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ABSTRACT

The NLRP3 (NLR family pyrin domain containing 3) inflammasome is involved in diverse inflammatory
diseases, thus strict control of its activation is necessary to prevent excessive inflammation. Protein
ubiquitination has been reported to regulate the assembly, protein expression and activation of the
NLRP3 inflammasome. Until now, several deubiquitinases (DUBs) have been reported to affect the
degradation of NLRP3 through the proteasome pathway. However, there is no research on DUBs
regulating NLRP3 degradation through macroautophagy/autophagy. Here, we demonstrated the
pivotal function of USP5 (ubiquitin specific peptidase 5) in restraining the activation of the NLRP3
inflammasome independent of its deubiquitinating enzyme activity. USP5 selectively promoted K48-
linked polyubiquitination of NLRP3 and mediated its degradation through the autophagy-lysosomal
pathway by recruiting the E3 ligase MARCHF7/MARCH7. Knockdown of USP5 facilitated the two-
signal model of lipopolysaccharide and ATP-triggered IL1B/IL-1 production. Simultaneously, USP5
overexpression in vivo reduced IL1B and polymorphonuclear (PMN) infiltration in alum-induced
peritonitis. Overall, the data revealed that USP5 is a key scaffold protein recruiting the E3 ligase
MARCHF7 to NLRP3, and promoting autophagic degradation of NLRP3. The findings provide new
insight into USP5 in the regulation of excessive activation of the NLRP3 inflammasome and inflam-
matory innate immune response.

Abbreviations: 3-MA: 3-methyladenine; AIM2: absent in melanoma 2; ATG5: autophagy related 5;
BafA1: bafilomycin A;; CASP1: caspase 1; CHX: cycloheximide; Co-IP: co-immunoprecipitation; CQ:
chloroquine; DUBs: deubiquitinases; IL1B/IL-1(3: interleukin 1 beta; LAMP1: lysosomal associated
membrane protein 1; LPS: lipopolysaccharide; MARCHF7/MARCH7: membrane associated RING-CH-
type finger 7; NFKB/NF-kB: nuclear factor kappa B; Nig.: nigericin; NLRC4: NLR family CARD domain
containing 4; NLRP3: NLR family pyrin domain containing 3; PECs: peritoneal exudate cells; PMN:
polymorphonuclear; PMs: peritoneal macrophages; PYCARD/ASC: PYD and CARD domain containing;
TLRs: toll like receptors; TNF/TNF-a: tumor necrosis factor; Ub: ubiquitin; USP5: ubiquitin specific
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Introduction

NLRP3 (NLR family pyrin domain containing 3) inflamma-
some has a fundamental role in host defense against micro-
bial pathogens and its deregulation may cause diverse
inflammatory diseases. The NLRP3 inflammasome is a poly-
protein complex composed of NLRP3, CASP1/caspase-1, and
PYCARD/ASC (PYD and CARD domain containing) [1].
NLRP3 activation is a two-step process of priming and
activation. After being recognized by TLRs (toll like recep-
tors), extracellular and intracellular pathogen-associated
molecular patterns (PAMPs) or danger/damage-associated
molecular patterns (DAMPs) can activate NFKB/NF-«xB
(nuclear factor kappa B) signaling, causing the expression
of precursors of IL1B/IL-1P (interleukin 1 beta) and IL18
(interleukin 18) and completing priming process [2]. The

NLRP3 inflammasome can be further activated by extracel-
lular ATP, potassium ion (K") efflux, pore-forming toxins,
mitochondrial reactive oxygen species, and destabilized lyso-
some [3]. These signals result in the assembly of the NLRP3
inflammasome complex and self-activation of the precursor
CASP1, which then releases mature CASP1 (CASP1 p20).
CASP1 p20 cleaves IL1B and IL18 to generate the mature
forms [4,5], completing activation process.

The increased level of NLRP3 expression is a key step in
inflammasome activation [6,7]. Moderate NLRP3 expression
level can help the body resist exogenous microbial infection
and endogenous cell damage. However, overaccumulation of
NLRP3 protein can also trigger certain hereditary or acute
inflammatory diseases, such as gout, atherosclerosis, and inflam-
matory bowel disease [5,8-10]. Regulation of NLRP3 expression
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can be achieved by modifying NLRP3 mRNA expression at the
transcriptional level [11,12]. However, increasing evidence
proved that post-translational modifications, especially protein
ubiquitination, are important regulators of NLRP3 inflamma-
some assembly and activation [13]. Changes in protein ubiqui-
tination caused by E3 ubiquitination ligases or deubiquitinases
(DUBs) can promote protein degradation by the proteasome or
autophagy-lysosomal system, thereby maintaining NLRP3 pro-
tein homeostasis. We previously reported that the E3 ubiquitin
ligase TRIM31 attenuated NLRP3 inflammasome activation by
promoting proteasomal degradation of NLRP3 [14]. NLRP3 is
also found in autophagosomes and lysosomes upon inflamma-
some activation [15]. Autophagy-dependent degradation has
been described in the regulation of NLRP3 expression [16].
However, there is no research on DUBs regulating NLRP3
degradation through autophagy.

Potential DUBs that could interact with NLRP3 have been
screened [17]. The authors identified many NLRP3 interacting
DUBs through co-immunoprecipitation (Co-IP) experiments
in HEK293T cells [17]. After analyzing the protein localiza-
tion of these DUBs, we found that USP5 may localize in
lysosome, while other DUBs do not (Table S1). Given the
fact that USP5 interacts with NLRP3 and NLRP3 can be
degraded through autophagy-lysosome pathway, we hypothe-
sized that USP5 may regulate NLRP3 degradation through the
autophagy-lysosomal pathway. In this study, we showed that
USP5 works as a scaffold to recruit MARCHEF7 to promote
K48-linked polyubiquitination and autophagic degradation of
NLRP3. Knockdown of USP5 promoted the secretion of
CASP1 p20 and IL1B pl7, but had no effect on NFKB signal-
ing. Overexpression of USP5 in vivo reduced IL1B and PMN
infiltration in alum-induced peritonitis in which NLRP3 was
reported to play protective role.

Results

USPS5 specifically inhibits NLRP3 inflammasome
activation

To investigate the effect of USP5 during NLRP3 inflammasome
activation, the expression of Usp5 was first detected in peritoneal
macrophages (PMs) stimulated by LPS and IL1B. Both the
protein and mRNA levels of USP5 were increased in a time-
dependent manner in PMs stimulated by LPS or IL1B (Figure
1A,B). The protein of USP5 was also increased in a concentra-
tion-dependent manner in PMs stimulated by LPS (Figure S1A).
LAMP1 (lysosomal associated membrane protein 1) and LC3 are
considered to be markers of lysosomes [18] or autophagosomes
[19], respectively. Consistent with our prediction, confocal
microscopy showed the co-localization of USP5 both with
LAMP1 and LC3 (Figure S4A,B), confirming USP5 localizes in
lysosomes and autophagosomes.

To explore the physiological role of USP5, we designed a
small interfering RNA (siRNA) targeting mouse Usp5 and
transfected it into PMs. The knockdown efficiency of siRNA
was validated at both the mRNA and protein levels (Figure
S1B). We initially established a widely used two-signal model
using LPS and ATP to detect the role of USP5 in the NLRP3
pathway. We found the secretion of IL1B was significantly
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increased in Usp5 knockdown PMs primed by LPS for differ-
ent times and then treated with ATP (Figure 1C). However,
the secretion of IL6 and TNF was not influenced by Usp5
siRNA transfection (Figure 1C). The mRNA expression of
Il1b, 1i6, and Tnf was also detected and no variances were
observed between control siRNA transfected PMs and Usp5
siRNA transfected PMs (Figure S1C). Consistently, LPS-
induced NFKB signaling and MAPK signaling including the
phosphorylation of RELA/p65, MAPK/ERK, MAPK/JNK, and
MAPK/p38 was comparable between control siRNA trans-
fected PMs and Usp5 siRNA transfected PMs (Figure S1D,E).

