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Introduction
Inflammasomes are multiprotein complexes activated by infection 
and sterile stress that contribute to the initiation of pyroptotic cell 
death and release of the proinflammatory cytokines IL-1β and IL-18 
(1, 2). Dysregulation of inflammasome activation causes a wide 
range of infectious and inflammatory diseases, cancer, and meta-
bolic and autoimmune disorders (3, 4). Inflammasome activation 
and assembly are tightly regulated at multiple levels, and recent 
studies have significantly advanced our understanding of the regu-
lation of inflammasome assembly and activation via the posttrans-
lational modification of inflammasome components, such as ubiq-
uitination and ubiquitin-like modifications (5–9). Ubiquitination is 
a highly complex and dynamic posttranslational protein modifica-
tion that targets proteins for proteasomal degradation and inter-
action. Ubiquitination has multiple effects on the bacteria-host 
interface, and bacteria can also target host cell ubiquitination and 
ubiquitin-like modification pathways for invasion (10).

Initially, ubiquitination was reported to deliver inflam-
masome components to autophagosomes for destruction through 
recruitment of the autophagic adaptor p62 and ASC polyubiquiti-
nation (11). Increasing evidence indicates that both deubiquitina-

tion and ubiquitination can mediate inflammasome assembly and 
activation (12). NLRP3 deubiquitination mediated by the deubiq-
uitinase BRCC3 was first demonstrated to be essential for inflam-
masome activation through the screening of a library of deubiq-
uitinases and functional analysis (13). The deubiquitinases USP7 
and USP47 were reported to regulate NLRP3 inflammasome acti-
vation by promoting ASC oligomerization and speck formation 
(14), and the deubiquitinase USP50 was reported to interact with 
ASC and remove the K63-linked ubiquitin of ASC to mediate ASC 
oligomerization and NLRP3 inflammasome activation (15). The 
E3 ligase MARCH7 was first reported to mediate the K48-linked 
polyubiquitination of NLRP3 and NLRP3 degradation, which 
contributed to the dopamine-mediated inhibition of NLRP3 
inflammasome activation and neuroinflammation (16). NLRP3 
inflammasome activation was also demonstrated to be negatively 
regulated by the E3 ligases TRIM31, cullin1, ARIH2, and FBXL2 
(17–20) and positively modulated by TRAF3, TRAF6, and pellino2 
(21–23). Regulation of the N-terminal domain of NLRP1B mediat-
ed by the Shigella flexneri E3 ubiquitin ligase IpaH7.8 and the E3 
ligases UBR2 and UBR4 was found to be necessary and sufficient 
for NLRP1B activation (24–26).

Intracellular bacteria that have lost classical virulence fac-
tors, such as Francisella novicida, induce inflammasome activa-
tion mainly through engagement with the AIM2 receptor (27–29), 
but AIM2 inflammasome activation mediated by ubiquitination 
during bacterial infection has rarely been investigated (12). Inflam-
masome activation is a double-edged sword for infectious intracel-
lular bacteria; it triggers an inflammatory response, but the repli-
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ure 2, A–D). In addition, the interactions between F4 and the HIN 
domain of AIM2, and F4 and the NACHT domains of NLRP3 and 
NLRC4 were confirmed by co-IP analysis (Supplemental Figure 
2E). Taken together, these data indicate that HUWE1 interacts 
with AIM2, NLRP3, and NLRC4 through the HIN and NACHT 
domains of inflammasome receptors.

HUWE1 mediates NLRP3, AIM2, and NLRC4 inflammasome 
activation. To determine whether HUWE1 plays a role in activat-
ing the NLRP3, AIM2, and NLRC4 inflammasomes, we conducted 
inflammasome activation analysis in WT and Huwe1 gene–delet-
ed BMDMs. Given that the Huwe1 gene is located on the X chro-
mosome in the mouse genome, we used BMDMs from mice of 
the same sex for all comparisons. Treatment of Huwe1fl/Y-CreER 
BMDMs with 4-hydroxytamoxifen (4-OHT) for 5 days induced 
deletion of the Huwe1 gene (Supplemental Figure 3, A and B). Then, 
Huwe1+/Y and Huwe1fl/Y BMDMs after 4-OHT treatment were stim-
ulated with LPS and ATP for NLRP3 inflammasome activation; 
transfected with dsDNA; or infected with F. novicida for AIM2 
inflammasome activation, infected with Salmonella for NLRC4 
inflammasome activation, or infected with Listeria for both NLRP3 
and AIM2 inflammasome activation (30–32). Remarkably, we not-
ed a substantial reduction of caspase-1 activation of NLRP3, AIM2, 
and NLRC4 inflammasomes in Huwe1fl/Y BMDMs compared with 
Huwe1+/Y BMDMs (Figure 2A). Consistent with the caspase-1 activa-
tion data, the production of IL-1β and cell death were significantly 
reduced in the absence of HUWE1 (Figure 2, B and C, and Supple-
mental Figure 3C). However, the production of TNF and IL-6 was 
not affected by HUWE1 (Supplemental Figure 3D). In addition, 
the expression levels of Il1a and Il1b induced by LPS and poly(I:C) 
treatment and F. novicida infection were comparable between 
Huwe1+/Y and Huwe1fl/Y BMDMs (Supplemental Figure 3E), indicat-
ing that HUWE1 directly regulates inflammasome activation and 
inflammatory responses independently of NF-κB signaling. To 
confirm this observation, we used monocyte/macrophage-specific 
deletion of the Huwe1 gene in Lyz2-Cre mice (Supplemental Fig-
ure 3F). Consistently, caspase-1 activation, IL-1β production, and 
cell death due to NLRP3, AIM2, and NLRC4 inflammasome acti-
vation were remarkably reduced in Lyz2-Cre–expressing Huwe1fl/Y 
BMDMs compared with Lyz2-Cre–expressing Huwe1+/Y BMDMs 
(Figure 2, D–F). Instead, the production of TNF and IL-6 was com-
parable between Lyz2-Cre–expressing Huwe1fl/Y BMDMs and Lyz2-
Cre–expressing Huwe1+/Y BMDMs (Supplemental Figure 3G).

