylation could enhance the autocatalytic activity of
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pro-caspase-1, resulting in efficient self-cleavage to yield func-
tional p10 and p20 subunits. Involvement of Nedd8 is consis-
tent with diminished caspase-1 p10 levels following inflam-
masome activation in Nedd8-silenced or NAE-inhibited
(MLN4924-treated cells) cells (Fig. 1B and E and 4B and C).

Endogenous interaction of Nedd8 with caspase-1 following
inflammasome activation. Next, we investigated the possible in-
teraction of endogenous Nedd8 with caspase-1 and whether this
occurs following inflammasome activation. Activation of inflam-
masome by ATP, nigericin, and viruses (RSV and IAV) led to
colocalization (following coimmunofluorescence) of Nedd8
with caspase-1 (Fig. 8). Interestingly, Nedd8 was detected in the
“speck” that represents the inflammasome complex (19, 62, 63).
Thus, endogenous Nedd8 colocalizes with caspase-1, which is
most probably bound to or in close proximity to the inflam-
masome complex (the speck).

The effect of the neddylation inhibitor MLN4924 on the
interaction of Nedd8 with caspase-1 upon inflammasome acti-
vation was investigated by examining colocalization of Nedd8
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with caspase-1 in the presence of MLN4924. As expected, activa-
tion of inflammasome by LPS and nigericin treatment triggered
colocalization of Nedd8 with caspase-1 in cells treated with di-
methyl sulfoxide (DMSO; vehicle control) (see Fig. S8 in the
supplemental material). However, in MLN4924-treated cells, al-
though the caspase-1 “speck” was visible in inflammasome-acti-
vated cells, we failed to detect any colocalization of Nedd8 with
caspase-1 (see Fig. S8).

Based on our results with 293 cells, one may envision possible
neddylation of endogenous caspase-1 following inflammasome
activation. If indeed pro-caspase-1 were neddylated following in-
flammasome activation, one would expect to observe a high-mo-
lecular-mass pro-caspase-1 protein, but the size of pro-caspase-1
does not change after inflammasome activation, as demonstrated
previously by others and us (data not shown). We postulate that
this could be due to the fact that once pro-caspase-1 is neddylated,
it is rapidly cleaved and, therefore, it is difficult to detect steady-
state levels of neddylated pro-caspase-1. We speculate that neddy-
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lation of endogenous pro-caspase-1 (i.e., neddylation of pro-
caspase-1 CARD) following inflammasome activation results in
rapid cleavage of the neddylated CARD to release the p30 domain
(which is then autocleaved into functional p10 and p20 subunits).
In order to further probe into the possible interaction of endoge-
nous Nedd8 with caspase-1 (specifically the CARD), we per-
formed co-IP studies with anti-Nedd8 antibody and antibody
specific for caspase-1 CARD (CARD antibody). Western blotting
with CARD antibody detected pro-caspase-1 (45 kDa) in wild-
type (WT) BMDMs, while the band corresponding to pro-
caspase-1 was not detected in caspase-1 KO BMDMs (see Fig. S9A
in the supplemental material). Furthermore, CARD antibody can
only detect caspase-1 CARD (by Western blotting) following
transfection of 293 cells with the CARD portion of caspase-1 (data
not shown). These results showed that the CARD antibody is spe-
cific for caspase-1. For co-IP studies, we used cell lysates, since we
failed to detect CARD in the medium supernatant of inflam-
masome-activated (i.e., LPS- and nigericin-treated) BMDMs
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FIG 8 Colocalization of endogenous Nedd8 with caspase-1 following inflammasome activation. (A) Coimmunofluorescence analysis of Nedd8 (red) and
caspase-1 (green) in BMDMs following LPS treatment in the absence or presence of ATP or nigericin. (B) Coimmunofluorescence analysis of Nedd8 and
caspase-1 in BMDMs following infection with RSV or IAV. Merged images (yellow) show colocalization of Nedd8 with caspase-1. Magnified versions of the
merged “speck” are shown on the extreme right sides of the two panels. The images are representative of 30 viewing fields from two independent experiments with

similar results.

(see Fig. S9B). Cell lysates from either LPS-treated or LPS- and
nigericin-treated BMDMs were immunoprecipitated with Nedd8
antibody, followed by blotting with caspase-1 CARD-specific an-
tibody. Co-IP analysis revealed a band of 18-kDa in inflam-
masome-activated BMDMs (Fig. 9A). Based on the apparent
molecular mass, the band may represent the cleaved mononeddy-
lated CARD portion of pro-caspase-1 (9-kDa CARD plus 8-kDa
Nedd8 = 17 kDa). These results demonstrated an endogenous
interaction of Nedd8 with pro-caspase-1 following inflam-
masome activation.