To further corroborate the role of USP5 in the NLRP3
signaling pathway, two different activators of NLRP3, niger-
icin (Nig.) and alum were used. Similar to ATP stimulation,
Nig. and alum induced IL1B secretion was also increased in
Usp5 siRNA transfected PMs compared to that in control
siRNA transfected PMs (Figure 1D). Again, LPS-induced
secretion of IL6 and TNF was not affected by Nig. and alum
(Figure 1D). To examine the specificity of the function of
USP5 for the NLRP3 inflammasome, we utilized double-
stranded DNA (poly(dA:dT)), a trigger of the AIM2 (absent
in melanoma 2) inflammasome and flagellin, a trigger of the
NLRC4 (NLR family CARD domain containing 4) inflamma-
some. We found the secretion of ILIB was comparable
between control siRNA and Usp5 siRNA transfected PMs
stimulated with poly(dA:dT) and flagellin (Figure 1D), indi-
cating USP5 specifically regulates NLRP3 inflammasome.
Further, immunoblotting analysis showed that Usp5 siRNA
transfected PMs responded more efficiently than control
siRNA transfected PMs to LPS plus ATP, LPS plus Nig. and
LPS plus alum-induced content of IL1B p17 and CASP1 p20
in supernatants which indicated the activation of NLRP3
inflammasome (Figure 1E-H).

We also designed and synthesized a siRNA that target
human USP5 and verified the interference efficiency in
THP-1 cells (Figure S2A). Similar to the siRNA knockdown
of Usp5 in PMs, transfection of USP5 siRNA in THP-1 cells
resulted in elevated secretion of IL1B upon stimulation with
LPS plus ATP (Figure S2B). Immunoblotting analysis also
showed increased content of IL1B pl17 and CASP1 p20 in
supernatants (Figure S2C,D), indicating USP5 regulation of
NLRP3 activation is not species specific. To summarize, these
data suggested that USP5 specifically regulates the activation
of the NLRP3 inflammasome, but not AIM2 or NLRC4
inflammasome.

USP5 interacts with NLRP3

To explore the mechanism by which USP5 inhibits NLRP3
activation, we examined whether USP5 interacts with the
known NLRP3 inflaimmasome components. We expressed
Flag-tagged USP5 with MYC-tagged full-length NLRP3,
CASP1, and PYCARD in HEK293T cells and performed a co-
immunoprecipitation (Co-IP) assay. Co-IP assays clearly
showed the interaction between USP5 with NLRP3, but not
with CASP1 or PYCARD (Figure 2A). Consistent with this, an
interaction between endogenous USP5 and NLRP3 was evi-
dent in PMs (Figure 2B). Notably, the interaction between
endogenous USP5 and NLRP3 increased upon stimulation
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Figure 1. USP5 specifically inhibits NLRP3 inflammasome activation. (A, B) RT-PCR analysis (A) or immunoblot analysis (B) of USP5 expression from mouse PMs
stimulated with LPS or IL1B for various times. (C) ELISA of IL1B, TNF and IL6 in supernatants from mouse PMs silenced for Usp5, primed with LPS for various times,
and followed by stimulated with ATP for 30 min. (D) ELISA of IL1B, TNF, and IL6 in supernatants from mouse PMs silenced for Usp5, primed with LPS for 8 h, and
followed by stimulated with ATP, Nig., alum, poly(dA:dT) or flagellin for 30 min. (E-G) Immunoblot analysis of supernatants (SUP) or whole-cell lysates (WCL) from
mouse PMs silenced for Usp5, primed with LPS, and followed by stimulated with ATP, alum, or Nig. for 30 min. (H) Densitometric analysis of protein expression levels
in mouse PMs stimulated with LPS and followed by stimulated with ATP, alum, or Nig. for 30 min. Data are from three independent experiments (C,D, and H; mean +
SD of triplicate assays) or are representative of three independent experiments with similar results. *P < 0.05, **P< 0.01, ***P< 0.001, Student’s t-test.

with LPS. Confocal microscopy also showed the co-
localization of USP5 with NLRP3, but not with AIM2 and

NLRCH4 (Figure 2C).

USP5 consists of five individual domains designated cUBP,
nUBP, USP, UBAIl, and UBA2 [20]. To detect which

domain(s) of USP5 were responsible for the interaction with
NLRP3, five truncated mutants were constructed (Figure 2D).
Co-IP results showed that USP5 mutants with only UBP
domain or UBA domain lost the ability to interact with
NLRP3, whereas USP5 mutant with only USP domain and



A B
UsPs __ 1gG
LPSh) 0 4 8 8 «kDa
Flag-USP5 + + + + e e— - 130
MYC-NLRP3 - + - |B:NLRP3
MYC-CASP1 - -+
D Smm mm—— O
MYC-PYCARD - +_l1<?g N P
& | 1B:CASP1 —a3
IP:MYC 7
Bl EREEED ; N e R
130 IB:PYCARD
s —26
- —130
lave p— —a3 NLRP3 S v w
2
= > CASP e e ———_, -
T Pr———— = PYCARD e _
ACTE S e e s _, - USP5 e i w— —y__
ACTB e _ /3
D
Flag-USP5(WT) & (T ZnF-UBP. usp UBAT  UBA2
Flag-USP5(AUBP) usP UBAT  UBA2
Flag-USP5(AUBA) " ZREUBP USP
Flag-USP5(UBP) ™ T ZhEUBp
Flag-USP5(USP) UsP
Flag-USP5(UBA) UBAT  UBA2
MYC-NLRP3 - + + + + + + +
Flag-USP5(WT) + - + - - - - -
Flag-USP5(AUBP) - + - - -
Flag-USP5(AUBA) - - - - + - - -
Flag-USP5(UBP) - - - - - + - -
Flag-USP5(USP) - - - - - - + -
Flag-USP5(UBA) - - - - - - - +
cQ + + + + + + + + kDa
— —95
IP:MYC - g —72
IB:Flag - =55
—43
—34
== —-— —95
o ~72
IB:Flag p— —55
- —43
Input -—34
BMYC s
ACTB S

AUTOPHAGY (&) 993

GFP-USP5

GFP-USP5

MYC-NLRP3
Pearson’s coefficient=0.913

23
Merge_
re

|

GFP-USP5

GFP-USP5 y L b
RO Flag-AIM2
Pearson’s coefficient=0.270 =

o
o
7}
3.
o
[
GFP-USP5 erge Flag-NLRC4
Pearson’s coefficient=0.217
— GFP-USP5 — GFP-USP5 — GFP-USP5
— MYC-NLRP3 — Flag-AlM2 — Flag-NLRC4
@ 300 200 o 250
o 8 Q
2. 8 € 5200
8 3 200 g 2 150 8% 150
2209 8 g 100 9 8 100
SE SE 50 [ SE s0 YA g
T 0 I o il UV I VU o 0
0 50 100 150 0 50 100 150 0 50 100 150

Distance (pixel) Distance (pixel) Distance (pixel)

F
MYC-NLRP3(WT) " pyp NACHT LRR
MYC-NLRP3(APYD) NACHT LRR
MYC-NLRP3(ANACHT) | BYD oo LRR
MYC-NLRP3(ALRR) | PYD NACHT
G
Flag-USP5 - + + + + +
MYC-NLRP3WT + - +
MYC-NLRP3 APYD - - - +
MYC-NLRP3 ANACHT - - - - +
MYC-NLRP3ALRR - - - - - *
cQ + + + + + 4+ kDa
o —130
IP:MYC
I1B:Flag
[ L T ¥ TF
o —130
N
IBMYC ad s
—
Input -2
|B:Flag W —_———05

ACTB M—«;

