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ABRO1 promotes NLRP3 inflammasome activation
through regulation of NLRP3 deubiquitination
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Abstract

Deubiquitination of NLRP3 has been suggested to contribute to
inflammasome activation, but the roles and molecular mechanisms
are still unclear. We here demonstrate that ABRO1, a subunit of
the BRISC deubiquitinase complex, is necessary for optimal NLRP3-
ASC complex formation, ASC oligomerization, caspase-1 activation,
and IL-1b and IL-18 production upon treatment with NLRP3 ligands
after the priming step, indicating that efficient NLRP3 activation
requires ABRO1. Moreover, we report that ABRO1 deficiency results
in a remarkable attenuation in the syndrome severity of NLRP3-
associated inflammatory diseases, including MSU- and Alum-
induced peritonitis and LPS-induced sepsis in mice. Mechanistic
studies reveal that LPS priming induces ABRO1 binding to NLRP3 in
an S194 phosphorylation-dependent manner, subsequently recruit-
ing the BRISC to remove K63-linked ubiquitin chains of NLRP3 upon
stimulation with activators. Furthermore, deficiency of BRCC3, the
catalytically active component of BRISC, displays similar pheno-
types to ABRO1 knockout mice. Our findings reveal an ABRO1-
mediated regulatory signaling system that controls activation of
the NLRP3 inflammasome and provide novel potential targets for
treating NLRP3-associated inflammatory diseases.
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Introduction

The NOD-like receptor family protein 3 (NLRP3) inflammasome is a

critical component of innate immunity (Schroder & Tschopp, 2010).

It is capable of sensing cellular stress derived from a wide variety of

stimuli, including invading pathogens, pore-forming toxins, endoge-

nous danger signals, metabolic dysfunction, and pollutant particles

(Abderrazak et al, 2015). Consequently, dysregulated NLRP3

inflammasome activation is associated with both heritable and

acquired inflammatory diseases (Menu & Vince, 2011; de Torre-

Minguela et al, 2017).

Successful NLRP3 inflammasome activation requires two sequen-

tial steps: priming and activation (He et al, 2016). The key priming

event is the NF-jB-mediated transcription of pro-IL-1b and NLRP3

(Bauernfeind et al, 2009). The following activation step is character-

ized by the assembly of the NLRP3 inflammasome complex and the

subsequent proteolytic processing of pro-IL-1b and pro-IL-18 by

autocatalytically activated pro-caspase-1. The regulation of NLRP3

inflammasome activation has been extensively investigated. A

number of studies have reported that regulation of NLRP3

inflammasome activity occurs by modification of NLRP3 at the

transcription level (Fernandes-Alnemri et al, 2013; Huai et al,

2014). Nonetheless, accumulating evidence also indicates that post-

translational modifications (PTMs; Baker et al, 2017), especially

ubiquitination and phosphorylation, modulate NLRP3 and ASC

(apoptosis-associated speck-like protein containing a CARD) to

facilitate the assembly of inflammasome complexes, which are

controlled by protein turnover (Yan et al, 2015b), protein distribu-

tion and location (Subramanian et al, 2013), and the intricate

protein–protein interactions (Stutz et al, 2017).

It has been reported that NLRP3 is poly-ubiquitinated in resting

macrophages with mixed Lys-48 and Lys-63 ubiquitin chains

(Juliana et al, 2012; Py et al, 2013). Lys48-linked polyubiquitin

plays a major role in NLRP3 stability. Several E3 ubiquitin ligases,

such as MARCH7 (Yan et al, 2015b), TRIM31 (Song et al, 2016),

and FBXL2 (Han et al, 2015), have been shown to promote Lys48-

linked ubiquitination of NLRP3, leading to its degradation (Baker

et al, 2017). In addition, previous studies have shown that an addi-

tional decrease in ubiquitinated NLRP3 can be induced by

inflammasome activation signals (Juliana et al, 2012). Inhibition of
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NLRP3 deubiquitination by pharmacologic administration of

nonspecific DUB inhibitors almost completely blocks NLRP3 activa-

tion in both mouse and human cells (Juliana et al, 2012; Lopez-

Castejon et al, 2013), indicating that deubiquitination is required

not only for NLRP3 stability but also for NLRP3 inflammasome acti-

vation. Subsequently, the deubiquitination enzyme BRCA1/BRCA2-

containing complex subunit 3 (BRCC3, also known as BRCC36 in

human) is identified as a critical regulator of NLRP3 ubiquitination

and inflammasome activity by knockdown experiments in vitro (Py

et al, 2013). However, the in vivo role of the BRCC3 in NLRP3

deubiquitination and the underlying molecular mechanisms are still

unknown. Moreover, a previous study has reported that mice lack-

ing Abraxas brother 1 (ABRO1, also known as Abraxas 2 and

KIAA0157), a scaffold to assemble the BRCC3 complex (also known

as BRCC36 isopeptidase complex [BRISC]), exhibit a markedly

decreased severity of LPS-induced injury and display significantly

reduced mortality, which indicates that BRCC3 complex is an impor-

tant regulator of cellular responses to LPS (Zheng et al, 2013). LPS-

induced inflammatory cytokines including interleukin 1-beta (IL-1b)
and IL-18 play a key role in LPS-induced septic shock. Neutraliza-

tion of IL-1 and IL-18, using the IL-1 receptor antagonist anakinra

and anti-IL-18 antibodies, conferred complete protection against

endotoxin-induced lethality (Vanden Berghe et al, 2014). However,

Zheng et al (2013) have shown that ABRO1 knockout results in a

decreased induction of Il1b mRNA in blood leukocytes by LPS treat-

ment, and LPS plus ATP-induced caspase-1 activation is not

impaired in Abro1�/� macrophages. As ABRO1 is an important

subunit of the BRCC3 complex, and removal of ABRO1 leads to the

loss of BRCC3 deubiquitinase (DUB) activity (Feng et al, 2010),

these results imply that the BRCC3 complex probably does not

contribute to NLRP3 inflammasome activation upon LPS plus ATP

challenge (Zheng et al, 2013). Thus, the role of the BRCC3 complex

in the NLRP3 inflammasome is controversial, and further studies

are required to clarify the contribution of BRCC3 complex to NLRP3

inflammasome activation.

BRCC3 is a JAB1/MPN/Mov34 (JAMM) domain-containing Zn2+

metalloprotease DUB (Cooper et al, 2009). In the cytoplasm, BRCC3

forms a multiprotein complex (BRISC) with ABRO1, NBA1, and BRE

that specifically cleaves “Lys(K)-63”-linked ubiquitin (Feng et al,

2010). ABRO1 is a paralog of a BRCA1-interacting protein, Abraxas,

and they share 39% sequence homology within their amino-term-

inal regions (Wang et al, 2007). ABRO1 contains a structural

domain that interacts with subunits NBA1, BRE, and BRCC36 (Hu

et al, 2011) but lacks the PSXXF domain that serves as a specific

recognition motif for the BRCT domain of BRCA1 (Wang et al,

2007). Therefore, ABRO1 does not interact with BRCA1 but serves

as a scaffold protein and recruits the rest of the components, includ-

ing NBA1, BRE, and BRCC3, to form the BRISC (Feng et al, 2010).

So far, only a few substrates of BRISC have been identified, includ-

ing the type 1 interferon (IFN) receptor chain 1 (IFNAR1) (Zheng

et al, 2013), the essential spindle assembly factor nuclear mitotic

apparatus (NuMA) (Yan et al, 2015a), the poly (ADP-ribose) poly-

merase tankyrase 1 (Tripathi & Smith, 2017), and the HIV-1 Tat

protein (Xu et al, 2018).

Here, we describe a specific function of ABRO1 as a regulator of

the NLRP3 inflammasome complex in macrophages. Our results

generate a model involving that LPS priming induces ABRO1 bind-

ing to NLRP3 in an S194 phosphorylation-dependent manner,

leading to ABRO1-dependent recruitment of BRISC which mediates

deubiquitination of NLRP3 upon inflammasome activation. Impor-

tantly, we provide clear genetic evidence from knockout mice that

BRISC plays a key role in the regulation of NLRP3 inflammasome.

Results

Abro1�/� macrophages show specific defective activation of the
NLRP3 inflammasome

To further investigate the potential functions of ABRO1, we gener-

ated Abro1-deficient (Abro1�/�) mice by the partial deletion of exon

1 of the murine Abro1 locus (Fig EV1A and B). In line with a previ-

ous report, Abro1�/� mice appeared normal and showed no

anatomical abnormalities (Zheng et al, 2013). Based on the observa-

tion that Abro1�/� mice and cells display abnormalities in response

to LPS stimulation (Zheng et al, 2013), we investigated the role of

ABRO1 in macrophages. The development and proliferation abilities

were comparable between Abro1+/+ and Abro1�/� bone marrow-

derived macrophages (BMDMs; Fig EV1C and D). LPS-induced

production of IL-6 and TNF-a in condition medium was comparable

between Abro1+/+ and Abro1�/� BMDMs (Fig EV1E). However,

Abro1�/� BMDMs generated significantly less IL-1b and IL-18

compared with Abro1+/+ BMDMs in response to LPS priming and

ATP stimulation (Fig 1A and B). ABRO1 overexpression greatly

enhanced IL-1b secretion in Abro1+/+ BMDMs, and re-expression

of exogenous ABRO1 protein in Abro1�/� macrophages restored

IL-1b secretion to a similar level observed in Abro1+/+ cells in

response to inflammasome activation (Fig 1C). Moreover, knock-

down of ABRO1 significantly reduced IL-1b release in human mono-

cyte-derived macrophages (HMDMs) treated with LPS plus ATP

(Fig 1D). Similarly, significant decreases of IL-1b production were

also observed in response to other NLRP3 inflammasome stimuli,

including nigericin, silica, monosodium urate crystals (MSU),

muramyl dipeptide (MDP), and aluminum (Alum) in Abro1�/�

macrophages (Fig 1E). These results indicate that activation of the

NLRP3 inflammasome is defective in Abro1�/� macrophages.

