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Abstract

Background: Extracellular adenosine triphosphate (ATP), a key danger-associated molecular pattern (DAMP)

molecule, is released to the extracellular medium during inflammation by injured parenchymal cells, dying

leukocytes, and activated platelets. ATP directly activates the plasma membrane channel P2X7 receptor (P2X7R),

leading to an intracellular influx of K+, a key trigger inducing NLRP3 inflammasome activation. However, the

mechanism underlying P2X7R-mediated activation of NLRP3 inflammasome is poorly understood, and additional

molecular mediators have not been identified. Here, we demonstrate that Paxillin is the molecule connecting the

P2X7 receptor and NLRP3 inflammasome through protein interactions.

Results: We show a distinct mechanism by which Paxillin promotes ATP-induced activation of the P2X7 receptor

and NLRP3 inflammasome. Extracellular ATP induces Paxillin phosphorylation and then facilitates Paxillin-NLRP3

interaction. Interestingly, Paxillin enhances NLRP3 deubiquitination and activates NLRP3 inflammasome upon ATP

treatment and K+ efflux. Moreover, we demonstrated that USP13 is a key enzyme for Paxillin-mediated NLRP3

deubiquitination upon ATP treatment. Notably, extracellular ATP promotes Paxillin and NLRP3 migration from the

cytosol to the plasma membrane and facilitates P2X7R-Paxillin interaction and PaxillinNLRP3 association, resulting in

the formation of the P2X7R-Paxillin-NLRP3 complex. Functionally, Paxillin is essential for ATP-induced NLRP3

inflammasome activation in mouse BMDMs and BMDCs as well as in human PBMCs and THP-1-differentiated

macrophages.

Conclusions: We have identified paxillin as a mediator of NLRP3 inflammasome activation. Paxillin plays key roles in

ATP-induced activation of the P2X7 receptor and NLRP3 inflammasome by facilitating the formation of the P2X7R-

Paxillin-NLRP3 complex.
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Background
The NACHT, LRR, and PYD domain-containing protein

3 (NLRP3), one of the host pattern recognition receptors

(PRRs), recognizes pathogen-associated molecular pat-

terns (PAMPs) and danger-associated molecular patterns

(DAMPs). NLRP3 controls maturation and secretion of

interleukin-1β (IL-1β) and IL-18, two pleiotropic cyto-

kines playing crucial roles in innate immune and inflam-

matory responses as well as instructing adaptive

immune responses [1]. NLRP3 (the cytoplasmic sensor

molecular) together with apoptosis-associated speck-like

protein with the CARD domain (ASC) (the adaptor pro-

tein) promote the cleavage of the pro-Caspase-1 (the ef-

fector protein) to generate active subunits p20 and p10,

which regulate the maturation of IL-1β [2]. NLRP3 re-

quires two signals for canonical activation and for IL-1β

secretion: the first signal primes the cell to express

NLRP3 and pro-IL-1β mRNAs, and the second signal in-

duces inflammasome assembly and activation [3].

NLRP3 forms a scaffold with ASC to provide a molecu-

lar platform for the activation of pro-Caspase-1, which

collectively comprises the inflammasome [4]. Activated

Caspase-1 cleaves pro-IL-1β into active IL-1β, which is

then secreted.

Extracellular adenosine triphosphate (ATP), a key

DAMP, is released during inflammation by injured paren-

chymal cells, dying leukocytes, and activated platelets [5].

Activation of NLRP3 inflammasome requires the activation

of the P2X7 receptor (P2X7R), a plasma membrane channel

that is directly activated by extracellular ATP [6, 7]. After

binding with ATP, the channel opens and induces trans-

membrane ion fluxes of K+, which is a key trigger of the

NLRP3 inflammasome activation [8, 9]. However, the

mechanism underlying this regulation is not fully under-

stood and the molecule connecting the P2X7 receptor and

NLRP3 inflammasome is not identified.

Paxillin is a multi-domain protein that localizes to the

extracellular matrix (ECM) and plays important roles in

cell motility, adhesion, migration, and growth control

[10]. The primary function of Paxillin is as a molecular

adapter or scaffold protein that provides multiple dock-

ing sites at the plasma membrane for many proteins,

such as focal adhesion kinase (FAK) [11] and extracellu-

lar signal-regulated kinase (ERK) [12]. It is also involved

in the efficient processing of Integrin- and growth

factor-mediated signals derived from the extracellular

environment [13].

This study demonstrates a distinct mechanism under-

lying ATP-induced activation of the P2X7 receptor and

NLRP3 inflammasome mediated by Paxillin. Extracellu-

lar ATP induces Paxillin phosphorylation, facilitates

Paxillin-NLRP3 interaction, and promotes NLRP3 deubi-

quitination, thereby activating the NLRP3 inflamma-

some. Additionally, ATP promotes Paxillin and NLRP3

membrane migration and facilitates P2X7R-Paxillin

interaction, resulting in the formation of the P2X7R-

Paxillin-NLRP3 complex. Moreover, ubiquitin-specific

peptidase 13 (USP13) is a key enzyme for Paxillin-

mediated NLRP3 deubiquitination [14]. Paxillin func-

tionally is essential for ATP- and Nigericin-induced

NLRP3 inflammasome activation. Taken together, these

results demonstrate that Paxillin promotes ATP-induced

activation of the P2X7 receptor and NLRP3 inflamma-

some by facilitating the formation of the P2X7R-

Paxillin-NLRP3 complex.

Results
Paxillin binds directly to the LRR domain of NLRP3 in the

cytosol

We have recently revealed that several proteins control

the NLRP3 inflammasome activation through different

mechanisms [15–18]. Here, we further showed that Pax-

illin interacted with NLRP3 based on a yeast two-hybrid

screen (Fig. 1a). Co-immunoprecipitation (Co-IP) assays

showed that Paxillin interacted with NLRP3, but not

with ASC or pro-Caspase-1 (Fig. 1b). NLRP3 contains

several prototypic domains, including a PYRIN domain,

an NACHT domain, and seven LRR domains [19]. Paxil-

lin was co-precipitated with NLRP3, NACHT, and LRR,

but not with PYRIN (Fig. 1c). Glutathione S-transferase

(GST) pull-down assays showed that GST-LRR was

pulled down with Paxillin (Fig. 1d) and GST-Paxillin was

pulled down with NLRP3 (Fig. 1e), suggesting that Paxil-

lin directly binds to the NLRP3 LRR domain. Confocal

microscopy showed that NLRP3 alone or Paxillin alone

was diffusely distributed in the cytosol, whereas NLRP3

and Paxillin together were co-localized in the cytosol

(Fig. 1f). Collectively, these data demonstrate that Paxil-

lin binds directly to the LRR domain of NLRP3 in the

cytosol.

ATP promotes Paxillin phosphorylation and Paxillin-

NLRP3 interaction

ATP and Nigericin are common activators of the NLRP3

inflammasome [20]. Human acute monocytic leukemia

cells (THP-1) that stably expressed Paxillin were gener-

ated by infection with Paxillin-Lentivirus, which were

then treated with ATP or Nigericin. ATP-induced

inflammasome activation, as indicated by IL-1β secre-

tion, IL-1β maturation, and Caspase-1 cleavage, was fur-

ther promoted by Paxillin, whereas Nigericin-induced

inflammasome activation was not affected by Paxillin

(Fig. 2a, b), suggesting that Paxillin specifically promotes

ATP-induced NLRP3 inflammasome activation. As ATP

stimulates P2X7R ATP-gated ion channel and triggers

K+ efflux, leading to inflammasome activation [8], we

evaluated the effect of Paxillin on NLRP3 inflammasome

activation. In Paxillin stable THP-1 cells, IL-1β secretion,
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Fig. 1 Paxillin binds directly to the LRR domain of NLRP3 in the cytosol. a Identification of NLRP3 LRR domain-Paxillin interaction by yeast two-

hybrid analysis. Yeast strain AH109 cells were transformed with the combination of BD and AD plasmid, as indicated (1–3). Transformed yeast

cells were first grown on the SD-minus Trp/Leu plates for 3 days. The colony of yeast was then streaked on SD-minus Trp/Leu/Ade/His plates

(QDO). BD-p53 and AD-T (5) was used as a positive control and BD-Lam and AD-T (4) as a negative control. b HEK293T cells were co-transfected

with pHA-Paxillin and pFlag-Vector, pFlag-NLRP3, pFlag-ASC, and pFlag-Casp-1. Lysates were prepared and subjected to IP using an anti-Flag

antibody and analyzed by immunoblotting using an anti-HA or anti-Flag antibody (top) or subjected directly to Western blot using an anti-Flag

or anti-HA antibody (as input) (bottom). c HEK293T cells were co-transfected with pHA-Paxillin and pFlag-Vector, pFlag-NLRP3, pFlag-PYRIN, pFlag-

NACHT, and pFlag-LRR. Lysates were prepared and subjected to IP using an anti-Flag antibody and analyzed by immunoblotting using an anti-HA

or anti-Flag antibody (top) or subjected directly to Western blot using an anti-Flag or anti-HA antibody (as input) (bottom). d Extracts from

HEK293T cells transfected with Flag-Paxillin were incubated with 10 μg GST proteins or GST-LRR protein that was incubated with glutathione-

Sepharose beads. The mixture was washed three times and then analyzed by immunoblotting using anti-Flag and anti-GST antibody (top).

Lysates from transfected HEK293T cells were analyzed by immunoblotting using anti-Flag antibody (as input) (bottom). e Extracts from HEK293T

cells transfected with Flag-NLRP3 were incubated with 10 μg GST proteins or GST-Paxillin protein which was incubated with glutathione-

Sepharose beads. The mixture was washed three times and then analyzed by immunoblotting using anti-Flag and anti-GST antibody (top).