Figure 2. USP5 interacts with NLRP3. (A) HEK293T cells expressing Flag-USP5 and MYC-NLRP3, MYC-CASP1 or MYC-PYCARD were lysed. Co-immunoprecipitation of
Flag-USP5 with MYC-NLRP3, MYC-CASP1 or MYC-PYCARD from HEK293T cells. (B) Co-immunoprecipitation of endogenous USP5 with endogenous NLRP3, CASP1 or
PYCARD from mouse PMs stimulated with LPS for indicated time periods. (C) HelLa cells transfected with GFP-USP5 and MYC-NLRP3, Flag-AIM2 or Flag-NLRC4 were
fixed and incubated with a secondary antibody conjugated to Alexa Fluor 568. Colocalization between USP5 and NLRP3, AIM2 or NLRC4 were examined by Confocal
microscopy. Scale bars: 10 um. Intensity profiles of indicated proteins along the plotted lines, as analyzed by ImageJ line scan analysis. Nucleus were visualized with
DAPI (blue). Confocal imaging results are representative of three independent experiments. (D) Schematic diagram of USP5 and its truncation mutants. (E) Flag-USP5
or its mutants and MYC-NLRP3 were individually transfected into HEK293T cells. The cell lysates were immunoprecipitated with an anti-MYC antibody and then
immunoblotted with the indicated antibodies. (F) Schematic diagram of NLRP3 and its truncation mutants. (G) MYC-NLRP3 or its mutants and Flag-USP5 were
individually transfected into HEK293T cells. The cell lysates were immunoprecipitated with an anti-MYC antibody and then immunoblotted with the indicated
antibodies. Data are representative of three independent experiments with similar results.

USP5 mutants with UBP domain deletion or UBA domain
deletion still interact with NLRP3 (Figure 2E). These findings
indicated the USP domain on USP5 is required for the inter-
action between USP5 and NLRP3.

NLRP3 is composed of a C-terminal leucine-rich repeat
(LRR), a central oligomerization domain termed NACHT,
and an N-terminal pyrin domain (PYD) [21]. Co-IP experi-
ments with three NLRP3 truncated mutants (Figure 2F)
showed that NLRP3 mutant with PYD domain deletion lost

the ability to interact with USP5 (Figure 2G). These collective
findings indicated that USP5 interacts with NLRP3 through
the USP motif on USP5 and the PYD domain on NLRP3.

USP5 promotes autophagic degradation of NLRP3

Considering the negative regulation of USP5 on the activation
of NLRP3 inflammasome and interaction between USP5 and
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Figure 3. USP5 promotes autophagic degradation of NLRP3. (A) MYC-NLRP3, MYC-CASP1 and MYC-PYCARD were transfected in HEK293T cells together with
gradient amount of Flag-USP5. NLRP3, CASP1 and PYCARD protein level were detected by western blot. (B) Immunoblot analysis of extracts from mouse PMs
reconstituted with vectors for MmUSP5, then stimulated with LPS (200 ng/mL) for various times. (C) Densitometric analysis of protein expression levels in mouse
PMs stimulated with LPS. (D) Immunoblot analysis of extracts from mouse PMs silenced for Usp5, then stimulated for various times with LPS. (E) Densitometric
analysis of protein expression levels in mouse PMs stimulated with LPS. (F, G) Immunoblot analysis of extracts from mouse PMs silenced for Usp5 stimulated with
LPS for 4 h, and then treated for various times with cycloheximide (CHX, 100 ug/mL). NLRP3, PYCARD, CASP1, AIM2 and NLRC4 expression levels were quantitated
by measuring band intensities using “ImageJ” software. The values were normalized to ACTB. (H) Immunoblot analysis of extracts from HEK293T cells transfected
with MYC-NLRP3 and Flag-USP5 expression plasmid then treated with MG132 (10 mM), BafA1(1 puM), 3-MA (10 mM) or chloroquine (CQ, 10 puM) for 6 h.(l)
Immunoblot analysis of extracts from mouse PMs reconstituted with vectors for MmUSP5 stimulated with LPS (200 ng/mL) for 4 h and then treated with MG132
(10 mM), BafA1(1 pM), 3-MA (10 mM) or chloroquine (10 pM) for 6 h before western blot.(J) Western blot was performed in lysates of HEK293T cells or HEK293T
ATG5 KO cells expressing Flag-USP5 and MYC-NLRP3. (K) Immunoblot analysis of extracts from mouse PMs silenced for ATG5, then with LPS (200 ng/mL) for 4 h.
Data are from three independent experiments (C, E, and G; mean + SD of triplicate assays) or are representative of three independent experiments with similar
results. *P < 0.05, **P< 0.01, ***P< 0.001, Student’s t-test.



NLRP3, we speculated that USP5 may regulate NLRP3 protein
expression. Indeed, we found overexpression of USP5 greatly
attenuated NLRP3 protein expression in HEK293T cells and
PMs, while the protein level of PYCARD and CASP1 was not
changed upon USP5 overexpression (Figure 3A-C).
Overexpression of USP5 also decreased NLRP3 protein
expression, but not PYCARD and CASP1 protein expression
in HeLa cells (Figure S3A). Knockdown of Usp5 significantly
enhanced NLRP3 protein expression, and had no influence on
CASP1 and PYCARD protein expression in LPS-primed
mouse PMs (Figure 3D,E). Consistent with the fact that
USP5 specifically regulates NLRP3 inflammasome, knock-
down of Usp5 has no effect on the protein expression of
AIM2 and NLRC4 (Figure 3D,E). Notably, the mRNA level
of Nirp3, Caspl, and Pycard did not change in Usp5 siRNA
transfected PMs compared to that in control siRNA trans-
fected PMs (Figure S3B), indicating USP5 regulates NLRP3
expression at the protein level, but not at the transcription
level. To directly confirm that USP5 regulates NLRP3 degra-
dation, PMs were first stimulated with LPS for 4 h prior to the
treatment of protein synthesis inhibitor cycloheximide (CHX)
for different times. We found the NLRP3 protein degradation
was attenuated in Usp5 siRNA transfected PMs compared to
that in control siRNA transfected PMs (Figure 3F,G).
However, no differences in CASP1, PYCARD, AIM2, and
NLRC4 protein degradation were observed between Usp5
siRNA and control siRNA transfected PMs (Figure 3F,G).
These data indicated that USP5 decreases NLRP3 protein
level by facilitating its degradation.

The ubiquitin-proteasome system (UPS) and the autophagy-
lysosomal system are the major pathways that regulate protein
degradation [22]. To explore which pathway mediates USP5-
induced degradation of NLRP3 protein, various inhibitors were
used. We found the autophagy inhibitors 3-methyladenine
(3-MA), bafilomycin A; (BafAl), and chloroquine (CQ) sup-
pressed USP5-induced NLRP3 degradation in HEK293T cells
and PMs, while the proteasome inhibitor MG132 did not (Figure
3H,I). Similar results were obtained in HeLa cells (Figure S3C).
Simultaneously, USP5 had no significant effect on LC3 conversion,
which means that it had no detectable impact on overall autopha-
gic flux (Figures 3H,I and S3C). Previous studies have demon-
strated that NLRP3 can co-locate with autophagosomes and
lysosomes after inflammasome activation [15]. Interestingly, we
found partial co-localization between USP5, NLRP3, and LC3 or
USP5, NLRP3, and LAMP1 after inflammasome activation
(Figure S4A,B). Overall, these results indicated that USP5 induces
NLRP3 degradation through autophagy-lysosomal system.

