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Sequential ubiquitination of NLRP3 by RNF125 and
Cbl-b limits inflammasome activation and

endotoxemia
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Aberrant NLRP3 inflammasome activation contributes to the development of endotoxemia. The importance of negative
regulation of NLRP3 inflammasomes remains poorly understood. Here, we show that the E3 ubiquitin ligase Cbl-b is essential
for preventing endotoxemia induced by a sub-lethal dose of LPS via a caspase-11/NLRP3-dependent manner. Further studies
show that NLRP3 undergoes both K63- and K48-linked polyubiquitination. Cbl-b binds to the K63-ubiquitin chains attached to
the NLRP3 leucine-rich repeat domain (LRR) via its ubiquitin-associated region (UBA) and then targets NLRP3 at K496 for K48-
linked ubiquitination and proteasome-mediated degradation. We also identify RNF125 as an additional E3 ubiquitin ligase
that initiates K63-linked ubiquitination of the NLRP3 LRR domain. Therefore, NLRP3 is sequentially ubiquitinated by K63- and
K48-linked ubiquitination, thus keeping the NLRP3 inflammasomes in check and restraining endotoxemia.

Introduction

Sepsis, a systemic inflammatory response syndrome (SIRS) in
patients following infection or injury, causes millions of deaths
globally each year (Angus et al., 2001; Deutschman and Tracey,
2014; Hutchins et al., 2014; Martin et al., 2003). Sepsis caused by
gram-negative bacteria is thought to be largely due to the host’s
response to LPS or endotoxins (Bosmann and Ward, 2013). IL-1,
particularly IL-1B, is one of several pro-inflammatory cytokines
produced during SIRS that serves to initiate the host inflam-
matory response and to integrate nonspecific immunity. Many of
IL-1’s effects are beneficial in times of stress, but when produced
for extended periods of time or in excessive quantities, IL-
1B contributes to host morbidity and mortality (Bosmann and
Ward, 2013; Pruitt et al., 1995; Wiersinga et al., 2014). In addi-
tion, pyroptosis mediated by caspase-11 (Casp-11; Kayagaki et al.,
2015; Shi et al., 2015), which has been shown to be a direct cy-
tosolic receptor for LPS (Shi et al., 2014), also contributes to the
mortality of high-dose LPS-induced endotoxemia (Kayagaki
et al, 2011). The release of IL-1B and the induction of py-
roptosis during sepsis are tightly controlled by a multi-protein

complex, termed the nucleotide-binding oligomerization domain
(NOD)-, leucine-rich repeat (LRR)-, and pyrin domain-
containing protein 3 (NLRP3) inflammasome. This complex
consists of NLRP3, apoptosis-associated speck-like protein
(ASC), and Casp-1 (Davis et al., 2011; Martinon et al., 2009;
Martinon and Tschopp, 2004), or in some instances a non-
canonical inflammasome involving Casp-11/gasdermin D
(GSDMD; Kayagaki et al., 2015; Shi et al., 2015) rather than
Casp-1. Nlrp3~/-, Caspll™/~, and Caspl~/~ mice are protected from
LPS-induced endotoxemia under various conditions (Kayagaki
et al., 2011; Li et al., 1995; Mao et al., 2013; Sarkar et al., 2006;
Wang et al., 1998), while a naturally occurring polymorphism
for human Casp-12, a putative regulator of Casp-1, or mice de-
ficient for Casp-12 have been linked to sepsis in both humans
and mice (Saleh et al., 2006; Saleh et al., 2004). Moreover,
NLRP3 polymorphisms have been linked to sepsis morbidity
(Zhang et al., 2011). Thus, NLRP3 inflammasome activation
appears to be a prerequisite for a competent immune response
during endotoxemia. However, the mechanisms for negatively
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regulating the activation of the NLRP3 inflammasomes during
endotoxemia are largely unknown.

Casitas-B-lineage lymphoma protein-b (Cbl-b) is a RING
finger E3 ubiquitin ligase that plays a crucial role in T cell ac-
tivation, tolerance induction, and differentiation (Bachmaier
et al., 2000; Chiang et al., 2000; Guo et al., 2012; Harada et al.,
2010; Heissmeyer et al., 2004; Jeon et al., 2004; Li et al., 2004;
Qiao et al., 2008; Qiao et al., 2014; Qiao et al., 2013; Zhang et al.,
2002), but little is known about Cbl-b’s role in the innate im-
mune response. NLRP3 undergoes polyubiquitination when
BRCC3, a deubiquitinating enzyme, is inhibited (Py et al., 2013),
suggesting that ubiquitination is one of the major mechanisms
regulating NLRP3 inflammasome activity. It was reported that
tripartite motif 31 (TRIM31) may ubiquitinate NLRP3 and in-
duce NLRP3 degradation during LPS priming (Song et al., 2016),
suggesting that TRIM31 may mainly affect the expression of
NLRP3 during the priming phase. Therefore, the E3 ubiquitin
ligase(s) specifically responsible for NLRP3 ubiquitination in-
duced by NLRP3 inflammasome activators and the biological
relevance of NLRP3 ubiquitination have not been fully char-
acterized. Interestingly, although Cbl-b does not inhibit the
signaling derived from TLRs (Xiao et al., 2016), we show here
that it specifically inhibits IL-1B production by macrophages
induced by canonical and noncanonical NLRP3 inflammasome
stimuli. Therefore, we hypothesized that Cbl-b may be the E3
ubiquitin ligase that negatively regulates NLRP3.

