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Ubiquitination of NLRP3 by gp78/Insig-1 restrains NLRP3

inflammasome activation
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The NLRP3 (NOD—, LRR— and pyrin domain-containing protein 3) inflammasome plays a pivotal role in defending the host against
infection as well as sterile inflammation. Activation of the NLRP3 inflammasome is critically regulated by a de-ubiquitination

mechanism, but little is known about how ubiquitination restrains NLRP3 activity. Here, we showed that the membrane-bound E3
ubiquitin ligase gp78 mediated mixed ubiquitination of NLRP3, which inhibited NLRP3 inflammasome activation by suppressing the
oligomerization and subcellular translocation of NLRP3. In addition, the endoplasmic reticulum membrane protein insulin-induced
gene 1 (Insig-1) was required for this gp78-NLRP3 interaction and gp78-mediated NLRP3 ubiquitination. gp78 or Insig-1 deficiency
in myeloid cells led to exacerbated NLRP3 inflammasome-dependent inflammation in vivo, including lipopolysaccharide-induced
systemic inflammation and alum-induced peritonitis. Taken together, our study identifies gp78-mediated NLRP3 ubiquitination as a
regulatory mechanism that restrains inflammasome activation and highlights NLRP3 ubiquitination as a potential therapeutic target

for inflammatory diseases.
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INTRODUCTION

NLRP3 is an intracellular sensor that detects a broad range of
microbial motifs, endogenous danger signals, and environmental
irritants, resulting in the formation and activation of the NLRP3
inflammasome [1]. This inflammasome is composed of NLRP3,
ASC, NEK7, and caspase-1. Upon activation, the NEK7-NLRP3
interaction increases, then NLRP3 oligomerizes and recruits ASC
protein to nucleate helical ASC filament assembly, resulting in the
formation of ASC speck. Assembled ASC recruits pro-caspase-1
and enables the auto-proteolytic activation of pro-caspase-1 into
mature caspase-1, then caspase-1 processes inactive pro-IL-1f and
pro-IL-18 into mature IL-13 and IL-18 [1]. Inappropriate activation
of the NLRP3 inflammasome has been implicated in many
inflammatory diseases, suggesting that this process needs to be
tightly controlled.

A two-signal model, ‘priming’ signal and ‘activation’ signal, has
been proposed for NLRP3 inflammasome activation. The priming
signal serves for the expression of NLRP3 as well as pro-IL-1(3, and
the induction of posttranslational modifications (PTMs) of NLRP3,
while the activation signal promotes inflammasome formation
and full activation. Increasing evidence has shown that NLRP3
activation is tightly modulated by various PTMs, including
phosphorylation and ubiquitination [1, 2]. For example, we
previously reported that PKA kinase induces phosphorylation on
Ser 291 and ubiquitination of NLRP3, which hinders activation of
the inflammasome [3]. JNK1-mediated NLRP3 phosphorylation is

critical for NLRP3 de-ubiquitination and facilitates its self-
association and the subsequent inflammasome assembly [4].

Notably, the activation of NLRP3 inflammasome is tightly
controlled by a de-ubiquitination process, during which the
deubiquitinase BRCC3 promotes the de-ubiquitination of NLRP3
and is required for NLRP3 oligomerization and activation [5].
However, little is known about how NLRP3 acquires an
ubiquitinated state in the resting stage to avoid unwanted
inflammasome activation. Besides the diverse PTMs, NLRP3
activity is also tightly modulated by its subcellular translocation
[6, 7], which ensures that the inflammasome is assembled and
activated in the right place and at the right time. How NLRP3
executes this translocation and whether it is regulated by
ubiquitination remain largely unknown.

gp78, a membrane-bound E3 ligase, usually in association with
Insig-1, plays critical roles in diverse biological events, including
cholesterol synthesis [8], antiviral immunity [9] etc, but its
contribution to inflammation remain largely unknown. Here, we
reveal a key role of gp78/Insig-1 in restraining NLRP3 inflamma-
some activation. Mechanistically, gp78 and Insig-1 mediate mixed
ubiquitination of NLRP3, including K48- and K63-linked types,
which inhibits NLRP3 oligomerization and subcellular transloca-
tion during inflammasome assembly.

This study suggests that the regulation of NLRP3 activity by
ubiquitination might be a key step in avoiding unnecessary
activation, indicating that NLRP3 ubiquitination is a promising
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Fig.1 Loss of gp78 enhances NLRP3 inflammasome activation in macrophages. A, B ELISA anaI/yS|s of supernatant (SN) for IL-1p and TNF-a
release (A, n =4.), and immunoblots of SN (B) in Iysates from peritoneal macrophages from gp78” and Lyz2-cre- gp78”" mice primed with LPS

(500 ng/ml) for 4 h and treated with ATP (2 mM) or nigericin (10 pM) for 30 min and alum (300 pg/ml) or MSU (200 pg';/ml) for 5h. C, D ELISA

analysis of IL-18 production (C) and LDH release (D) from SN of peritoneal macrophages from gp78” and Lyz2-cre-gp78

mice primed with LPS

(500 ng/ml) for 4h and treated with ATP (2 mM) or nigericin (10 pM) for 30 min and alum (300 pg/ml) or MSU (200 pg/ml) for 5h. N=4. E
Arrows showing ASC specks immunofluorescence in bone-marrow-derived macrophages from gp78” and Lyz2-cre-gp78” mice primed with
LPS (500 ng/ml) for 4 h followed by treatment with 10 pM nigericin for 45 min (scale bar, 20 um) (left). Quantification of ASC speck formations
(right) F Immunoblots of ASC oligomerization in cross-linked cytosolic peIIets from peritoneal macrophages from gp78” and Lyz2-cre- -gp78”
mice primed with LPS (500 ng/ml) for 4 h followed by treatment with 10 pM nlgerlcm for 45 min. G, H ELISA analysis of SN for IL-1p release (G,
n = 3) and immunoblots of SN (H) in lysates of peritoneal macrophages from gp78” and Lyz2-cre-gp78” mice primed with LPS (500 ng/ml) for
4 h followed by treatment with Salmonella or poly(dA:dT) transfection for 1 h. *p < 0.05, **p < 0.01, ***p < 0.001. Values are mean +SD (A, C, D,

G), mean + SEM (E). Data are representative of three independent experiments.

target for treating NLRP3 inflammasome-dependent inflammatory
diseases.