Neddylation is required for optimal cleavage of CARD from
endogenous pro-caspase-1 following inflammasome activation.
Our studies with 293 cells suggested that neddylation could func-
tion as an essential cellular factor regulating efficient processing/
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cleavage of pro-caspase-1, which is necessary to yield the func-
tional p20 and pl0 subunits. Furthermore, we observed an
endogenous interaction of Nedd8 with caspase-1 (CARD) follow-
ing inflammasome activation. Based on these studies, we specu-
lated that inhibiting neddylation in BMDMs results in diminished
cleavage of CARD from endogenous pro-caspase-1 following in-
flammasome activation. In order to elucidate a role of neddylation
in pro-caspase-1 processing in BMDMs, we treated these cells
with LPS for 2 h, followed by addition of vehicle or MLN4924
(with LPS). After MLN4924 (with LPS) treatment for 4 h, nigeri-
cin was added to BMDMs for 30 min. The cell lysates were sub-
jected to Western blotting with CARD antibody. As expected, pro-
caspase-1 processing was evident in vehicle-treated cells. A band
of 17 kDa (red arrow) was detected in vehicle-treated, inflam-
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(i.e. control for cell numbers).

masome-activated cells (Fig. 9B, lane 3). This band may corre-
spond to mononeddylated CARD (9-kDa CARD plus 8-kDa
Nedd8 = 17 kDa), as discussed above. We failed to visualize a
9-kDa band, which should have represented the 9-kDa CARD
fragment (Fig. 9B, blot with longer exposure). Interestingly,
MLN4924 treatment almost completely abolished the 17-kDa
band (Fig. 9B, lane 4). As mentioned above, we performed West-
ern blotting with cell lysate, since we failed to detect cleaved CARD
in the supernatant of inflammasome-activated cells (see Fig. S9B
in the supplemental material).

Furthermore, blocking neddylation by MLN4924 did not pre-
vent formation of ASC “specks” (see Fig. S10 in the supplemental
material), suggesting that neddylation does not play a role in ASC
oligomerization during inflammasome complex formation. This re-
sult suggested that neddylation could be involved in efficient process-
ing of endogenous pro-caspase-1 following inflammasome activa-
tion, and especially that cleavage of CARD from pro-caspase-1 could
be dependent on neddylation.

DISCUSSION

Inflammasome-mediated caspase-1 activation leading to matura-
tion and production of IL-1P is a critical host response that dic-
tates health and disease. This pathway has been implicated in a
wide spectrum of diseases, including pneumonia (viral or bacte-
rial), diabetes, atherosclerosis, obesity, cancer, gout, Alzheimer’s,
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arthritis, etc. (8—37). Furthermore, it also constitutes an impor-
tant host defense mechanism against various pathogens (viruses,
bacteria, fungi, and parasites). Caspase-1 is also required for in-
duction of pyroptosis, a specialized cell death pathway which is
primarily upregulated during bacterial infection. During IL-1f3
maturation, active caspase-1 cleaves 31-kDa inactive pro-IL-1{ to
17-kDa active (secreted) IL-1B, which is then secreted from the
cells to activate (via paracrine and autocrine mechanisms) its cog-
nate IL-1R. This results in amplification of the proinflammatory
response, which shapes the host immune response during various
stresses. Inactive pro-caspase-1 (45 kDa) consists of three do-
mains: CARD (9 kDa), p20 (20 kDa), and p10 (10 kDa). Recruit-
ment of pro-caspase-1 to the inflammasome complex triggers its
autocleavage activity, most probably due to conformational alter-
ation of the inflammasome-bound pro-caspase-1. As a conse-
quence of self-cleavage, p10 and p20 subunits are generated. A
homo-hetero-tetramer of p10-p20 constitutes the enzymatically
active form of caspase-1. Surprisingly, our studies demonstrated
an involvement of Nedd8 in inflammasome-dependent caspase-1
activation and IL-1 maturation. We postulate that interaction of
Nedd8 with the CARD of pro-caspase-1 is essential for optimal
autocatalytic processing of pro-caspase-1 into its cleaved active
subunits.

Covalent conjugation of Nedd8 to proteins (the process known
as neddylation) via an isopeptide linkage regulates the biochemi-
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cal (and biological) properties of the target protein (45, 46). Ned-
dylation can act as a posttranslational modification to either
commit target proteins to proteasomal degradation or alter the
biological activity of the target protein. The latter event occurs
due to conformational alteration of the neddylated target protein,
which triggers either its activation or deactivation in terms of its
cellular, molecular, biochemical, and biological activity/function.
Only a few Nedd8 target proteins have been identified so far, and
there has been no report of neddylation regulation of inflam-
masome activity. Neddylation of the cullin family of proteins is
well characterized (64, 65). Cullins act as scaffold proteins during
assembly of ubiquitin E3 enzymes. Neddylation of cullin activates
ubiquitin ligase activity, resulting in ubiquitination of target pro-
teins. Neddylation can also affect protein functions directly by
modulating their biological activity/function. Neddylation of p53
and p77 proteins suppresses their transcriptional activities (66,
67). Neddylation of pVHL promotes its interaction with fibronec-
tin, resulting in assembly of extracellular matrix (68). BCA3 is
neddylated to inhibit NF-kB-mediated transcription by virtue of
an interaction of neddylated BCA3 with SIRT1 (a histone deacety-
lase) (69).