Importantly, IL-1b defects in Abro1�/� BMDMs were not due to

altered inflammasome-related core protein levels (Fig EV1F), LPS

unresponsiveness (depicted by LPS/TLR4 signaling pathway activa-

tion, Il1b, Tnfa, and Il6 transcript expression levels, TNF-a, and IL-6

release; Fig EV1G, H, and E), nor reduced macrophage viability

(Fig EV1I). Of note, Nlrp3�/� BMDMs showed almost a complete

loss of IL-1b release, while the IL-1b release is generally only

reduced by about 70% in Abro1�/� BMDMs relative to wild-type

cells after LPS plus ATP or LPS plus nigericin treatment (Fig EV2A).

Therefore, our results suggest that ABRO1 is required for effective

activation of the NLRP3 inflammasome and IL-1b secretion upon

stimulation with the NLRP3 ligands.

We next investigated whether ABRO1 was important for the acti-

vation of other inflammasomes, namely the NLRP1 (activated with

anthrax lethal toxin), NLRC4 (activated with Salmonella flagellin),

and AIM2 (activated with poly(dA:dT)) inflammasomes (Baroja-

Mazo et al, 2014). As shown in Fig 1E, Abro1�/� and Abro1+/+

BMDMs generated comparable levels of IL-1b in response to anthrax

lethal toxin (LTx), flagellin and poly(dA:dT), indicating that ABRO1

is specific for NLRP3 inflammasome activation.
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Figure 1. Abro1�/� macrophages show defective activation of the NLRP3 inflammasome.

A, B LPS-primed Abro1+/+ and Abro1�/� BMDMs were treated with various doses of ATP. CBA analysis of IL-1b (A) and ELISA of IL-18 (B) in the culture supernatants.
C CBA analysis of IL-1b secretion from Abro1+/+ and Abro1�/� BMDMs transduced with GFP- or ABRO1-GFP-expressing lentiviruses prior to stimulation with LPS and

ATP. Cell lysates were immunoblotted with anti-ABRO1 antibody.
D ELISA analysis of IL-1b secretion from HMDMs transduced with lentiviruses expressing shCon or shABRO1 prior to stimulation with control medium (Con), LPS or

LPS plus ATP. Cell lysates were immunoblotted with anti-ABRO1 and anti-GAPDH antibodies.
E Abro1+/+ and Abro1�/� BMDMs were left untreated (Con), treated with LPS alone (LPS) or pretreated with LPS, and then stimulated with nigericin, silica, MSU, MDP,

Alum, poly(dA:dT), flagellin, or LTx (Anthrax Lethal Factor). CBA analysis of IL-1b secretion in the culture supernatants.
F Representative immunoblot analysis of cleaved caspase-1 and IL-1b in culture supernatants (SN) of LPS-primed Abro1+/+ and Abro1�/� BMDMs treated with ATP,

nigericin, MSU, flagellin, or poly(dA:dT).
G Flow cytometric analysis of caspase-1 activity in LPS-primed Abro1+/+ and Abro1�/� BMDMs stimulated with nigericin for indicated times.
H Immunostaining of endogenous ASC specks in LPS-primed Abro1+/+ and Abro1�/� BMDMs left untreated or treated with nigericin or poly(dA:dT). Scale bars, 10 lm.
I Quantification of ASC specks from (H) was performed by counting cells in five random areas of each image in triplicate experiments and described as a percentage

of ASC specks for total cell nuclei. At least 100 cells from each treatment condition were quantified. UD, undetectable.
J LPS-primed Abro1+/+ and Abro1�/� BMDMs were left untreated or treated with ATP. Immunoblot analysis of NLRP3 and ASC protein in cell lysates

immunoprecipitated with anti-ASC antibody.

Data information: Data are presented as mean � SEM from three independent experiments performed in triplicate wells (A–E, G, I) or are representative of three
independent experiments (F, H, J). *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant; two-tailed unpaired t-test (C–E, I) or two-way ANOVA with Bonferroni post-test
(A, B, G).
Source data are available online for this figure.
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The maturation and secretion of pro-caspase-1 and pro-IL-1b are

critical steps for inflammasome activation (Franchi et al, 2009). We

therefore measured the cleavage of pro-IL-1b and pro-caspase-1. As

expected, pro-caspase-1 and pro-IL-1b were processed to their

respective mature forms in LPS-primed Abro1+/+ BMDMs stimu-

lated with ATP, nigericin, and MSU. However, these effects were

significantly inhibited in Abro1�/� BMDMs (Fig 1F). In line with

these results, significantly reduced active caspase-1 levels were

consistently observed in Abro1�/� BMDMs compared with

Abro1+/+ BMDMs in response to LPS priming followed by ATP

stimulation (Fig 1G). However, flagellin and poly(dA:dT) treatment

promoted normal IL-1b and caspase-1 maturation in Abro1�/�

BMDMs (Fig 1F), which reconfirmed that ABRO1 was not required

for NLRC4 and AIM2 inflammasome activation.

The formation of the adaptor protein ASC speck is another hall-

mark of inflammasome activation. Once the inflammasome is

active, ASC will oligomerize as part of the inflammasome complex

to form a single large (up to 2 lm) perinuclear focus per cell

(Fernandes-Alnemri et al, 2007). Therefore, we investigated

whether ABRO1 deficiency affected ASC speck formation. Compared

with Abro1+/+ BMDMs, the amounts of ASC specks induced by LPS

plus nigericin were significantly reduced in Abro1�/� BMDMs,

whereas ASC speck formation after poly(dA:dT) transfection was

unaffected (Fig 1H and I). We also examined the impact of ABRO1

deficiency on ASC oligomerization. The results showed that ASC

oligomerization was significantly reduced in Abro1�/� BMDMs

(Fig EV2B). Moreover, ABRO1 deficiency weakened the interaction

between NLRP3 and ASC (Fig 1J). These results provided robust

evidence that ABRO1 was necessary for optimal formation of the

NLRP3-ASC complex during NLRP3 inflammasome activation.

We also examined whether ABRO1 affected the upstream events

of NLRP3 inflammasome activation, including K+ efflux, Ca2+

mobilization, mitochondrial dysfunction, and ROS generation (He

et al, 2016). Our results showed that these upstream pathways for

NLRP3 activation were unaffected in Abro1�/� BMDMs after the

respective activator treatment (Fig EV3A–D). It is postulated that

ABRO1 acts downstream of K+ efflux, Ca2+ flux, and mitochondrial

damage to control NLRP3 activation.

ABRO1 deficiency attenuated NLRP3-dependent responses in vivo

To assess the role of ABRO1 in the regulation of the NLRP3

inflammasome in vivo, different NLRP3-dependent inflammatory

models were employed. Injection MSU (i.p) into mice can induce

NLRP3-dependent IL-1b production and recruitment of inflammatory

cells in the peritoneal cavity (Shenoy et al, 2012). As Fig 2A shows,

IL-1b secretion detected in the lavage fluid was significantly

decreased in Abro1�/� mice (about 60%) and Nlrp3�/� mice (about

80%) relative to wild-type mice after MSU injection, but inflamma-

some-independent TNF-a secretion was unaffected in both knockout

mice. Both Abro1�/� and Nlrp3�/� mice also exhibited impaired

recruitment of neutrophils and inflammatory monocytes to the peri-

toneal cavity compared with wild-type mice (Fig 2B). In addition,

caspase-1 activity in recruited Abro1�/� immune cells was markedly

suppressed (Fig 2C). We also detected significantly lower production

of IL-1b and recruitment of inflammatory cells in the lavage fluid of

Abro1�/� mice in another NLRP3-dependent peritonitis mouse

model induced by Alum (Jin et al, 2013; Fig 2D and E). Finally,

ABRO1 deficiency markedly increased mice survival in an LPS-

induced sepsis model (Yan et al, 2015b; Fig 2F), and Abro1�/�

animals had a pronounced reduction in serum IL-1b (Fig 2G), which

are consistent with the results in Nlrp3�/� mice subjected to a lethal

dose of LPS (Mariathasan et al, 2006). These results provide

evidence that ABRO1 is important for NLRP3 inflammasome activa-

tion in vivo.