RESULTS

Loss of gp78 enhances NLRP3 inflammasome activation in
macrophages

To investigate the role of gp78 in inflammasome activation, we
first generated mice with myeloid cell-specific deletion of gp78
using the Lyz2-cre system (Lyz2-cre-gp78”"). When treated with
different NLRP3 agonists [ATP, nigericin, aluminum salts (alum),
and monosodium urate crystals (MSU)], gp78-deficient peritoneal
macrophages showed elevated IL-13 (Fig. 1A), significantly
increased caspase-1 and IL-1 maturation (Fig. 1B) and increased
IL-18 secretion (Fig. 1C) compared to control cells. Besides the
release of IL-1f3 and IL-18, activation of the NLRP3 inflammasome
also triggers pyroptotic cell death, which can be detected by the
release of lactate dehydrogenase (LDH) [10] and we found
increased LDH release in gp78-deficient macrophages (Fig. 1D).
ASC nucleation-induced oligomerization is recognized as a
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common mechanism of NLRP3 inflammasome activation
[11, 12]. Significantly increased ASC speck formation and ASC
oligomerization were observed in the absence of gp78 (Fig. 1E
and F). In contrast, activation of the NLRC4 and AIM2 inflamma-
somes, triggered by Salmonella typhimurium infection and poly
(dA:dT) transfection, respectively, were not affected by gp78
depletion, suggesting the specific suppression of NLRP3 inflam-
masome activation by gp78 (Fig. 1G, H). Notably, the expression of
NLRP3 inflammasome components and the secretion of tumor
necrosis factor alpha (TNF-a) remained largely unaffected in
response to gp78 depletion, indicating that gp78 deficiency does
not affect the priming stage under these conditions (Figs. 1A, B,
S1A). To further confirm the result, we checked the activation of
the general signaling pathways mediated by TLR4, including the
NF-kB and MAPK activation essential for TNF-a upon LPS
stimulation and found gp78 deficiency in macrophages had little
influence on LPS-induced NF-kB and MAPK activation (Fig. S1B).
Consistent with the data from gp78 conditional knockout mouse,
silencing of gp78 in mouse peritoneal macrophages by small-
interfering RNAs (siRNAs) also showed similar results (Fig. S1C,
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Fig. 2 Macrophage-specific gp78 transgenic mice show impaired NLRP3 inflammasome activation. A, B ELISA analysis of SN for IL-1p
release (A, n =4) and immunoblots of SN (B) in lysates of LPS-primed wild-type and gp78-overexpressing iBMDMs treated with ATP (2 mM) for
30 min. C, D ELISA analysis of SN for IL-1p and TNF-a release (C, n = 4) and immunoblots of SN (D) in lysates of peritoneal macrophages from
wild-type and CD68-gp78 mice primed with LPS (500 ng/ml) for 4 h followed by treatment with ATP (2 mM) or nigericin (10 pM) for 30 min. E
Immunoblots of ASC oligomerization in cross-linked cytosolic pellets of peritoneal macrophages from wild-type and CD68-gp78 mice primed
with LPS (500 ng/ml) for 4 h followed by treatment with nigericin (10 uM) for 30 min. F Arrows showing ASC specks immunofluorescence in
BMDMs from wild-type and CD68-gp78 mice primed with LPS (500 ng/ml) for 4 h followed by treatment with 10 pM nigericin for 1.5 h (scale
bar, 20 pm) (left). Quantification of ASC speck formations (right). *p < 0.05, **p < 0.01, ***p < 0.001. Values are mean + SD (A, C), mean + SEM (F).

Data are representative of three independent experiments.

S1D). These results indicate that gp78 specifically interferes with
the activation step of the NLRP3 inflammasome without affecting
the expression of its essential components.

As an E3 ubiquitin ligase, gp78 plays a sophisticated role in
cholesterol biosynthesis and ablation of gp78 in the liver leads to
decreased lipid biosynthesis [13]. To determine whether the
enhanced NLRP3 activity in gp78-depleted macrophages is
induced by a disturbance of cholesterol homeostasis, we
supplemented wild-type and gp78-deficient macrophages with
different doses of methyl-B-cyclodextrin (MCD)-cholesterol. Con-
sistent with our previous study [14], MCD-cholesterol dose-
dependently inhibited NLRP3 inflammasome activation (Fig. STE).
Notably, we found that MCD-cholesterol showed a similar kinetic
pattern in both cells (Fig. S1E), suggesting that gp78 restrains
NLRP3 activity directly, rather than through affecting cholesterol
homeostasis.

Macrophage-specific gp78 transgenic mice show impaired
NLRP3 inflammasome activation

To further confirm the role of gp78 in suppressing NLRP3
inflammasome activation, we adopted different gain-of-function
strategies. First, lentiviral transduction of immortalized mouse
macrophages (iBMDMs) with gp78 significantly inhibited IL-13
secretion (Fig. 2A), IL-1B3 and caspase-1 maturation (Fig. 2B) in
response to LPS plus ATP stimulation. The TNF-a production
remained largely unaffected (Fig. S2A). Furthermore, we generated
gp78 transgenic mice (CD68-gp78 mice) with macrophage-specific
transgenic expression of the mouse gp78 gene using CD68
promoter (Fig. S2B, S2C) and found that gp78 expression was
markedly increased in the peritoneal macrophages of these mice
(Fig. 2D). Peritoneal macrophages from CD68-gp78 mice showed
impaired inflammasome activation compared with control mice,
as evidenced by decreased IL-1B secretion (Fig. 2C), as well as
suppressed IL-1B and caspase-1 maturation (Fig. 2D). gp78
transgenic macrophages also showed inhibited ASC oligomeriza-
tion and ASC speck formation (Fig. 2E, F). Collectively, these results
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further confirmed the role of gp78 in
inflammasome activation.

It was reported that gp78 is an essential E3 ligase in regulating
Endoplasmic Reticulum Associated Degradation [15] and gp78
deficiency would lead to ER stress [16]. Moreover, previous study
has shown that ER stress promotes the activation of NLRP3
inflammasome [17]. To check whether the elevated NLRP3
inflammasome activation in gp78-deficient macrophages is an
indirect result of ER stress, we detected the markers of ER stress in
WT and gp78-deficient macrophages. Consistent with previous
reports [17-19], we found that compared with thapsigargin (TG,
ER stress-inducing agent) treatment, LPS or LPS plus ATP
stimulation minimally induced ER stress in WT macrophages
(Figs. S2D-2F). Moreover, gp78-deficient macrophages did not
exhibit significantly altered expression of ER stress-associated
genes in response to LPS or LPS plus ATP treatment (Figs. S2D-2F).
However, we noted that gp78 deficiency significantly promoted
thapsigargin-induced expression of unfolded protein response-
target genes, such as Dnajb9 (ERdj4), Hspa5 (Bip), Ddit3 (CHOP),
and the splicing of Xbp1 (Figs. S2D-2F). These results indicate that
in our experimental conditions, LPS or LPS plus ATP stimulation
minimally induced ER stress, and that gp78 deficiency does not
exhibit significantly altered expression levels of ER stress-
associated genes in response to LPS or LPS plus ATP treatment.
Taken together, the enhanced NLRP3 inflammasome activation in
gp78-deficient macrophages is not an indirect result of ER stress.

restraining NLRP3

gp78 interacts with NLRP3 via its CUE (coupling of ubiquitin
to ER degradation) domain

Next, we investigated the mechanism by which gp78 suppresses
NLRP3 activity. By co-immunoprecipitation assays, we found that
gp78 was associated with NLRP3 in LPS-primed peritoneal
macrophages (Fig. 3A). Confocal microscopy also showed co-
localization of gp78 and NLRP3 in LPS-primed peritoneal
macrophages, LPS-primed THP-1 cells, and HEK293T cells over-
expressing HA-tagged gp78 and Flag-tagged NLRP3 (Figs. 3B, S3A,

Cell Death & Differentiation (2022) 29:1582 - 1595
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Fig. 3 gp78 interacts with NLRP3 via its CUE domain. A Immunoblots of lysates from wild-type peritoneal macrophages primed with LPS
(500 ng/ml) for 4 h immunoprecipitated with anti-gp78 antibody or anti-rabbit IgG and then immunoblotted with the indicated antibodies. B
Confocal microscopy images of BMDMs with or without LPS showing co-localization of NLRP3 (green) with gp78 (red) (scale bar, 5 um). C
Immunoblots of lysates immunoprecipitated with anti-Flag antibody and then with the indicated antibodies from HEK293T cells 24 h after
transfection with HA-tagged NLRP3 and Flag-tagged gp78. D HA-tagged NLRP3 inflammasome components were individually transfected
into HEK293T cells with Myc-tagged gp78. 24 h after transfection, cell lysates were immunoprecipitated with anti-HA antibody or anti-Mouse
IgG and then immunoblotted with the indicated antibodies. E Schematic diagram of gp78 and its truncated mutants. F Myc-tagged gp78 or
its truncated mutants were individually transfected into HEK293T cells with Flag-tagged NLRP3. 24 h after transfection, cell lysates were
immunoprecipitated with anti-Myc antibody or anti-Mouse IgG and then immunoblotted with the indicated antibodies. Data are

representative of three independent experiments.