Lysates from transfected HEK293T cells were analyzed by immunoblotting using anti-Flag antibody (as input) (bottom). f HeLa cells were

transfected with pFlag-Paxillin and pHA-NLRP3 or co-transfected with pFlag-Paxillin and pHA-NLRP3. Subcellular localization of Flag-Paxillin

(green), HA-NLRP3 (red), and the nucleus marker DAPI (blue) was examined by confocal microscopy
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IL-1β maturation, and Caspase-1 cleavage were induced

by ATP and further facilitated by Paxillin in the presence

of dimethylsulphoxide (DMSO) or BAPTA-AM (Ca2+

chelator), whereas activations of IL-1β and Caspase-1

were not induced by ATP or Paxillin in the presence of

YVAD (Caspase-1 inhibitor), Glybenclamide (K+ efflux

inhibitor), A438079 (P2X7R antagonist), or AZ10606120

(P2X7R-negative allosteric modulator) (Fig. 2c, d). These

results indicate that like ATP, Paxillin promotes IL-1β

and Caspase-1 activation depending on P2X7R, K+ ef-

flux, and Casp-1, and suggest that Paxillin facilitates

ATP-induced NLRP3 inflammasome activation.

The mechanism by which Paxillin regulates ATP-

induced NLRP3 inflammasome was investigated. As Pax-

illin interacts with NLRP3, we explored whether ATP af-

fects this interaction. Paxillin-NLRP3 interaction was

Fig. 2 ATP promotes Paxillin phosphorylation and Paxillin-NLRP3 interaction. a–d THP-1 cells stably expressing control lentivirus or Paxillin

lentivirus were generated and differentiated into macrophages, which were then treated with ATP (5 mM) or Nigericin (2 μM) for 2 h (a, b) and

treated with DMSO, YVAD (50 μM), Glybenclamide (25 μg/ml), A438079 (10 μM), AZ10606120 (10 μM), and BAPTA-AM (30 μM) for 1 h before the

treatment with ATP (5 mM) for 2 h (c, d). IL-1β levels in supernatants were determined by ELISA (a, c). Mature IL-1β (p17) and cleaved Casp-1

(p22/p20) in supernatants or Paxillin, pro-IL-1β, and pro-Casp-1 in lysates were determined by Western blot (b, d). e TPA-differentiated THP-1

macrophages were treated with DMSO or ATP (5 mM) for 2 h. Lysates were prepared and subjected to IP (top) or subjected to Western blot (as

input) (bottom). f BMDM cells prepared from C57BL/6 mice bone marrow were treated with LPS (1 μg/ml) for 6 h, and the primed BMDMs were

stimulated by DMSO or ATP (5 mM) for 30 min. Lysates were prepared and subjected to IP (top) or subjected to Western blot (as input) (bottom).

g, h TPA-differentiated THP-1 macrophages were treated with ATP (5 mM) for 30, 60, and 120min (g). LPS-primed BMDMs were stimulated by

ATP (5 mM) for 5, 15, and 30 min (h). The protein level of p-Paxillin(Y118), p-Paxillin(Y31), Paxillin, and GAPDH was determined by Western blot. i

HEK293T cells were co-transfected with pFlag-NLRP3 and pHA-Vector, pHA-Paxillin, pHA-Paxillin-(Y31A), and pHA-Paxillin-(Y118A). Lysates were

prepared and subjected to IP (top) or subjected to Western blot (as input) (bottom). j TPA-differentiated THP-1 macrophages were treated with

DMSO, A438079 (10 μM), and AZ10606120 (10 μM) for 1 h before the treatment with ATP (5 mM) for 2 h. The protein level of p-Paxillin(Y118), p-

Paxillin (Y31), Paxillin, and GAPDH was determined by Western blot. Data shown are means ± SEMs; ***p < 0.0001. ns, no significance.

Densitometry of the blots was measured by ImageJ
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enhanced by ATP in TPA-differentiated THP-1 macro-

phages (Fig. 2e) and LPS-primed mouse bone marrow-

derived macrophages (BMDMs) (Fig. 2f). Paxillin is a

phosphorylated molecule and plays an important role in

cell adhesion and migration [21], and phosphorylations

of Paxillin at Y31 and Y118 were essential for the gener-

ation of protein binding module [11]. We demonstrated

that Paxillin Y31 and Y118 phosphorylations were pro-

moted by ATP in THP-1 differentiated macrophages

(Fig 2g) and LPS-primed BMDMs (Fig. 2h). Like Paxillin,

Paxillin(Y31A) interacted with NLRP3, whereas Paxillin

(Y118A) failed to interact with NLRP3 (Fig. 2i), suggest-

ing an essential role of Y118 in Paxillin-NLRP3 inter-

action. Moreover, ATP-induced Paxillin Y118 and Y31

phosphorylation were attenuated by P2X7R antagonists

(A438079) and P2X7R-negative allosteric modulator

(AZ10606120) (Fig. 2j), indicating that P2X7R is in-

volved in Paxillin Y118 phosphorylation. Therefore,

ATP- and P2X7R-induced Paxillin Y118 phosphorylation

is essential for Paxillin-NLRP3 interaction.

ATP stimulates P2X7R-Paxillin interaction

Extracellular ATP stimulates P2X7R ATP-gated ion

channel and inducing gradual recruitment of Pannexin-1

membrane pore [22]. As the downstream adaptor of In-

tegrin, Paxillin functions as a scaffold for the recruit-

ment of proteins into a complex [9], we thus explored

whether Paxillin interacts with P2X7R. The result

showed that Paxillin interacted with P2X7R and

Pannexin-1 (Fig. 3a), and P2X7R-Paxillin interaction was

promoted by ATP (Fig. 3b, c). Like Paxillin, Paxillin

(Y31A) and Paxillin (Y118A) interacted with P2X7R

(Fig. 3d). Notably, P2X7R-Paxillin (Y31A) interaction

was not facilitated by ATP (Fig. 3e), whereas P2X7R-

Paxillin (Y118A) interaction was promoted by ATP

(Fig. 3f). These results demonstrate that phosphorylation

site Y31 is involved in ATP-induced P2X7R-Paxillin

interaction.

P2X7 subunit contains the intracellular N-termini (1–

25aa), the C-termini (357–595aa), the P2X7 receptor

extracellular domain (47–334aa), and two transmem-

brane domains TM1(26–46aa) and TM2(335–355aa)

[23]. Accordingly, five plasmids expressing P2X7R and

deletion mutants were constructed (Fig. 3g). Paxillin

interacted with P2X7R and P2X7R(26–595), whereas

Paxillin failed to interact with P2X7R(47–595),

P2X7R(335–595), or P2X7R(356–595), suggesting that

Paxillin interacts with 26aa–46aa of P2X7R (Fig. 3h). To

narrow down the interaction region, ten plasmids ex-

pressing truncated P2X7R proteins were constructed

(Fig. 3i). Paxillin interacted with P2X7R(26–595),

P2X7R(27–595), P2X7R(29–595), and P2X7R(30–595),

but it failed to associate with P2X7R(31–595),

P2X7R(32–595), P2X7R(33–595), P2X7R(34–595),

P2X7R(35–595), or P2X7R(36–595) (Fig. 3j), indicating

that P2X7R K30 is required for Paxillin interaction. To

confirm this result, K30 was mutated to A30 to generate

mutant P2X7R(K30A). Notably, unlike P2X7R,

P2X7R(K30A) failed to interact with Paxillin (Fig. 3k),

confirming that K30 is essential for the interaction with

Paxillin. Therefore, ATP stimulates P2X7R-Paxillin

interaction and promotes Paxillin-NLRP3 interaction,

and thus, Paxillin plays an essential role in P2X7R-

Paxillin-NLRP3 complex assembly upon ATP induction.

Paxillin promotes NLRP3 deubiquitination depending on

extracellular ATP and K+ efflux

As NLRP3 deubiquitination is important for the inflam-

masome activation [24], here, the roles of ATP and Pax-

illin in NLRP3 deubiquitination were evaluated. The

level of NLRP3 ubiquitination was attenuated by ATP in

THP-1-differentiated macrophages and LPS-primed

BMDMs (Fig. 4a, b). Similarly, the abundance of NLRP3

ubiquitination was reduced by Paxillin in HEK293T cells

and HeLa cells (Fig. 4c, d). Human acute monocytic

leukemia cells (THP-1) stably expressed Paxillin were

generated by infection with Paxillin-Lentivirus, which

were then treated with ATP. The results showed that

Paxillin could not affect NLRP3 deubiquitination in the

absence of ATP, whereas it promoted ATP-induced

NLRP3 deubiquitination in THP-1 cells (Fig. 4e). In

addition, human acute monocytic leukemia cells (THP-

1) stably expressed the short hairpin RNAs (shRNAs)

against Paxillin (sh-Paxillin) were generated by infection

with sh-Paxillin-Lentivirus and the short hairpin RNA

(shRNA) against GFP (sh-NC) were generated by infec-

tion with sh-NC-Lentivirus. ATP-induced NLRP3 deubi-

quitination was detected in the absence of sh-Paxillin,

whereas it was repressed by sh-Paxillin in THP-1 cells

and BMDMs (Fig. 4f, g). Collectively, these results dem-

onstrate that Paxillin promotes ATP-induced NLRP3

deubiquitination.

To determine the nature of NLRP3 ubiquitination, two

ubiquitin mutants that retain only a single lysine residue

(KO) and two ubiquitin mutants in which only one ly-

sine residue is mutated (KR) were generated. NLRP3

was ubiquitinated by UB, UB(K63O), and UB(K48R),

whereas it failed to be ubiquitinated by UB(K48O) or

UB(K63R), and NLRP3 K63-linked ubiquitination was

attenuated by Paxillin (Fig. 5a), indicating that NLRP3

ubiquitination is K63-linked and Paxillin facilitates the

removal of NLRP3 K63-linked ubiquitination.

Moreover, the site of NLPR3 ubiquitination was deter-

mined by constructing and analyzing four only one ly-

sine residual mutants (KR) of NLPR3 (Fig. 5b, top).