To further examine the roles of HUWE1 in inflammasome 
activation, we treated cells with the HUWE1-specific inhibitor 
BI8622 (33). Interestingly, caspase-1 activation in NLRP3, AIM2, 
and NLRC4 inflammasomes was substantially reduced in BMDMs 
treated with BI8622 compared with untreated BMDMs (Figure 
3A). IL-1β production and cell death in response to treatment with 
LPS and ATP or infection with F. novicida, Salmonella, or Listeria 
were significantly reduced in BMDMs treated with BI8622 (Figure 
3, B and C). The level of IL-1β in BMDMs transfected with dsDNA 
was very low owing to the short treatment duration (Figure 3B). In 
addition, we found that IL-1β production and cell death were sig-
nificantly reduced in human THP-1 cells and PBMCs in the pres-
ence of BI8622 treatment (Figure 3, D–G). These results collec-
tively indicate that HUWE1 mediates NLRP3, AIM2, and NLRC4 
inflammasome activation.

cation niche for intracellular bacteria is simultaneously reduced 
as a result of pyroptotic cell death. Therefore, inflammasome acti-
vation during intracellular bacterial infection needs to be tightly 
regulated at multiple levels. To define the mechanism by which 
the AIM2 inflammasome is modified during F. novicida infection, 
we performed mass spectrometry–based IP proteomics. Here, we 
identified an AIM2-interacting protein, the E3 ubiquitin ligase 
HUWE1, which was also found to interact with NLRP3 and NLRC4 
but not with ASC or caspase-1. Huwe1-deficient primary bone mar-
row–derived macrophages (BMDMs) had impaired caspase-1 acti-
vation in response to NLRP3, NLRC4, and AIM2 inflammasome 
activation stimuli. HUWE1 mediated the K27-linked polyubiquiti-
nation of AIM2, NLRP3, and NLRC4 and promoted ASC speck 
formation and the interaction between ASC and cleaved caspase-1. 
Huwe1-deficient mice had an increased bacterial burden and 
decreased caspase-1 activation and IL-1β production under Salmo-
nella, Francisella, or Acinetobacter baumannii infection. Our study 
reveals insights into the mechanisms of inflammasome activation, 
HUWE1-mediated cell death, and DNA damage responses and 
provides a potential therapeutic target against bacterial infection, 
inflammatory diseases, and even tumorigenesis.

Results
HUWE1 interacts with AIM2, NLRP3, and NLRC4. To investigate 
the regulation of AIM2 inflammasome activation upon F. novici-
da infection, we performed AIM2 IP–mass spectrometry (IP-MS) 
analysis of F. novicida–infected WT and Aim2–/– BMDMs. By 
analyzing the protein composition of IP products from WT and 
Aim2–/– BMDMs, we identified an E3 ligase, HUWE1, present in 
the IP products of WT, but not Aim2–/–, BMDMs (Supplemental 
Figure 1, A and B, and Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI138234DS1), suggesting that HUWE1 is a regulator of AIM2 
inflammasome activation. To confirm the interaction between 
HUWE1 and AIM2, we performed co-IP analysis of HEK293T 
cells. Notably, we found that AIM2 indeed interacted with HUWE1 
in transfected HEK293T cells (Figure 1A). Furthermore, HUWE1 
also interacted with NLRP3 and NLRC4, the receptors of the other 
2 important inflammasome complexes (Figure 1, A and B). How-
ever, HUWE1 did not interact with ASC or caspase-1, which are 
central components of the inflammasome complex (Supplemental 
Figure 1, C and D), indicating that HUWE1 does not directly inter-
act with the PYD or CARD domains (Figure 1C). To determine 
whether the HIN, NACHT, or LRR domains mediate the inter-
action between HUWE1 and AIM2, NLRP3, or NLRC4, we per-
formed co-IP analysis of HUWE1 and proteins expressing specific 
domains (Figure 1C). Interestingly, we found that the HIN domain 
of AIM2 and the NACHT domains of NLRP3 and NLRC4 were 
essential for the interactions between HUWE1 and AIM2, NLRP3, 
and NLRC4 (Figure 1D). However, neither the LRR domain of 
NLRP3 nor the that of NLRC4 interacted with HUWE1 (Supple-
mental Figure 1E). To further define the domain of HUWE1 that 
interacts with NLRP3, AIM2, and NLRC4, we performed co-IP 
analyses with truncated HUWE1 and NLRP3, AIM2, and NLRC4 
(Figure 1E). We found the BH3 domain–containing fragment (F4, 
aa 1695–2028) to be critical for the interaction of HUWE1 with 
NLRP3, AIM2, and NLRC4 (Figure 1, F–H, and Supplemental Fig-

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://doi.org/10.1172/JCI138234DS1
https://doi.org/10.1172/JCI138234DS1
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd
https://www.jci.org/articles/view/138234#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

6 3 0 3jci.org   Volume 130   Number 12   December 2020

HA-tagged WT ubiquitin or K6-, K11-, K27-, K29-, K33-, K48-, or 
K63-specific ubiquitin. Remarkably, HUWE1 selectively promoted 
the WT and K27-linked polyubiquitination of NLRP3 and AIM2 and 
preferentially mediated the K27-linked polyubiquitination of NLRC4 

HUWE1 regulates the K27-linked polyubiquitination of AIM2, 
NLRP3, and NLRC4. To determine whether HUWE1 mediates 
the ubiquitination of NLRP3, AIM2, and NLRC4, we transfect-
ed HEK293T cells with HUWE1; NLRP3, AIM2, or NLRC4; and 

Figure 1. HUWE1 interacts with NLRP3, AIM2, and NLRC4. (A and B) Immunoblot analysis of HUWE1 co-IP with FLAG-NLRP3, FLAG-AIM2 (A), and 
FLAG-NLRC4 (B) from lysates of HEK293T cells transfected with the indicated plasmids. (C) Illustration of AIM2, NLRP3, NLRC4, ASC, and caspase-1 
domains. (D) Immunoblot analysis of HUWE1 co-IP with FLAG-AIM2-HIN, FLAG-NLRP3-NACHT, and FLAG-NLRC4-NACHT from lysates of HEK293T cells 
transfected with the indicated plasmids. (E) Schematic representation of fragments from HUWE1 protein. (F–H) Immunoblot analysis of FLAG-NLRP3 (F), 
FLAG-AIM2 (G), and FLAG-NLRC4 (H) interaction with HA-tag–fused HUWE1 fragments (F3, F4, F7, and F9) from lysates of HEK293T cells transfected with 
the indicated plasmids. Data are representative of 3 independent experiments.
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To determine which lysine residues of NLRP3, AIM2, and 
NLRC4 are essential for their HUWE1-mediated K27-linked 
polyubiquitination, we investigated the ubiquitination of the HIN 
domain of AIM2 and the NACHT domains of NLRP3 and NLRC4, 

(Figure 4, A–C, and Supplemental Figure 4, A–C). Furthermore, 
HUWE1 did not catalyze the polyubiquitination of NLRP3, AIM2, or 
NLRC4 in the presence of K27R-mutant ubiquitin, which harbored a 
lysine-to-arginine substitution at position 27 (Figure 4, A–C).