ABRO1 interacts with NLRP3

Based on the current results, ABRO1 is likely to act on the NLRP3

protein itself. Considering that NLRP3 has been identified as

a substrate of BRCC3 deubiquitinating enzyme and ABRO1

often performs as an adaptor between BRISC and the substrates (Py

et al, 2013; Zheng et al, 2013), we therefore investigated the

association of ABRO1 with subunits of the NLRP3 inflammasome,

including NLRP3, ASC, and pro-caspase-1. Co-immunoprecipitation

experiment results showed that ABRO1 immunoprecipitated with

NLRP3 but not with ASC or pro-caspase-1 (Fig 3A). Detection of an

endogenous interaction between ABRO1 and NLRP3 in resting WT

BMDMs was difficult; however, the association was substantially

increased by LPS priming in a time-dependent manner but was not

induced by nigericin or ATP in unprimed cells (Fig 3B and C). In

addition, Pam3CSK4, another priming stimulus, also triggered inter-

action between ABRO1 and NLRP3 (Fig 3D). Interestingly, in LPS-

primed macrophages, the interaction between endogenous ABRO1

and NLRP3 almost disappeared after one hour of ATP stimulation or

three hours of nigericin stimulation (Fig 3E). These results indicate

that ABRO1 engagement by LPS promotes a ternary complex with

NLRP3. Mapping of the binding domain targeted by ABRO1 revealed

that deletion of either the linker between PYD and NACHT domain

(amino acid residues 90–219) or NACHT domain significantly weak-

ened the interaction between NLRP3 and ABRO1; moreover, dele-

tion of both the linker and NACHT domain completely abolished

this interaction, indicating that the middle region (amino acid resi-

dues 90–536) including the linker between PYD and NACHT domain

and NACHT domain is essential for NLRP3 binding to ABRO1

(Fig 3F and G). In addition, the N-terminal region (amino acid resi-

dues 1–200) of ABRO1 interacted with NLRP3 (Fig 3H and I).

Phosphorylation of serine 194 in NLRP3 modulates its interaction
with ABRO1

Since the interaction of ABRO1 and NLRP3 is augmented upon LPS

priming, we assume that post-translational modification is involved

in the regulation of ABRO1-NLRP3 complex formation. It has recently

been reported that JNK1-mediated NLRP3 phosphorylation at S194 is

a critical priming event during NLRP3 inflammasome activation and

NLRP3 S194A mutant exhibits a higher level of ubiquitination (Song

et al, 2017). We therefore investigated whether the phosphorylation

status of this residue enabled the recruitment of ABRO1. Constructs

of wild-type NLRP3, non-phosphorylated mutant NLRP3 (S194A), or

phosphomimetic mutant NLRP3 (S194D; Song et al, 2017) were

designed and co-transfected into HEK-293T cells with ABRO1. Co-

immunoprecipitation assays revealed a robust interaction between

NLRP3 (S194D) and ABRO1, but non-phosphorylated NLRP3 mutant

S194A significantly weakened this interaction (Fig 4A). Moreover,

the interaction between NLRP3 and ABRO1 was augmented in WT
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BMDMs after treatment with the JNK agonist anisomycin (Fig 4B). In

contrast, the LPS-induced interaction was significantly reduced by

the JNK inhibitor SP600125 (Fig 4C). Consistently, the interaction of

the phosphorylation-resistant NLRP3 mutant S194A with ABRO1 is

not further enhanced by anisomycin, and that the phosphomimetic

NLRP3 mutant S194D is not sensitive to the JNK antagonist

SP600125 (Fig 4D and E). These data indicate that JNK1-mediated

NLRP3 phosphorylation at S194 is involved in the regulation of the

NLRP3 and ABRO1 interaction. To confirm this observation, we

characterized the interaction of ABRO1 and NLRP3 in WT and

Nlrp3S194A/S194A BMDMs by co-immunoprecipitation assays. As

shown in Fig 4F, the interaction between ABRO1 and NLRP3 induced

by LPS was abolished and not further enhanced by anisomycin in

Nlrp3S194A/S194A BMDMs compared to that in WT BMDMs. These

data support the conclusion that JNK1-mediated NLRP3 phosphoryla-

tion at S194 is important for NLRP3 interaction with ABRO1.

ABRO1 promotes the deubiquitination of NLRP3

As deubiquitination by BRCC3 promotes NLRP3 inflammasome acti-

vation (Py et al, 2013), we examined whether ABRO1 affected

NLRP3 ubiquitination. As shown in Fig 5A, the expression of ubiqui-

tin significantly triggered NLRP3 ubiquitination in HEK-293T cells.

However, NLRP3 ubiquitination was diminished by overexpression

of ABRO1. We further investigated which poly-ubiquitination pattern

of the NLRP3 protein was regulated by ABRO1. The results indicate

that overexpression of ABRO1 specifically decreased K63-linked

poly-ubiquitination of NLRP3, similar to the reduction in wild-type

ubiquitin-linked poly-ubiquitination, but did not affect K48-linked

poly-ubiquitination (Fig 5A). Moreover, we mapped the NLRP3

domain targeted by ABRO1, and the data suggest that ABRO1 specifi-

cally mediates the deubiquitination of the LRR domain of NLRP3

(Fig 5B). Overexpression of ABRO1 did not affect ASC ubiquitination

(Fig EV4A), indicating that ABRO1 is specific for NLRP3 deubiquiti-

nation. We also determined whether ABRO1 affected NLRP3

deubiquitination at the endogenous level. The results showed that

poly-ubiquitination of endogenous NLRP3 protein was significantly

decreased by LPS plus ATP or LPS plus nigericin treatment in

Abro1+/+ BMDMs. However, NLRP3 deubiquitination was not obvi-

ously observed in Abro1�/� BMDMs in respond to this stimulation

(Figs 5C and EV4B). Notably, the poly-ubiquitination level of the

endogenous NLRP3 protein after LPS priming was comparable in

A

D E F G

B C

Figure 2. ABRO1 deficiency attenuated NLRP3-dependent responses in vivo.

A, B WT, Abro1�/�, and Nlrp3�/� mice were intraperitoneally injected with MSU (1 mg per mouse) or vehicle (PBS) for 6 h. ELISA of IL-1b and TNF-a in the peritoneal
lavage fluid (A). Flow cytometric analysis of peritoneal cell exudates (B). n = 6 for PBS groups and n = 12 for MSU groups.

C Abro1+/+ and Abro1�/� mice were intraperitoneally injected with MSU (1 mg per mouse). Flow cytometric analysis of caspase-1 activity in peritoneal exudate
monocytes and neutrophils. n = 12 per group.

D, E Abro1+/+ and Abro1�/� mice were intraperitoneally injected with Alum (1 mg per mouse) or vehicle (PBS) for 6 h. ELISA of IL-1b in the peritoneal lavage fluid (D)
and flow cytometric analysis of peritoneal cell exudates (E). n = 6 for PBS groups and n = 12 for Alum groups.

F Survival of Abro1+/+ and Abro1�/� mice subjected to LPS (15 mg/kg). n = 20 per group.
G ELISA of serum IL-1b from Abro1+/+ and Abro1�/� mice 3 h after intraperitoneal injection of LPS (15 mg/kg) or vehicle (PBS). n = 6 for PBS groups and n = 12 for LPS

groups.

Data information: Data are pooled from two (all PBS groups) or three (C, F, MSU groups of A and B, Alum groups of D–E and LPS groups of G) independent experiments.
In (A–E and G), data are shown in box-and-whisker plots: Dots indicate individual mice; box-plot center line, median; box limits, upper and lower quartiles; whiskers
show the minimum to maximum. *P < 0.05, **P < 0.01, ***P < 0.001; log-rank test (F) or two-tailed unpaired t-test (A–E, G).
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Abro1�/� and WT BMDMs (Figs 5C and EV4B). Taken together,

these data indicate that ABRO1 mediates K63-linked deubiquitina-

tion of NLRP3 induced by the activation signals.

The NLRP3 auto-activating mutations are involved in auto-

inflammatory diseases (Masters et al, 2009), and these mutations

can be directly activated by LPS alone (Gattorno et al, 2007). Our

results found that LPS induced significant deubiquitination of

NLRP3 (A350V) mutant which is responsible for Muckle–Wells

syndrome (MWS), a kind of cryopyrin-associated periodic

syndrome (CAPS), where ATP was unable to induce further

A B C D

E
F G

H

I

Figure 3. ABRO1 interacts with NLRP3.

A HEK-293T cells were transfected with various combinations (above lanes) of plasmids encoding Flag-ABRO1 and Myc-tagged NLRP3, ASC, or pro-caspase-1 (Pro-
Casp-1). Immunoblot analysis of Myc- and Flag-tagged proteins in cell lysates immunoprecipitated with anti-c-Myc agarose.

B–E BMDMs were treated with indicated stimuli. Immunoblot analysis of ABRO1 and NLRP3 proteins in cell lysates immunoprecipitated with control IgG or anti-ABRO1
antibody.

F A schematic representation of NLRP3 wild-type and deletion mutants.
G HEK-293T cells were transfected with various combinations (above lanes) of plasmids encoding Flag-ABRO1 and Myc-tagged NLRP3 or NLRP3 deletion mutants as

indicated in (F). Immunoblot analysis of Myc- and Flag-tagged proteins in cell lysates immunoprecipitated with anti-c-Myc agarose.
H A schematic representation of ABRO1 wild-type and deletion mutants.
I HEK-293T cells were transfected with various combinations (above lanes) of plasmids encoding Myc-NLRP3 and Flag-tagged ABRO1 or ABRO1 deletion mutants as

indicated in (H). Immunoblot analysis of Myc- and Flag-tagged proteins in cell lysates immunoprecipitated with anti-Flag M2 beads.