S3B). Moreover, overexpression of gp78 and the components of
the NLRP3 inflammasome in HEK293T cells showed that
gp78 specifically interacted with NLRP3 (Fig. 3C, D).

To further delineate how gp78 interacts with NLRP3, we
introduced a series of truncated mutants of both proteins
according to their domain structures (Figs. 3E, S3C). We found
that the CUE domain of gp78 was essential for its interaction with
NLRP3 (Fig. 3F). Both NACHT and LRR domains of NLRP3 were
involved in its interaction with gp78 (Fig. S3D). Altogether, these
data suggest that both NACHT and LRR domains of NLRP3 and the
CUE domain of gp78 are essential for the gp78-NLRP3 association.

gp78 mediates mixed ubiquitination of NLRP3

Recent studies have shown that the de-ubiquitination of NLRP3 is
necessary for NLRP3 inflammasome activation [5, 20], suggesting
that ubiquitination might be a key brake on NLRP3 activity. As E3
ubiquitin ligase, gp78 mediates the ubiquitination and degrada-
tion of target proteins such as HMG-CoA reductase [8] and the
tumor metastasis suppressor KAI1 [21], etc. We next explored
whether gp78 controls NLRP3 inflammasome activation via its E3

Cell Death & Differentiation (2022) 29:1582 - 1595

ligase activity. It has been reported that the Cys356 in the RING
domain of gp78 is critical for its E3 ligase activity, so we generated
two gp78 mutants, gp78 C356G (Cys356 mutation to Gly356) and
gp78 ARING, both of which were deprived of E3 ubiquitin ligase
activity [8]. Lentiviral transduction of Lyz2-cre-gp78”" BMDMs with
wild-type gp78 significantly inhibited caspase-1 activation and IL-
1B production while the E3 ligase-dead mutant gp78 C356G failed
(Fig. 4A, B), suggesting that gp78 restrains NLRP3 activation via its
E3 ligase activity. In contrast, TNF-a production was not affected in
these experiments (Fig. S4A). We further investigated whether
gp78 could affect the ubiquitination of NLRP3. LPS-induced NLRP3
ubiquitination was substantially decreased in gp78-depleted
macrophages while it was increased in peritoneal macrophages
from CD68-gp78 transgenic mice (Fig. 4C, D). Notably, the protein
level of NLRP3 remained unchanged in peritoneal macrophages
from gp78-deficient or transgenic mice (Fig. 4C, D). Consistent
with these in vitro data, we found increased ubiquitination of
NLRP3 in wild-type peritoneal macrophages upon LPS challenge
in vivo (Fig. 4E), while this LPS-induced NLRP3 ubiquitination
was strikingly downregulated in peritoneal macrophages from
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LyzZ-cre-gp78f/f mice (Fig. 4E). Moreover, overexpression of gp78
increased the ubiquitination of NLRP3 in a dose-dependent
manner in HEK293T cells overexpressing Flag-tagged NLRP3 and
HA-tagged ubiquitin (Fig. 4F), while the E3 ligase-dead mutants
gp78 ARING and gp78 C356G failed (Fig. 4G). We also performed
in vitro ubiquitination assays and confirmed that gp78 directly
catalyzed the formation of ubiquitin chains attached to NLRP3,
whereas gp78 (356G failed (Fig. 4H). In contrast, another ER-
resident E3 ubiquitin ligase, Hrd1, which exhibits considerable
homology to gp78 and plays critical roles in ER-associated
degradation [22], did not catalyze the ubiquitination of NLRP3
(Fig. 4G).

NLRP3 has been reported to be modified by a combination of
K48- and K63-linked ubiquitination [5] and we found that both

SPRINGER NATURE

140IB. Flag

K48- and K63-linked ubiquitin chains were involved in gp78-
mediated NLRP3 ubiquitination (Fig. 4l). Importantly, we found
that BRCC3, a deubiquitinase essential for NLRP3 inflammasome
activation [5], de-ubiquitinated this gp78-mediated ubiquitination
of NLRP3 (Fig. 4J). Interestingly, when co-expressed with an
ubiquitin mutant containing Lys48-to-Arg48 and Lys63-to-Arg63
mutation (Ub K48/K63R), gp78 also catalyzed evident NLRP3
ubiquitination (Fig. 4K), indicating that other types of ubiquitina-
tion may also be involved in this gp78-mediated suppression of
NLRP3 activity. In line with this idea, we performed mass
spectrometry and found that, besides K48- and K63-linked
ubiquitination, K6- and K11-linked ubiquitination of NLRP3 also
occurred in HEK293T cells overexpressing gp78 (Fig. S4B). In
addition, we also found that the ubiquitination sites were mainly
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Fig.4 gp78 mediates mixed ubiquitination of NLRP3. A, B BMDM:s from Lyz2-cre-gp78”" mice were lentivirally transduced with Phage empty
vector, Phage-FLAG gp78 or Phage-FLAG-gp78 C356G, then primed with 500 ng/ml LPS for 4 h followed by stimulating with ATP (2 mM) or
nigericin (10 uM) for 30 min. Supernatants (SN) were analyzed by ELISA for IL-1f3 release (A, n =4). SNs and cell extracts (Lysate) were also
analyzed by immunoblotting (B). C Peritoneal macrophages from gp78” and LyzZ-cre-gp78f/f mice were primed with or without LPS (500 ng/
ml) for 4 h. Cell lysates were immunoprecipitated with anti-NLRP3 antibody or anti-mouse IgG and then immunoblotted with the indicated
antibodies. D Peritoneal macrophages from wild-type and CD68-gp78 mice were primed with LPS (500 ng/ml) for 4 h. NLRP3 of peritoneal
macrophages was immunoprecipitated for ubiquitination analysis. E gp78” and LyzZ—cre—gp78f” mice were intraperitoneally injected with or
without LPS (20 mg/kg body weight) for 4 h. NLRP3 protein of peritoneal cells was immunoprecipitated for ubiquitination analysis. F
HEK293T cells were transfected with Flag-tagged NLRP3, HA-tagged Ub, along with different doses of Myc-tagged gp78. Cell lysates were
immunoprecipitated with anti-Flag antibody and then immunoblotted with the indicated antibodies. G HEK293T cells were transfected with
Flag-tagged NLRP3 and HA-tagged Ub, along with Myc-tagged gp78 and its catalytically inactive mutants (C356G) or Myc-tagged Hrd1. Cell
lysates were immunoprecipitated with anti-Flag antibody and then immunoblotted with the indicated antibodies. H The in vitro
ubiquitination reaction mixture contains E1, E2, Ub, GST-NLRP3 ALRR, and gp78 or gp78 C356G as indicated. After incubation at 30 °C for 30
min, the mixture was assessed by immunoblotting with the indicated antibodies. | HEK293T cells expressing Flag-tagged NLRP3, Myc-tagged
gp78, and HA-tagged Ub, HA-tagged K48-Ub, or HA-tagged K63-Ub were immunoprecipitated with anti-Flag antibody for ubiquitination. J
HEK293T cells expressing Flag-tagged NLRP3, HA-tagged Ub, and Myc-tagged gp78 or V5-tagged BRCC3 as indicated were
immunoprecipitated with anti-Flag antibody for ubiquitination. K HEK293T cells expressing Flag-tagged NLRP3, Myc-tagged gp78, HA-
tagged Ub, or HA-tagged K48/K63R Ub as indicated were immunoprecipitated with anti-Flag antibody for ubiquitination. *p < 0.05, **p < 0.01,