Figure 2. HUWE1 deficiency impairs NLRP3, AIM2, and NLRC4 inflammasome activation. (A–C) CreER-expressing Huwe1+/Y and Huwe1fl/Y BMDMs were 
treated with 4-OHT (100 nM) for 5 days to induce Huwe1 gene deletion. Immunoblot analysis of pro–caspase-1 (Pro-Casp1) and its subunit p20 (A) and 
analysis of IL-1β release (B) and cell death (C) in 4-OHT–treated Huwe1+/Y and Huwe1fl/Y BMDMs without treatment (Media) or further stimulated with LPS 
(500 ng/mL, 4 h) and ATP (5 mM, 50 min) for NLRP3 inflammasome activation, or infected with F. novicida (200 MOI, 16 h) for AIM2 inflammasome 
activation, or Salmonella (3 MOI, 2 h) for NLRC4 inflammasome activation, or Listeria (50 MOI, 3 h) for both NLRP3 and AIM2 inflammasome activation. 
(D–F) Immunoblot analysis of pro-caspase-1 (Pro-Casp1) and its subunit p20 (D) and analysis of IL-1β release (E) and cell death (F) in Lyz2-Cre–expressing 
Huwe1+/Y and Huwe1fl/Y BMDMs without treatment or further stimulated with LPS (500 ng/mL, 4 h) and ATP (5 mM, 50 min) for NLRP3 inflammasome 
activation; or transfected with dsDNA (0.5 μg, 8 h) for AIM2 inflammasome activation; or infected with F. novicida (200 MOI, 16 h) for AIM2 inflammasome 
activation, Salmonella (3 MOI, 2 h) for NLRC4 inflammasome activation, or Listeria (50 MOI, 3 h) for both NLRP3 and AIM2 inflammasome activation. Each 
dot represents an individual experiment (B, C, E, and F). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided Student’s t test without  
multiple-comparisons correction. Data are representative of 3 (A and D) or 4 (B, C, E, and F) independent experiments. Med, media.
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Figure 3. The HUWE1 inhibitor BI8622 reduces NLRP3, AIM2, and NLRC4 inflammasome activation. (A–C) Immunoblot analysis of pro–caspase-1 and 
its subunit p20 (A), analysis of IL-1β release and TNF and IL-6 production (B), and analysis of cell death (C) in control DMSO-treated or BI8622-treated WT 
BMDMs without treatment or further stimulated with LPS (500 ng/mL, 4 h) and ATP (5 mM, 50 min) for NLRP3 inflammasome activation; or transfected 
with dsDNA (1.5 μg, 2 h) for AIM2 inflammasome activation; or infected with F. novicida (200 MOI, 16 h) for AIM2 inflammasome activation, Salmonella 
(3 MOI, 2 h) for NLRC4 inflammasome activation, or Listeria (50 MOI, 3 h) for both NLRP3 and AIM2 inflammasome activation. (D and E) Analysis of IL-1β 
release and TNF and IL-6 production (D) and cell death (E) in control DMSO-treated or BI8622-treated THP-1 cells without treatment or further stimulated 
with LPS (1 μg/mL, 6 h) and ATP (10 mM, 2 h); or transfected with dsDNA (1.5 μg, 10 h); or infected with Salmonella (6 MOI, 6 h). (F and G) Analysis of IL-1β 
release and TNF and IL-6 production (F) and cell death (G) in control DMSO-treated or BI8622-treated human PBMCs without treatment or further stimu-
lated with LPS (1 μg/mL, 6 h) and ATP (10 mM, 2 h); or transfected with dsDNA (1.5 μg, 10 h); or infected with Salmonella (6 MOI, 6 h). Each dot represents 
an individual experiment. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided Student’s t test without multiple-comparisons correction. 
Data are representative of 3 (A and D–G) or 4 (B and C) independent experiments.
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which were found to directly interact with HUWE1 (Figure 1D). 
However, HUWE1 did not mediate K27-linked polyubiquitination 
of the HIN or NACHT domains (Supplemental Figure 4D). These 
data suggested that the lysine residues within the PYD domain of 
AIM2 are critical for HUWE1-mediated AIM2 ubiquitination. To 
pinpoint the residues required for AIM2 ubiquitination, we gen-
erated 4 AIM2 proteins with site-directed mutations in the PYD 
domain (K23R, K26R, K64R, K84R/K85R/K86R). Notably, K27-
linked polyubiquitination of the K23R and K64R AIM2 mutants 
was diminished, but that was not the case in the other AIM2 
mutants (Figure 4D). Similarly, we also generated NLRP3 pro-
teins with site-directed mutations in the N-terminal PYD domain 
and NLRC4 proteins with site-directed mutations in the N-termi-
nal CARD domain and found that the K21, K22, and K24 sites of 

NLRP3 and the K61 and K71 sites of NLRC4 were important for 
HUWE1-mediated K27-linked polyubiquitination of NLRP3 and 
NLRC4, respectively (Figure 4, E and F).