Data information: Data are representative of three independent experiments.
Source data are available online for this figure.
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deubiquitination (Figs 5D and EV4C). After plasmids encoding HA-

tagged ubiquitin (HA-Ub) and Flag-NLRP3 (A350V) were tran-

siently transfected into HEK-293T cells with or without ABRO1,

the NLRP3 (A350V) ubiquitination triggered by the expression of

ubiquitin was significantly diminished by the overexpression

of ABRO1 (Fig 5E). In addition, LPS also promoted the interaction

of ABRO1 and NLRP3 (A350V; Fig 5F). These results indicate

that ABRO1 is also involved in deubiquitination of NLRP3 auto-

activating mutations.

Furthermore, treatment with the JNK agonist anisomycin

promoted ABRO1-mediated NLRP3 deubiquitination, while JNK

inhibitor SP600125 treatment reduced ABRO1-mediated NLRP3

deubiquitination (Fig 5G). Consistent with these results, deubiquiti-

nation of NLRP3 induced by LPS plus ATP treatment was signifi-

cantly inhibited in Nlrp3S194A/S194A BMDMs (Fig 5H). These data

suggest that JNK-mediated S194 phosphorylation on NLRP3

positively regulates NLRP3 deubiquitination induced by activator

stimulation.

ABRO1 facilitates NLRP3 deubiquitination dependent on BRCC3

Since ABRO1 is an important subunit of BRISC, we hypothesized

that ABRO1 synergized with BRCC3 to promote NLRP3 inflamma-

some activation. We generated Brcc3-deficient mice to explore this

hypothesis (Fig EV5A and B). Brcc3�/� mice were viable, fertile,

and exhibited normal development and life spans. Immunoprecipita-

tion assays performed in LPS-primed BMDMs showed that both

BRCC3 and ABRO1 co-precipitated with NLRP3 using anti-NLRP3

antibodies. Similar results were observed when immunoprecipita-

tion assays were performed with BRCC3- and ABRO1-specific anti-

bodies (Fig 6A), suggesting that these three proteins may form a

complex during the priming step of NLRP3 inflammasome activa-

tion. Furthermore, NLRP3 co-precipitated with ABRO1 in LPS-

primed Brcc3�/� BMDMs (Fig 6B), indicating that BRCC3 is dispens-

able for the interaction between ABRO1 and NLRP3. In contrast,

NLRP3 could not co-precipitate with BRCC3 in LPS-primed

Abro1�/� BMDMs, which was not associated with changes in

A

FE

B C D

Figure 4. Phosphorylation of serine 194 in NLRP3 modulates the interaction with ABRO1.

A HEK-293T cells were transfected with various combinations (above lanes) of plasmids encoding Myc-ABRO1 and Flag-tagged NLRP3 (WT), NLRP3 (S194D), or NLRP3
(S194A). Immunoblot analysis of Myc- and Flag-tagged proteins in cell lysates immunoprecipitated with anti-Flag M2 beads.

B WT BMDMs were treated with or without 5 lM Anisomycin for 2 h. Immunoblot analysis of NLRP3 and ABRO1 proteins in cell lysates immunoprecipitated with
control IgG or anti-ABRO1 antibody.

C WT BMDMs were pretreated with or without 100 nM SP600125 for 1 h and then left untreated or treated with 100 ng/ml LPS for 1 h. Immunoblot analysis of NLRP3
and ABRO1 proteins in cell lysates immunoprecipitated with control IgG or anti-ABRO1 antibody.

D HEK-293T cells transfected with various combinations (above lanes) of plasmids encoding Myc-ABRO1 and Flag-NLRP3 (WT) or Flag-NLRP3 (S194A) were treated with
or without 5 lM Anisomycin for 2 h. Immunoblot analysis of Myc- and Flag-tagged proteins in cell lysates immunoprecipitated with anti-Flag M2 beads.

E HEK-293T cells transfected with various combinations (above lanes) of plasmids encoding Myc-ABRO1 and Flag-NLRP3 (WT) or Flag-NLRP3 (S194D) were treated with
or without 100 nM SP600125 for 2 h. Immunoblot analysis of Myc- and Flag-tagged proteins in cell lysates immunoprecipitated with anti-Flag M2 beads.

F WT and Nlrp3S194A/S194A BMDMs were pretreated with or without 5 lM Anisomycin for 2 h and then left untreated or treated with 100 ng/ml LPS for 1 h.
Immunoblot analysis of NLRP3 and ABRO1 proteins in cell lysates immunoprecipitated with control IgG or anti-ABRO1 antibody.

Data information: Data are representative of three independent experiments.
Source data are available online for this figure.
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NLRP3 or BRCC3 levels in Abro1�/� BMDMs (Fig 6C). In addition,

overexpression of ABRO1 promoted the interaction between BRCC3

and NLRP3 (Fig 6D). These data suggest that ABRO1 is an essential

scaffold for the interaction of NLRP3 with BRCC3. Consistent with

these interaction findings, overexpression of BRCC3 significantly

increased deubiquitination of NLRP3 induced by LPS plus nigericin

stimuli in Brcc3�/� BMDMs (Fig 6E), whereas overexpression of

BRCC3 in Abro1�/� BMDMs could not rescue NLRP3 deubiquitina-

tion (Fig 6F). Similar results were obtained upon overexpression of

ABRO1 in Abro1�/� and Brcc3�/� BMDMs (Fig 6E and F). These

data suggest that BRCC3 facilitates NLRP3 deubiquitination in an

ABRO1-dependent manner. In WT BMDMs, overexpression of

ABRO1 or BRCC3 significantly promoted the secretion of IL-1b after

LPS plus ATP treatment (Fig 6G and H). In Brcc3�/� BMDMs,

reverse transfection of BRCC3 significantly rescued the decrease in

IL-1b production. However, the decrease in IL-1b production could

not be rescued by transfection of ABRO1 in Brcc3�/�

BMDMs (Fig 6G). Similarly, the decrease in IL-1b production in

A B C D

E F G H

Figure 5. ABRO1 promotes deubiquitination of NLRP3.

A HEK-293T cells were transfected with various combinations (above lanes) of plasmids encoding Myc-NLRP3, Flag-ABRO1 and HA-ubiquitin (HA-Ub), HA-Ub K48 only,
or K63 only. Before collection, cells were treated with MG132 (10 lM) for 6 h. Immunoblot analysis of NLRP3 ubiquitination (detected by anti-HA antibody) in cell
lysates immunoprecipitated with anti-c-Myc agarose.

B HEK-293T cells were transfected with various combinations (above lanes) of plasmids encoding HA-Ub, Flag-ABRO1, and NLRP3 truncations as indicated. Before
collection, cells were treated with MG132 (10 lM) for 6 h. Immunoblot analysis of ubiquitination of NLRP3 truncations (detected by anti-HA antibody) in cell lysates
immunoprecipitated with anti-c-Myc agarose.

C LPS-primed Abro1+/+ and Abro1�/� BMDMs were left untreated or treated with ATP (left) or nigericin (right). Immunoblot analysis of NLRP3 ubiquitination (detected
by mouse anti-ubiquitin antibody) in cell lysates immunoprecipitated with rabbit anti-NLRP3 antibody.

D Nlrp3�/� BMDMs transduced with lentiviruses expressing Flag-NLRP3 (WT) or Flag-NLRP3 (A350V) were left unstimulated or stimulated with LPS or LPS plus ATP.
Immunoblot analysis of NLRP3 and NLRP3 (A350V) ubiquitination (detected by mouse anti-ubiquitin antibody) in cell lysates immunoprecipitated with anti-Flag M2
beads.

E HEK-293T cells were transfected with various combinations (above lanes) of plasmids encoding Myc-ABRO1, Flag-NLRP3 (A350V), and HA-ubiquitin (HA-Ub).
Immunoblot analysis of NLRP3 (A350V) ubiquitination (detected by anti-HA antibody) in cell lysates immunoprecipitated with anti-Flag M2 beads.

F Nlrp3�/� BMDMs transduced with lentiviruses expressing Flag-NLRP3 (WT) or Flag-NLRP3 (A350V) were stimulated with or without 100 ng/ml LPS for 1 h.
Immunoblot analysis of ABRO1 and NLRP3 proteins in cell lysates immunoprecipitated with anti-ABRO1 antibody.

G HEK-293T cells transfected with various combinations (above lanes) of plasmids encoding Myc-ABRO1, Flag-NLRP3, and HA-ubiquitin (HA-Ub) were left untreated or
treated with 5 lM Anisomycin for 2 h or 100 nM SP600125 for 2 h. Immunoblot analysis of NLRP3 ubiquitination (detected by anti-HA antibody) in cell lysates
immunoprecipitated with anti-Flag M2 beads.

H LPS-primed WT and Nlrp3S194A/S194A BMDMs were left untreated or treated with ATP. Immunoblot analysis of NLRP3 ubiquitination (detected by mouse anti-ubiquitin
antibody) in cell lysates immunoprecipitated with rabbit anti-NLRP3 antibody.

Data information: Data are representative of three independent experiments.
Source data are available online for this figure.
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Abro1�/� BMDMs was significantly rescued by reverse transfection

of ABRO1 but not by transfection of BRCC3 (Fig 6H). It is concluded

that ABRO1 synergizes with BRCC3 to promote NLRP3 inflamma-

some activation by regulating NLRP3 deubiquitination.