Autophagy-related proteins (ATGs) are key linker pro-
teins in the autophagy pathway, among which ATGS5 is
integral in both canonical and non-canonical autophagy
[23]. To directly confirm USP5 mediates NLRP3 protein
degradation through autophagy, ATG5 knockout (KO)
HEK293T cells were used. We found overexpression of
USP5 failed to degrade NLRP3 in ATG5 KO cells (Figure
3]). Similar result was obtained in PMs transfected with Atg5
siRNA (Figure 3K). Altogether, these results demonstrated
that USP5 could promote the degradation of NLRP3 through
the autophagy-lysosome pathway.
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USP5 increases K48-linked ubiquitination of NLRP3

The ubiquitin system plays an integral role in the control of
NLRP3 inflammasome activation. NLRP3 can be ubiquiti-
nated with both K48 and K63 linkage in macrophages
[14,16]. Given that USP5 is a deubiquitinating enzyme, we
first examined whether USP5-mediated degradation of
NLRP3 depends on its enzymatic activity. It has been reported
that USP5 stabilizes TUFM depends on its deubiquitinase
activity [24]. As shown in Figure 4B, WT USP5 plasmid but
not the enzymatic activity mutant USP5“**** plasmid was
able to cleave TUFM ubiquitination (Figure 4A,B). We trans-
fected plasmids of WT USP5 or mutant USP5%**** into
HEK293T cells together with MYC-tagged NLRP3 and exam-
ined the expression of NLRP3 protein. We found both the
WT USP5 and the mutant USP5**** led to a significant
reduction in NLRP3 protein expression (Figure 4C). Similar
results were obtained in PMs (Figure 4D) and HeLa cells
(Figure S3D). These data indicated that the degradative func-
tion of USP5 on NLRP3 does not require USP5 enzymatic
activity.

Next, we examined whether USP5 could modulates
NLRP3 ubiqutination. GFP-tagged WT USP5 or
USP5%%*4 plasmids were transfected into HEK293T cells
together with MYC-tagged NLRP3 and HA-tagged ubiqui-
tin plasmids, and then NLRP3 ubiquitination was exam-
ined. We found overexpression of USP5 could increase
NLRP3 polyubiquitination (Figure 4E). Consistent with
the data that USP5“**** promoted the degradation of
NLRP3, overexpression of USP5“**** also led to a signifi-
cant increase in NLRP3 ubiquitination (Figure 4E).
Meanwhile, endogenous ubiquitin chains of NLRP3 were
analyzed by enriching the whole ubiquitin chains by GST-
Ub-TUBE. Consistent with the above results, knockdown
of Usp5 greatly decreased LPS-induced polyubiqutination
of NLRP3 (Figure 4F). We then defined the type of lin-
kages in the polyubiquitin chains attached to NLRP3
mediated by USP5. HEK293T cells were transfected with
the ubiquitin mutant K48 and K63, in which all of the
lysine residues were replaced by arginine substitutions,
except for the one at position 48 and 63, respectively.
Overexpression of USP5 significantly increased NLRP3
ubiquitination in WT and K48 ubiquitin transfected cells,
but not in K63 ubiquitin transfected cells (Figure 4G),
indicating USP5 mainly promotes K48-linked ubiquitina-
tion of NLRP3. To concurrently exclude any artificial
effects driven by overexpression and to explore whether
USP5-mediated NLRP3 K48-linked polyubiquitination
could occur under physiological conditions, polyubiquiti-
nation of endogenous NLRP3 protein was examined. LPS
stimulation could increase both of K48- and Ké63-linked
polyubiquitination of endogenous NLRP3 (Figure 4H).
While siRNA knockdown of Usp5 expression greatly
decreased LPS-induced K48-lined polyubiqutination of
NLRP3, and Ké63-linked ubiquitination of NLRP3 was
unchanged (Figure 4H). Together, these data revealed
that USP5 mediated K48-linked ubiquitination indepen-
dent on its enzymatic activity.
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Figure 4. USP5 increases K48-linked ubiquitination of NLRP3. (A) Schematic diagram of WT USP5, USP5 enzymatically inactive mutant (USP5S*3%%). (B) Immunoblot
analysis of lysates from HEK293T cells transfected with HA-tagged ubiquitin (HA-Ub), Flag-TUFM and WT GFP-USP5 or GFP-USP5%33*4 followed by IP with anti-HA,
probed with anti-Flag. (C) Immunoblot analysis of extracts from HEK293T cells transfected MYC-NLRP3 with Flag-USP5 or Flag-USP5<33** expression plasmids. (D)
Immunoblot analysis of extracts from mouse PMs reconstituted with vectors for MmUSP5 or MmUSP5<3>* stimulated with LPS (200 ng/mL) for 4 h before western
blot. (E) Immunoblot analysis of lysates from HEK293T cells transfected with HA-tagged ubiquitin (HA-Ub), MYC-NLRP3 and WT GFP-USP5 or GFP-USP5%3*A, followed
by IP with anti-HA, probed with anti-MYC. (F) Pulldown (with GST beads and TUBE) and immunoblot analysis of extracts from mouse PMs silenced for Usp5 and then
stimulated with LPS. (G) Immunoblot analysis of lysates from HEK293T cells transfected with HA-tagged K48-linked ubiquitin (K48-Ub) or HA-tagged K63-linked
ubiquitin (K63-Ub), MYC-NLRP3 and Flag-USP5, followed by IP with anti-HA, probed with anti-MYC. (H) Immunoblot analysis of lysates from mouse PMs silenced for
Usp5, followed by IP with anti-NLRP3, probed with anti-Ub, K48-Ub or K63-Ub. Data are representative of three independent experiments with similar results.

USPS5 recruits MARCHF7 to promotes K48-linked
ubiquitination of NLRP3

Since USP5 promoted NLRP3 polyubiquitination independent
of its enzymatic activity, we hypothesized that USP5 likely
works as a scaffold to recruit an E3 ligase for K48-linked
polyubiquitination and degradation of NLRP3. Several E3

ligases involved in the polyubiquitination and degradation of
NLRP3, such as TRIM31 [14], FBXL2 [25], ARTH2 [26],
CULLI [27] and MARCHF7 [16] have been reported. Among
them, MARCHF7 was reported to mediate K48-linked ubi-
quitination and autophagic degradation of NLRP3 in dopa-
mine (DA)-treated bone marrow-derived macrophages [16].
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Figure 5. USP5 recruits MARCHF7 to promotes K48-linked ubiquitination of NLRP3. (A) ELISA of IL1B in supernatants from mouse PMs silenced for Marchf7, primed
with LPS for various times, and followed by stimulated with ATP for 30 min. (B) Immunoblot analysis of extracts from mouse PMs silenced for Marchf7, then
stimulated for various times with LPS. (C) Densitometric analysis of protein expression levels in mouse PMs stimulated with LPS. (D) Immunoblot analysis of extracts
from mouse PMs reconstituted with vectors for MmMMARCHF7, then stimulated with LPS (200 ng/mL) for various times. (E) Densitometric analysis of protein
expression levels in mouse PMs stimulated with LPS. (F) Immunoblot analysis of lysates from HEK293T cells or HEK293T cells silenced for MARCHF7 transfected with
HA-tagged K48-linked ubiquitin (K48-Ub), MYC-NLRP3 and Flag-USP5, followed by IP with anti-MYC, probed with anti-HA. (G) Co-IP was performed in lysates of
HEK293T cells or HEK293T cells silenced for MARCHF7 expressing Flag-USP5 and MYC-NLRP3. (H) ELISA of IL1B in supernatants from mouse PMs silenced for Usp5 or
both silenced for Usp5 and Marchf7, primed with LPS for various times, and followed by stimulated with ATP for 30 min.(l) HEK293T cells expressing His-MARCHF7
and GFP-USP5 were lysed. Co-immunoprecipitation of His-MARCHF7 with GFP-USP5 from HEK293T cells. (J) Co-immunoprecipitation and immunoassay of extracts of
HEK293T cells transfected with MYC-NLRP3, His-MARCHF7 and GFP-USP5 or GFP-USP5<33** treated with chloroquine (10 pM) for 6 h. Co-immunoprecipitation of His-
MARCHF7 with MYC-NLRP3 from HEK293T cells. (K) HEK293T cells or HEK293T cells silenced for USP5 expressing His-MARCHF7 and MYC-NLRP3 were lysed. Co-
immunoprecipitation of MYC-NLRP3 with His-MARCHF7 from HEK293T cells. (L) Western blot was performed in lysates of HEK293T cells or HEK293T cells silenced for
USP5 expressing His-MARCHF7 and MYC-NLRP3. (M) Immunoblot analysis of lysates from HEK293T cells or HEK293T cells silenced for USP5 transfected with HA-
tagged K48-linked ubiquitin (K48-Ub), MYC-NLRP3 and His-MARCHF7, followed by IP with anti-MYC, probed with anti-HA. (N) ELISA of IL1B in supernatants from
mouse PMs silenced for Usp5 or both silenced for Marchf7 and Usp5, primed with LPS for various times, and followed by stimulated with ATP for 30 min. Data are
from three independent experiments (A, C, E, H, and N; mean =+ SD of triplicate assays) or are representative of three independent experiments with similar results. *P
< 0.05, **P< 0.01, ***P< 0.001, Student’s t-test.