Ubiquitinations of NLRP3, NLRP3(K194R), and

NLRP3(K430R) were attenuated by Paxillin; ubiquitina-

tion of NLRP3(K324R) was downregulated by Paxillin,
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whereas ubiquitination of NLRP3(K689R) was not af-

fected by Paxillin (Fig. 5b, bottom), and Paxillin attenu-

ated NLRP3 ubiquitination but failed to reduce

NLRP3(K689R) ubiquitination (Fig. 5c), showing that

Paxillin specifically removes NLRP3 ubiquitination at

K689. As Paxillin Y118 phosphorylation is required for

Paxillin-NLRP3 interaction, we evaluated its effect on

NLRP3 deubiquitination. NLRP3 ubiquitination was

notably attenuated by Paxillin, whereas it was not af-

fected by Paxillin(Y118A) (Fig. 5d), indicating that Paxil-

lin Y118 phosphorylation is required for NLRP3

deubiquitination.

As ATP-induced Paxillin Y118 phosphorylation is es-

sential for Paxillin-NLRP3 interaction and deubiquitina-

tion, we further explored the effect of K+ efflux on Paxillin

Y118 phosphorylation. Paxillin Y118 phosphorylation was

Fig. 3 ATP stimulates P2X7R-Paxillin interaction. a HEK293T cells were co-transfected with pFlag-P2X7R and pHA-Paxillin or pFlag-Pannexin-1 and

pHA-Paxillin. b TPA-differentiated THP-1 macrophages were mock-treated or treated with ATP (5 mM) for 30 and 60 min. c HEK293T cells were co-

transfected with pFlag-P2X7R and pHA-Paxillin and treated with DMSO or ATP (5 mM) for 2 h. d HEK293T cells were co-transfected with pFlag-

P2X7R and pHA-Vector, pHA-Paxillin, pHA-Paxillin(Y31A), and pHA-Paxillin(Y118A). e HEK293T cells were co-transfected with pFlag-P2X7R and pHA-

paxillin(Y31A) and treated with DMSO or ATP (5 mM) for 2 h. f HEK293T cells were co-transfected with pFlag-P2X7R and pHA-Paxillin(Y118A) and

treated with DMSO or ATP (5 mM) for 2 h. g The diagrams of P2X7R, P2X7R(26–595), P2X7R(47–595), P2X7R(335–595), and P2X7R(356–595) (left). h

HEK293T cells were co-transfected with pHA-Paxillin and pFlag-P2X7R, pFlag-P2X7R(26–595), pFlag-P2X7R(47–595), pFlag-P2X7R(335–595), and

pFlag-P2X7R(356–595). i The diagrams of P2X7R(26/27/29/30/31/32/33/34/35/36–595). j HEK293T cells were co-transfected with 2 μg pHA-Paxillin

and 6 μg pFlag-P2X7R(26–595), pFlag-P2X7R(27–595), pFlag-P2X7R(29–595), pFlag-P2X7R(30–595), pFlag-P2X7R(31–595), pFlag-P2X7R(30–595),

pFlag-P2X7R(32–595), pFlag-P2X7R(33–595), pFlag-P2X7R(34–595), pFlag-P2X7R(35–595), and pFlag-P2X7R(36–595). k HEK293T cells were co-

transfected with pFlag-P2X7R and pHA-Paxillin or pFlag-P2X7R(K30A) and pHA-Paxillin
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Fig. 4 Paxillin promotes NLRP3 deubiquitination depending on extracellular ATP. a TPA-differentiated THP-1 macrophages were treated with ATP

(5 mM) for 30, 60, and 120min. b BMDM cells prepared from C57BL/6 mice bone marrow were treated with LPS (1 μg/ml) for 6 h, and the primed

BMDM cells were stimulated by ATP (5 mM) for 15 and 30 min. c, d HEK293T cells (c) and Hela cells (d) were co-transfected with pFlag-NLRP3,

pHA-Ubiquitin, or pMyc-Paxillin. e THP-1 cells stably expressing control lentivirus or Paxillin lentivirus were generated and differentiated into

macrophages, which were then treated with ATP (5 mM) for 2 h. f THP-1 cells stably expressing shRNA targeting Paxillin were generated and

differentiated into macrophages, which were then treated with ATP (5 mM) for 2 h. g BMDMs prepared from C57BL/6 mice bone marrow were

infected by lentivirus that express shRNA targeting Paxillin for 3 days. Before stimulation, the BMDMs were treated with LPS (1 μg/ml) for 6 h, and

the primed BMDMs were stimulated by ATP (5 mM) for 30 min
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Fig. 5 Paxillin promotes NLRP3 K63-linked deubiquitination depending on extracellular ATP and K+ efflux. a HEK293T cells were co-transfected

with pFlag-NLRP3 and pHA-UB, pHA-UB(K48O), pHA-UB(K63O), pHA-UB(K48R), pHA-UB(K63R), or pMyc-Paxillin. b HEK293T cells were co-

transfected with pHA-UB and pFlag-NLRP3, pFlag-NLRP3(K194R), pFlag-NLRP3(K324R), pFlag-NLRP3(K403R), pFlag-NLRP3(K689R), or pMyc-Paxillin. c

HEK293T cells were co-transfected with pHA-UB and pFlag-NLRP3, pFlag-NLRP3(K689R), or pMyc-Paxillin. d HEK293T cells were co-transfected with

pFlag-NLRP3 and pHA-UB, pMyc-Paxillin, or pMyc-Paxillin(Y118A). e TPA-differentiated THP-1 macrophages were treated with DMSO, A438079

(10 μM), or AZ10606120 (10 μM) for 1 h before the treatment with ATP (5 mM) for 2 h or treated with ATP (5 mM) for 2 h and with/without 50 mM

extracellular KCl. The protein levels of p-Paxillin-(y118), Paxillin, and GAPDH were determined by Western blotting. f TPA-differentiated THP-1

macrophages were treated with ATP (5 mM) for 2 h in the presence or absence of 50 mM extracellular KCl. Lysates were prepared and subjected

to denature-IP (top) or subjected to Western blot (as input) (bottom) (a–m). Densitometry of the blots was measured by ImageJ
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induced by ATP, but such induction was attenuated by

P2X7R antagonists (A438079), P2X7R-negative allosteric

modulator (AZ10606120), and KCl treatment (Fig. 5e).

Furthermore, the role of K+ efflux in NLRP3 deubiquitina-

tion was revealed. Notably, ATP attenuated NLRP3 ubi-

quitination, but such attenuation was suppressed by KCl

(Fig. 5f), demonstrating that K+ efflux is important for

Paxillin- and ATP-induced deubiquitination of NLRP3.

Together, we demonstrate that Paxillin facilitates the re-

moval of NLRP3 K63-linked ubiquitination at K689 and

that ATP and K+ efflux are critical for Paxillin-mediated

NLRP3 deubiquitination.

USP13 is essential for Paxillin-mediated NLRP3

deubiquitination upon ATP treatment

Next, the enzyme required for Paxillin-mediated NLRP3

deubiquitination was then determined. Deubiquitinating

enzymes, such as eukaryotic translation initiation factor

3, subunit 5 (EIF3S5), ubiquitin-specific peptidase 13

(USP13), and OTU domain-containing ubiquitin

aldehyde-binding protein 1 (OTUB1), were potentially

involved in the deubiquitination of NLRP3 [24]. Here,

we explored the roles of these enzymes in NLRP3 deubi-

quitination. Paxillin interacted with EIF3S5 and USP13

(Fig. 6a), showing that EIF3S5 and USP13 might have

participated in Paxillin-mediated NLRP3 deubiquitina-

tion. To confirm the roles of EIF3S5 and USP13 in the

regulation of NLRP3 activation, Hela cells stably ex-

pressing sh-RNA targeting human EIF3S5 (sh-EIF3S5)

and human USP13 (sh-USP13) were generated and ana-

lyzed (Fig. 6b). NLRP3 ubiquitination was attenuated by

Paxillin in the presence of sh-NC and sh-EIF3S5,

whereas it was relatively unaffected by Paxillin in the

presence of sh-USP13 (Fig. 6c), indicating that USP13 is

required for Paxillin-mediated NLRP3 deubiquitination.

Moreover, Co-IP assays showed that Paxillin and USP13

interacted with each other (Fig. 6d, e). Co-IP assays

showed that NLRP3 and USP13 interacted with each other

(Fig. 6f, g). Like NLRP3, the NLRP3 NACHT domain and

LRR domain interacted with USP13, but the NLRP3 PYRI

N domain failed to interact with USP13 (Fig. 6h).

Moreover, the domains of USP13 required for USP13-

NLRP3 interaction and USP13-Paxillin association were

assessed by constructing and analyzing plasmids encod-

ing for WT USP13(1–863) and four truncated proteins

(Fig. 6i). Like WT USP13(1–863), USP13(301–863) and

USP13(625–863) interacted with NLRP3, but USP13(1–

300) or USP13(301–624) failed to interact with NLRP3

(Fig. 6j), indicating that 625aa–863aa of USP13 are in-

volved in USP13-NLRP3 interaction. Additionally,

USP13(1–863) and USP13(1–300) interacted with Paxil-

lin, but USP13(301–624), USP13(301–863), and

USP13(625–863) could not interact with Paxillin

(Fig. 6k), indicating that 1aa–300aa of USP13 is involved

in USP13-Paxillin interaction. Furthermore, Paxillin and

Paxillin(Y118A) interacted with USP13, but Paxilli-

n(Y31A) failed to associate with USP13 (Fig. 6l), impli-

cating that Paxillin Y31 phosphorylation is important for

USP13-Paxillin interaction.

To determine the role of USP13 in the regulation of

NLRP3 ubiquitination, we generated HEK293T cells sta-

bly expressing sh-USP13. The level of NLRP3 ubiquiti-

nation was promoted by sh-USP13 (Fig. 6m), facilitated

by Spautin-1 (an inhibitor of deubiquitinating enzyme

activity of USP13) (Fig. 6n), attenuated by Paxillin,

whereas Paxillin-mediated attenuation of NLRP3 ubiqui-

tination was repressed by Spautin-1 (Fig. 6o), indicating

that USP13 is required for NLRP3 deubiquitination.