***p < 0.001. Values are mean = SD (A). Data are representative of three independent experiments.

located on the NACHT and adjacent Linker1, Linker 2 domains
(Fig. S4Q). Altogether, these data indicated that gp78 mediates a
mixed ubiquitination of NLRP3, which inhibits NLRP3 activity.

gp78 suppresses NLRP3 oligomerization and subcellular
translocation during inflammasome activation

We next explored how the gp78-mediated NLRP3 ubiquitination
inhibited NLRP3 inflammasome activation. NEK7-NLRP3 interac-
tion, NLRP3 oligomerization, the recruitment of ASC to NLRP3
oligomers, and subsequent ASC speck formation are recognized to
be critical steps for the formation of NLRP3 inflammasome
complexes [23-27] (Fig. S5A). We found that ASC oligomerization
and ASC specks were enhanced in gp78-depleted macrophages
(Fig. 1E, F). To determine whether gp78 affected ASC self-
association or NLRP3-dependent ASC oligomerization, we recon-
stituted the inflammasome in HEK293T cells by transfection of
pro-IL-1f3, pro-caspase-1, ASC, and NLRP3. Previous studies have
shown that the expression of ASC leads to IL-1p secretion and the
addition of NLRP3 enhances this secretion [28]. Our data showed
that expression of gp78 inhibited NLRP3-dependent, rather than
NLRP3-independent, ASC-dependent IL-1(3 release (Fig. 5A), sug-
gesting that gp78 interferes with NLRP3-dependent ASC oligo-
merization. Consistent with these data, we found that the
NLRP3-ASC association was markedly increased in gp78-
deficient macrophages while it was decreased in CD68-gp78
macrophages (Fig. 5B, C). NEK7-NLRP3 interaction and NLRP3
oligomerization are upstream events during inflammasome
assembly [1], so we next explored which step was affected by
gp78 to inhibit NLRP3-dependent ASC oligomerization. Our data
showed that gp78 had no influence on the NEK7-NLRP3
interaction (Fig. 5D). In contrast, NLRP3 oligomerization was
significantly enhanced in gp78-deficient macrophages while it
was dramatically impaired in CD68-gp78 macrophages (Fig. 5E, F),
suggesting that gp78 inhibits NLRP3 oligomerization to interfere
with subsequent NLRP3-dependent ASC oligomerization.

In addition to the requirement for interactions among NLRP3
inflammasome components, NLRP3 inflammasome assembly and
activation also require the subcellular translocation of NLRP3 [6].
Upon activation, NLRP3 is translocated to other subcellular
compartments, such as mitochondria [29], the Golgi complex
[14, 30], and the microtubule-organizing center [31] for subse-
quent assembly and activation. However, little is known about the
mechanisms that regulate this translocation. Modification of
proteins with ubiquitin chains regulates a variety of signaling
pathways through proteasomal/autophagic degradation or by
altering protein activity and/or localization [5]. We found that
gp78 deficiency led to the accumulation of NLRP3 in mitochondria
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and a decreased NLRP3 level in the cytosol upon Nigericin
stimulation (Fig. 5G). This result indicated that gp78-mediated
ubiquitination of NLRP3 might inhibit its translocation to
mitochondria during inflammasome activation. Consistently, using
super-resolution and 3D-structured illumination microscopy, we
also found increased localization of NLRP3 with mitochondria in
gp78-deficient cells upon inflammasome activation (Fig. 5H).
Altogether, these data showed that gp78-mediated ubiquitination
of NLRP3 might interfere with NLRP3 self-association and its
translocation to mitochondria upon inflammasome activation,
resulting in suppressed NLRP3 inflammasome assembly and
activation.

Insig-1 is required for gp78-mediated NLRP3 ubiquitination
Under certain circumstances, gp78 mediates substrate ubiquitina-
tion in association with Insig-1 [32]. For example, gp78 interacts
with Insig-1 to promote the sterol-triggered degradation of HMG-
CoA reductase [8]. Insig-1 facilitates gp78 to associate with and
ubiquitinate STING, thus potentiating STING signaling [9]. gp78-
Insig mediates the ubiquitination and degradation of ACAT2, fine-
tuning lipid homeostasis [33]. To explore whether Insig-1 is
involved in the gp78-mediated suppression of NLRP3 activity, we
generated Insig-1 conditional knockout mice with myeloid cell-
specific deletion of Insig-1 (Lyz2-cre-Insig1”). The gene knockout
efficiency was confirmed by RT-PCR analysis (Fig. S5B). We found
that the association between gp78 and NLRP3 was evidently
decreased in Insig-1-depleted macrophages (Fig. 6A). Moreover,
the interaction between gp78 and NLRP3 was markedly enhanced
in the presence of Insig-1 (Fig. 6B), suggesting that Insig-1
promotes the interaction between gp78 and NLRP3.

Given that Insig-1 is required for the gp78-NLRP3 association,
we explored whether Insig-1 deficiency affects the ubiquitination
of NLRP3. Our data showed that this ubiquitination was
significantly reduced in Insig-1-depleted macrophages, suggesting
that Insig-1 is required in gp78-mediated NLRP3 ubiquitination
(Fig. 6C). Moreover, activation of the NLRP3 inflammasome was
markedly enhanced in Insig-1-deficient macrophages, as evi-
denced by elevated IL-1 secretion vs. control cells, without
affecting TNF-a production (Fig. 6D) and the increased IL-1 and
caspase-1 maturation (Fig. 6E). Collectively, these data suggest
that Insig-1 suppresses inflammasome activation via facilitating
the gp78-mediated ubiquitination of NLRP3.

gp78 and Insig-1 restrain NLRP3 inflammasome-dependent
inflammatory diseases in vivo

We finally investigated whether gp78 and Insig-1 inhibit NLRP3
inflammasome activation in vivo. First, when challenged with
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intraperitoneally-injected LPS, Lyz2-cre-gp78”" mice showed sig-
nificantly increased serum IL-1f3 and IL-18 levels (Fig. 7A, B) while
CD68-gp78 mice displayed significantly reduced serum IL-13 and
IL-18 secretion (Fig. 7C, D). The increased TNF-a in Lyz2-cre-gp78”*
mice were probably due to the contribution of IL-18 to TNF-a
production in vivo (Fig. 7A) while the TNF-a production were not
affected in CD68-gp78 mice (Fig. 7C). To further confirm the
inhibitory role of gp78 on NLRP3 inflammasome in vivo, we
performed a MCC950 (a small molecule inhibitor of the NLRP3
inflammasome) [34] supplementation experiment and the data
showed that the elevated serum IL-13 by gp78 deficiency was
deminished by MCC950 treatment (Fig. S5C), indicating that the
in vivo model is dependent on NLRP3 and that gp78 is involved in
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NLRP3-related pathways. Moreover, in an LPS-induced sepsis
model, the data showed a decreased survival rate in Lyz2-cre-
gp78™ mice and an increased survival rate in CD68-gp78 mice
(Fig. 7E, F). In addition, Lyz2-cre-Insig1™ mice showed markedly
upregulated serum IL-1 and barely affected TNF-a production
upon LPS challenge, similar to those in Lyz2-cre-gp78”" mice
(Fig. 7G).