Thus, we investigated whether USP5-mediated ubiquitination We first transfected siRNAs specific to mouse Marchf7 into
of NLRP3 and degradation was dependent on MARCHF7 in  PMs, and the Marchf7 knockdown was efficient (Figure S5A).
LPS-treated macrophages. We found the secretion of IL1B was increased in Marchf7



998 (&) B.CAIETAL

A B Flag-Vector Flag-MmUSP5 C
400 1500q — S alum{12h) + + o+ + + o+ + o+ o+ o+ o+ o+ kDa
- s - r = — —25 4 Flag-Vector
E 300 £ 1000 B cAsP1 p20 MMM . & & B - & WG MISES
o
(=1 2 o
i oy Lippr7 R —-——— —17 20 .
S 100 g = —130
- NLRP3 S S s S oo oo e e e & 15 A
0 0 . T
CASP1 ™ s S e S S S—— - ——
500+
~ 400- PYCARD ‘“.—‘.—...o s
£
S 3001 B Flag-Vector 5 Tar T
g Fig HEEE -
2001 O Flag-MmUSP5 1 ue NS L]
~ 100+ ACTB —43
A Flag-Vector
o Flag-MmUSP5
D Flag-Vector Flag-MmUSP5 Flag-Vector Flag-MmUSP5 E 25-
® pbedl Pa ®Bo ® o3P 1] *® L eo 13 52: P8 Bo s S
—g Q1-ULM 36%) X é 20_ =
@ ® 2 151 2
fua] E |.n] a -
oz S |3% £ 104 4 o
& @ Sy = ﬁ
10 oF 2 s i i
g _olu.ewzn;.\ 1 go 01.LRE29.90%) 0- o S
] w0 o (LUt T T T T "w Q Q 5 o
F IToAM-—*= ITGAM—2* G LA
- psst P4 50 B s3:P4 8o - (L] &0 L] = 60 .
“Torumem GRURE 2TR) = = Jorunzson G2-URE224%) ~—
] o ® 0 e % %
0 » 5 40
2l ik Ely ‘ g
£ @ [ s s
*-’u ¥ E 20- o
Q= £ (3]
= 3 S |mFp
= _ loawmosisy QRLRO BT ORLLOS JeR S 5,; orupzam f S | oaiRaom =il 13 | oAmETY =¥ oA & O
H 0010 1 10t 18 0 L 101 107 108 e e 0 WO 1P e 1w e
ITGAM APCA AFCA ITGAM APCAA APCA QQ@ Q%6 &06\ 0\\)@

Figure 6. USP5 overexpression suppresses alum-induced peritonitis in vivo. (A) ELISA analysis (six mice per group) of serum levels of IL1B, TNF and IL6 from WT or
USP5 overexpression mice after i.p. alum injection for 12 h. (B) WT or USP5 overexpression mice were i.p. injected with alum for 12 h. PECs were lysed and analyzed
by immunoblot. (C) Absolute numbers of PECs. (D) Expression of ITGAM/CD11b and LY6G in PECs harvested from alum-injected WT or USP5 overexpression mice.
Quadrants and numbers among an indicated percentage of cells in each gate (ITGAM* LY6G*, ITGAM* LY6G™, ITGAM™ LY6G™, and ITGAM™ LY6G"). (E) Percentage of
ITGAM™ LY6G" (neutrophils) among PECs harvested from alum-treated WT or USP5 overexpression mice (mice: WT-PBS, n = 3; USP5 overexpression-PBS, n = 3; WT-
alum, n = 7; USP5 overexpression-alum, n = 7). (F) Expression of ITGAM and LY6C in PECs from WT or USP5 overexpression mice injected with alum. Quadrants and
numbers among an indicated percentage of cells in each gate (ITGAM* LY6C*, ITGAM™ LY6C™, ITGAM™ LY6C*, and ITGAM™ LY6C"). (G) Percentage of ITGAM* LY6C*
(LY6C monocytes) among PECs harvested from alum-treated WT or USP5 overexpression mice (mice: WT-PBS, n = 3; USP5 overexpression-PBS, n = 3; WT-alum, n = 7;
USP5 overexpression-alum, n = 7). Data are shown as mean + SD in (A, C, E, and G). *P < 0.05, **P< 0.01, ***P< 0.001; (A) Student’s t-test; (C, E, and G) Two-way
analysis of variance (ANOVA). Similar results were obtained in three independent experiments.

knockdown PMs primed by LPS and then treated with ATP
(Figure 5A). Marchf7 knockdown also enhanced NLRP3 pro-
tein expression in LPS-primed mouse PMs, and have no effect
on CASP1 and PYCARD protein expression (Figure 5B,C).
Contrarily, MARCHF7 overexpression could reduce NLRP3
protein expression (Figure 5D,E). These results indicated that
MARCHF?7 also regulates LPS- and ATP-activated NLRP3
inflammasome. To directly confirm MARCHF7 regulates
USP5-mediated NLRP3 ubiquitination and degradation, we
transfected siRNA targeting human MARCHF7 into
HEK293T cells, and the efficiency of MARCHF7 knockdown
was verified (Figure S5B). We found that USP5-mediated
K48-linked ubiquitination of NLRP3 and its degradation was
ablated by MARCHF7 knockdown (Figure 5F,G), confirming
MARCHEF?7 is required for USP5-mediated NLPR3 ubiquiti-
nation. At the same time, when the siRNA of Usp5 and the
siRNA of Marchf7 were co-transfected into PMs, the secretion
of IL1B not changed (Figure 5H).

We next investigated how USP5 regulates NLRP3 polyubi-
quitination through MARCHF?7. Co-transfection and Co-IP
assays showed that USP5 could interact with MARCHF7
(Figure 5I). Reciprocal pull-down achieved the same results
(Figure 5I). As an E3 ligase for NLRP3, we confirmed the
interaction between MARCHF7 and NLRP3 (Figure S5C).
Interestingly, we showed that overexpression of USP5
increased the interaction between MARCHF7 and NLRP3
(Figure 5]). Notably, the USP5 enzymatic activity mutant
USP5%**4 could also promote the interaction between
MARCHF?7 and NLRP3 (Figure 5]), confirming the above
results that the deubiquitinating enzyme activity is not required
for the USP5-mediated polyubiquitination and degradation of
NLRP3. Reciprocal pull-down achieved the same results
(Figure S6D). In contrast, siRNA knockdown of USP5 expres-
sion in HEK293T cells impaired the binding of MARCHF7 and
NLRP3 (Figure 5K). These results demonstrated that USP5 is
required for MARCHF?7 binding to NLRP3.
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Figure 7. Model of USP5 participating in NLRP3 inflammasome activation by promoting autophagic degradation of NLRP3. USP5 could promote K48-linked
polyubiquitination of NLRP3 and mediate NLRP3 degradation in autophagy by recruiting E3 ligase MARCHF7, inhibiting the inflammasome signaling pathway.