BRCC3 mediates activation of the NLRP3 inflammasome in vitro
and in vivo

Next, we investigated the role of BRCC3 in the activation of NLRP3

inflammasome. Stimulation with ATP, nigericin, MSU, and Alum

induced pronounced secretion of mature IL-1b in LPS-primed

BMDMs from WT mice, but this response was considerably reduced

in cells from Brcc3�/� mice (Fig 7A). However, IL-1b secretion stim-

ulated by poly(dA:dT) and flagellin was not influenced in Brcc3�/�

BMDMs (Fig 7A). Importantly, BRCC3 deficiency had no inhibitory

effects on IL-6 and TNF-a secretion or Il1b mRNA expression after

LPS stimulation (Fig EV5C and D). In addition, BRCC3 deficiency

significantly inhibited the cleavage of pro-IL-1b and pro-caspase-1

in response to nigericin, ATP, or MSU stimulation but not to poly

(dA:dT) and flagellin treatment (Fig 7B), and the formation of ASC

speck induced by nigericin was significantly inhibited but

remained unperturbed when induced by poly(dA:dT) in Brcc3�/�

BMDMs (Figs 7C and EV5E). These results indicate that BRCC3

deficiency specifically inhibits the activation of the NLRP3

inflammasome. Consistent with that in Abro1�/� BMDMs, NLRP3

deubiquitination induced by LPS plus nigericin treatment was

significantly inhibited in Brcc3�/� BMDMs; however, comparable

levels of poly-ubiquitination of the endogenous NLRP3 protein

after LPS priming were observed in Brcc3�/� and WT BMDMs

(Figs 7D and EV5F).

A B C D

E F G H

Figure 6. ABRO1 facilitates NLRP3 deubiquitination dependent on BRCC3.

A WT BMDMs were stimulated with LPS for 1 h. Immunoblot analysis of NLRP3, ABRO1, and BRCC3 from the cell lysates immunoprecipitated with control IgG, anti-
ABRO1, anti-BRCC3, or anti-NLRP3 antibody.

B Brcc3+/+ and Brcc3�/� BMDMs were treated with or without LPS for 1 h. Before LPS treatment, Brcc3�/� BMDMs were pretreated with MG132 (10 lM) for 6 h to
rescue the expression of ABRO1. Immunoblot analysis of NLRP3 and ABRO1 proteins in cell lysates immunoprecipitated with anti-ABRO1 antibody.

C Abro1+/+ and Abro1�/� BMDMs were treated with or without LPS for 1 h. Before LPS treatment, Abro1�/� BMDMs were pretreated with MG132 (10 lM) for 6 h to
rescue the expression of BRCC3. Immunoblot analysis of NLRP3 and BRCC3 proteins in cell lysates immunoprecipitated with anti-BRCC3 antibody.

D A constant amount of Myc-NLRP3 plasmid together with an increasing amount of Myc-ABRO1 plasmid was co-transfected in HEK-293T cells. Immunoblot analysis
of NLRP3 and BRCC3 from the cell lysates immunoprecipitated with control IgG or anti-BRCC3 antibody.

E–H Abro1+/+, Abro1�/�, Brcc3+/+, and Brcc3�/� BMDMs transduced with lentiviruses expressing GFP, ABRO1-GFP, or BRCC3-GFP were treated with LPS and nigericin.
Immunoblot analysis of NLRP3 ubiquitination (detected by mouse anti-NLRP3 antibody) in cell lysates immunoprecipitated with rabbit anti-NLRP3 antibody (E, F).
CBA analysis of IL-1b in culture supernatants (G, H).

Data information: Data are presented as mean � SEM from three independent experiments performed in triplicate wells (G and H) or are representative of three
independent experiments (A–F). *P < 0.05, **P < 0.01; ns, not significant; two-tailed unpaired t-test (G and H).
Source data are available online for this figure.
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Figure 7. BRCC3 mediates activation of the NLRP3 inflammasome in vitro and in vivo.

A Brcc3+/+ and Brcc3�/� BMDMs were left untreated (Con), treated with LPS alone (LPS) or pretreated with LPS, and then stimulated with ATP, nigericin, MSU, Alum,
poly (dA:dT), or flagellin. CBA analysis of IL-1b secretion in the culture supernatants.

B Immunoblot analysis of cleaved caspase-1 and IL-1b in culture supernatants (SN) of LPS-primed Brcc3+/+ and Brcc3�/� BMDMs treated with ATP, nigericin, MSU,
flagellin, and poly (dA:dT).

C Immunostaining of endogenous ASC specks in LPS-primed Brcc3+/+ and Brcc3�/� BMDMs left untreated or treated with nigericin or poly(dA:dT). ASC speck positive
cells were counted and analyzed as described in Fig 1I. UD, undetectable.

D LPS-primed Brcc3+/+ and Brcc3�/� BMDMs were left unstimulated or stimulated with nigericin. Immunoblot analysis of NLRP3 ubiquitination (detected by mouse
anti-ubiquitin antibody) in cell lysates immunoprecipitated with rabbit anti-NLRP3 antibody.

E Survival of Brcc3+/+ and Brcc3�/� mice subjected to LPS (15 mg/kg). n = 20 per group.
F ELISA of serum IL-1b from Brcc3+/+ and Brcc3�/� mice 3 h after intraperitoneal injection of LPS (15 mg/kg) or vehicle (PBS). n = 6 for PBS groups and n = 12 for LPS

groups.
G, H Brcc3+/+ and Brcc3�/� mice were intraperitoneally injected with MSU (1 mg per mouse) or vehicle (PBS) for 6 h. ELISA of IL-1b and TNF-a in the peritoneal lavage

fluid (G) and flow cytometric analysis of peritoneal cell exudates (H). n = 6 for PBS groups and n = 12 for MSU groups.

Data information: Data are presented as mean � SEM from three independent experiments performed in triplicate wells (A and C) or are representative of three
independent experiments (B and D). In (E–H), data are pooled from two (all PBS groups) or three (E, LPS groups of F, MSU groups of G–H) independent experiments. In
(F–H), data are shown in box-and-whisker plots: Dots indicate individual mice; box-plot center line, median; box limits, upper, and lower quartiles; whiskers show the
minimum to maximum. ***P < 0.001; log-rank test (E) or two-tailed unpaired t-test (A, C, F–H).
Source data are available online for this figure.
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To further explore the physiological role of BRCC3 in NLRP3

inflammasome activation, we next investigated the effects of BRCC3

in a mouse model of LPS-induced endotoxemia. Similar to deletion

of ABRO1 or NLRP3 (Mariathasan et al, 2006), BRCC3 deficiency

markedly increased mice survival after injection of a lethal dose of

LPS (Fig 7E) and resulted in a pronounced reduction in serum IL-1b
(Fig 7F). These data are consistent with our earlier findings that

indicate a role for BRCC3 in controlling IL-1b maturation in vitro.

Moreover, in MSU-induced peritonitis, a significant reduction of

NLRP3-dependent IL-1b production and inflammatory cell recruit-

ment in the peritoneal cavity were observed in Brcc3�/� mice

compared with WT mice (Fig 7G and H). Overall, these results

suggest that BRCC3 deficiency displays similar phenotypes of

ABRO1 knockout mice.

Discussion

In this paper, we describe an ABRO1-mediated regulatory signaling

system that controls the activation of the NLRP3 inflammasome.

Our results showed that ABRO1 deficiency resulted in remarkable

attenuation of recruitment of ASC to NLRP3, formation of ASC

specks, activation of caspase-1, and release of IL-1b and IL-18 in

BMDMs upon treatment with NLRP3 ligands after the priming step.

Moreover, these results were confirmed in BMDMs lacking BRCC3,

the catalytically active component of BRISC. These data indicate

that NLRP3 inflammasome activation is controlled by BRISC. The

discrepancy between our results and those reported by Zheng et al

(2013) may be due to the fact that they have not detected the

cleaved caspase-1 and IL-1b released from cells, and the samples

from their ABRO1 knockout cells are overexposed compared to the

wild-type cells. Importantly, our present study demonstrates that,

in more physiological settings, mice lacking either ABRO1 or

BRCC3 exhibit severely reduced inflammation in response to

NLRP3 inflammasome activation in in vivo animal models, as

shown by reduced IL-1b secretion and attenuated recruitment of

immune cells. Therefore, our results extend previous work by

showing a role of BRCC3 in the regulation of NLRP3 inflamma-

some activation in more detail and provide clear genetic evidence

from knockout mice.

Two sequential steps of deubiquitination of NLRP3 are reported

to be involved in NLRP3 inflammasome activation (Juliana et al,

2012; Palazon-Riquelme et al, 2018). LPS priming induces the first

step deubiquitination of NLRP3 and up-regulates steady-state NLRP3

protein levels (Han et al, 2015). Activation step causes an additional

decrease in ubiquitinated NLRP3, which almost completely removes

all types of ubiquitin chains from NLRP3 (Juliana et al, 2012). Given

the previously described role of BRCC3 in NLRP3 deubiquitination

and that ABRO1 is an important subunit of BRCC3 complex, we

assume that ABRO1 may be involved in the regulation of NLRP3

deubiquitination. Indeed, we found that activation signal-induced

NLRP3 deubiquitination was significantly suppressed in Abro1�/�

and Brcc3�/� BMDMs, indicating that BRISC is a critical regulator of

NLRP3 inflammasome through deubiquitination of NLRP3. Previous

publications have reported that high concentrations of DUB inhibi-

tors, such as G5, ESI, WP1130, and b-AP15, almost completely

suppress the release of IL-1b in response to NLRP3 inflammasome

activation (Lopez-Castejon et al, 2013; Py et al, 2013). We note that

IL-1b release was generally only reduced by about 70% in Abro1�/�

and Brcc3�/� BMDMs relative to wild-type cells after LPS plus ATP

or LPS plus nigericin treatment. However, the IL-1b release was

almost completely blocked in Nlrp3�/� BMDMs. Moreover, ABRO1

deficiency resulted in remarkable but not complete attenuation of

IL-1b secretion and immune cells recruitment in MSU-induced peri-

tonitis model. These data indicate that BRISC is not absolutely

required for NLRP3 activation, and other DUBs may also be

involved in the regulation of NLRP3 deubiquitination.