We then addressed the role of gp78 in NLRP3 inflammasome
activation in vivo using a model of alum-induced peritonitis. The
data showed that IL-1B secretion in the lavage fluid was up-
regulated in Lyzz-cre-gp78f/'r mice (Fig. 7H) while it was down-
regulated in CD68-gp78 mice (Fig. 71). Consistent with this, the
peritoneal exudate cells and neutrophils recruited upon alum
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Fig.5 gp78 suppresses NLRP3 oligomerization and subcellular translocation during inflammasome activation. A Direct inhibition by gp78
of the reconstituted NLRP3 inflammasome. HEK293T cells were transfected with plasmids expressing the indicated components and IL-1§
release was measured. Data are shown as the level of IL-1 measured for the fully-reconstituted NLRP3 inflammasome with or without gp78.
N = 4. B Peritoneal macrophages from gp78”" and LyzZ-cre—gp78f” mice were primed with LPS (500 ng/ml) for 4 h followed by ATP (2 mM)
stimulation for 30 min. Cell lysates were immunoprecipitated with anti-ASC antibody or anti-Rabbit IgG and then immunoblotted with the
indicated antibodies. C Peritoneal macrophages from wild-type and CD68-gp78 mice were primed with LPS (500 ng/ml) for 4 h followed by
ATP (2 mM) stimulation for 30 min. Cell lysates were immunoprecipitated with anti- ASC antibody or anti-mouse IgG and then immunoblotted
with the indicated antibodies. D Peritoneal macrophages from gp78” and Lyz2-cre-gp78”" mice were primed with LPS (500 ng/ml) for 4 h
followed by nigericin (10 pM) stimulation for 30 min. Cell lysates were immunoprecipitated with anti-NEK7 antibody or anti-rabbit IgG and
then immunoblotted with the indicated antibodies. E Peritoneal macrophages from gp78” and LyzZ-cre-gp78f/f mice were primed with LPS
(500 ng/ml) for 4 h followed by nigericin (10 pM) stimulation for 30 min, and then underwent immunoblot analysis of NLRP3 by SDD-AGE or
SDS-PAGE assay. F Peritoneal macrophages from wild-type and CD68-gp78 mice were primed with LPS (500 ng/ml) for 4 h followed by
nigericin (10 pM) stimulation for 30 min, and then underwent immunoblot analysis of NLRP3 by SDD-AGE or SDS-PAGE assay. G Peritoneal
macrophages from gp78” and Lyz2-cre-gp78™ mice were primed with LPS (500 ng/ml) for 4 h followed by nigericin (10 pM) stimulation for the
indicated time. Then mitochondrial and cytosolic fractions were subjected to immunoblot. H Left panels, super-resolution and 3D-structured
illumination microscopy (SIM) imaging in LPS-Primed BMDMs from gp78” and Lyz2-cre-gp78” mice stimulated with ATP (2 mM) for 30 min with
staining for NLRP3 (green), and mitochondria (red) (scale bars, 1 pm). Right panel, quantification of Pearson’s coefficient for co-localization
volume. *p <0.05, **p<0.01, ***p <0.001. Values are mean+SD (A), mean+SEM (H). Data are representative of three independent
experiments.
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Fig. 6 Insig-1 is required for gp78-mediated NLRP3 ubiquitination. A Peritoneal macrophages from Insig1” or Lyz2-cre-Insig1” mice were
primed with LPS (500 ng/ml) for 4h and cell lysates were immunoprecipitated with anti-gp78 antibody or anti-rabbit IgG and then
immunoblotted with the indicated antibodies. B HEK293T cells expressing Flag-tagged NLRP3 and Myc-tagged gp78 or HA-tagged Insig-1
were immunoprecipitated with anti-Myc antibody and then immunoblotted with the indicated antibodies. C Peritoneal macrophages from
Insig1” or LyzZ-cre-Insigif/f mice were primed with LPS (500 ng/ml) for 4 h. Cell lysates were immunoprecipitated with anti-NLRP3 antibody or
anti-Mouse IgG for ubiquitination and then immunoblotted with the indicated antibodies. D, E ELISA analysis of SN for IL-1p and TNF-a
production (D, n = 4) and immunoblots of SN (E) from lysates. Peritoneal macrophages from Insig1”’ or Lyz2-cre-Insig1” mice were primed with
LPS (500 ng/ml) for 4 h followed by treatment with ATP (2 mM) or nigericin (10 pM) for 30 min. *p < 0.05, **p < 0.01, ***p < 0.001. Values are
mean £ SD (D). Data are representative of three independent experiments.

challenge were significantly increased in Lyz2-cre-gp78”" mice
(Fig. 7)) and decreased in CD68-gp78 mice (Fig. 7K). Collectively,
these data suggest an immunosuppressive effect of gp78/Insig-1
during inflammatory responses in vivo, at least in the models of
sepsis and peritonitis we explored.

DISCUSSION

Due to the conserved biological function of the NLRP3 inflamma-
some in various physiological processes, fine-tuning of its activity
is critical for the prevention of related diseases and the
maintenance of immune homeostasis. The multi-level, fine-tuned
regulation of NLPR3 inflammasome activation is ensured by
different mechanisms at different stages. In the resting stage, low
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expression of NLRP3 ensures that NLRP3 inflammasome assembly
is hardly induced. In the LPS-primed stage, NLRP3 expression is
upregulated and its ubiquitination is used to limit its activity. The
activation of NLRP3 inflammasome is restricted to an appropriate
intensity and time course to avoid harmful effects.

Regarding the regulation of the inflammasome, one critical
strategy is to control the protein level of NLRP3 during
inflammasome activation. For example, E3 ligase TRIM31 directly
binds to NLRP3, promoting the K48-linked ubiquitination and
proteasomal degradation of NLRP3, which maintains the low
expression of NLRP3 and prevents unwanted inflammasome
activation in both resting and activation states [35]. Dopamine
has been reported to inhibit NLRP3 inflammasome activation via
the dopamine D1 receptor by promoting the MARCH7-dependent
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Fig.7 gp78 and Insig-1 restrain NLRP3 inflammasome-dependent inflammatory diseases in vivo. A ELISA of IL-1p and TNF-a in serum from
gp78” and Lyz2-cre-gp78” mice 4 h after intraperitoneal injection of LPS (25 mg/kg body weight). Data are the mean & SEM (gp78” n=10;
Lyz2-cre-gp78”, n = 10). B ELISA of IL-18 in serum from gp78” and Lyz2-cre-gp78” mice 4 h after intraperitoneal injection of LPS (25 mg/kg
body weight). Data are the mean + SEM (gp78f/f, n=12; LyzZ-cre-gp78f/f, n=13). C ELISA of IL-1p and TNF-a in serum from wild-type and
CD68-gp78 mice 4 h after intraperitoneal injection of LPS (25 mg/kg body weight). Data are the mean + SEM (n = 16). D ELISA of IL-18 in
serum from wild-type and CD68-gp78 mice 4 h after intraperitoneal injection of LPS (25 mg/kg body weight). Data are the mean + SEM (wild-
type, n = 8; CD68-gp78, n =9). E Survival rates of gp78” and LyzZ-cre-gp78f/ " mice injected with LPS (20 mg/kg body weight) (gp78”, n=12;
Lyz2-cre-gp78”, n = 11). F Survival rate of wild-type and CD68-gp78 mice injected with LPS (20 mg/kg body weight, n = 8). G ELISA of IL-1p
and TNF-a in serum from Insig1”" and LyzZ—cre—Insing” mice 4 h after intraperitoneal injection of LPS (25 mg/kg body weight). Data are the
mean + SEM (n = 13). H ELISA of IL-1p in the peritoneal cavity of gp78” and Lyz2-cre-gp78”" mice intraperitoneally injected with alum (2 mg/
mouse). Data are the mean + SEM (n = 8). | ELISA of IL-1§ in the peritoneal cavity of wild-type and CD68-gp78 mice intraperitoneally injected
with alum (2 mg/mouse). Data are the mean + SEM (n = 5). J FACS analysis of PECs (peritoneal exudate cells) and neutrophil numbers in the
peritoneal cavity of gp78” and Lyz2-cre-gp78”" mice intraperitoneally injected with alum (2 mg/mouse). Data are the mean + SEM (gp78”", n =
6; Lyz2-cre-gp78”", n=5). K FACS analysis of PECs and neutrophil numbers in the peritoneal cavity of wild-type and CD68-gp78 mice
intraperitoneally injected with alum (2 mg/mouse). Data are the mean + SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. Values are mean + SEM.
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K48-linked ubiquitination and autophagic degradation of NLRP3
[36]. However, when encountering emergencies, the NLRP3
inflammasome needs to be assembled and activated instantly to
respond to possible dangers. This time- and energy-consuming
regulation of degradation has a fundamental effect on the
activation of inflammasomes. Thus, fine-tuning NLRP3 activity
for a quick response to potential threats may be needed.