Moreover, IL-1β secretion, IL-1β maturation, and Casp-

1 cleavage induced by ATP were repressed by Spautin-1

(Fig. 6p, q), suggesting that USP13 deubiquitinating en-

zyme activity is critical for ATP-induced NLRP3 inflam-

masome activation. Taken together, these data

demonstrate that USP13 is essential for Paxillin-

mediated deubiquitination of NLRP3 upon ATP

treatment.

ATP induces Paxillin and NLRP3 membrane migration to

facilitate P2X7R-Paxillin-NLRP3 complex formation

As Paxillin is a scaffold for the recruitment of proteins

into a complex apposing to the plasma membrane [2],

and Paxillin facilitates the P2X7R-Paxillin-NLRP3 com-

plex assembly, we thus explored whether Paxillin re-

cruits NLRP3 to the plasma membrane. In Hela cells,

NLRP3 alone and Paxillin alone diffusely distributed in

the cytosol in the absence of ATP; NLRP3 forms small

spots in the cytosol and Paxillin localized in the mem-

brane, whereas NLRP3 and Paxillin together co-localized

and formed membrane blebbing in the presence of ATP

(Fig. 7a), similar to that described previously [25]. In

TPA-differentiated THP-1 macrophages, endogenous

NLRP3 was diffusely distributed in the cytosol without

ATP but formed spots in the membrane as indicated by

Dil (red) (a dye of cell membrane) in the presence of

ATP (Fig. 7b); endogenous phosphorylated Paxillin was

hardly detected in the absence of ATP, whereas it was

co-localized with NLRP3 in the membrane upon ATP

treatment (Fig. 7c); endogenous phosphorylated Paxillin

was hardly detected without ATP, whereas it was de-

tected in the membrane upon ATP treatment (Fig. 7d);

and notably, endogenous NLRP3 and phosphorylated

Paxillin co-localized and formed spots in the membrane

upon ATP treatment (Fig. 7e). Moreover, in LPS-primed

BMDMs, endogenous NLRP3 was diffusely distributed

in the cytosol without ATP, but localized and formed

spots in the membrane upon ATP treatment (Fig. 7f);

endogenous phosphorylated Paxillin was hardly detected

without ATP, but localized in the membrane after ATP
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Fig. 6 (See legend on next page.)
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treatment (Fig. 7g); and endogenous NLRP3 and phos-

phorylated Paxillin co-localized and formed spots in the

membrane after treated with ATP (Fig. 7h). Collectively,

these results suggest that ATP induces NLRP3 and Pax-

illin translocation from the cytosol to the plasma

membrane.

The distribution of NLRP3 in TPA-differentiated

THP-1 macrophages upon ATP treatment was exam-

ined. Fractionation fidelity was verified by Caspase-3 in

the cytosolic fraction and Calnexin in the membrane

fraction. Without ATP treatment, NLRP3, Paxillin, and

P2X7R localized in the cytosolic fraction and membrane

fraction, Caspase-3 localized in the cytosolic fraction,

and Calnexin distributed in membrane fraction; upon

ATP treatment, NLRP3, Paxillin, and P2X7R distributed

in the membrane fraction (Fig. 8a), suggesting that

NLRP3 and Paxillin migrate from the cytosol to mem-

brane upon ATP stimulation. Membrane flotation assay

can indicate that membrane-bound organelles migrate

from dense to light fractions [26], and membrane-bound

organelles are sensitive to Triton X-100 except for the

plasma membrane [27, 28]. We thus performed mem-

brane flotation assays on Optiprep gradients bottom-

loaded with lysate supernatants of TPA-differentiated

THP-1 macrophages. Without treatments, NLRP3

floated from the bottom fractions (21–24) into the mem-

brane fractions (12–20), Paxillin floated from the bottom

fractions (21–24) into the membrane fractions (14–20),

and P2X7R floated from the bottom fractions (21–24)

into the lighter fractions (15–20), while Calnexin

remained in the lighter membrane fraction (12–18) and

Caspase-3 stayed in the bottom fractions (22–24)

(Fig. 8b). Notably, after Triton X-100 treatment, NLRP3,

Paxillin, Calnexin, and Caspase-3 remained in the bot-

tom fractions (22–24), whereas P2X7R floated from the

bottom fractions (22–24) into the lighter fractions (17–

21) (Fig. 8c). Notably, upon ATP stimulation, NLRP3

floated from the bottom fractions (21–24) into the

membrane fractions (12–20), Paxillin floated from the

bottom fractions (21–24) into the lighter fractions (13–

20), and P2X7R floated from the bottom fractions (21–

24) into the membrane fractions (17–20), while Calnexin

remained in the membrane fraction (12–19) and

Caspase-3 retained in the bottom fractions (22–24)

(Fig. 8d). Interestingly, upon ATP stimulation and Tri-

ton X-100 treatment, NLRP3, Paxillin, and P2X7R

floated from the bottom fractions (21–24) into the mem-

brane fractions (18–20), Calnexin retained the bottom

fractions (21–24), and Caspase-3 remained in the bot-

tom fractions (22–24) (Fig. 8e). Together, the results

demonstrate that NLRP3, Paxillin, and P2X7R coloca-

lized on the plasma membrane upon ATP treatment and

suggest that ATP induces Paxillin and NLRP3 mem-

brane migration to facilitate P2X7R-Paxillin-NLRP3

complex formation.

Paxillin is required for ATP- and Nigericin-induced NLRP3

inflammasome activation

At least three NLRP family members (NLRP1, NLRP3,

and NLRC4/IPAF) and one HIN-200 family member

(absent in melanoma 2 (AIM2)) have been reported to

exhibit inflammasome activity [1]. The NLRP1 inflam-

masome is activated by mycobacterial DNA-binding pro-

tein (MDP) [29]. The NLRP3 inflammasome is induced

by ATP [20], monosodium urate (MSU) [30], Nigericin

[20], and Alum (Al) [31]. The NLRC4 inflammasome is

stimulated by bacteria [32]. AIM2 senses cytosolic

double-stranded DNA (dsDNA) [33]. Here, we deter-

mined the biological roles of Paxillin in the regulation of

the four inflammasomes. BMDMs stably expressed sh-

Paxillin were generated by infected with lentivirus ex-

pressing sh-Paxillin. The stable BMDMs were treated

with four inflammasome activators, MDP for NLRP1

inflammasome, ATP for NLRP3 inflammasome, dA:dT

for AIM2 inflammasome, and Salmonella for NLRC4

inflammasome. ATP-induced IL-1β secretion, IL-1β

(See figure on previous page.)

Fig. 6 USP13 is essential for Paxillin-mediated NLRP3 deubiquitination upon ATP treatment. a HEK293T cells were co-transfected with pHA-Paxillin

and pFlag-BRCC3, pFlag-EIF3S5, pFlag-USP13, or pFlag-OTUB1. Lysates were prepared and subjected to IP (top) or subjected to Western blot (as

input) (bottom). b Hela cells stably expressing sh-USP13 or sh-EIF3S5 were generated and analyzed. c The stable Hela cells were co-transfected

with pFlag-NLRP3, pHA-UB, or pMyc-Paxillin. Lysates were prepared and subjected to denature-IP (top) or subjected to Western blot (bottom). d,

e HEK293T cells were transfected with pFlag-USP13 and pHA-Paxillin. f, g HEK293T cells were transfected with pFlag-USP13 and pHA-NLRP3.

Lysates were prepared and subjected to IP (top) or subjected to Western blot (bottom) (d–g). h HEK293T cells were co-transfected with pFlag-

USP13 and pHA-NLRP3 or pHA-NLRP3 mutants. i The diagrams of USP13 and its mutants, as indicated. j HEK293T cells were co-transfected with

pHA-NLRP3 and pFlag-USP13 or pFlag-USP13 mutants. k HEK293T cells were co-transfected with pHA-Paxillin and pFlag-USP13 or pFlag-USP13

mutants. l HEK293T cells were co-transfected with pFlag-USP13 and pHA-Paxillin or pHA-Paxillin mutants. Lysates were prepared and subjected to

IP (top) or subjected to Western blot (bottom) (h, j–l). m HEK293T cells stably expressing sh-USP13 were generated. The stable cells were co-

transfected with pFlag-NLRP3 and pHA-UB. n The stable HEK293T cells were co-transfected with pFlag-NLRP3 or pHA-UB with or without Spautin-

1 (20 μM) for 6 h. o The stable HEK293T cells were co-transfected with pFlag-NLRP3, pHA-UB, or pMyc-Paxillin with or without Spautin-1 (20 μM)

for 6 h. Lysates were prepared and subjected to denature-IP (top) or subjected to Western blot (bottom) (m–o). p, q TPA-differentiated THP-1

macrophages were treated with ATP (5 mM) for 2 h with/without Spautin-1 (5, 10, and 20 μM). IL-1β in supernatants was determined by ELISA (p).