Data from several publications suggest that phosphorylation and

poly-ubiquitination of NLRP3 may be linked phenomena that oper-

ate in tandem to regulate NLRP3 activation (Guo et al, 2016; Song

et al, 2017). However, the potential mechanism is unknown. NLRP3

S194A mutant has been observed to exhibit a higher level of ubiqui-

tination (Song et al, 2017), suggesting that JNK1-mediated NLRP3

phosphorylation at S194 may be involved in the regulation of

NLRP3 ubiquitination. We found that LPS priming induced ABRO1

binding to NLRP3 in an S194 phosphorylation-dependent manner,

and inhibition of NLRP3 S194 phosphorylation by JNK inhibitor

SP600125 or non-phosphorylated mutant NLRP3 (S194A) almost

completely blocked the interaction between ABRO1 and NLRP3,

consequently suppressing ABRO1-mediated NLRP3 deubiquitina-

tion. Thus, in addition to activating NF-jB-mediated NLRP3 tran-

scription, the LPS priming signal also rapidly induces NLRP3 S194

phosphorylation (Song et al, 2017) and promotes ABRO1 binding to

NLRP3. Subsequently, ABRO1 acts as a scaffold to assemble the

BRISC which mediates deubiquitination of NLRP3 upon the stimula-

tion with activation signals, followed by recruitment of ASC to

NLRP3, formation of ASC specks, activation of caspase-1, and

release of mature IL-1b. Although LPS stimulation induces an inter-

action between ABRO1 and NLRP3, deficiency in either ABRO1 or

BRCC3 suppresses NLRP3 deubiquitination only in response to LPS

priming plus ATP or nigericin stimulation, but not to LPS priming

alone, indicating that driving BRISC to deubiquitinate NLRP3

requires both the priming and the activation signal. NLRP3 is auto-

repressed owing to an internal interaction between the NACHT

domain and LRRs under normal cellular conditions (Tschopp &

Schroder, 2010). According to the present and previous studies,

BRISC specifically mediates the deubiquitination of the LRR domain

of NLRP3 (Py et al, 2013). The auto-repressed state of NLRP3 there-

fore may keep BRISC from targeting to NLRP3, enabling the cells to

maintain a high level of poly-ubiquitinated NLRP3, even in presence

of priming signals alone. Upon stimulation with activators, NLRP3

can undergo a conformational change, leading to the exposure of

the NACHT domain and LRRs (Kanneganti & Lamkanfi, 2013),

thereby promoting BRISC-medicated NLRP3 deubiquitination. In

this way, BRISC could rapidly deubiquitinate and activate NLRP3

(Fig 8). Supporting this contention, NLRP3 (A350V) mutation,

which is believed to be in a conformational state that removes the

necessity for an activation agonist to drive its activation

(Kanneganti & Lamkanfi, 2013), underwent BRISC-dependent

deubiquitination induced by LPS alone. This model provides new

insights into the molecular mechanism for the regulation of NLRP3

activation and the implications for the treatment of NLRP3

inflammasome-related diseases.

In our present study, ATP induces almost thorough deubiquitina-

tion of NLRP3 in WT cells but only mild deubiquitination in ABRO1

and BRCC3 knockout cells after LPS priming. These results indicate
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that the K63-linked polyubiquitin chains are the main type ubiquitin

chains remained on NLRP3 after LPS priming. However, what

proportion of the NLRP3 is poly-ubiquitinated that is still undeter-

mined. This may be due to the lack of a defined antibody which can

equally well recognize all forms of NLRP3 protein. The model

proposed here suggests that a majority of NLRP3 is poly-ubiquiti-

nated and the ubiquitin needs to be removed to allow oligomeriza-

tion. However, we cannot exclude the possibility that only some

fraction of NLRP3 is ubiquitinated after LPS priming. Considering

that NLRP3 must multimerize to assemble the inflammasome

complex (Cai et al, 2014), having just a small fraction of ubiquiti-

nated NLRP3 may be sufficient to prevent the complex being func-

tional. Alternatively, there may be a more complex mechanism that

we do not yet fully understand.

Abnormally elevated NLRP3 inflammasome signaling has been

linked with various human autoinflammatory and autoimmune

diseases (Menu & Vince, 2011). Recently, a few NLRP3 specific inhi-

bitors, such as MCC950 and Cy-09, have been developed and tested

Figure 8. Schematic diagram of the mechanism of NLRP3 inflammasome activation regulated by ABRO1.

In resting macrophages, NLRP3 is poly-ubiquitinated with mixed Lys-48 and Lys-63 ubiquitin chains. NLRP3 is auto-repressed owing to an internal interaction between the
NACHT domain and LRRs. Priming signals induce S194 phosphorylation and the first step of deubiquitination of NLRP3 (1). ABRO1 binds to S194 phosphorylated NLRP3,
subsequently recruiting the BRISC complex to NLRP3 (2). In the presence of activation signals, NLRP3 undergoes a conformational change, resulting in exposure of the LRR
domain (3). BRISC complex removes K63-linked ubiquitin chains of LRR domain, leading to the activation of NLRP3 (4). Then, BRISC complex dissociates from NLRP3. In turn,
the activated NLRP3 recruits ASC and pro-caspase-1 to assemble the inflammasome complex (5), triggering the activation of caspase-1 followed by the processing and
secretion of pro-inflammatory cytokines such as IL-1b and IL-18.
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in animal models (Coll et al, 2015; Jiang et al, 2017). However, there

is still a lack of drugs that directly interfere with NLRP3 inflamma-

some activation in clinical treatment. Data presented here showed

that inactivation of BRISC significantly reduced the severity of

NLRP3-associated inflammatory diseases in animals. Importantly,

various DUBs are emerging as attractive therapeutic targets in

diseases ranging from oncology to neurodegeneration, and first-

generation DUB inhibitors are now approaching clinical trials

(Harrigan et al, 2018). Thus, the identification of selective inhibitors

or antagonists of DUB activity of BRISC may represent a novel and

promising strategy to treat NLRP3 inflammasome-associated

diseases. Furthermore, according to our study, it is ABRO1 that medi-

ates the interaction of NLRP3 with BRCC3. ABRO1 binds to the

middle region (amino acid residues 90–536) of NLRP3 including

NACHT domain and the linker between PYD and NACHT domain.

Besides, the interaction is dependent on the phosphorylation of

NLRP3 at S194. Therefore, targeting ABRO1-NLRP3 interaction may

be an alternative drug discovery strategy for NLRP3 inflammasome-

associated diseases. In addition, in LPS-primed macrophages, the

interaction between endogenous ABRO1 and NLRP3 disappeared

upon nigericin or ATP stimulation, implying that this key molecular

mechanism of NLRP3 deubiquitination mediated by ABRO1 may

contribute to the self-limiting regulation of inflammasome activation

(Kim et al, 2016). Further studies are required to clarify the contribu-

tion of the ABRO1-mediated NLRP3 deubiquitination regulatory

signaling system to human NLRP3 inflammasome-associated

diseases.

In summary, our data represent the first evidence that ABRO1

plays a key role in regulating NLRP3 inflammasome activation

in vitro and in vivo. The mechanisms of NLRP3-associated ABRO1

action provide new insights on identifying other BRISC-targeted

substrates. Targeting ABRO1-NLRP3 interaction or BRISC DUB

activity may represent new therapeutic strategies in fighting NLRP3-

associated inflammatory diseases.

Materials and Methods

Mice

Abro1�/� mice were generated by the Model Animal Research

Center of Nanjing University using classical gene targeting by

homologous recombination in C57BL/6J ES cells. Brcc3�/� mice

were generated by BIOCYTOGEN using CRISPR/Cas9-mediated

genome editing on a C57/BL/6J background. Nlrp3�/� mice were a

generous gift from Tao Li (National Center of Biomedical Analysis,

Beijing, China). All these mouse strains were maintained in specific

pathogen-free conditions at the Animal Facility of our institute. All

animal experiments were reviewed and approved by the Institu-

tional Animal Care and Use Committee of our institution. Male and

female mice between 6 and 10 weeks of age were used in the

studies.

Cell culture

Bone marrow-derived macrophages (BMDMs) were obtained from

C57BL/6J or mutant mice as described (Zhang et al, 2008). Briefly,

BMDMs were isolated from bone marrow of 8-week-old mice and

cultured in RPMI-1640 medium complemented with 10% heated

inactivated FBS (Gibco, 10270), 1% penicillin/streptomycin (P/S),

and 20–30% L929 culture supernatant for 7 days. L929 cells were

cultured in RPMI-1640 medium complemented with 10% FBS, 1%

(P/S). HEK-293T cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% FBS and 1% P/S. Cells

were incubated in a humidified chamber with 5% CO2 at 37°C for

growth.