Finally, we checked whether USP5 is required for
MARCHF7-mediated NLRP3 polyubiqutination and degrada-
tion. Overexpression of MARCHF7 could decrease the NLRP3
protein level, while knockdown USP5 expression in HEK293T
cells restored NLRP3 expression (Figure 5L). Importantly,
MARCHF7-induced NLRP3 polyubiquitination was greatly
attenuated upon USP5 siRNA transfection (Figure 5M). We
also found that when the siRNA of Usp5 and the siRNA of
Marchf7 were co-transfected into PMs, the secretion of IL1B
not changed (Figure 5N). Overall, the results indicated that
USP5 recruited MARCHEF7 to promote K48-linked polyubi-
quitination of NLRP3 and subsequent degradation.

USP5 overexpression reduces IL1B and PMN infiltration in
alum-induced peritonitis in vivo

To investigate the physiological function of USP5, we estab-
lished a USP5 overexpression model through injection of an
expression plasmid encoding Flag-tagged mouse USP5 (Flag-
MmUSP5) with in vivo transfection reagent intravenously.
The expression of USP5 was confirmed in various organs
collected from the treated mice (Figure S6). We first investi-
gated the anti-inflammatory function of USP5 in vivo using
an IL1B-dependent mouse peritonitis model [11].
Intraperitoneal injection of alum can induce the production
of PMs in mice [28,29]. As shown in Figure 6A, the over-
expression of USP5 could specifically inhibit the secretion of
IL1B in vivo, while the production of other pro-inflammatory
cytokines, such as TNF and IL6, was not affected (Figure 6A).
In addition, less CASP1 p20 and IL1B p17 were also observed
in the lavage fluid from USP5 overexpressing mice (Figure
6B). Next, the recruitment of inflammatory cells in the lavage
fluid was analyzed. Alum-induced recruitment of PECs

(peritoneal exudate cells) were reduced in the mice overex-
pressing USP5 (Figure 6C). Recruitment of neutrophils and
LY6C" monocytes were also inhibited by overexpression of
USP5 (Figure 6D-G). Collectively, these findings further
proved that USP5 could inhibit NLRP3 inflammasome and
subsequent immune cell accumulation in mouse peritonitis in
vivo.

Discussion

NLRP3 inflammasome can be activated by various danger
signals, including bacterial products, such as muramyl dipep-
tide (MDP) [30] or LPS, as well as particulate materials, such
as silicium dioxide or titanium dioxide [31,32]. The over-
activated NLRP3 inflammasome is associated with many dis-
eases, so the activation of NLRP3 inflammasomes needs to be
strictly controlled [33]. Here we show a pivotal function of
USP5 in negatively regulating the NLRP3 inflammasome by
acting on the second activation step (Figures 1, S1 and S2).
USP5 could selectively promote K48-linked polyubiquitina-
tion of NLRP3 (Figure 4) and mediate NLRP3 degradation in
autophagy (Figures S1, S3, S4, Figures 2 and 3) by recruiting
the E3 ligase MARCHF?7 (Figure 5). The roles of USP5 were
also confirmed in the alum-induced peritonitis (Figure 6) in
vivo. In fact, USP5 overexpression could reduce IL1B and
PMN infiltration in alum-induced peritonitis, which was con-
sistent with our previous results that USP5 could negatively
regulate NLRP3 inflammasome.

Over the past decade, a large number of studies have
shown that NLRP3 inflammasome activity is extensively regu-
lated by deubiquitination. As positive regulators, USP7 and
USP47 facilitates PYCARD speck formation and NLRP3
inflammasome activation by deubiquitinating NLRP3 in an
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unknown mechanism [34]. Also, BRCC3, a member of the
JAMM deubiquitination enzyme family, promotes IL1B secre-
tion by cleaving its K63-linked polyubiquitin chain on LRR
domain of the NLRP3 [17]. With the assistance of UAFI,
USP1 removes K48-linked polyubiquitin chain on NLRP3
and inhibits its degradation in proteasome pathway [35]. In
addition, USP19 inhibits the proteasomal degradation of
inflammasome-independent NLRP3 by cleaving its polyubi-
quitin chains and stabilizes NLRP3 promoted M2-like macro-
phage polarization [36]. By contrast, A20 can inhibit the
activation of NLRP3 inflammasome by suppressing NFKB
pathway, mainly playing a role in the transcription step of
NLRP3 inflammasome [37]. However, whether deubiquitinat-
ing enzymes (DUBs) could promote the degradation of
NLRP3 especially in lysosomal pathway and restrain the acti-
vation of NLRP3 is still not reported. Here, we found that
USP5 is involved in the autophagy degradation of NLRP3 as
an important DUB.

USP5 has been found to play important roles in multiple
cellular signal pathways, such as in DNA repair [38], stress
reactions [39] and cancer progression [24,40-42]. However,
the function of USP5 in inflammasome pathways as an
innate immunity regulator has not been studied. In this
paper, we investigate the function of USP5 in NLRP3
inflammasome signaling for the first time. Most of the
reported DUBs can remove the ubiquitination of the sub-
strates. But at the same time, DUBs can enhance the ubi-
quitination of certain target proteins. The functional
patterns used by DUBs to change the different types of
ubiquitination of its substrates can be summarized into
six working patterns, which are dependent or independent
of their enzyme activities [43]. USP5 has been reported to
regulate function of SMURF1 [44], HDAC2 [45], OSBPLS/
ORP8 [46], and TUFM [24] depending on its deubiquiti-
nase activity. Interestingly, in our report, USP5 could pro-
mote, but not cleave, the K48-linked ubiquitination level of
NLRP3 and degrade NLRP3 (Figure 4). In previous study,
USP5 inhibits IFNB expression and supports VSV replica-
tion by recruiting STUBI to degrade DDX58/RIG-I [43].
These inspire us that USP5 may act as a critical scaffold
protein and recruit a specific E3 ligase to regulate the
activation of NLRP3 inflammasome.

MARCHEF?7 is the only known E3 ligase, which could lead
to the lysosomal degradation of NLRP3 in the existence of
dopamine [16]. However, our location prediction analysis of
MARCHF?7 did not reveal a direct lysosomal location (data
not shown). Thus, the detailed mechanism by which
MARCHF7 mediated autophagic degradation of NLRP3
needs further study. Since USP5 is located in the lysosome
(Figure S4), we hypothesized that USP5 may recruit
MARCHF7 and degrade NLRP3. To validate the role of
MARCHEF7 in USP5-mediated NLRP3 polyubiquitination
and degradation, we demonstrated that MARCHF7 also
plays a role in the classic two-step activation (LPS plus ATP
stimulation) of inflammasome firstly, and an obvious combi-
nation between USP5 and MARCHF7 was easily detected.
Secondly, USP5 failed to enhance the K48-linked ubiquitina-
tion of NLRP3 and subsequently abolished its function in
promoting the degradation of NLRP3 when MARCHF7 was

knockdown, which indicated that USP5 mediated-NLRP3
degradation relied on MARCHF7. Thirdly, knockdown of
USP5 could greatly inhibit the interaction between
MARCHEF7 and NLRP3, and decrease the degradation and
ubiquitination of NLRP3 by MARCHF7, which indicated that
MARCHF7-mediated polyubiquitination and autophagic
degradation of NLRP3 dependent on USP5 (Figure 5).
Taken all together, our findings indicated USP5 is a key
scaffold protein recruiting E3 ligase MARCHF7 to NLRP3,
and promoting K48-linked polyubiquitination followed by
autophagy-mediated degradation of NLRP3. At the same
time, this scaffolding function of USP5 is not specific, because
it can also recruit STUBI to increase the ubiquitination of
DDX58. The results extend previous studies by providing
more details of the role for MARCHF?7 in the regulation of
NLRP3 inflammasome activation especially in the absence of
dopamine.