Another way to regulate NLRP3 activity is to maintain its
inactive state. Our study demonstrates that the E3 ubiquitin ligase
gp78 restrains NLRP3 activity by suppressing its oligomerization
and subcellular translocation. We found that, in HEK293T cells
overexpressing gp78, the ubiquitinated sites are mainly located on
the NACHT and its adjacent Linker1 and Linker2 domains (Fig. S4C),
while interactions between NACHT domains have been reported
to be necessary for NLRP3 oligomerization, suggesting that gp78
might inhibit NLRP3 oligomerization through interfering with the
interactions between NACHT domains. In addition to the
inhibition of NLRP3 oligomerization by gp78, we found that
gp78 suppressed the subcellular translocation of NLRP3 during
inflammasome activation. We speculate that when NLRP3 is
ubiquitinated by gp78, it may undergo a conformational change
or the ubiquitin chains on NLRP3 may serve as a platform to
recruit some unknown proteins, which inhibit NLRP3 translocation
to mitochondria resulting in decreased inflammasome activation.
Compared with the regulation of degradation, this gp78-mediated
NLRP3 ubiquitination keeps NLRP3 in check by restricting its
activity without degrading the protein, enabling its rapid turnover
for inflammasome assembly when required.

Besides the K48- and K63-linked ubiquitination, we found that
gp78 mediated K6- and K11-linked ubiquitination of NLRP3. It is
generally known that K48-linked ubiquitination regulates protein
degradation, while K63-linked ubiquitination regulates protein
trafficking and signaling [37]. Our data showed that gp78 restrains
NLRP3 activity by inhibiting its self-association and subcellular
translocation. A recent study showed that the E3 ligase HUWE1
mediates the K27-linked ubiquitination of NLRP3, which promotes
NLRP3 oligomerization and subsequent inflammasome assembly
[38]. Collectively, these findings suggest that the complex
ubiquitin linkages on NLRP3 regulate the activation of the
inflammasome, which may lead to distinct consequences in
response to stimuli.

In conclusion, we revealed a previously unknown role for the E3
ubiquitin ligase gp78 in macrophages as an important suppressor
of NLRP3 inflammasome activation. The NLRP3 inflammasome
must be efficiently activated to defend the host from infection as
well as sterile inflammation, but activation must be controlled to
prevent hyperinflammation and its deleterious consequences.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 mice were purchased from the Model Animal Research
Center of Nanjing University. gp78”" and Insig1” mice were kindly
provided by Prof. Bao-Liang Song of Wuhan University. Lyz2-cre
mice were purchased from the Jackson Laboratory. All mice were
on the C57BL/6 background. gp78”" and Insig1”" mice were
separately crossed with Lyz2-cre mice to obtain Lyz2-cre-gp78”
and Lyz2-cre-Insig1”" mice. gp78 transgenic mice (CD68-gp78)
were generated by GemPharmatech Co. Ltd. Fragments of Human
CD68 promoter, IVS-1 enhancer, gp78 CDS, 3xFlag, and rabbit
globin polyA were amplified by pfu DNA polymerase and ligated
to the pMD18-T vector by SLIC after confirmation by PCR, enzyme
digestion, and sequencing. The target region [the promoter of the
gene encoding human CD68 and the macrophage-specific IVS-1
enhancer were upstream of the sequence encoding mouse gp78,
and a Kozak sequence (GCCGCCACC) was added before the ATG;
sequences encoding 3xFLAG epitope and poly A were added after
gp78] on the final vector was released by Pvu I restriction enzyme
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digestion and confirmed by PCR, enzyme digestion, and sequen-
cing before delivery into zygotes. Nine lines were initially
analyzed, and subsequently a single line was used for most
experiments.

Cells

Mouse BMDMs were generated as previously described. Briefly,
cells were flushed from tibias and femurs with cold Dulbecco'’s
modified Eagle’s medium (DMEM) and were cultured in DMEM
supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, and 10 ng/ml macrophage colony-stimulating factor
(M-CSF, PeproTech) to generate BMDMs.

Mouse peritoneal macrophages were collected 4 days after
thioglycolate (Merck) injection. Immortalized mouse macrophages
(iBMDMs) were kindly provided by Prof. Feng Shao (National
Institute of Biological Sciences, Beijing). THP-1 cells were cultured
in RPMI 1640 containing the same supplements. THP-1 cells were
differentiated for 4 h with 100 nM phorbol myristate and re-plated.

For stimulation, 5x10° cells were plated in 12-well plates
overnight. The medium was changed to opti-MEM the next day
and then the cells were primed with LPS (500 ng/ml) for 4 h. After
that, cells were stimulated with various NLRP3 activators (2 mM
ATP for 30 min; 10 pM nigericin for 30 min; 200 pg/ml MSU for 5 h;
300 pug/ml alum for 5 h). For AIM2 inflammasome activation, poly
(dA:dT) (1 ug/ml) was transfected using Lipofectamine 2000
following the manufacturer’'s protocol (Invitrogen). For NLRC4
inflammasome activation, S. typhimurium was grown overnight in
Luria-Bertani broth, and peritoneal macrophages were infected for
1h with the Salmonella culture (1:100) and then incubated for
another 1 h in the presence of gentamycin.

Reagents
ATP, LPS from Escherichia coli O111: B4, phorbol myristate, and
MCD-cholesterol were from Sigma; nigericin, MSU, and poly(dA:
dT) were from Invivogen; alum was from Thermo Fisher Scientific.
The antibody against pro-IL-13 was from R&D systems (AF-401-
NA); anti-mouse caspase-1 (AG-20B-0042), anti-NLRP3 (AG-20B-
0014), and anti-ASC (AG-25B-0006) were from AdipoGen; anti-
gp78 (16675-1-AP), anti-NEK7 (EPR4900), anti-Insig-1 (55282-1-AP),
anti-mouse 1gG (B900620), anti-V5 (66007-1-lg), anti-His (66005-1-
Ig), and anti-Myc (60003-2-lg) were from Proteintech; anti-Ub (sc-
8017) was from Santa Cruz; anti-Flag antibodies were separately
from Proteintech (20543-1-AP) and MBL (M185-3LL); anti-HA
antibodies were separately from Thermo Fisher Scientific (26183)
and MBL (M180-3); anti-B-actin (M1210-2), anti-B-tubulin
(EM0103), anti-TOMM20 (ET1609-25), and anti-VDAC1 (ET1601-
20) were from HuaAn Biotechnology Co., Ltd; anti-rabbit IgG (2729
P) was from Cell Signaling Technology; anti-Flag M2 magnetic
beads (M8823) were from Sigma; Protein A/G (HY-K0202) beads
were from MCE.