Primary human mononuclear cells were isolated from umbilical

cord blood in healthy donors using Ficoll-Paque. Human CD14+

monocytes were sorted from mononuclear cells by using Human

Monocyte Isolation Kit II (Miltenyi, 130-091-153) according to the

manufacturer’s instructions. Human umbilical cord blood units

were collected from normal, microbiologically screened and ethics-

cleared donors with informed consent of the mothers. The

participants have provided their written informed consent. All

investigations were approved by the Institutional Research Ethics

Committee of our institution. Human monocyte-derived macro-

phages (HMDMs) were generated from CD14+ monocytes by dif-

ferentiation for 7 days in RPMI-1640 supplemented with 10% FBS,

1% P/S, and 30 ng/ml human M-CSF (Peprotech, 300-25). Human

data experiments conformed to the principles set out in the WMA

Declaration of Helsinki and the Department of Health and Human

Services Belmont Report.

Plasmids and transfection

Flag-mouse NLRP3 (WT, S194A, and S194D), and Flag-human

NLRP3 plasmids were a kind gift of Dr. Tao Li (National Center of

Biomedical Analysis, Beijing, China). Myc-human NLRP3, Myc-

human ASC, and Myc-human pro-caspase-1 plasmids were kindly

provided by Dr. Jian Wang (Beijing Proteome Research Center,

China). HA-ubiquitin, HA-ubiquitin K48-only (all lysines mutated to

arginine except K48; forms only K48-linked chains), and HA-

ubiquitin K63-only (all lysines mutated to arginine except K63;

forms only K63-linked chains) plasmids were a generous gift from

Dr. Xueming Zhang (National Center of Biomedical Analysis,

Beijing, China). Deletion mutants of human NLRP3 and the full

length of human ABRO1 were cloned into the pcDNA3.1/myc-His-B

plasmid (Invitrogen). Full length and deletion mutants of human

ABRO1 were constructed using pFlag-CMV-2 (Sigma). Retroviral

expression constructs for mouse ABRO1, mouse BRCC3, mouse

NLRP3, and mouse NLRP3 (A350V) were cloned into the pCDH-

MCS-T2A-copGFP-MSCV expression vector (pCDH-GFP; System

Biosciences, CD523A-1). Human ABRO1 shRNAs (shABRO1: 5-

CAGAGGATATCACTCGCTATT-3) and scramble shRNAs (shCon: 5-

CCTAAGGTTAAGTCGCCCTCG-3) were cloned into the pLKO.1-GFP

vector (Addgene). Transient transfections were performed using

Lipofectamine 2000 Transfection Reagent (Invitrogen, 11668019),

according to the manufacturer’s instructions, in HEK-293T cells.

Lentivirus production and infection

To prepare the lentivirus particles, HEK-293T cells in the 10-cm dish

were transfected with 15 lg of expression vectors together with

15 lg of psPAX2 (Addgene) and 5 lg of pMD2.G (Addgene). Eight

hours after transfection, the media were changed to DMEM supple-

mented with 10% FBS and 1% P/S. Another 40 h later, the media
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were collected and centrifuged at 900 g for 10 min. The supernatant

was filtered through a 0.45-lm membrane. Cold PEG-it Virus Precip-

itation Solution (System Biosciences, LV810A) was added to the

supernatant. The supernatant/PEG-it mixture was centrifuged at

1,500 g for 30 min at 4°C after refrigerated overnight. The super-

natant was aspirated and the lentiviral pellet was resuspended in a

small volume of RPMI-1640 medium. Aliquots of 10 ll were stored

at �80°C until ready for use.

For BMDMs and HMDMs infection, cells were incubated with

lentiviral particles on day 4 at a multiplicity of infection (MOI) of 5

in RPMI-1640 medium complemented with 10% heated inactivated

FBS (Gibco, 10270), 1% P/S, and 20–30% L929 culture supernatant.

Cells were washed after 12 h and incubated in the regular growth

medium. Cells were allowed to rest for 12 h, and a second infection

was performed on day 5. Stimulations of lentivirus-infected cells

were performed on day 8 after twice infections.

Inflammasome activation

Murine BMDMs were seeded in 24-well culture dishes and cultured

overnight. All macrophages were primed for 4 h with 100 ng/ml

ultrapure LPS (Sigma, L4774). NLRP3 activation was typically

achieved as follows: 2 mM ATP (Invivogen, tlrl-atp) for 45 min;

10 lM nigericin (Invivogen, tlrl-nig) for 1 h; 200 lg/ml Alum

(Invivogen, tlrl-alk), MSU (Invivogen, tlrl-msu) or Silica (Invivogen,

tlrl-sio) for 6 h; 100 lg/ml MDP (Invivogen, tlrl-mdp) for 12 h.

Activation of the NLRC4 or AIM2 was achieved by transfection of

1 lg/ml recombinant flagellin (Invivogen, tlrl-epstfla) using PULSin

(Polyplus-transfection, 501-01) and 1 lg/ml Poly(dA:dT) (Invivo-

gen, tlrl-patn-1) using Lipofectamine 3000 (Invitrogen, L3000015)

for 12 h, respectively. Activation of the NLRP1 inflammasome was

achieved by treatment for 16 h with anthrax lethal toxin (2.5 lg/ml

Anthrax Protective Antigen and 1 lg/ml Anthrax Lethal Factor mix,

List Biological Laboratories, 171D and 169A). The activation of

NLRP3 inflammasome in HMDMs was achieved by treatments

similar to those described above.

Western blot analysis

Cell lysates were prepared by direct lysis in 2 × Laemmli sample

buffer. To detect the secretion of caspase-1 p20, proteins in super-

natants were concentrated by centrifugation at 12,000 g for 20 min

at 4°C through a column with a cut-off of 10 kDa (Merk-Millipore).

The protein samples were resolved on SDS–PAGE gels and trans-

ferred onto polyvinylidene difluoride (PVDF) membrane using a

wet-transfer system. Membranes were blocked in 5% (wt/vol) non-

fat milk in TBST (20 mM Tris–HCl, pH 7.6, 150 mM NaCl, and 0.1%

(vol/vol) Tween-20) for 2 h at room temperature. Membranes were

incubated with primary antibody diluted in 5% (wt/vol) non-fat

milk in TBST at 4°C overnight. After being washed with TBST, the

membrane was incubated with the appropriate horseradish peroxi-

dase (HRP)-conjugated secondary antibody diluted in 5% (wt/vol)

non-fat milk in TBST for 1 h. The resultant bands were visualized by

the Chemiluminescence Western Blotting Detection system (Thermo

Fisher Scientific) on X-ray films. Main primary antibodies used were

as follows: rabbit monoclonal anti-NLRP3 (1:2,000, Cell Signaling

Technology, 15101), mouse monoclonal anti-NLRP3 (1:1,000,

Adipogen, AG-20B-0014), mouse monoclonal anti-mouse caspase-1

(1:500, Adipogen, AG-20B-0042), rabbit polyclonal anti-ASC

(1:2,000, Adipogen, AG-25B-0006), goat polyclonal anti-mouse-IL-1b
(1:2,000, R&D Systems, AF-401-NA), rabbit polyclonal anti-ABRO1

(1:1,000, Bethyl Laboratories, A301-256A), rabbit monoclonal anti-

BRCC3 (1:2,000, Cell Signaling Technology, 18215), rabbit mono-

clonal anti-BRE (1:2,000, Cell Signaling Technology, 12457), rabbit

monoclonal anti-NBA1 (1:2,000, Cell Signaling Technology, 12711),

mouse monoclonal anti-Ubiquitin (1:500, BostonBiochem, A-104),

rabbit monoclonal anti-GAPDH (1:5,000, ABclonal, AC002), mouse

monoclonal anti-Flag (1:4,000, Sigma, F3165), rabbit monoclonal

anti-Flag (1:2,000, Cell Signaling Technology, 14793), mouse mono-

clonal anti-HA (1:1,000, Santa Cruz, sc-7392), and mouse mono-

clonal anti-Myc (1:2,000, ABclonal, AE010). Secondary HRP-

conjugated antibodies used were goat anti-mouse IgG (1:5,000,

Santa Cruz, sc-2005), goat anti-rabbit IgG (1:5,000, Santa Cruz, sc-

2004), and bovine Anti-Goat IgG (1:2,000, Jackson Immuno-

Research, 805-035-180).

Immunoprecipitation

The ubiquitination status of indicated proteins was detected as

described (Choo & Zhang, 2009). If necessary, 10 lM MG132 (MCE

HY-13259) was added and incubated for 6 h. Cells were lysed in

100 ll cell lysis buffer (2% SDS, 150 mM NaCl, 10 mM Tris–HCl, pH

8.0) with 10 mM N-ethylmaleimide and complete protease inhibitor

mixture (Roche, 04693116001). Samples were boiled for 10 min,

sheared with a sonication device, and then, 900 ll dilution buffer

(10 mM Tris–HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton)

was added. After being incubated at 4°C for 30–60 min, the samples

were centrifuged at 12,000 g for 30 min. The supernatants were incu-

bated overnight at 4°C with anti-Flag M2 beads (Sigma, M8823) or

anti-c-Myc agarose (Sigma, A7470), or for 4 h with appropriate anti-

body (1 lg) followed by incubation with protein A/G agarose (Santa

Cruz, sc-2003) for 6 h at 4°C. Immunoprecipitates were collected by

centrifugation at 3,000 g for 3 min at 4°C, and the beads were then

washed two times with 1 ml of washing buffer (10 mM Tris–HCl, pH

8.0, 1 M NaCl, 1 mM EDTA, 1% NP-40). An aliquot (40 ll) of

2 × Laemmli sample buffer was added to the beads. Immunoprecipi-

tated samples were analyzed by immunoblot.