Mature IL-1β(p17) and cleaved Caspase-1(p22/p20) in supernatants and Paxillin, pro-IL-1β, and pro-Casp-1 in lysates were determined by Western

blot (q). Data shown are means ± SEMs; ***p < 0.0001
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Fig. 7 ATP induces Paxillin and NLRP3 localization near the plasma membrane. a Hela cells were transfected with pFlag-Paxillin and pHA-NLRP3,

or co-transfected with pFlag-Paxillin and pHA-NLRP3, and treated with ATP (5 mM) for 2 h. Subcellular localization of Flag-Paxillin (green), HA-

NLRP3 (red), and the nucleus marker DAPI (blue) was examined by confocal microscopy. b TPA-differentiated THP-1 macrophages were treated

with ATP (5 mM) for 2 h. Subcellular localization of NLRP3 (green), the membrane marker Dil (red), and DAPI was examined by confocal

microscopy. c TPA-differentiated THP-1 macrophages were treated with ATP (5 mM) for 2 h. Subcellular localization of NLRP3 (green),

Paxillin(Y118) (red), DAPI (blue), and white light was examined by confocal microscopy. d TPA-differentiated THP-1 macrophages were treated

with ATP (5 mM) for 2 h. Subcellular localization of Paxillin(Y118) (green), the membrane marker Dil (red), and DAPI (blue) was examined by

confocal microscopy. e TPA-differentiated THP-1 macrophages were treated with ATP (5 mM) for 2 h. Subcellular localization of NLRP3 (green),

Paxillin(Y118) (cyan), and the membrane marker Dil (red) was examined by confocal microscopy. f LPS-primed BMDMs were stimulated by ATP (5

mM) for 30 min. Subcellular localization of NLRP3 (green), the membrane marker Dil (red), and DAPI (blue) was examined by confocal microscopy.

g LPS-primed BMDMs were stimulated by ATP (5 mM) for 30 min. Subcellular localization of Paxillin(Y118) (green), the membrane marker Dil (red),

and DAPI (blue) was examined by confocal microscopy. h LPS-primed BMDMs were stimulated by ATP (5 mM) for 30 min. Subcellular localization

of NLRP3 (green), Paxillin(Y118) (cyan), and the membrane marker Dil (red) was examined by confocal microscopy
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Fig. 8 ATP induces Paxillin and NLRP3 membrane migration to facilitate the formation of the P2X7R-Paxillin-NLRP3 complex. a Subcellular

fractionation of TPA-differentiated THP-1 macrophages in the presence of ATP (5 mM) for 30, 60, and 120min. The protein levels of NLRP3,

Paxillin, P2X7R, Caspase-3, and Calnexin in the cytosolic fraction (left) and membrane fraction (right) were determined by Western blot. b–e

Membrane flotation assays of TPA-differentiated THP-1 macrophages post-nuclear lysates on a 10–45% Optiprep gradient under the treatment of

ATP (5 mM) for 30 min in the presence or absence of 1% Triton X-100. The protein level of NLRP3, Paxillin, P2X7R, Caspase-3, and Calnexin was

determined by Western blot in each 24 fractions and used as the input
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maturation, and Caspase-1 cleavage were attenuated by

sh-Paxillin, whereas MDP-, dA:dT-, or Salmonella-

induced IL-1β secretion; IL-1β maturation; and Caspase-

1 cleavage were not affected by sh-Paxillin (Fig. 9a, b),

demonstrating that Paxillin is essential for the NLRP3

inflammasome activation.

Fig. 9 Paxillin is required for ATP- and Nigericin-induced NLRP3 inflammasome activation. a, b BMDMs prepared from C57BL/6 mice bone

marrow were infected by lentivirus that express sh-Paxillin for 3 days. LPS-primed BMDMs were stimulated by MDP (50 μg/ml) for 6 h, ATP (5 mM)

for 30 min, poly (dA:dT) (5 μg/ml) for 6 h, or Salmonella for 4 h. c, d LPS-primed BMDMs were stimulated by ATP (5 mM) for 30 min, Nigericin

(2 μM) for 2 h, MSU (100 μg/ml) for 6 h, or Alum crystals (200mg/ml) for 6 h. e, f BMDCs prepared from C57BL/6 mice bone marrow were infected

by lentivirus that express sh-Paxillin for 3 days. LPS-primed BMDCs were stimulated by ATP (5 mM) for 30 min, Nigericin (2 μM) for 2 h, or MSU

(100 μg/ml) for 6 h. IL-1β levels in supernatants were determined by ELISA (a, c, e). Mature IL-1β (p17) and cleaved Casp-1 (p10) in supernatants

as well as Paxillin, pro-IL-1β, and pro-Casp-1 in lysates were determined by Western blot (b, d, f). g, h PBMCs isolated from healthy individuals

were infected by lentivirus that express sh-Paxillin for 2 days. Before stimulation, PBMCs were treated with LPS (1 μg/ml) for 6 h, and PBMCs were

then stimulated by ATP (5 mM) for 30 min, Nigericin (2 μM) for 2 h, MSU (100 μg/ml) for 6 h, Alum crystals (200 mg/ml) for 6 h, or MDP (50 μg/ml)

for 6 h. Paxillin in lysates was determined by Western blot (g). IL-1β levels in supernatants were determined by ELISA (h). i, j THP-1 cells stably

expressing sh-NC or sh-Paxillin were generated and differentiated into macrophages, which were then treated with ATP (5 mM) for 2 h, Nigericin

(2 μM) for 2 h, or MSU (100 μg/ml) for 6 h. IL-1β levels in supernatants were determined by ELISA (i). Mature IL-1β (p17) and cleaved Casp-1 (p22/

p20) in supernatants and Paxillin, pro-IL-1β, and pro-Casp-1 in lysates were determined by Western blot (j). Data shown are means ± SEMs; ***p <

0.0001. ns, no significance
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Stable BMDMs were then treated with ATP, Nigericin,

monosodium urate (MSU), and alum (Al). The results

showed that ATP- and Nigericin-induced IL-1β secre-

tion, IL-1β maturation, and Caspase-1 cleavage were at-

tenuated by sh-Paxillin, whereas MSU- or Al-mediated

IL-1β secretion, IL-1β maturation, and Caspase-1 cleav-

age were not affected by sh-Paxillin (Fig. 9c, d). In

addition, mouse bone marrow dendritic cells (BMDCs)

stably expressed sh-Paxillin were constructed. Stable

BMDCs were treated with ATP, Nigericin, and MSU.

Similarly, ATP- and Nigericin-induced IL-1β secretion,

IL-1β maturation, and Caspase-1 cleavage were reduced

by sh-Paxillin, but MSU-mediated IL-1β secretion, IL-1β

maturation, and Casp-1 cleavage were not affected by

sh-Paxillin (Fig. 9e, f). Moreover, human peripheral

blood mononuclear cells (PBMCs) stably expressed sh-

Paxillin were generated. The stable PBMCs were treated

with ATP, Nigericin, MSU, Al, or MDP. ATP- and

Nigericin-induced IL-1β secretion was downregulated by

sh-Paxillin, but MSU-, Al-, or MDP-mediated IL-1β se-

cretion was not affected by sh-Paxillin, and the level of

Paxillin was attenuated by sh-Paxillin (Fig. 9g, h). Finally,

THP-1 cells stably expressed sh-Paxillin were generated.

The stable THP-1 cells were differentiated into macro-

phages, which were then treated with ATP, Nigericin, or

MSU. ATP- and Nigericin-induced IL-1β secretion, IL-

1β maturation, and Caspase-1 cleavage were attenuated

by sh-Paxillin, but MSU-mediated IL-1β secretion, IL-1β

maturation, and Casp-1 cleavage were not affected by

sh-Paxillin (Fig. 9i, j). Collectively, these results demon-

strate that Paxillin is essential for ATP- and Nigericin-

induced NLRP3 inflammasome activation. Taken to-

gether, we demonstrate that Paxillin plays key roles in

ATP-induced activation of the P2X7 receptor and

NLRP3 inflammasome by formatting the P2X7R-

Paxillin-NLRP3 complex (Fig. 10).

Discussion
NLRP3 inflammasome activation requires P2X7 receptor

stimulation mediated by ATP [5–7]. Upon ATP treat-

ment, P2X7R induces transmembrane K+ ion efflux and

Pannex-1 hemichannel to form large pore for inflamma-

some activation [25, 34]. However, the molecule connect-

ing the P2X7 receptor and NLRP3 inflammasome has not

been revealed. This study identifies that Paxillin plays key

roles in ATP-induced activation of the P2X7 receptor and

NLRP3 inflammasome by promoting the formation of the

P2X7R-Paxillin-NLRP3 complex. The primary function of

Paxillin is a molecular adapter or scaffold protein that pro-

vides multiple docking sites at the plasma membrane for

Fig. 10 Paxillin regulates ATP-induced activation of P2X7R receptor and NLRP3 inflammasome by formatting the P2X7R-Paxillin-NLRP3 complex.

In the quiescent condition, the inactive, Paxillin and USP13 distribute in the cytoplasm (left). However, in response to extracellular ATP, Paxillin is a

molecular adaptor protein, which recruits usp13 and NLRP3 at the plasma membrane for the activation of the NLRP3 inflammasome for efficient

processing of P2X7R (right)
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processing of Integrin- and growth factor-mediated signals

[12]. Initially, we demonstrated a direct interaction be-

tween Paxillin and NLRP3. The function and localization

of Paxillin are tightly modulated by phosphorylation [35].

Phosphorylations at Y31 and Y118 sites in FAK- and Src-

dependent manners [36] are essential for the interaction

between Paxillin and downstream effectors, such as ERK

[11] and Crk2 [37]. Tyrosine phosphorylation of Paxillin

regulates the assembly and turnover of adhesion com-

plexes [38]. Here, we demonstrate that ATP-induced Pax-

illin Y118 phosphorylation is essential for Paxillin-NLRP3

interaction and Paxillin promotes NLRP3 inflammasome

activation upon ATP treatment.

Extracellular ATP stimulates the P2X7R ATP-gated

ion channel, triggers K+ efflux, and induces gradual re-

cruitment of the Pannexin-1 membrane pore, leading to

inflammasome activation [8, 20, 22]. Interestingly, Paxil-

lin interacts with P2X7R, ATP promotes P2X7R-Paxillin

interaction, Paxillin Y31 phosphorylation is required for

such interaction, and P2X7R K30 is essential for P2X7R-

Paxillin association. Thus, we showed that ATP stimu-

lates P2X7R-Paxillin interaction, induces K+ efflux, acti-

vates Paxillin phosphorylation, and promotes Paxillin-

NLRP3 interaction, and suggest that Paxillin plays a key

role in the P2X7R-Paxillin-NLRP3 complex assembly.

Paxillin is a downstream adaptor of Integrin and func-

tions as a scaffold for protein recruitment into a com-

plex [9]. Our finding showed a new function of Paxillin

in the recruitment of proteins involved in ATP-induced

activation of the P2X7 receptor and NLRP3

inflammasome.