In summary, we identified the first DUB which promoting
NLRP3 degradation in autophagy-lysosomal system, and pro-
pose a working model to illustrate how USP5 negatively
regulates NLRP3 inflammasome activation (Figure 7). Our
results link DUB, E3 ubiquitin ligase, and autophagy system
to a complex regulatory network that sensitively regulates the
activation of the NLRP3 inflammasome. This complex control
may play a critical role in preventing excessive NLRP3 activa-
tion and uncontrolled inflammatory diseases. The NLRP3
inflammasome is an important focus of biomedical research
and a therapeutic target for a variety of diseases. Our findings
provide a new insight into USP5 in the regulation of excessive
activation of NLRP3 inflammasome and inflammatory innate
immune response. The deepening of this study will also con-
tribute to a better understanding of related diseases and pro-
vide important evidence that will inform the development of
new therapies.

Materials and methods
Reagents and antibodies

LPS (Escherichia coli, 055:B5; 1L6529), 3-MA (M9281), ATP
(A1852), MG132 (C2211), CHX (66-81-9), and chloroquine
(CQ; C6628) were purchased from Sigma-Aldrich and were
used at a final concentration of 200 ng/mL, 10 mM, 5 mM,
10 pM, 100 ug/mL, and 10 pM, respectively. IL1B (211-11B)
was from PeproTech and was used at a final concentration of
10 ng/mL. Imject™ Alum Adjuvant (77161) was obtained from
Thermo Fisher Scientific and was used at a final concentration
of 200 pg/mL. Nigericin (tlrl-nig), flagellin (tlrl-epstfla), poly
(dA:dT) (tlrl-patn-1), and bafilomycin A; (BafAl; tlrl-bafl)
were from Invivogen and were used at a final concentration
of 10 uM, 200 ng/mL, 200 ng/mL, and 1 pM, respectively.
Poly(dA:dT) and flagellin were transfected into macro-
phages. Anti-CASP1 p45 and p20 (AG-20B-0042-C100),
anti-NLRP3 (for western; AG-20B-0014-C100) were from
AdipoGen. Anti-USP5 (sc-390943), anti-ATG5 (sc-
133158), anti-MARCHF7 (sc-166945), anti-Ub (sc-8017),
anti-ACTB (sc-8432), protein G agarose (sc2003) used for
IP, and horseradish peroxidase-conjugated goat anti mouse
(sc-2005) or rabbit (sc-2004) secondary antibodies were



from Santa Cruz Biotechnology. Anti-IL1B p31 (12242S)

and pl7(85658S), anti-LC3 (4108); anti-p-MAPK/JNK
(9252S), anti-p-RELA/p65 (3033S), anti-p-MAPK/p38
(4511S), anti-p-MAPK/ERK  (4695S), anti-MAPK/JNK

(92528), anti-RELA/p65 (8242S), anti-MAPK/p38 (86908),
anti-MAPK1/ERK2-MAPK3/ERK1 (4370S), anti-K48-ub
(8081S), anti-GFP (2956S), and anti-K63-ub (12930S) were
from Cell Signaling Technology. Anti-LAMP1(ab25630),
anti-NLRP3 (for immunofluorescence staining; ab4207);
Alexa Fluor 405 donkey anti goat (ab175665), anti-AIM2
(ab204995), and anti-NLRC4 (ab201792) were from Abcam.

Rabbit anti-MYC  (A190-105A) was from  Bethl
Laboratories. Rabbit anti-Flag (PA1-984B) was from
Invivogen. Rabbit anti-HA (600-401-384) was from

Rockland. Rabbit anti-His (66005-1-Ig) and rabbit anti-V5
(14440-1-AP) were from Proteintech. Mouse anti-MYC
(TA150121) and mouse anti-HA (TA100012) were from
Origene. Mouse anti-Flag (F9291) was from Sigma-
Aldrich; Alexa Fluor 488 (A11001) and Alexa Fluor 568
(A11004) goat anti mouse secondary Ab, and Alexa Fluor
488 (A11034) and Alexa Fluor 568 (A11011) goat anti
rabbit secondary Ab were from Thermo Fisher Scientific.

Mice and cell culture

C57BL/6 mice used to prepare PMs were obtained from Joint
Ventures Sipper BK Experimental Animal (Shanghai, China).
Mice were housed in individually ventilated cages. Mice were
culled using cervical dislocation isolated from the other mice.
To obtain mouse PMs, the mice were injected with starch by
intraperitoneal injection 3 days in advance, and peritoneal
exudate cells were obtained 3 days later. After 2 h, unless
adherent cells were removed, adherent monolayer cells were
used as PMs. Human HeLa (CCL-2), HEK293T(CRL-1573),
and THP-1 cells (TIB-202) were obtained from the American
Type Culture Collection/ATCC. HeLa and HEK293T were
cultured at 37°C in an atmosphere of 5% CO, in DMEM
(HyClone GE Healthcare, SH30022.01) supplemented with
10% fetal bovine serum (FBS; Thermo Scientific, 10082147),
100 U/mL penicillin and100 pg/mL streptomycin (Thermo
Scientific, 15140122). THP-1 cells were cultured in RPMI-
1640 medium (HyClone GE Healthcare, SH30027.01) supple-
mented with 10% FBS, 100 U/mL penicillin and 100 pug/mL
streptomycin, THP-1 cells were differentiated to a macro-
phage-like state by incubating with 20 nM PMA (Sigma-
Aldrich, P1585) overnight.

Construction and transfection of plasmids

NLRP3, CASPI1, and PYCARD cDNA were amplified from
THP-1 cells or PMs by standard PCR and cloned in
pCMV-N-MYC  plasmids (Beyotime Biotechnology,
D2756). USP5 was cloned in pCMV-2-Flag (Sigma-
Aldrich, E7398), pCDNA3.1 (invitrogen, V79020), and
pEGFP-C1 (Clontech, 6084-1) plasmids. Expression vector
for AIM2-Flag and NLRC4-Flag were provided by Dr.
Xiaopeng Qi (Shandong University). Deletion and trunca-
tion cDNA were amplified from THP-1 cells and subcloned
into pCMV2-Flag plasmids. Point mutations were generated
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using the KOD-Plus-Mutagenesis kit (Toyobo, 956900).
MARCHF7 (CH889469) and TUFM (CH854204) were pur-
chased from Vigene Biosciences, and HA-ubiquitin and
other plasmids were described previously [14]. All con-
structs were confirmed by DNA sequencing. Plasmids
were transiently transfected into HEK293T cells using
Lipofectamine 2000 reagent (Invitrogen, 11668019) accord-
ing to the manufacturer’s instructions.

RNA interference assay and RNA quantitation

The siRNAs were synthesized as follows: murine Usp5: 5'-
GGAAUUCUUCCUACAUCUUTTAAGAUGUAGGAAGA-
AUUCC-3', human USP5: 5'-
GCAGAUGGGUGAUCUACAATTUUGUAGAUCACCCA-
UCUGC-3' for siUSP5-1;5'-
GGAGCUGACGUGUACUCAUTTAUGAGUACACGUCA-
GCUCC-3' for siUSP5-2;5'-
GCCUGACAUUGUCAGAGAUTTAUCUCUGACAAUGU-
CAGGC-3' for siUSP5-3. Unless specified, siUSP5-2 was used
for the following experiment. Murine Marchf7 was 5'-
GGACUUAUGUAGAAUUUGU-3. Human MARCHF7 was
5'-GCACUUGGGAGUAAUUUGA-3" for siMARCHF7-1,
and 5-GCACACGUGUCCGAUUUAU-3' for siMARCHF7-
2. If not specified, a mixture of the two siRNAs were used.
Murine Atg5 was 5-CCTTTGGCCTAAGAA GAAA-3' for
siAtg5-1, and 5- CATCTGAGCTACCCGGATA-3' for
siAtg5-2. If not specified, a mixture of the two siRNAs
were  used. The  negative  control was  5'-
UUCUCCGAACGUGUCACGU-3". These siRNA duplexes
were transfected into mouse PMs or THP-1 cells using
Lipofectamine™ RNAIMAX Transfection Reagent
(Invitrogen, 13778150) according to the manufacturer’s
instructions.