HUWE1 promotes NLRP3, AIM2, and NLRC4 inflammasome 
activation in HEK293T cells. In HEK293T cells, the NLRP3 inflam-
masome can be reconstituted by the ectopic expression of pro–
caspase-1, NLRP3, and ASC with the appropriate stimulation 
(34). To determine whether HUWE1 can promote NLRP3 inflam-
masome activation in HEK293T cells, we transfected HEK293T 
cells with pro–caspase-1, NLRP3, and ASC with or without HUWE1 
and stimulated the cells with nigericin. Interestingly, the activa-
tion of caspase-1, as indicated by blotting for p20, was significantly 
increased in HUWE1-transfected cells compared with vector con-
trol–transfected cells (Figure 5A). HEK293T cells were transfected 

Figure 4. HUWE1 mediates the K27-linked polyubiquitination of NLRP3, AIM2, and NLRC4. (A–C) Co-IP analysis of WT K27- and K27-mutant (K27R-
linked) polyubiquitination of NLRP3 (A), AIM2 (B), and NLRC4 (C) mediated by HUWE1 in 293T cells transfected with the indicated plasmids. (D–F) Co-IP 
analysis of the polyubiquitination of WT AIM2 and AIM2 mutants (K23R, K26R, K64R, and K84R/K85R/K86R) (D), WT NLRP3 and NLRP3 mutants 
(K84R/K86R/K87R, K64R, K46R, K34R, and K21R/K22R/K24R) (E), and WT NLRC4 and NLRC4 mutants (K21R, K53R, K61R, and K71R) (F) mediated by 
HUWE1 in 293T cells transfected with the indicated plasmids. Data are representative of 3 independent experiments. Ub, ubiquitin.
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with pro–caspase-1, NLRC4, and ASC with or without HUWE1 and 
infected with Salmonella, which showed that HUWE1 also signifi-
cantly increased NLRC4 inflammasome activation (Figure 5B). 
AIM2 is an intracellular DNA sensor (35–38) that triggers AIM2 
inflammasome activation in response to DNA transfection. To 
avoid the effect of DNA transfection on AIM2 inflammasome acti-
vation, we established HEK293T cells that stably expressed AIM2 
and pro–caspase-1 by lentiviral transfection and further transfect-
ed the cells with HUWE1 for 24 hours. Finally, ASC was transfected 
into these cells, and the activation of caspase-1 was analyzed. Con-
sistent with the NLRP3 and NLRC4 data, we found that HUWE1 
indeed increased AIM2 inflammasome activation (Figure 5C). The 

HUWE1 catalytic site mutant C4341A (C/A) failed to promote the 
activation of NLRP3, AIM2, and NLRC4 inflammasomes (Figure 
5D), indicating that the ubiquitination mediated by HUWE1 was 
essential for the inflammasome activation.

To define the role of HUWE1-mediated ubiquitination activity 
in NLRP3, AIM2, and NLRC4 inflammasome activation, HEK293T 
cells were transfected with WT HUWE1, pro–caspase-1, or ASC 
and their mutant receptors, followed by stimulation. Remarkably, 
the NLRP3 ubiquitination site mutant K21R/K22R/K24R reduced 
caspase-1 activation (Figure 6A). Activation of the AIM2 and NLRC4 
inflammasomes was also substantially inhibited in the presence of 
the K23R and K64R AIM2 mutants and the K61R and K71R NLRC4 

Figure 5. HUWE1 increases NLRP3, AIM2, and NLRC4 inflammasome activation in 293T cells. (A) Immunoblot analysis of pro–caspase-1 and its subunit 
p20, HUWE1, NLRP3, and ASC in 293T cells transfected with the indicated plasmids followed by control (Ctrl) or nigericin (Nig) stimulation (10 μg/mL) for 
2 hours. Plot shows quantification analysis of the signaling intensity of p20 relative to GAPDH. (B) Immunoblot analysis of pro–caspase-1 and its subunit 
p20, HUWE1, NLRC4, and ASC in 293T cells transfected with the indicated plasmids followed by Salmonella (Sal) infection (3 MOI) for 2 hours. Plot shows 
quantification analysis of the signaling intensity of p20 relative to GAPDH. (C) Immunoblot analysis of pro–caspase-1 and its subunit p20, HUWE1, AIM2, 
and ASC in 293T cells stably expressing AIM2 and caspase-1, transfected with HUWE1 and ASC as indicated. Plot shows quantification analysis of the 
signaling intensity of p20 relative to GAPDH. (D) Immunoblot analysis of pro–caspase-1 and its subunit p20 in 293T cells transfected with WT HUWE1 or 
the HUWE1 C4341A mutant (C/A) and other plasmids as indicated, followed by stimulation as in A–C. Each dot represents an individual experiment (A–C). 
***P < 0.001, by 2-sided Student’s t test without multiple-comparisons correction. Data are representative of 3 independent experiments.
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BMDMs, but not Lyz2-Cre–expressing Huwe1fl/Y BMDMs, under 
the condition of inflammasome activation (Figure 7A). The expres-
sion of NLRP3, AIM2, and NLRC4 was induced after stimulation, 
which might have contributed to their interaction with HUWE1 in 
the stimulated conditions (Figure 7A). To determine whether the 
ubiquitination of endogenous NLRP3, AIM2, and NLRC4 is medi-
ated by HUWE1, we performed endogenous IP and ubiquitination 
analysis of Lyz2-Cre–expressing Huwe1+/Y and Lyz2-Cre–express-
ing Huwe1fl/Y BMDMs after stimulation. Indeed, the ubiquitina-
tion of endogenous NLRP3, AIM2, and NLRC4 was substantially 
reduced in the absence of HUWE1 (Figure 7B).

To identify the mechanism by which the ubiquitination of 
these receptors contributes to inflammasome activation, we 
examined the oligomerization of NLRP3 in BMDMs by disuccin-
imidyl suberate (DSS) cross-linking analysis. The results revealed 
that HUWE1 mediated the oligomerization of NLRP3 in BMDMs 
(Figure 8A). Interestingly, HUWE1 and NLRP3 were colocalized 

mutants, respectively (Figure 6A). To further confirm the role of 
K27 ubiquitin in HUWE1-mediated inflammasome activation, we 
transfected HEK293T cells with HUWE1, pro–caspase-1, ASC, and 
receptors in the presence or absence of K27 ubiquitin, followed by 
stimulation. Interestingly, K27 ubiquitin dramatically increased 
HUWE1-mediated activation of NLRP3, AIM2, and NLRC4 inflam-
masomes (Figure 6B). These data collectively indicate that HUWE1 
promotes NLRP3, AIM2, and NLRC4 inflammasome activation 
through mediation of K27-linked polyubiquitination.