The molecular mechanism underlying the function of

Paxillin in the activation of the P2X7 receptor and

NLRP3 inflammasome is determined. As NLRP3 deubi-

quitination is important for the inflammasome activation

[24], the roles of ATP and Paxillin in NLRP3 deubiquiti-

nation were evaluated. Notably, Paxillin facilitates the re-

moval of NLRP3 K63-linked ubiquitination at K689, and

ATP and K+ efflux are critical for this regulation. The

importance of K+ efflux in NLRP3 inflammasome activa-

tion has been revealed [39]. The drop of K+ concentra-

tion triggers NLRP3 inflammasome, whereas a high

concentration of K+ blocks NLRP3 inflammasome [40].

However, the molecular mechanism between decreased

levels of intracellular K+ and NLRP3 activation remains

largely unknown. A previous study has shown that intra-

cellular K+ reduction mediated by P2X7R enhances

NLRP3 interaction with NEK7 [41]. The present study

identifies that Paxillin is essential for ATP-induced

NLRP3 inflammasome activation and for NLRP3 recruit-

ment in the plasma membrane.

Post-translational modifications (PTMs), including

ubiquitination [24], phosphorylation [42], and Sumoyla-

tion [43] are critical for inflammasome activation.

NLRP3 deubiquitination is required for NLRP3 inflam-

masome activation, and pharmacological inhibition of

NLRP3 deubiquitination impairs the inflammasome acti-

vation [24]. ATP and Nigericin induce NLRP3 deubiqui-

tination and inflammasome activation [44]. We

demonstrate that ATP-induced Paxillin Y118 phosphor-

ylation promotes the removal of NLRP3 K63-linked ubi-

quitination at K689. Additionally, we discovered that

USP13 is the deubiquitinating enzyme required for

Paxillin-mediated NLRP3 deubiquitination. USP13 inter-

acts with Paxillin and NLRP3, phosphorylation of Paxil-

lin at Y31 is important for Paxillin-USP13 interaction,

and USP13 is essential for Paxillin-mediated NLRP3

deubiquitination upon ATP treatment.

ATP induces Paxillin-containing membrane protru-

sions [45], and Paxillin acts as a scaffold for protein re-

cruitments into a complex apposing to the plasma

membrane [9]. Confocal microscopy analysis shows that

ATP induces the translocation of endogenous NLRP3

and endogenous Paxillin from the cytosol to the plasma

membrane. Membrane flotation assay indicates that

NLRP3, Paxillin, and P2X7R colocalize to the plasma

membrane upon ATP treatment. Therefore, we suggest

that ATP induces Paxillin and NLRP3 membrane migra-

tion to facilitate P2X7R-Paxillin-NLRP3 complex

formation.

Conclusions
The biological role of Paxillin in NLRP3 inflammasome

activation is determined in this study. We demonstrate

that Paxillin is essential for ATP-induced NLRP3 inflam-

masome activation, including IL-1β secretion, IL-1β

maturation, and Caspase-1 cleavage. After the response

to tissue damage and cellular stress, ATP is released to

enhance tissue repair and promote the recruitment of

immune phagocytes and dendritic cells [46]. ATP-P2X7

receptor signaling is involved in many pathological con-

ditions, including infectious diseases, inflammatory dis-

eases, and neurodegenerative disorders [47]. We

demonstrate that Paxillin is a molecular adaptor that re-

cruits USP13 and NLRP3 on the plasma membrane for

NLRP3 inflammasome activation, and thereby may act

as a potential target of therapeutics to inflammatory

diseases.

Methods
Animal study

Mouse BMDCs were differentiated from fresh bone mar-

row cells of C57BL/6 WT mice in RPMI 1640 medium

containing 10% heat-inactive fetal bovine serum (FBS) in

the presence of granulocyte-macrophage colony-

stimulating factor (GM-CSF) in six-well plates for 6 days.

The culture medium was replaced every other day.
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Mouse BMDMs were differentiated from fresh bone

marrow cells of C57BL/6 WT mice. The bone marrow

cells were incubated in six-well plates for 6 days with

10% L929-conditioned and 10% heat-inactive FBS in

RPMI 1640 medium. The culture medium was replaced

every 2 days. The animal study was approved by the In-

stitutional Review Board of the College of Life Sciences,

Wuhan University, and was conducted in accordance

with the guidelines for the protection of animal subjects

(permit numbers: 2018–008).

Cell lines and cultures

Hela and human embryonic kidney cells (HEK293T)

were purchased from American Type Culture Collection

(ATCC) (Manassas, VA, USA). The human acute mono-

cytic leukemia cell line (THP-1) was a gift from Dr. Jun

Cui of State Key Laboratory of Biocontrol, School of Life

Sciences, Sun Yat-sen University, Guangzhou 510275,

China. THP-1 cells were cultured in RPMI 1640 medium

supplemented with 10% heat-inactivated FBS, 100 U/ml

penicillin, and 100 μg/ml streptomycin sulfate. Hela and

HEK293T cells were cultured in Dulbecco’s modified Ea-

gle’s medium (DMEM) purchased from Gibco (Grand

Island, NY, USA) supplemented with 10% FBS, 100 U/ml

penicillin, and 100 μg/ml streptomycin sulfate. Hela,

HEK293T, and THP-1 cells were maintained in an incu-

bator at 37 °C in a humidified atmosphere of 5% CO2.

Reagents

Phorbol-12-myristate-13-acetate (TPA) (P1585), Opti-

PrepTM (D1556), and DMSO (D8418) were purchased

from Sigma-Aldrich (St. Louis, MO, USA). RPMI 1640

and Dulbecco’s modified Eagle’s medium (DMEM) were

obtained from Gibco (Grand Island, NY, USA). Lipo-

polysaccharide (LPS), adenosine triphosphate (ATP)

(987-65-5), Nigericin (28643-80-3), dA:dT (86828-69-5),

MDP (53678-77-6), Glybenclamide (10238-21-8), MSU

(1198-77-2), Alum Crystals (7784-24-9), and Ac-YVAD-

cmk (178603-78-6) were obtained from InvivoGen Bio-

tech Co., Ltd. (San Diego, CA, USA). A438079 (899431-

18-6), AZ10606120 (607378-18-7), and BAPTA-AM

(126150-97-8) were purchased from Tocris Bioscience.

Antibody against Flag (Catalog No. F3165), HA (Catalog

No. H6908), and monoclonal mouse anti-GAPDH (Cata-

log No. G9295) were purchased from Sigma (St. Louis,

MO, USA). Monoclonal rabbit anti-NLRP3 (D2P5E)

(Catalog No. 13158), ubiquitin mouse mAb (P4D1)

(Catalog No. 3936), monoclonal rabbit anti-K63-linkage-

specific polyubiquitin (D7A11) (Catalog No. 5621),

monoclonal rabbit anti-Caspase-3 (13809S) (Catalog No.

13809), monoclonal rabbit anti-P2X7R (E1E8T) (Catalog

No. 13809), monoclonal rabbit anti-p-Paxillin (Tyr118)

(Catalog No. 2541), monoclonal rabbit anti-calnexin

(C5C9) (Catalog No. 2679), monoclonal rabbit anti-IL-

1β (D3U3E) (Catalog No. 12703), IL-1β mouse mAb

(3A6) (Catalog No. 12242), and monoclonal rabbit anti-

Caspase-1 (Catalog No. 2225) were purchased from Cell

Signaling Technology (Beverly, MA, USA). Monoclonal

mouse anti-ASC (Catalog No. sc-271054), polyclonal

rabbit anti-caspase-1 p10 (Catalog No. sc-515), and poly-

clonal rabbit anti-IL-1β (Catalog No. sc-7884) were pur-

chased from Santa Cruz Biotechnology (Santa Cruz, CA,

USA). Polyclonal goat anti-mouse IL-1β (p17) (Catalog

No. AF-401-NA) was from R&D Systems. Monoclonal

mouse anti-Paxillin (Catalog No. 7019741) was pur-

chased from BD Biosciences. Polyclonal rabbit anti-p-

Paxillin (Tyr31) (Catalog No. 1690606A) was purchased

from Life Technologies. Monoclonal mouse anti-NLRP3

(Catalog No. AG-20B-0014-C100) was purchased from

Adipogen to detect endogenous NLRP3 in THP-1 cells,

BMDCs, and BMDMs. Lipofectamine 2000, normal

rabbit IgG, and normal mouse IgG were purchased from

Invitrogen Corporation (Carlsbad, CA, USA).

Plasmid construction

The cDNAs encoding human paxillin, NLRP3, ASC,

pro-Casp-1, and IL-1β were obtained by reverse tran-

scription of total RNA from TPA-differentiated THP-1

cells, followed by PCR using specific primers. The

cDNAs were sub-cloned into pcDNA3.1(+) and pcagg-

HA vector. The pcDNA3.1(+)-3×Flag vector was con-

structed from the pcDNA3.1(+) vector through inserting

the 3×Flag sequence between the NheI and HindIII site.

The following are the primers used in this study.