METHOD DETAILS

Transfection and co-immunoprecipitation

Briefly, plasmids were transfected into HEK293T cells using
polyethyleneimine. After 24 h, the cells were collected and re-
suspended in lysis buffer (50 mM Tris-HCI, 5 mM EDTA, 150 mM
NaCl, 0.5% (vol/vol) Nonidet-P40, and 10% (vol/vol) glycerol, pH
7.4) supplemented with TmM PMSF and complete protease
inhibitor cocktail. Cell lysates were immunoprecipitated with the
indicated antibody and beads overnight at 4°C with rotation.
Immunocomplexes were washed three times in lysis buffer the
following day, resolved by SDS-PAGE, and analyzed by western
blotting.

LPS-primed peritoneal macrophages were re-suspended in SDS
lysis buffer (50 mM Tris, pH 7.8, 150 mM NaCl, 1% (vol/vol)
Nonidet-P40, 2% SDS, and 10% (vol/vol) glycerol) and then heated
at 100 °C for 10 min followed by 10x dilution with lysis buffer (50
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mM Tris, pH 7.8, 150 mM NacCl, 1% (vol/vol) Nonidet-P40, and 10%
(vol/vol) glycerol). Proteins were immunoprecipitated from cell
lysates with anti-NLRP3 antibody and then the ubiquitination of
NLRP3 was assessed by western blot analysis.

Immunofluorescence staining and confocal microscopy

Cells were primed with LPS for 4 h, then fixed in 4% fixative
solution (Solarbio) for 20 min and permeabilized with saponin
(Beyotime) for 5min. After blocking with 5% bovine serum
albumin (BSA; Solarbio) for 1 h at room temperature, cells were
incubated overnight with anti-gp78 and anti-NLRP3 antibodies
[1:200 in phosphate-buffered saline (PBS) containing 5% BSA]
followed by staining with DyLight 488-labeled (Multisciences) and
Alexa Fluor 555-labeled secondary antibodies (Abcam). Nuclei
were co-stained with DAPI (Roche). Stained cells were viewed
under a confocal fluorescence microscope (LSM 880 with AiryScan,
Nikon A1R).

ASC oligomerization and ASC speck formation
Peritoneal macrophages were plated in 6-cm dishes (4-5x 10°
cells per dish). Cells were primed with 500 ng/ml LPS for 4 h and
treated with 10 uM nigericin for 45 min. After that, the super-
natants were removed, the cells were rinsed in ice-cold PBS, and
500 pl ice-cold lysis buffer (50 mM Tris-HCI pH 7.5, 1% Triton X-100,
150 mM NadCl, 0.1 mM PMSF, and protease inhibitor cocktail) was
added and incubated at 4°C for 10 min. Cells were scraped and
lysed by shearing ten times through a 21-gauge needle. The
lysates were centrifuged at 6000 g for 15 min at 4 °C and then 50
pl of supernatant was removed for western blot analysis. The
remaining pellets were washed twice in ice-cold PBS and re-
suspended in 500 pl room-temperature PBS. Disuccinimidyl
suberate (2mM) was added to the re-suspended pellets and
incubated at room temperature for 30 min with rotation. Samples
were then centrifuged at 6000 g for 15 min, and the cross-linked
pellets were re-suspended in 40 pl SDS loading buffer. Samples
were boiled for 10 min at 100 °C and analyzed by western blotting.
For ASC speck formation, BMDMs were seeded at 5 x 10°/ml on
chamber slides and allowed to attach overnight. The following
day, the cells were primed with 500 ng/ml LPS for 4 h and treated
with 10 uM nigericin for the indicated time. The cells were fixed in
4% fixative solution followed by ASC and DAPI staining.

Cellular fractionation

Cytosol and mitochondria were isolated from peritoneal macro-
phages using a Mitochondria Isolation Kit (89874, Thermo Fisher
Scientific) according to the manufacturer’s guidelines.

Super-resolution microscopy and structured illumination
microscopy

Sample preparation was as described above. For three-
dimensional reconstruction, images of BMDMs were captured
using a Nikon structured illumination microscope equipped with
an ECLIPSE Ti and the objective lens was a CFI Apochromat TIRF
100xH. Images were recorded as vertical z stacks and processed
using NIS analysis and Imaris 8.4 software to generate three-
dimensional images.

The Pearson coefficient of co-localized volume ranges from 1 to
—1 and indicates the level of correlation between the channels
analyzed. The closer a value approaches 1, the stronger the
correlation or overlap between the two channels selected; a value
closer to -1 corresponds to a lower correlation between the two
channels of interest.

Lentivirus transduction of immortalized bone marrow-derived
macrophages (iBMDMs) and gp78-deficient BMDMs

Cells were spin-infected at 32°C with lentivirus encoding Flag-
gp78 or gp78 C356G as indicated for 120 min at 1500 g. Forty-
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eight hours after infection, cells were selected by culture with 2
pg/ml puromycin (Sigma).

ELISA

Supernatants from cell culture and serum were collected and the
concentrations of IL-1B, IL-18, and TNF-a were determined
according to the manufacturer’s instructions (Thermo Fisher
Scientific).

In vivo LPS challenge

Mice were injected intraperitoneally with LPS (25 mg/kg body
weight). After 4 h, they were sacrificed and the serum concentra-
tions of IL-1$3, IL-18, and TNF-a were measured by ELISA (Thermo
Fisher). For survival model, mice were injected with 20 mg/kg LPS.

Alum-induced peritonitis

To establish a peritonitis model, mice were injected intraperito-
neally with 2 mg alum dissolved in 0.2 ml sterile PBS. After 6 h, the
mice were sacrificed and the peritoneal cavity was flushed with
cold PBS. The peritoneal lavage fluid was analyzed using FACS
Calibur for the recruitment of polymorphonuclear neutrophils with
the neutrophil markers FITC-Ly6G (RB6-8C5, Multisciences) and
APC-CD11b (M1/70, Biolegend), and the IL-13 concentration in the
lavage fluid was determined by ELISA.

Semi-denaturing detergent agarose gel electrophoresis (SDD-
AGE)

The oligomerization of NLRP3 was analyzed as previously
reported. Peritoneal macrophages were lysed with Triton X-100
lysis buffer and then re-suspended in 1x sample buffer and loaded
onto a vertical 1.5% agarose gel. After electrophoresis in running
buffer (1x TBE and 0.1% SDS) for 1 h at a constant voltage of 80V
at 4°C, the proteins were transferred to nitrocellulose filter
membrane (Pall, #28637358) for immunoblotting.

The buffers used were as follows: 1XTBE buffer: 89 mM Tris pH
8.3, 89 mM boric acid, 2 mM EDTA; Triton X-100 lysis buffer: 0.5%
Triton X-100, 50 mM Tris-HCl, 150 mM NaCl, 10% glycerol, 1 mM
PMSF, and protease inhibitor cocktail; 1x sample buffer: 0.5x TBE,
10% glycerol, 2% SDS, and 0.0025% bromophenol blue.

Lactate dehydrogenase assay

The release of LDH into the culture medium was determined using
an LDH Cytotoxicity Assay Kit (Promega) according to the
manufacturer’s instructions.

Reconstitution of the NLRP3 inflammasome in HEK293T cells
The HEK293T cells were seeded into six-well plates (5x 10° cells
per well) in complete culture medium. Then cells were transfected
with plasmids expressing HA-pro-IL-1B (1 ug), Myc-pro-caspase-1
(60 ng), Flag-ASC (150 ng), and Flag-tagged NLRP3 (200 ng) with or
without Myc-gp78 using polyethyleneimine. The medium was
replaced 6 h after transfection and supernatants were collected
34 h after medium change. The IL-1 maturation was determined
by ELISA and cell lysates were analyzed by western blot.