HUWE1 regulates the endogenous ubiquitination of NLRP3, 
AIM2, and NLRC4 and ASC speck formation. To confirm the 
interaction between endogenous HUWE1 and inflammasome 
receptors, we performed co-IP analysis of HUWE1 and NLRP3, 
AIM2, and NLRC4 in Lyz2-Cre–expressing Huwe1+/Y and Lyz2-
Cre–expressing Huwe1fl/Y BMDMs with and without stimulation. 
Strikingly, we observed that NLRP3, AIM2, and NLRC4 were 
immunoprecipitated by HUWE1 in Lyz2-Cre–expressing Huwe1+/Y 

Figure 6. K27 ubiquitin promotes HUWE1-mediated NLRP3, AIM2, and NLRC4 inflammasome activation. (A) Immunoblot analysis of pro–caspase-1 
and its subunit p20 in 293T cells transfected with WT NLRP3, AIM2, NLRC4 and their mutants in the presence of HUWE1 and other plasmids as indicated, 
followed by stimulation for NLRP3 (nigericin, 10 μg/mL, 2 hours), AIM2 (dsDNA, 2 μg/mL, 2 hours), and NLRC4 (Salmonella, 3 MOI, 2 hours) inflammasome 
activation. (B) Immunoblot analysis of pro–caspase-1 and its subunit p20 in 293T cells transfected with WT NLRP3, AIM2, and NLRC4 in the presence or 
absence of HUWE1 and K27 ubiquitin and other plasmids as indicated, followed by stimulation for NLRP3, AIM2, and NLRC4 inflammasome activation as 
in A. Data are representative of 3 independent experiments.
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nation of NLRP3, AIM2, and NLRC4 mediated by HUWE1 pro-
motes the assembly of inflammasomes and ASC speck formation, 
which increase the duration of caspase-1 activation.

HUWE1 increases host defense against Salmonella, F. novici-
da, and A. baumannii infection. Inflammasome activation plays 
important roles in host defense against bacterial infection; for 
example, the NLRC4 inflammasome contributes to host defense 
against Salmonella infection, the AIM2 inflammasome contrib-
utes to host defense against F. novicida infection, and the NLRP3 
inflammasome contributes to host defense against A. baumannii 
and gram-negative bacterial infection (1, 29, 41). To investigate 
the role of HUWE1 in host defense against bacterial infection, 
we treated age- and sex-matched Huwe1+/+-CreER and Huwe1fl/fl- 
CreER mice with tamoxifen for 5 consecutive days to induce 
Huwe1 gene deletion. Five days after the last injection of tamox-
ifen, the mice were infected with bacterial pathogens to ana-
lyze host defense and immune responses. Tamoxifen-treated 
Huwe1+/+-CreER and Huwe1fl/fl-CreER mice were intraperitoneal-
ly infected with Salmonella (5.0 × 103 CFU per mouse), and body 
weight loss was monitored over time. Remarkably, we observed 
that tamoxifen-treated Huwe1fl/fl mice lost more body weight than 
did Huwe1+/+ mice (8.9% vs. –6.5% of starting body weight, respec-

and exhibited distribution of large puncta after LPS and ATP sim-
ulation (Figure 8B). In addition, AIM2, NLRC4, and HUWE1 also 
formed large puncta within the BMDMs after dsDNA transfection, 
F. novicida infection, and Salmonella infection, respectively (Sup-
plemental Figure 5, A and B).

ASC speck formation is a readout for inflammasome activa-
tion (39). Remarkably, ASC specks were frequently detected in 
Lyz2-Cre–expressing Huwe1+/Y BMDMs in response to LPS plus 
ATP stimulation, dsDNA transfection, or infection with F. novi-
cida or Salmonella but were rarely detected in Lyz2-Cre–express-
ing Huwe1fl/Y BMDMs in response to those stimuli (Figure 8C). 
Recently, the dominant species of active caspase-1 induced by 
inflammasome activation in macrophages was shown to be full-
length p46 and a transient p33/p10 dimer; p33/p10 further car-
ries out self-cleavage to release p20/p10, thereby terminating 
inflammasome activity (40). To examine how HUWE1 mediates 
caspase-1 activation, we performed co-IP analysis of caspase-1 
and ASC in untreated and stimulated BMDMs. Interaction 
between ASC and cleaved caspase-1 p33 was induced in Lyz2-
Cre–expressing Huwe1+/Y BMDMs after stimulation, whereas this 
interaction was substantially reduced in the absence of HUWE1 
(Figure 8D). Taken together, these data indicate that the ubiquiti-

Figure 7. HUWE1 interacts with 
endogenous NLRP3, AIM2, and 
NLRC4 and regulates their ubiq-
uitination. (A) Co-IP analysis of 
endogenous HUWE1 and NLRP3, 
AIM2, and NLRC4 in Lyz2-Cre–
expressing Huwe1+/Y and Huwe1fl/Y 
BMDMs with or without NLRP3 
inflammasome stimulation (LPS, 
500 ng/mL, 4 h and ATP, 5 mM, 10 
min), AIM2 inflammasome stimu-
lation (F. novicida, 100 MOI, 12 h), 
or NLRC4 inflammasome stimu-
lation (Salmonella, 3 MOI, 1 h). (B) 
Co-IP analysis of polyubiquitina-
tion of endogenous NLRP3, AIM2, 
and NLRC4 in Lyz2-Cre–expressing 
Huwe1+/Y and Huwe1fl/Y BMDMs 
stimulated with LPS (500 ng/mL, 
4 h) and ATP (5 mM, 10 min) or 
infected with F. novicida (100 MOI, 
12 h) or Salmonella (3 MOI, 1 h) as 
indicated. Data are representative 
of 3 independent experiments.
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inflammation and immune cell infiltration in the livers of infected 
Huwe1fl/fl mice than in those of Huwe1+/+ mice (Figure 9E). In the 
case of F. novicida infection–triggered AIM2 inflammasome acti-
vation, tamoxifen-treated Huwe1+/+ and Huwe1fl/fl mice were sub-
cutaneously infected with F. novicida (1.5 × 105 CFU per mouse), 

tively) (Figure 9A). We counted bacteria in the spleens and livers 
of Huwe1+/+ and Huwe1fl/fl mice after 2 days of infection with Salmo-
nella. The bacterial burdens in the spleens and livers of Huwe1fl/fl  
mice were significantly higher than those in the spleens and liv-
ers of Huwe1+/+ mice (Figure 9B). H&E staining revealed more 