A recent study reported that neddylation of an apoptosis-asso-
ciated caspase, caspase-7, inhibited its proteolytic activity, thus
inhibiting induction of apoptosis (70). A separate study failed to
observe neddylated caspase-7 (71). Thus, further studies are re-
quired to establish whether caspase-7 is posttranslationally mod-
ified by neddylation. However, our studies suggest that an apoptosis-
unrelated caspase, caspase-1, is modified by neddylation. Contrary to
caspase-7 neddylation, caspase-1 neddylation augments its autocata-
lytic activity, leading to generation of enzymatically active caspase-1,
which cleaves pro-IL-1{ into mature IL-1B3. Although we have dem-
onstrated that overexpressed pro-caspase-1 is neddylated in 293 cells
by mass spectrometry, whether this modification occurs in macro-
phages is still unknown. Since our study suggested that neddylated
pro-caspase-1 could be cleaved rapidly, it may be technically chal-
lenging to acquire enough endogenous caspase-1 protein for mass
spectrometric analysis. Nevertheless, the neddylation inhibitor
MLN4924 reduced the processing of endogenous pro-caspase-1 into
its cleaved fragments comprised of CARDs and p10 domains follow-
ing inflammasome activation, indicating that neddylation has a bio-
logical role in caspase-1 processing. In the future, we plan to further
expand our studies to explore the role of neddylation in IL-1f mat-
uration and whether endogenous pro-caspase-1 is neddylated after
inflammasome activation.

It was recently shown that cullin neddylation affects NF-kB
activity in human (THP-1) and mouse (RAW 264.7) macrophages
(72). Treatment of these cells with MLN4924 led to reduced
NE-kB activity and diminished production of NF-kB-dependent
cytokines (TNF-a and IL-6). However, in our current studies con-
ducted with primary BMDMs, we did not observe a discernible
difference in LPS-mediated pro-IL-1f3 protein expression and
TNF-a production following Nedd8 silencing or MLN4924 treat-
ment. Moreover, we added MLN4924 to the cells after NF-«B
induction (i.e., following LPS treatment). Cullins are well-charac-
terized neddylated proteins (64, 65), and neddylated cullins (cul-
lins 1, 2, and 3 are parts of SCF, SOCS, and BTB E3 ubiquitin
ligase, respectively) are involved in ubiquitination of target pro-
teins. In that regard, deubiquitinase enzymes (DUBs) have been
demonstrated to regulate inflammasome activity (73-75). Previ-
ous studies have shown that DUB inhibitors reduces ASC oli-
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gomerization and IL-1B release (74, 75). Ubiquitinated NLRP3
was detected when cells were treated with DUB inhibitors, and
ASC ubiquitination was observed during AIM2-mediated inflam-
masome activation (74-76). In that scenario, it is possible that
silencing of Nedd8 or inhibiting neddylation prevents ubiquitina-
tion/deubiquitination, which will lead to diminished caspase-1 acti-
vation and IL-13 maturation. So far, no studies have directly shown
that inhibiting ubiquitination adversely affects inflammasome acti-
vation and IL-1P release, although a study demonstrated that the
cIAP (cIAP 1 and 2) E3 ubiquitin ligase is involved in caspase-1 ubig-
uitination and that lack of cIAP results in loss of caspase-1 activation
(77). Moreover, proteasomal inhibitors did not have an effect on
inflammasome activation and IL-1B release from both human
and murine macrophages (75). In that regard, a recent study de-
tected caspase-1 ubiquitination following inflammasome activa-
tion (78). However, such posttranslational modifications only
occurred after caspase-1 activation and, thus, it was postulated
that caspase-1 is ubiquitinated following its activation so that
caspase-1 can undergo proteasomal degradation (78). Based on
our studies and previous reports, it is possible that neddylation
and ubiquitination represent two distinct mechanisms regulating
caspase-1 activation and IL- 1 release, since (i) proteasomal inhib-
itors have no effect on caspase-1 activation and IL-1B production
(75), (ii) caspase-1 ubiquitination occurs following its activation
(78), whereas neddylation is required for caspase-1 activation, (iii) it
is postulated that ubiquitinated caspase-1 (and other inflammasome
components) undergo proteasomal (and autophagosomal) degrada-
tion to ensure that inflammasome activation is regulated, and (iv)
although cIAP E3 ligase is involved in caspase-1 ubiquitination (77),
cIAP E3 ligases are distinct from the other E3 ligases (i.e., SCF, SOCS,
and BTB E3 ubiquitin ligases) that require neddylated cullins, and
therefore it is highly unlikely that loss of Nedd8 (and inhibition of
neddylation activity) will also result in reduced ubiquitination of
caspase-1 by cIAP.

Nevertheless, we are very much aware that the role of Nedd8 in
caspase-1 activation could be indirect, either being regulated via the
ubiquitination pathway or additional cellular factors. Therefore, we
will conduct further studies to evaluate the ubiquitination status of
inflammasome-associated proteins (including caspase-1) in Nedd8-
silenced cells and cells treated with MLN4924.

In summary, our studies have demonstrated a role of Nedd8 in
regulating inflammasome-dependent caspase-1 activation and
IL-1B maturation/production.
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