For co-immunoprecipitation (co-IP) assay, cells were lysed in

1 ml IP buffer (150 mM NaCl, 50 mM Tris–HCl, pH 8.0, 1% Triton

X-100, 2 mM EDTA, complete protease inhibitor mixture [Roche]),

sheared with a sonication device, and centrifuged at 12,000 g at 4°C

for 30 min. Supernatants were then incubated with the appropriate

antibody (1 lg), anti-Flag M2 beads (Sigma, M8823), or anti-c-Myc

agarose (Sigma, A7470) overnight at 4°C. An aliquot (50 ll) of

protein A/G agarose (Santa Cruz, sc-2003) was added to each

sample when antibodies were used in the immunoprecipitation

procedure, followed by incubation for 3 h at 4°C. Immunoprecipi-

tants were collected by centrifugation at 3,000 g for 3 min at 4°C,

and the beads were then washed four times with 1 ml of IP buffer.

An aliquot (40 ll) of 2 × Laemmli sample buffer was added to the

beads. Samples were resolved by SDS–PAGE.

Real-time PCR analysis

Total RNA was extracted by TRIzol (Invitrogen, 15596026). cDNA

was generated from 2 lg RNA using GoScript Reverse Transcription
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System (Promega, A5000), and real-time PCR analyses were

performed with SYBR Green Master Mix (TOYOBO, QPK-212) using

the iQ5 Real-Time PCR Detection System (Bio-Rad). The mRNA

level of target genes was normalized to that of the housekeeping

gene Gapdh. Genes specific primers were designed by Primer Bank

(Wang et al, 2012) and listed as follows:

Mouse Gapdh forward: 50-AGGTCGGTGTGAACGGATTTG-30, and

reverse: 50-GGGGTCGTTGATGGCAACA-30;
Mouse Il1b forward: 50-AAATACCTGTGGCCTTGGGC-30, and

reverse: 50-CTTGGGATCCACACTCTCCAG-30;
Mouse Il6 forward: 50-CTGCAAGAGACTTCCATCCAG-30; and

reverse: 50-AGTGGTATAGACAGGTCTGTTGG-30;
Mouse Tnfa forward: 50-FCTGAACTTCGGGGTGATCGG-30; and

reverse: 50- GGCTTGTCACTCGAATTTTGAGA-30.

Measurement of cytokines

Supernatants from cell culture, peritoneal lavage fluid, and serum

were collected. Levels of indicated cytokines were determined using

Cytometric bead array (CBA) Mouse IL-1b Flex Set (BD Biosciences,

550232), Mouse TNF Flex Set (BD Biosciences, 558299), and Mouse

IL-6 Flex Set (BD Biosciences, 558301), or analyzed with Mouse IL-

1b ELISA Kit (Abcam, ab197742), Human IL-1b ELISA Kit (Abcam,

ab214025), Mouse TNF-a ELISA Kit (Abcam, ab208348), and IL-18

Mouse ELISA Kit (Thermo Fisher Scientific, KMC0181) according to

manufacturer’s instructions.

Measurement of caspase-1 activity

LPS-primed BMDMs were loaded with FAM-YVAD-FMK

(ImmunoChemistry, 98), fluorescent labeled probes for active

caspase-1, prior to activation with 10 lM nigericin. The intracellular

caspase-1 activation was determined by flow cytometry on BD LSR

Fortessa (BD Biosciences).

ASC oligomerization

ASC oligomerization assays were performed as previously described

(Shenoy et al, 2012) with minor modifications. BMDMs were

primed with LPS (100 ng/ml) for 4 h followed by 1-h nigericin

(10 lM) stimulation. Cells were washed with cold PBS and resus-

pended in an ice-cold buffer (20 mM HEPES-KOH, pH 7.5, 150 mM

KCl, 5 mM EDTA, and protease inhibitor), and lysed by passing 20

times through a 21-G needle. Lysates were centrifuged at 900 g for

8 min to remove nuclei and unlysed cells. Supernatants were then

centrifuged at 6,200 g for 8 min. The pellet fractions were washed

twice with PBS and then cross-linked with 2 mM fresh Suberic acid

bis (3-sulfo-N-hydroxysuccinimide ester) sodium salt (BS3, Sigma,

82436-77-9) for 1 h at 37°C and dissolved in SDS loading buffer to

stop the cross-linking. The cross-linked pellets were separated in

SDS–PAGE, and immunoblotting was performed.

Immunofluorescence

Bone marrow-derived macrophages were seeded on the glass

bottom of 12-well plates and treated as described earlier. Cells were

fixed in 4% paraformaldehyde for 15 min at room temperature.

After two times wash with ice-cold PBS, cells were permeabilized

with 0.25% Triton X-100 for 15 min at room temperature. The cells

were blocked with 5% BSA for 1 h at room temperature and then

incubated with rabbit polyclonal anti-ASC (1:100) overnight at 4°C.

After washing three times, cells were incubated Alexa Fluor 594-

conjugated Goat anti-Rabbit IgG (1:1,000, Invitrogen, A-11012)

secondary antibody for 1 h at room temperature. Nuclei were co-

stained with Hoechst 33342. Images were acquired with a Zeiss LMS

710 confocal microscope. ASC specks were counted in five random

areas of each image in triplicate experiments, and a minimum of

100 cells from each treatment condition were quantified.

Intracellular K+ and Ca2+ measurement

LPS-primed BMDMs were loaded with the K+-sensitive fluores-

cence indicator Asante Potassium Green-2 AM (APG-2, Abcam,

ab142806) or Ca2+-sensitive fluorescence indicator Fluo-4 AM (Bey-

otime, S1060) prior to activation with 2 mM ATP for an additional

15 min. The intracellular K+ and Ca2+ levels were determined by

flow cytometry on BD LSR Fortessa (BD Biosciences).

Mitochondrial ROS and Membrane potential analysis

LPS-primed BMDMs were stimulated with 10 lM nigericin or 2 mM

ATP for an additional 15 min and then incubated with 5 lM
MitoSOX red (Invitrogen, M36008) or 250 nM MitoTracker DeepRed

FM (Invitrogen, M22426) for 15 min. Mitochondrial ROS and

membrane potential were analyzed by flow cytometry on BD LSR

Fortessa (BD Biosciences).

Cell viability analysis

Bone marrow-derived macrophages were seeded in 96-well plates

and stimulated with ultrapure LPS (100 ng/ml) for indicated times.

Cell viability was measured by the CellTiter-Glo Luminescent Cell

Viability Assay (Promega, G7570).

In vivo induction of peritonitis

For induction of peritonitis, Nlrp3�/�, Abro1�/�, or Brcc3�/� mice

and age- and sex-matched normal control mice were injected

intraperitoneally with Alum (1 mg) or MSU (1 mg) in 200 ll PBS.
After 6 h, peritoneal cavities were exudated with 5 ml of ice-cold

PBS (with 5 mM EDTA). Peritoneal exudates were centrifuged at

800 g for 5 min. Cytokines in lavage fluids were detected by ELISA.

Cells were stained and analyzed by flow cytometry.

In vivo LPS challenge

Abro1�/� or Brcc3�/� mice and age- and sex-matched normal

control mice were injected intraperitoneally with LPS (15 mg/kg)

(Sigma, L7011). The serum samples were collected after 3 h to

detect serum cytokine levels. For lethality, mice were monitored for

9 days.

Flow cytometry

Peritoneal cell exudates were washed in PBS and incubated with

Fixable Viability Dye eFluor 780 (eBioscience, 65-0865) for 30 min.
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Surface stains for anti-CD45-FITC (eBioscience, 11-0451), anti-

CD11b-efluor450 (eBioscience, 48-0112), anti-Ly6C-PE-Cy7 (eBio-

science, 25-5932), and anti-Ly6G-APC (eBioscience, 17-9668) were

added and incubated for an additional 30 min. Cells were gated first

on live CD45+ cells. Inflammatory monocytes and neutrophils were

identified as CD45+CD11b+Ly6G�Ly6C+ and CD45+CD11b+

Ly6G+Ly6C�, respectively. The number of leukocytes (CD45+ cells)

was counted by 123-count eBeads Counting Beads (eBioscience,

01-1234). Acquisition was performed on a BD LSRFortessa (BD Bio-

sciences) with a minimum of 10,000 target cells collected, and

marker expression was examined using the FACSDiva v7.0 software

(BD Biosciences). Data were also further analyzed using FlowJo

v10.0 (FlowJo, LLC).

Statistical analyses

Statistics were calculated with GraphPad Prism 7 (GraphPad Soft-

ware). Data are expressed as means � SEM. Statistical tests were

selected based on appropriate assumptions with respect to data

distribution and variance characteristics. The distribution of vari-

ables is tested by the Kolmogorov–Smirnov test. The variance was

similar in the groups being compared. Statistical analysis was

carried out using a standard two-tailed unpaired Student’s t-test for

single comparisons, one- or two-way ANOVA for multiple compar-

isons, and a log-rank (Mantel-Cox) test for survival analysis.

P-values < 0.05 were deemed statistically significant. The data

reported are representative of at least three experiments. All P-

values are shown in Appendix Table S1.

Data availability

The data that support the findings of this study are available from

the corresponding author on reasonable request.

Expanded View for this article is available online.
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