Flag-NLRP3: 5′-CGCGGATCCATGAAGATGGCAA

GCACCCGC-3′, 5′-CCGCTCGAGCTACCAAGAAGGC

TCAAAGAC-3′; Flag-ASC: 5′-CCGGAATTCATGGG

GCGCGCGCGCGACGCCAT-3′, 5′-CCGCTCGAGT

CAGCTCCGCTCCAGGTCCTCCA-3′; Flag-Casp-1: 5′-

CGCGGATCCATGGCCGACAAGGTCCTGAAG-3′, 5′-

CCGCTCGAGTTAATGTCCTGGGAAGAGGTA-3′;

Flag-paxillin: 5′-CCGGAATTCTATGGACGACCTCGA

CGCCCT-3′, 5′-CCGCTCGAGCTAGCAGAAGAGC

TTGAGGAA-3′; Myc-paxillin: 5′-CCGGAATTCTATGG

ACGACCTCGAC-3′, 5′-CCGCTCGAGCTAGCAGAA

GAGCTTG-3′; Myc-paxillin(y118a): 5′-GTGAGGAGGA

GCACGTCGCAAGCTTCCCCAACAAGCAGAA-3′, 5′-

ATTTCTGCTTGTTGGGGAAGCTTGCGACGTGCTC

CTCCTC-3′; HA-paxillin: 5′-CCGGAATTCATGGACG

ACCTCGACGCCCTG-3′, 5′-CGCTCGAGGCAGAAGA

GCTTGAGGAAGCA-3′; HA-paxillin(y31a): 5′-GCCT

GTGTTCTTGTCGGAGGAGACCCCCGCATCATACC

CA-3′, 5′-GTGTGGTTTCCAGTTGGGTATGATGC

GGGGGTCTCCTCCG-3′; HA-paxillin(y118a): 5′-

GTGAGGAGGAGCACGTCGCAAGCTTCCCCAACAA

GCAGAA-3′, 5′-ATTTCTGCTTGTTGGGGAAGCTTG

CGACGTGCTCCTCCTC-3′; HA-NLRP3: 5′-TACGAG

CTCATGAAGATGGCAAGCACCCGC-3′, 5′-CCGC
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TCGAGCCAAGAAGGCTCAAAGACGAC-3′; pGEX-

6p-1-paxillin: 5′-CCGGAATTCATGGACGACCTCGAC

GCCCTG-3′, 5′-CGCTCGAGGCAGAAGAGC

TTGAGGAAGCA-3′; pGEX-6p-1-LRR: 5′-CGCGGATC

CATGTCTCAGCAAATCAGGCTG-3′, 5′-CCGCTCGA

GCTACCAAGAAGGCTCAAAGAC-3′; AD-paxillin: 5′-

CCGGAATTCATGGACGACCTCGACGCCCTG-3′, 5′-

CGCTCGAGGCAGAAGAGCTTGAGGAAGCA-3′; and

pGBKT7-LRR: 5′-CGCGGATCCATATGTCTC

AGCAAATCAGGC-3′, 5′-CCGCTCGAGCTACCAAGA

AGGCTCAAAGAC-3′.

The P2X7R and USP13 truncates were cloned into

pcDNA3.1(+), and the PYRIN, NACHT, and LRR do-

main of NLRP3 protein was cloned into pcDNA3.1(+)

and pcaggs-HA vector using specific primers. The fol-

lowing are the primers used in this study.

Flag-PYRIN: 5′-AAAGGATCCATGAAGATGGCAA

GCACCCGC-3′, 5′-CGGCTCGAGCTATAAACC

CATCCACTCCTCTTC-3′; Flag-NACHT: 5′-AAAGGA

TCCCTGGAGTACCTTTCGAGAATCTC-3′, 5′-CCCC

TCGAGCTAGATCTTGCAACTTAATTTCTTC-3′;

Flag-LRR: 5′-AAAGGATCCTCTCAGCAAATCAGGCT

GGAG-3′, 5′-CGGCTCGAGCTACCAAGAAGGC

TCAAAGACG-3′; Flag-P2X7R: 5′-ATTGGTACCA

TGCCGGCCTGCTGCAGCTGCAGT-3′, 5′-CCGC

TCGAGTCAGTAAGGACTCTTGAAGCCACT-3′;

Flag-P2X7R(26–595): 5′-CAAGATATCATGTATGGC

ACCATTAAGTGG-3′, 5′-CCGCTCGAGTCAGTAA

GGACTCTTGAAGCC-3′; Flag-P2X7R(47–595): 5′-

AATGATATCATGAGTGACAAGCTGTACCAG-3′,

5′-CCGCTCGAGTCAGTAAGGACTCTTGAAGCC-3′;

Flag-P2X7R(335–595): 5′-CCGGAATTCTATGGTGTA

CATCGGCTCAAC-3′, 5′-CCGCTCGAGTCAGTAA

GGACTCTTGAAGCC-3′; Flag-P2X7R(356–595): 5′-

CCGGAATTCTATGGACACTTACTCCAGTAA-3′,

5′-CCGCTCGAGTCAGTAAGGACTCTTGAAGCC-3′;

Flag-P2X7R(27–595): 5′-CGGGGTACCATGGGCACC

ATTAAGTGGTTC-3′, 5′-CTAGTCTAGATCAG

TAAGGACTCTTGAAGC-3′; Flag-P2X7R(29–595): 5′-

CGGGGTACCATGATTAAGTGGTTCTTCCAC-3′,

5′-CTAGTCTAGATCAGTAAGGACTCTTGAAGC-3′;

Flag-P2X7R(30–595): 5′-CGGGGTACCATGAAGTGG

TTCTTCCACGTG-3′, 5′-CTAGTCTAGATCAGTAAG

GACTCTTGAAGC-3′; Flag-P2X7R(31–595): 5′-CGGG

GTACCATGTGGTTCTTCCACGTGATC-3′, 5′-CTAG

TCTAGATCAGTAAGGACTCTTGAAGC-3′; Flag-

P2X7R(32–595): 5′-CGGGGTACCATGTTCTTCCACG

TGATCATC-3′, 5′-CTAGTCTAGATCAGTAAG

GACTCTTGAAGC-3′; Flag-P2X7R(33–595): 5′-CGGG

GTACCATGTTCCACGTGATCATCTTT-3′, 5′-CTAG

TCTAGATCAGTAAGGACTCTTGAAGC-3′; Flag-

P2X7R(34–595): 5′-CGGGGTACCATGCACGTG

ATCATCTTTTCC-3′, 5′-CTAGTCTAGATCAGTAAG

GACTCTTGAAGC-3′; Flag-P2X7R(35–595): 5′-CGGG

GTACCATGGTGATCATCTTTTCCTAC-3′, 5′-CTAG

TCTAGATCAGTAAGGACTCTTGAAGC-3′; Flag-

P2X7R(36–595): 5′-CGGGGTACCATGATCATCTTTT

CCTACGTT-3′, 5′-CTAGTCTAGATCAGTAAG

GACTCTTGAAGC-3′; Flag-P2X7R(k30a): 5′-AATT

ATGGCACCATTGCGTGGTTCTTCCACGTGAT-3′,

5′-ATGATCACGTGGAAGAACCACGCAATGGTGCC

ATA-3′; Flag-USP13: 5′-CGGGGTACCATGCAGCGC

CGGGGCGCCCTG-3′, 5′-CCGCTCGAGTTAGC

TTGGTATCCTGCGGTA-3′; Flag-usp13(1–300): 5′-

CGGGGTACCATGCAGCGCCGGGGCGCCCTG-3′,

5′-CCGCTCGAGTTACCCATGCATATGAAGCAT-3′;

Flag-usp13(301–624): 5′-CGGGGTACCATGACAGAG

AATGGGCTCCAG-3′, 5′-CCGCTCGAGTTATTCC

TCTCCTGGCTGTAA-3′; Flag-usp13(301–863): 5′-

CGGGGTACCATGACAGAGAATGGGCTCCAG-3′,

5′-CCGCTCGAGTTAGCTTGGTATCCTGCGGTA-3′;

Flag-usp13(625–863): 5′-CGGGGTACCATGGAACTT

CCAGACATCAGC-3′, 5′-CCGCTCGAGTTAGC

TTGGTATCCTGCGGTA-3′. HA-PYRIN: 5′-CCGGAA

TTCATGAAGATGGCAAGCACCCGC-3′, 5′-CCGC

TCGAGTAAACCCATCCACTCCTCTTC-3′; HA-

NACHT: 5′-CCGGAATTCATGCTGGAGTACCTTTC

GAGA-3′, 5′-CCGCTCGAGGATCTTGCAACTTAA

TTTCTT-3′; and HA-LRR: 5′-ATCGAGCTCATGTC

TCAGCAAATCAGGCTG-3′, 5′-CCGCTCGAGCCAA-

GAAGGCTCAAAGACGAC-3′.

Lentivirus production and infection

The targeting sequences of shRNAs for the human Pax-

illin and mouse paxillin were as follows: human sh-

Paxillin, 5′-CCCGACCTAATTGTCTTTGTT-3′; mouse

sh-Paxillin, 5′-TCTGAACTTGACCGGCTGTTA-3′. A

PLKO.1 vector encoding shRNA for GFP a negative con-

trol or a specific target molecule (Sigma-Aldrich) was

transfected into HEK293T cells together with psPAX2

and pMD2.G with Lipofectamine 2000. Culture superna-

tants were harvested 36 and 60 h after transfection and

then centrifuged at 2200 rpm for 15min. THP-1 cells

were infected with the supernatants containing lentiviral

particles in the presence of 4 μg/ml polybrene (Sigma).

After 48 h of culture, cells were selected by 1.5 μg/ml

puromycin (Sigma) for 5 days. The BMDM and BMDC

cells were infected with lentiviral particles for 1 day and

treated with 1.5 μg/ml puromycin (Sigma) for 2 days.

The results of each sh-RNA-targeted protein were de-

tected by immunoblot analysis.

We using the 3*Flag sequence to replace the GFP pro-

tein in the pLenti CMV GFP Puro vector (Addgene,

658-5) for adding some restriction enzyme cutting site

(XbaI-EcoRV-BstBI-BamHI) before the 3×Flag tag. Then

the pLenti vector encoding paxillin protein was trans-

fected into HEK293T cells together with psPAX2 and

pMD2.G with Lipofectamine 2000. The following are the
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primers used in this study: pLenti-paxillin—5′-CTAGTC

TAGAATGGACGACCTCGACGCCCT-3′, 5′-GATT

TCGAAGCAGAAGAGCTTGAGGAAGCA-3′. Culture

supernatants were harvested 36 and 60 h after transfec-

tion and then centrifuged at 2200 rpm for 15min. THP-

1 cells were infected with the supernatants containing

lentiviral particles in the presence of 4 μg/ml polybrene

(Sigma). After 48 h of culture, cells were selected by

1.5 μg/ml puromycin (Sigma) for 5 days. The results of

the paxillin protein were detected by immunoblot

analysis.