Total RNA from cells were extracted using the RNA fast
200 kit (Fastagen Biotech, 220011) and was reverse tran-
scribed using reverse transcriptase (TaKaRa Bio, RR047A). A
LightCycler and SYBR RT-PCR kit (Roche, 06924204001)
were used for real-time quantitative RT-PCR (qRT-PCR)
analysis. Specific primers used for RT-PCR assays were the
sequences of primers used for RT-PCR was 5'-
CATTTGGAAGATTACCCGCCC-3' and 5'-
CTCTGGCTGGTCCTTCTITAGC-3" for mouse Nirp3; 5'-
ACTGACTGGGACCCTCAAGT-3' and 5'-
GCAAGACGTGTACGAGTGGT-3' for mouse Caspl; 5'-
GCAACTGCGAGAAGGCTATG-3" and 5'-
GCTCCTGTAAGCCCATGTCT-3" for mouse Pycard; 5'-
GGGAGACTGGCTACCCCTTA-3" and 5'-
AGTGAGACAAGTGCTCTGCC-3" for mouse Usp5; 5'-
ACCTTCCAGGATGAGGACATGA-3' and 5'-AACGTCA

CACACCAGCAGGTTA-3 0 for Il1b; 5
GCCACCACGCTCTTCTG

TCT-3' and 5-TGAGGGTCTGGGCCATAGAAC-3' for
mouse Tnf; 5'-ACAACCACGGCCTTCCCTAC-3' and 5'-

CATTTCCACGATTTCCCAGA-3' for mouse Il6; and 5'-
CCACACCCGCCACCAGTTCG-3' and 5'-
TACAGCCCGGGGAGCATCG-3' for mouse Actb. Data were
normalized to ACTB expression in each sample.
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Co-IP and immunoblot analysis

Whole-cell extracts were lysed in IP buffer (1.0% [vol:vol]
Nonidet P40 [Solarbio, N8030], 50 mM Tris HCI [Solarbio,
79912], pH 7.4, 50 mM EDTA [Solarbio, E1170], 150 mM
NaCl), and a protease inhibitor mixture (Roche diagnostics
GmbH, 11836170001). After centrifugation for 10 min at
12,000 g, supernatants were collected and incubated with
protein G Plus-Agarose Immunoprecipitation reagent (Santa
Cruz Biotechnology, sc-2003) together with IP antibodies.
After of incubation overnight, beads were washed four times
with immunoprecipitation buffer. Immunoprecipitates were
eluted by boiling with 1% (wt:vol) SDS sample buffer and
boiled at 100°C for 5 min then followed by western blot.
Equal amounts of extracts were separated by SDS-PAGE,
and then they were transferred onto nitrocellulose membranes
and then blotted with specific Abs.

ELISA

The concentrations of IL1B (Dakewe Biotech Company Ltd.,
1210122), TNF (Dakewe Biotech Company Ltd., 1217202),
and IL6 (Dakewe Biotech Company Ltd., 1210602) were mea-
sured using ELISA Kkits according to the manufacturer’s
instructions.

Ubiquitination assays

To evaluate ubiquitination of NLRP3 in HEK293T cells, the
cells were transfected with MYC-NLRP3, HA-Ub (WT), HA-
K48(K48), HA-K63(K63), and GFP-tagged WT or mutant
USP5. Whole-cell extracts were Immunoprecipitated with
anti-HA and analyzed by immunoblotting with anti-MYC
antibody. To evaluate ubiquitination of endogenous NLRP3,
macrophages were stimulated with LPS (200 ng/mL) then
whole-cell lysates were IPed with anti-NLRP3 and analyzed
by immunoblotting with anti-Ub antibody or incubated with
GST-Ub-TUBE (LifeSensors, UM101) and pulled down with
GST beads (Qiagen, 30950). The GST beads were washed with
lysis buffer containing 500 mM NaCl for three times and
subject to PAGE electrophoresis and immunoblot analysis.

Immunofluorescence staining and confocal analysis

HeLa cells were co-transfected with GFP-USP5 and MYC-
NLRP3 for 24 h. The culture medium on the upper layer of
the 12-well plate was removed and washed twice in 1x PBS
(Santa Cruz Biotechnology, sc-281692) for 5 min. PBS was
added slowly along the wall of the plate to avoid washing away
the cells. One milliliter of 4% paraformaldehyde (Beyotime
Biotechnology, P0098) was added to each well with slow
shaking at room temperature for 20 min. After washing
three times, the 0.1% Triton X-100 (Beyotime
Biotechnology, P0096) was added to each well for 15 min,
followed by three washes with 1x PBS. Cells were blocked for
1 h in 1% BSA (Beyotime Biotechnology, P0102) and incu-
bated with primary antibody overnight in 1% BSA, followed
by incubation with Alexa Fluor 568 (Thermo Fisher Scientific,
A11004) goat anti mouse secondary Ab, Alexa Fluor 568

(Thermo Fisher Scientific, A11011) goat anti rabbit secondary
Ab, Alexa Fluor 488 secondary antibody (Thermo Fisher
Scientific, A11001) goat anti mouse secondary Ab, Alexa
Fluor 488 (Thermo Fisher Scientific, A11034) goat anti rabbit
secondary Ab or Alexa Fluor 405(abcam, 175665) donkey anti
goat secondary Ab. Nuclei were counterstained with anti-fade
fluorescence mounting medium with DAPI (abcam,
ab104139) or anti-fade fluorescence mounting medium
(abcam, ab104135). Cells were examined by confocal laser
microscopy using a model LSM780 microscope (Carl Zeiss,
Oberkochen, Germany).

MmUSP5 and MmMARCHF7 overexpression lentivirus

pLVX-IRES-Puro-MmUSP5 and pLVX-IRES-Puro-
MmMARCHF7 (mouse MARCGEF7) were generated by sub-
cloning the MmUSP5-coding sequence and MmMARCHF7-
coding sequence into the pLVX-IRES-Puro vector, and the
empty pLVX-IRES-Puro was used as a control. Plasmids
encoding MmUSP5**** was generated using the KOD-Plus-
Mutagenesis kit. The lentivirus was produced by transient
transfection of the pLVX-IRES-Puro-MmUSP5 and -
MmMARCHF7 construct or control vector into HEK293T
cells using Lipofectamine 2000 with pLVX-IRES-Puro,
psPAX2, and pMD2. G.

In vivo peritonitis

WT or USP5 overexpressing mice (6-7 weeks old) were
injected intraperitoneally with 700 ug of alum for 12 h.
Peritoneal cavities were washed with 6 mL of PBS. The peri-
toneal fluids were harvested and concentrated for ELISA
analysis and PECs were analyzed by fluorescence-activated
cell sorting as described previously [14].

In vivo transfection

Plasmids were administered via tail vein injection. Flag-
Vector or Flag-MmUSP5 plasmids were injected into mice
along with the DNA transfection reagent (Entranster-in vivo;
Engreen, 18668-11) by tail vein injection (40 pg/mouse) on
the day before the alum model was started to ensure stable
expression of plasmids in mice.

Flow cytometry

Single-cell suspensions of PECs were prepared and the cells
were stained with antibodies against surface markers. The
PECs were assessed with the markers 7AAD (BioLegend,
559925), LY6G (BioLegend, 127605) and ITGAM/CD11b
(BioLegend, 17-0012-81) for analysis of the recruitment of
neutrophils and with 7AAD, LY6C (BioLegend, 128007) and
ITGAM for analysis of monocytes. Data were acquired on a
LSRFortessa flow cytometer (BD Biosciences) and analyzed
with FlowJo software.



Statistical analysis

Statistical significance between groups was determined by the
two-tailed Student’s t-test and two-way ANOVA test.
Differences were considered significant at P < 0.05. Kaplan-
Meier survival curves were generated and analyzed for statis-
tical significance using GraphPad Prism 5.0 (GraphPad, La
Jolla, CA, USA). Pilot studies were used to estimate the
sample size to ensure adequate power. There was no exclusion
of data points or mice. No randomization or blinding was
used.
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