Figure 8. HUWE1 promotes inflammasome assembly and ASC speck formation. (A) Immunoblot analysis of NLRP3 oligomerization in Nlrp3–/– and Lyz2-Cre–
expressing Huwe1+/Y and Huwe1fl/Y BMDMs treated with DSS for 30 minutes at the indicated concentrations. (B) Confocal microscopic analysis of NLRP3 and 
HUWE1 in Lyz2-Cre–expressing Huwe1+/Y and Huwe1fl/Y BMDMs without treatment or stimulated with LPS (500 ng/mL, 4 h) and ATP (5 mM, 20 min). Arrows 
indicate the distribution of large puncta. Scale bars: 10 μm. (C) Confocal microscopic analysis of ASC speck formation in Lyz2-Cre–expressing Huwe1+/Y and  
Huwe1fl/Y BMDMs without treatment or stimulated with LPS (500 ng/mL, 4 h) and ATP (5 mM, 20 min); or transfected with dsDNA (1.5 μg, 30 min); or infected 
with F. novicida (100 MOI, 12 h) or Salmonella (3 MOI, 1 h) as indicated. Arrows indicate ASC specks. Scale bars: 10 μm. (D) Co-IP analysis of caspase-1 that coim-
munoprecipitated with ASC in Lyz2-Cre–expressing Huwe1+/Y and Huwe1fl/Y BMDMs without treatment or stimulated with LPS (500 ng/mL, 4 h) and nigericin (10 
μg/mL, 30 min) or infected with F. novicida (100 MOI, 12 h) or Salmonella (3 MOI, 1 h) as indicated. Data are representative of 3 independent experiments.
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tions (43). As ubiquitination is a reversible process, modulation of 
the ubiquitination process is an attractive therapeutic approach for 
specifically targeting aberrant inflammasome activation. Thus, the 
HUWE1-specific inhibitor BI8622 shows great potential for treat-
ing excessive NLRP3, AIM2, and NLRC4 inflammasome activa-
tion–triggered inflammatory diseases.

Inflammasome activation is a double-edged sword for intra-
cellular bacterial pathogens, as it triggers an inflammatory 
response but simultaneously causes pyroptotic cell death, reduc-
ing the replication niche of intracellular bacteria. Thus, the assem-
bly and activation of inflammasomes need to be tightly regulat-
ed at multiple levels during bacterial infection. The positive role 
of HUWE1 in host defense against different bacterial infections 
paves the way to the regulation of inflammasome activity and 
host defense through modulation of the host ubiquitin machin-
ery. Our data showed that HUWE1 interacts with NLRP3, AIM2, 
and NLRC4 mainly through a BH3 domain–containing fragment, 
which is consistent with previous findings that BH3 is essential for 
protein interaction (44, 45). HUWE1 might have evolved a con-
served domain to directly interact with diverse pattern recognition 
receptors (PRRs) and function as a master regulator, mediating the 
activation of multiple inflammasomes. A conformational change 
was shown to be important for the activity of HUWE1 (46). How 
the activity of HUWE1 is regulated in response to distinct bacterial 
pathogens needs to be further explored, and whether it is effective 
against bacterial infection through the boosting of HUWE1 activi-
ty remains an intriguing question.

Inflammasome formation is coordinated by cytosolic PRRs, 
such as NLRP3, AIM2, and NLRC4, in response to various sterile 
and pathogenic stimuli. PRRs interact with pro–caspase-1 with or 
without the adapter protein ASC to form a platform for caspase-1 
activation (30). Although numerous studies have shown the roles 
of inflammasome activation and function in development and 
disease progression, the detailed mechanisms of inflammasome 
assembly and caspase-1 activation remain unclear (40). A hall-
mark of caspase-1 activation is the processing of pro–caspase-1 into 
its p20 and p10 subunits, which have long been presumed to be the 
primary active enzymes. Recently, the dominant form of active 
caspase-1 was reported to be full-length p46 and a transient p33/
p10 dimer, whereas formation of the p20/p10 dimer was found 
to reflect the inactivation of caspase-1 (40, 47, 48). Our results 
indicate that HUWE1 preferentially mediates the interaction 
between ASC and the p33 form of cleaved caspase-1 and promotes 
caspase-1 activation, which is consistent with recent findings. A 
previous study demonstrated that linear ubiquitination-mediated  
ASC oligomerization is essential for inflammasome complex 
formation (49). Our work has revealed that the K27-linked poly-
ubiquitination of NLRP3 is important for its oligomerization and 
inflammasome assembly. We hypothesize that HUWE1-mediated 
K27-linked polyubiquitination of NLRP3, AIM2, and NLRC4 pro-
duces a scaffold to maintain ASC speck formation and increase 
the interaction between ASC and cleaved caspase-1.

HUWE1, also known as MULE or ARF-BP1, a large protein 
with a molecular weight close to 500 kDa, modulates a wide array 
of cellular functions through the targeting of a number of sub-
strates for ubiquitination, such as N-Myc, Cdc6, p53, and histones 
involved in the cell cycle, stem cell lineage commitment, and 

and mouse morbidity was monitored. In line with the Salmonella 
infection data, we found that tamoxifen-treated Huwe1fl/fl mice lost 
more body weight than did Huwe1+/+ mice (7.7% vs. 3.7% of start-
ing body weight, respectively) (Figure 9C). The bacterial burdens 
in the livers and spleens of Huwe1fl/fl mice were significantly higher 
than those in Huwe1+/+ mice (Figure 9D). The difference in immune 
cell infiltration induced by F. novicida infection in the livers of 
infected Huwe1fl/fl mice compared with Huwe1+/+ mice was revealed 
by H&E staining (Figure 9E). To determine whether NLRP3 
inflammasome activation mediated by HUWE1 is involved in the 
host defense against gram-negative bacterial infection, tamoxi-
fen-treated Huwe1+/+ and Huwe1fl/fl mice were intranasally infected 
with A. baumannii (5.0 × 108 CFU per mouse), and the bacterial 
burden was assessed. We found that the bacterial load in the lungs 
and immune cell infiltration into the lungs of Huwe1fl/fl mice were 
significantly higher than in Huwe1+/+ mice (Figure 9, F and G).

We analyzed the activation of caspase-1 in vivo in Salmonella- 
infected liver and spleen, F. novicida–infected liver, and A. bau-
mannii–infected lung tissues. Notably, we observed that caspase-1 
activation (as shown by blotting for p20) triggered by bacterial 
infection was dramatically reduced in Huwe1fl/fl mice compared with 
that seen in Huwe1+/+ mice (Figure 9, H and I). Consistent with the 
caspase-1 activation data, the level of IL-1β in the sera of Huwe1fl/fl 
mice was significantly lower than that in the sera of Huwe1+/+ mice 
upon F. novicida, Salmonella, and A. baumannii infection (Figure 
9J). Instead, the production of TNF and IL-6 after bacterial infec-
tion was comparable between Huwe1+/+ and Huwe1fl/fl mice (Figure 
9J), suggesting that HUWE1 specifically mediates inflammasome 
activation in response to bacterial infection. In line with the data on 
the HUWE1-deficient mice, administration of the HUWE1 inhibi-
tor BI8622 significantly increased the bacterial burden and reduced 
caspase-1 activation in vivo upon Salmonella infection (Supplemen-
tal Figure 6, A and B). These data collectively indicate that HUWE1 
regulates inflammasome activation and host defense against bacte-
rial infection through mediation of the K27-linked polyubiquitina-
tion of NLRP3, AIM2, and NLRC4, which contributes to sustained 
inflammasome activation (Supplemental Figure 7).