Enzyme-linked immunosorbent assay

The concentrations of human IL-1β in culture superna-

tants were measured by the ELISA kit (BD Biosciences,

San Jose, CA, USA). The mouse IL-1β ELISA Kit was

purchased from R&D. All results were measured by two

replicates.

THP-1 macrophages stimulation

THP-1 cells were differentiated into macrophages with

60 nM phorbol-12-myristate-13-acetate (TPA) for 12–

14 h, and cells were cultured for 24 h without TPA. And

then, the differentiated cells were stimulated in 6-cm

plates with Nigericin or ATP. Supernatants were col-

lected for the measurement of IL-1β by ELISA. Cells

were harvested for immunoblot analysis.

Activated caspase-1 and mature IL-1β measurement

The supernatant of the cultured cells was collected for 1

ml in the cryogenic vials (Corning). The supernatant was

frozen in − 80 °C for 4 h. The rotational vacuum concen-

trator machine which was purchase from Martin Christ

was used for the freeze-drying. The drying product was

dissolved in 100 μl PBS and mixed with SDS loading buf-

fer for Western blotting analysis with antibodies for de-

tection of activated caspase-1 (D5782 1:500, Cell

Signaling), mature IL-1β (Asp116 1:500, Cell Signaling),

polyclonal rabbit anti-caspase-1 p10 (sc-515), or poly-

clonal goat anti-mouse IL-1β (p17) (AF-401-NA). Ad-

herent cells in each well were lysed with the lysis buffer

described below, followed by immunoblot analysis to de-

termine the cellular content of various proteins.

Western blot analysis

HEK293T whole-cell lysates were prepared by lysing

cells with buffer (50 mM Tris-HCl, pH 7.5, 300 mM

NaCl, 1% Triton-X, 5 mM EDTA, and 10% glycerol).

The TPA-differentiated THP-1 cell lysates were pre-

pared by lysing cells with buffer (50 mM Tris-HCl, pH

7.5, 150 mM NaCl, 0.1% Nonidetp 40, 5 mM EDTA, and

10% glycerol). Protein concentration was determined by

Bradford assay (Bio-Rad, Hercules, CA, USA). Cultured

cell lysates (30 μg) were electrophoresed in an 8–12%

SDS-PAGE gel and transferred to a PVDF membrane

(Millipore, MA, USA). PVDF membranes were blocked

with 5% skim milk in phosphate-buffered saline with

0.1% Tween 20 (PBST) before being incubated with the

antibody. Protein bands were detected using a lumines-

cent image analyzer (Fujifilm LAS-4000).

Co-immunoprecipitation assays

HEK293T whole-cell lysates were prepared by lysing

cells with buffer (50 mM Tris-HCl, pH 7.5, 300 mM

NaCl, 1% Triton-X, 5 mM EDTA, and 10% glycerol).

TPA-differentiated THP-1 cell lysates were prepared by

lysing cells with buffer (50 mM Tris-HCl, pH 7.5, 150

mM NaCl, 0.1% Nonidetp40, 5 mM EDTA, and 10% gly-

cerol). Lysates were immunoprecipitated with control

mouse immunoglobulin G (IgG) (Invitrogen) or anti-

Flag antibody (Sigma, F3165) with Protein-G Sepharose

(GE Healthcare, Milwaukee, WI, USA).

Confocal microscopy

HEK293T cells and Hela cells were transfected with

plasmids for 24–36 h. Cells were fixed in 4% paraformal-

dehyde at room temperature for 15 min. After being

washed three times with PBS, permeabilized with PBS

containing 0.1% Triton X-100 for 5 min, washed three

times with PBS, and finally blocked with PBS containing

5% BSA for 1 h. The cells were then incubated with the

monoclonal mouse anti-Flag antibody (F3165, Sigma)

and monoclonal rabbit anti-HA (H6908, Sigma) over-

night at 4 °C, followed by incubation with FITC-

conjugated donkey anti-mouse IgG (Abbkine) and

Dylight 649-conjugated donkey anti-rabbit IgG (Abb-

kine) for 1 h. After washing three times, cells were incu-

bated with DAPI solution for 5 min and then washed

three more times with PBS. Finally, the cells were ana-

lyzed using a confocal laser scanning microscope (Fluo

View FV1000; Olympus, Tokyo, Japan).

GST pull-down assays

The plasmids pGEX6p-1-paxillin and pGEX6p-1-LRR

were transfected into Escherichia coli strain BL21. After

growing in LB medium at 37 °C until the OD600 reached

0.6–0.8, isopropyl β-D-1-thiogalactopyranoside (IPTG)

was added to a final concentration of 1 mM and the cul-

tures grew for an additional 4 h at 37 °C for GST-Paxillin

and GST-LRR protein. And then, the GST protein,

GST-paxillin protein, and GST-LRR protein were puri-

fied from E. coli bacteria. For GST-Paxillin pull-down

assay, glutathione-Sepharose beads (Novagen) were in-

cubated with GST-Paxillin or GST protein. After washed

with phosphate-buffered saline (PBS), these beads were

incubated with cell lysates from HEK293T which were

transfected with plasmids encoding Flag-NLRP3 for 4 h

at 4 °C. The precipitates were washed three times, boiled
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in 2× SDS loading buffer, separated by 10% SDS-PAGE,

and immunoblotted with anti-GST and anti-Flag. It was

the same for the GST-LRR pull-down assay.

Yeast two-hybrid analyses

Saccharomyces cerevisiae strain AH109 and control vec-

tors pGADT7, pGBKT7, pGADT7-T, pGBKT7-Lam,

and pGBKT7-p53 were purchased from Clontech

(Mountain View, CA, USA). Yeast strain AH109 was co-

transformed with the combination of the pGADT7 and

the pGBKT7 plasmids. Transformed yeast cells contain-

ing both plasmids were first grown on SD-minus Trp/

Leu plates (DDO) to maintain the two plasmids and

then were sub-cloned replica plated on SD-minus Trp/

Leu/Ade/His plate (QDO).

Subcellular fractionation

To separate cell membranes from the soluble cellular

components, cells were washed once in hypotonic buffer

(10 mM Tris-HCl, pH 7.4, 10 mM KCl, and 1.5 mM

MgCl) supplemented with a protease inhibitor cocktail

(Roche), incubated on ice in a hypotonic buffer, and

lysed by Dounce homogenization. Lysates were centri-

fuged at 4 °C for 5 min at 2500×g to get the superna-

tants. Supernatants were centrifuged at 100,000×g for 1

h at 4 °C. The resultant pellets (membrane fraction) were

resuspended in lysis buffer 1/5 volumes equal to those of

the supernatants (cytosolic fraction), stored with the

addition of 6× Laemmli buffer, and analyzed by Western

blot.

For membrane flotation assays, post-nuclear superna-

tants were collected and described above, mixed with

OptiprepTM-supplemented hypotonic buffer to yield a

final concentration of 45% Optiprep at laid at the bot-

tom of an OptiprepTM step gradient ranging from 10%

(top) to 45% (bottom) and spun at 52,000×g for 90 min.

The gradient was then fractionated into 24 fractions and

analyzed by Western blot. For gradients run in the pres-

ence of Triton X-100, post-nuclear supernatants were

mixed with a 10% Triton X-100 solution to achieve a

final concentration of 1%.

Statistical analyses

All experiments were reproducible and repeated at least

three times with similar results. Parallel samples were

analyzed for normal distribution using the Kolmogorov-

Smirnov tests. Abnormal values were eliminated using a

follow-up Grubbs test. Levene’s test for equality of vari-

ances was performed, which provided information for

Student’s t tests to distinguish the equality of means.

Means were illustrated using histograms with error bars

representing the SD; a p value of < 0.05 was considered

statistically significant.
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for Fig. 4a. (b) Full Western blots used for Fig. 4b. (c) Full Western blots

used for Fig. 4c. (d) Full Western blots used for Fig. 4d. (e) Full Western

blots used for Fig. 4e. (f) Full Western blots used for Fig. 4f. (g) Full

Western blots used for Fig. 4g. Fig. S5. Full Western blots used for

Fig. 5a, b, c, d, e, f. (a) Full Western blots used for Fig. 5a. (b) Full Western

blots used for Fig. 5b. (c) Full Western blots used for Fig. 5c. (d) Full

Western blots used for Fig. 5d. (e) Full Western blots used for Fig. 5e. (f)

Full Western blots used for Fig. 5f. Fig. S6. Full Western blots used for

Fig. 6a, b, c, d, e, f, g, h, j, k, l, m, n, o, q. (a) Full Western blots used for

Fig. 6a. (b) Full Western blots used for Fig. 6b. (c) Full Western blots used

for Fig. 6c. (d) Full Western blots used for Fig. 6d. (e) Full Western blots

used for Fig. 6e. (f) Full Western blots used for Fig. 6f. (g) Full Western

blots used for Fig. 6g. (h) Full Western blots used for Fig. 6h. (i) Full

Western blots used for Fig. 6j. (j) Full Western blots used for Fig. 6k. (k)

Full Western blots used for Fig. 6l. (l) Full Western blots used for Fig. 6m.

(m) Full Western blots used for Fig. 6n. (n) Full Western blots used for

Fig. 6o. (o) Full Western blots used for Fig. 6q. Fig. S7. Full Western blots

used for Fig. 8a, b, c, d, e. (a) Full Western blots used for Fig. 8a. (b) Full

Western blots used for Fig. 8b. (c) Full Western blots used for Fig. 8c. (d)

Full Western blots used for Fig. 8d. (e) Full Western blots used for Fig. 8e.

Fig. S8. Full Western blots used for Fig. 9b, d, f, g, j. (a) Full Western blots

used for Fig. 9b. (b) Full Western blots used for Fig. 9d. (c) Full Western

blots used for Fig. 9f. (d) Full Western blots used for Fig. 9g. (e) Full

Western blots used for Fig. 9j.
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