Small-interfering RNA transfection

Peritoneal macrophages were plated in 12-well plates (3x 10’
cells per well) and then transfected with 100 nM siRNA using
Lipofectamine RNAIMAX (Thermo Fisher Scientific) according to
the manufacturer’s instructions. The siRNA for mouse gp78
(CGAAAGCGGUUCUUAAACAAATT) and the scrambled siRNA
(UUCUCCGAACGUGUCACGUTT) were chemically synthesized by
Genepharma Co., Shanghai, China.

Quantitative PCR

RNA was extracted using the RNA-Quick purification kit (ES
Science). Complementary DNA was synthesized using the Super-
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Script First-Strand cDNA synthesis kit (Vazyme Biotech) according
to the manufacturer’s protocols. Quantitative PCR was performed
using SYBR Green (Vazyme Biotech) on a Light Cycler 480 (Roche
Diagnostics). The samples were individually normalized to gapdh
and the primers used were as follows.

111b-F ATCAACCAACAAGTGATATTCTCCAT
111b-R GGGTGTGCCGTCTTTCATTAC
Tnf-F CCTGTAGCCCACGTCGTAG
Tnf-R GGGAGTAGACAAGGTACAACCC
gapdh-F AGGTCGGTGTGAACGGATTTG
gapdh-R TGTAGACCATGTAGTTGAGGTCA
nlrp3-F AGCCAGAGTGGAATGACACG
nlrp3-R CGTGTAGCGACTGTTGAGGT
118-F GACTCTTGCGTCAACTTCAAGG
1118-R CAGGCTGTCTTTTGTCAACGA
caspl1-F CACAGCTCTGGAGATGGTGA
caspl1-R TCTTTCAAGCTTGGGCACTT
Hspa5-F GTGTGTGAGACCAGAACCGT
Hspa5-R GTTCTTGAACACACCGACGC
Ddit3-F GGAACCTGAGGAGAGAGTGTTC
Ddit3-R CTTCCTCTTCGTTTCCTGGGG
Dnajb9-F GAGGCTACTCGGCGTTCG
Dnajb9-R GCAGACTTTGGCACACCTAA
Xbp1s-F CTGAGTCCGCAGCAGGTG
Xbp1s-R GACCTCTGGGAGTTCCTCCA
Xbp1-F GAACCAGGAGTTAAGAACACG
Xbp1-R AGGCAACAGTGTCAGAGTCC

Xbp-1 splicing detection

Total RNA was isolated from gp78”" or Lyz2-cre-gp78”" derived
peritoneal macrophages, either untreated, treated with LPS (500
ng/ml, 4h), LPS (500 ng/ml, 4h) plus ATP (2mM, 30 min), or
thapsigargin (0.5 uM, 6 h), and RT-PCR analysis of total RNA was
performed to simultaneously detect both spliced and unspliced
XBP1 mRNA and GAPDH. RT-PCR products were separated by
electrophoresis (2% agarose gel). The primers used are Xbp1-F and
Xbp1-R.

f/f

In vitro ubiquitination assay

For the synthesis of polyUb chains, purified GST-NLRP3 ALRR, Flag-
gp78 was mixed with E1 (80 nM), Ube2g2 (1 uM), and ubiquitin
(50 uM) (kindly provided by Prof. Zong-Ping Xia of Zhengzhou
University) in a reaction buffer containing 20 mM HEPES-K, pH 7.4,
5mM MgCl,, 2mM ATP, and 10% glycerol. The reaction was
carried out at 30°C for 30 min and then resolved by SDS-PAGE.
Ubiquitinated products were detected by immunoblotting with
the indicated antibodies.

Mass spectrometry

In-gel digestion and mass spectrometry analysis. The silver-stained
gel band was excised, cut into small pieces, and washed with
water followed by a 1:1 mixture of 30 mM K,Fe(CN)s and 100 mM
Na,S,0s. The protein was reduced with 10 mM Tris (2-carbox-
yethyl) phosphine (Thermo Scientific) in 100 mM NH4HCO; at
room temperature for 30 min and alkylated with 55 mM iodoace-
tamide or N-ethylmaleimide (Sigma) in 100 mM NH4HCOs in the
dark for 30 min. After that, the gel pieces were washed with 100
mM NH4HCO3 and 100% acetonitrile, then dried using a SpeedVac.
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Finally, they were digested with 12.5 ng/uL trypsin (Promega) in
50 mM NH4HCOs for 16 h at 37°C, and the tryptic peptides were
extracted twice with 50% acetonitrile/5% formic acid and dried
using a SpeedVac. The sample was reconstituted with 0.1% formic
acid, desalted using a MonoSpin™ C18 column (GL Science,
Tokyo, Japan), and then dried with a SpeedVac.

LC/tandem MS (MS/MS) analysis of peptides. The peptide mixture
was analyzed using a home-made 30cm pulled-tip analytical
column (75 um ID packed with ReproSil-Pur C18-AQ 1.9 um resin,
Dr. Maisch GmbH), which was then placed in-line with an Easy-nLC
1200 nano HPLC (Thermo Scientific, San Jose, CA) for mass
spectrometry. Peptides eluted from the LC column were directly
electro-sprayed into the mass spectrometer with a distal 2.5 kV
spray voltage. Data-dependent tandem mass spectrometry (MS/
MS) was performed with a Q Exactive Orbitrap mass spectrometer
(Thermo Scientific, San Jose, CA). A cycle of one full-scan MS
spectrum (m/z 300-1800) was acquired followed by the top 20
MS/MS events, sequentially generated on the first to the twentieth
most intense ions selected from the full MS spectrum at a 30%
normalized collision energy. Full scan resolution was set to 70,000
with an automated gain control (AGC) target of 3e6. The MS/MS
scan resolution was set to 17,500 with an isolation window of 1.8
m/z and an AGC target of 1e5. The number of microscans was one
for both MS and MS/MS scans and the maximum ion injection
times were 50 and 100 ms, respectively. The dynamic exclusion
settings used were as follows: charge exclusion, 1 and >8; exclude
isotopes, on; and exclusion duration, 30 s. MS scan functions and
LC solvent gradients were controlled by the Xcalibur data system
(Thermo Scientific). The analytical column temperature was set at
55°C during the experiments. The mobile phase and elution
gradients used for peptide separation were as follows: 0.1% formic
acid in water as buffer A and 0.1% formic acid in 80% acetonitrile
as buffer B, 0-1 min, 5-10% B; 1-96 min, 10-40% B; 96-104 min,
40-60% B; 104-105 min, 60-100% B; 105-120 min, 100% B. The
flow rate was set at 300 nL/min.

Data analysis. The acquired MS/MS data were analyzed against a
homemade database (including all target proteins) using PEAKS
Studio 8.5. Cysteine alkylation by iodoacetamide or
N-ethylmaleimide was specified as fixed modification with mass
shift 57.02146 and methionine oxidation and protein n-terminal
acetylation as variables. In addition, lysine ubiquitination was set
as dynamic modification with mass shift 114.0429. In order to
accurately estimate peptide probabilities and false discovery rates,
we used a decoy database containing the reversed sequences of
all the proteins appended to the target database.

Quantification and statistical analysis

For cell experiments, none of the samples was excluded. For
animal experiments, none of the animals was excluded from the
analysis except for animals that were dead or no enough sample
were collected. The results for ELISA and g-PCR are expressed as
the mean +SD. For animal experiments, genotyping was per-
formed before experiments. The mouse model data are expressed
as the mean + SEM and analyzed using two-tailed Student’s t test
for two groups. For mouse survival rate analysis, GraphPad Prism7
was used to plot Kaplan-Meier survival curves and compared
using log-rank tests. Differences were considered significant when
*p < 0.05, **p < 0.01, **p < 0.001.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
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