Discussion
Inflammasome activation and ubiquitination are 2 major host 
innate immune events during bacterial infection (12, 42). Both 
extracellular and intracellular bacterial pathogens are able to trigger 
different types of inflammasome activation through their engage-
ment with diverse cytosolic receptors, such as NLRP3, AIM2, and 
NLRC4. Similar to the ubiquitination-mediated NF-κB and type I 
IFN signaling pathways, ubiquitination-mediated inflammasome 
activation is increasingly recognized, adding an additional layer of 
complexity to the regulation of inflammasome activation. Instead, 
the molecular mechanisms by which ubiquitination mediates 
inflammasome assembly and the activation of caspase-1 remain 
largely unknown (12). Our study demonstrates that the cytosolic 
receptors NLRP3, AIM2, and NLRC4 are simultaneously regulated 
by one E3 ubiquitin ligase, HUWE1. HUWE1-mediated K27-linked 
polyubiquitination of NLRP3, AIM2, and NLRC4 was shown to be 
essential for inflammasome assembly and caspase-1 activation. 
The molecule MCC950, which directly targets NLRP3 and inhibits 
NLRP3 inflammasome activation, has potential clinical applica-
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F. novicida U112 (1.5 × 105 CFU per mouse), or intranasally with A. bau-
mannii (5.0 × 108 CFU per mouse), as indicated. Mice were weighed 
and monitored daily over a 2-day period. Mice were euthanized on 
the indicated postinfection days (Figure 9, B, D, and F), and livers, 
spleens, and lungs were harvested to determine the bacterial burden.

Preparation of BMDMs, stimulation, and bacterial infection. To gen-
erate BMDMs, bone marrow (BM) cells were cultured in L929 cell–con-
ditioned DMEM/F-12 supplemented with 10% FBS, 1% nonessential 
amino acids, and 1% penicillin-streptomycin for 5 days as previously 
described. Huwe1 gene deletion in BMDMs was performed by adding 
4-OHT (100 nM) for 5 days. The HUWE1 inhibitor BI8622 (HY-120929) 
was purchased from MedChemExpress. BMDMs were treated with 
BI8622 (10 μM) for 2 hours before stimulation and infection. Control and 
treated BMDMs were stimulated with ligands or infected with bacterial 
pathogens for the indicated durations as previously described (63). The 
treated and control cells were lysed for RNA and protein analysis.

Immunoblot analysis and antibodies. Samples were separated by 
12% SDS-PAGE, followed by electrophoretic transfer to polyvinylidene 
fluoride membranes, and membranes were blocked and then incubated 
with primary antibodies. The following primary antibodies were used: 
anti-V5 (Cell Signaling Technology [CST], 13202); anti-AIM2 (CST, 
13095); anti–caspase-1 (AdipoGen, AG-20B-0042); anti-HUWE1 (Life-
span Biosciences, LS-B1359); anti-NLRP3 (AdipoGen, AG-20B-0014); 
anti-NLRC4 (Lifespan Biosciences, LS-C148271); anti-ASC (AdipoGen, 
AG-25B-0006); anti-HA (Santa Cruz Biotechnology, SC-805); anti-
FLAG (MilliporeSigma, F3165); anti-ubiquitin (MilliporeSigma, 04-263); 
anti-Myc (CST, 2278); and anti-GAPDH (CST, 5174). HRP-labeled 
anti-rabbit, anti-mouse, or anti-goat (CST) was used as the secondary 
antibody. ImageJ software (NIH) was used for signaling quantification.

Immunofluorescence staining and microscopy. For ASC, NLRP3, 
AIM2, and NLRC4 immunostaining, infected and uninfected BMDMs 
were fixed in 4% paraformaldehyde for 15 minutes at room tempera-
ture. Cells were washed with PBS and blocked in 1× ELISA buffer with 
0.1% saponin for 1 hour. Cells were stained with anti-ASC (AdipoGen, 
AG-25B-0006); anti-NLRP3 (AdipoGen, AG-20B-0014); anti-AIM2 
(CST, 13095); anti-NLRC4 (LifeSpan Biosciences, LS-C148271); anti-
TGN46 (Abcam, ab2809); or anti-HUWE1 (LifeSpan Biosciences, 
LS-B1359) — all at 1:300 to 1:500 dilution, overnight at 4°C. Cells were 
washed, stained with a fluorescence-conjugated secondary antibody 
for 40 minutes at 37°C, and mounted using mounting medium (Vec-
tor Laboratories, H-1200). Cells were observed on the Zeiss LSM880 
confocal microscope, and image acquisition and data analysis were 
performed using Zeiss ZEN black_2-3SP1 and ZEN blue 2.6 software.

IP-MS analysis. WT and Aim2–/– BMDMs were infected with F. novi-
cida for 12 hours and lysed in IP buffer. AIM2 antibody was used for IP. 
The MS experiment and data processing were performed by Novogene 
Company. Proteins that were specifically identified in WT BMDMs, but 
not in the Aim2–/– BMDMs, are listed in Supplemental Table 1.

Plasmid transfection and co-IP experiments. The plasmids expressing 
full-length WT and C4341A-mutated HUWE1 were provided by X. Zhao 
(Sichuan University, Chengdu), and truncated HUWE1 plasmids were 
provided by G. Shao (Peking University, Beijing) as previously described 
(44, 61, 65). Aim2, Nlrp3, Nlrc4, Asc, and caspase-1 were amplified from 
a mouse cDNA library and subcloned into pCDH, pCMV, and MSCV 
vectors. Truncated DNA sequences were amplified from full-length of 
cDNA plasmids and subcloned into pCDH vector. Site-directed muta-
tions were generated using QuikChange site-directed mutagenesis kits. 

tumorigenesis (50–54). HUWE1 also plays important roles in reg-
ulating the DNA damage response (DDR) by targeting histones, 
MCL-1, and Chk1 (44, 45, 55, 56). In addition, clinical evidence 
and exome sequencing revealed that HUWE1 mutations cause X 
chromosome–linked intellectual disability (57–59). HUWE1 is also 
thought to have sex-specific effects on susceptibility to infectious 
diseases, although the detailed mechanism is unknown (60). Giv-
en the strong association between inflammation and the patho-
genesis of various diseases, our finding that HUWE1 mediates 
inflammasome activation indicates that HUWE1 acts as an unex-
pected, alarming initiator of diseases and insults. Our study offers 
insights into the mechanisms of HUWE1-associated diseases and 
provides a potential therapeutic target for the treatment of inflam-
masome dysregulation–mediated disorders.

Methods
Mice. Conditional Huwe1fl/fl-CreER–knockout mice (61) were provided 
by X. Zhao (Sichuan University, Chengdu, China); Aim2–/– mice were 
provided by S. Feng (National Institute of Biological Sciences, Bei-
jing, China); and Nlrp3–/– (62) mice were provided by D. Wang (Zheji-
ang University, Hangzhou, China). WT and knockout mice were kept 
under specific pathogen–free conditions in the Animal Resource Cen-
ter at Kunming Institute of Zoology, Chinese Academy of Sciences.

Bacterial infection of mice. The bacterial strains used in this study 
included the F. novicida strain U112, Listeria monocytogenes, Salmo-
nella typhimurium, and A. baumannii and were grown as previously 
described (41, 63).

Eight- to 10-week-old, sex-matched Huwe1+/+(+/Y)-CreER and 
Huwe1fl/fl(fl/Y)-CreER mice were injected with tamoxifen (2 mg/100 
μL sunflower seed oil per mouse) for 5 consecutive days as previously 
described (64). Tamoxifen-treated mice were infected intraperitone-
ally with S. typhimurium (5000 CFU per mouse), subcutaneously with 

Figure 9. HUWE1 deficiency increases host susceptibility to Salmonella, 
F. novicida, and A. baumannii infection. Huwe1fl/fl-CreER and Huwe1+/+-
CreER mice were injected with tamoxifen (2 mg/100 μL per mouse) for 5 
consecutive days. Five days after the last injection, mice were infected 
with bacterial pathogens, and the bacterial burden and host immune 
responses were analyzed. (A and B) Tamoxifen-treated Huwe1fl/fl-CreER 
and Huwe1+/+-CreER mice were infected intraperitoneally with 5000 CFU 
Salmonella, and body weight change after infection (A) and bacterial bur-
den in the spleen and liver on day 2 after infection (B) were measured. (C 
and D) Tamoxifen-treated Huwe1fl/fl-CreER and Huwe1+/+-CreER mice were 
infected subcutaneously with 1.5 × 105 CFU F. novicida, and (C) body weight 
change after infection and (D) bacterial burden in the spleen and liver on 
day 2 after infection were measured. (E) H&E staining of liver sections 
from uninfected and Salmonella- or F. novicida–infected mice in B and D. 
Dashed outlines indicate infiltrated immune cells. Scale bars: 100 μm. (F) 
Tamoxifen-treated Huwe1fl/fl-CreER and Huwe1+/+-CreER mice were infected 
intranasally with 5.0 × 108 CFU A. baumannii, and bacterial burden in the 
lungs on day 1 after infection was measured. (G) H&E staining of lung 
sections from uninfected and A. baumannii–infected mice in F. Scale bars: 
100 μm. (H and I) Immunoblot analysis of pro–caspase-1 and its subunit 
p20 in the liver, spleen, and lungs of uninfected, Salmonella-infected (H), 
F. novicida–infected, and A. baumannii–infected (I) mice. GAPDH was used 
as a loading control. (J) ELISA analysis of IL-1β, TNF, and IL-6 in sera from 
uninfected and bacteria-infected mice in B, D, and F. Each dot represents 
an individual mouse (B, D, F, and J). *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001, by 2-sided Student’s t test without multiple-compari-
sons correction. Data are representative of 2 independent experiments.
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Preparation of tissue samples for HE staining. The superior lobes of 
the right lung and liver were fixed in 10% formalin, and 5 μm sections 
were stained with H&E and examined with a microscope.

Real-time qRT-PCR. Total RNA was isolated from cells and tissues 
using TRIzol Reagent (Invitrogen, Thermo Fisher Scientific). cDNA 
was reverse transcribed using M-MLV Reverse Transcriptase (Prome-
ga). Real-time quantitative reverse transcription PCR (qRT-PCR) was 
performed on the Bio-Rad CFX-96 Touch Real-Time Detection Sys-
tem. The primer sequences are listed in Supplemental Table 2.

ELISA. The in vivo and in vitro samples were analyzed for cyto-
kine release using ELISA MAX Standard Sets from BioLegend (mouse 
IL-1β, 432601; mouse IL-6, 431301; mouse TNF, 430901; human 
IL-1β, 437004; human IL-6, 430504; human TNF, 430204) according 
to the manufacturer’s instructions.

Statistics. Data are presented as the mean ± SEM. Statistical anal-
yses were performed using 2-tailed Student’s t and log-rank tests. P 
values of 0.05 or less were considered significant.

Study approval. All animal experiments were conducted in accor-
dance with guidelines approved by the IACUC of the Kunming Insti-
tute of Zoology, Chinese Academy of Sciences. The present study was 
approved by the IRB of the Kunming Institute of Zoology, Chinese 
Academy of Sciences.
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All plasmids were confirmed by DNA sequencing. The primer sequenc-
es for vector construction are listed in Supplemental Table 2. Lipofect-
amine 3000 reagents (Invitrogen, Thermo Fisher Scientific) were used 
for transient transfection of plasmids into HEK293T cells.

For IP, whole HEK293T cells collected 36 hours after transfec-
tion or BMDMs with and without treatments were lysed in IP buffer 
composed of 50 mM Tris-HCl (pH 7.4), 2 mM EDTA, 150 mM NaCl, 
1% NP-40, and protease-phosphatase inhibitor cocktails (BioTools). 
After centrifugation, supernatants were collected and incubated with 
protein A/G Plus–Agarose (Santa Cruz Biotechnology, sc-2003) and  
3 μg of the corresponding antibodies for 12 hours at 4°C, followed by 
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