In this study, we show that the ubiquitin-associated region
(UBA) of Cbl-b binds to the K63 ubiquitin chains that attach to
the NLRP3 LRR domain upon NLRP3 inflammasome stimulation.
Cbl-b then targets NLRP3 for K48-linked polyubiquitination. We
also found that RNF125, a RING finger E3 ubiquitin ligase, ini-
tially induces K63-linked polyubiquitination of NLRP3 within
the LRR domain, which is required for the recruitment of Cbl-b.
Therefore, our data collectively indicate that NLRP3 undergoes
sequential K63- and K48-linked polyubiquitination mediated by
RNF125 and Cbl-b, respectively, which is essential for control-
ling its activation and ultimately endotoxemia and polymicrobial
sepsis.

Results

Cbl-b selectively dampens NLRP3 inflammasomes in vitro
There are conflicting published views about the involvement of
Chl-b in TLR4 or MyD88-mediated signaling in monocytes or
macrophages (Bachmaier et al., 2007; Han et al., 2010; Yee and
Hamerman, 2013). We therefore revisited whether Cbl-b plays a
significant role in the production of pro-inflammatory cytokines
in response to TLR ligands. We stimulated WT and Cblb~/~ bone
marrow-derived macrophages (BMDMs) with various TLR li-
gands and measured the production of TNF-a and IL-6 in cell
culture supernatants. Consistent with recent published findings
(Xiao et al., 2016; Yee and Hamerman, 2013), we detected no
difference in the production of these pro-inflammatory cyto-
kines by BMDMs generated from WT and Cblb~/~ mice (Fig. 1 A).
We failed to observe any reduction in TLR4 or MyD88 degra-
dation in BMDMs lacking Cbl-b in response to LPS stimulation
(Fig. 1 B). Furthermore, phosphorylation of IkBa and p65 and
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induction of NLRP3 and pro-IL-18 were comparable between
WT and Cblb-/- BMDM:s in response to LPS stimulation (Fig. 1 C).
Taken together, our data suggest that Cbl-b does not regulate
TLR signaling.

To determine whether Cbl-b regulates canonical and non-
canonical NLRP3 inflammasomes, we stimulated LPS-primed
BMDMs from WT and Cblb~/~ mice with either (1) ATP and ni-
gericin, which activate the NLRP3 inflammasome (Davis et al.,
2011; Martinon et al., 2009; Rathinam et al., 2012a; Tschopp and
Schroder, 2010); (2) cholera toxin B (CTB), which activates the
noncanonical NLRP3 inflammasome (Kayagaki et al., 2011); (3)
anthrax lethal toxin (LT), which activates the NLRP1 in-
flammasome (Pétrilli et al., 2007; Rathinam et al., 2012a); (4)
poly(dA:dT), which activates the absent in melanoma 2 (AIM2)
inflammasome (Rathinam et al., 2010; Rathinam et al., 2012a); or
(5) flagellin, which activates the NLRC4 inflammasome (Pétrilli
et al., 2007; Rathinam et al., 2012a). We found no difference in
IL-1B production by WT and Cblb-/~ BMDMs via stimulation
through anthrax LT, flagellin, and poly(dA:dT); however, ATP,
nigericin, and CTB induced significantly higher production of
IL-1B by Cblb~- BMDMs compared with their WT controls
(Fig. 1 D). The increased IL-1B production by Cblb/~ BMDMs
upon ATP or CTB stimulation correlated with the heightened
generation of active Casp-1 pl0 and mature IL-1B pl7 as revealed
by immunoblotting of the supernatants collected from the cul-
tures (Fig. 1 E). To further determine whether Cbl-b regulates
NLRP3 inflammasome activation triggered by microbes, we in-
fected WT and Cblb~/- BMDMs with either enterohemorrhagic
Escherichia coli strain 700927 (hereafter called EHEC), which
activates the noncanonical NLRP3 inflaimmasome (Rathinam
et al., 2012b), Pseudomonas aeruginosa, which triggers the NLRC4
inflammasome (Sutterwala et al., 2007), or Francisella novicida,
which activates the AIM2 inflammasome (Rathinam et al., 2010).
Cblb~/- BMDMs only produced significantly more mature IL-18
than WT BMDM s upon infection with EHEC but not P. aeruginosa
and F. novicida (Fig. 1 F).

To define whether Cbl-b regulates both the canonical and
noncanonical NLRP3 inflammasomes, we introduced NLRP3
deficiency and Casp-11 deficiency into Cblb~/~ background and
generated Cblb~/"Nlrp3~/~ and Cblb~/-Caspll/~ mice. We mea-
sured IL-1B production and pyroptosis by BMDMs from WT,
Cblb~/-, Nlrp3~/-, Cblb~/~Nlrp3~/~, Caspll~/~, and Cblb~/-Caspll~/~
mice upon LPS-priming and ATP, CTB, or EHEC stimulation.
NLRP3 deficiency abrogated hyper-IL-1B production by Cblb~/~
BMDMs upon stimulation with ATP and CTB or infection with
EHEC (Fig. 1 G, left panel). In contrast, loss of Casp-11 only di-
minished hyper-IL-1B production induced by CTB and EHEC but
not ATP by Cblb/- BMDMs (Fig. 1 G, right panel). Pyroptosis
induced by EHEC was comparable between WT and Cblb~/~
BMDMs, and deficiency for Casp-11, but not NLRP3, markedly
inhibited pyroptosis (Fig. 1 H). Therefore, our data support the
notion that Cbl-b regulates Casp-11- and NLRP3-dependent IL-
1B production upon canonical and noncanonical inflammasome
stimuli but does not appear to regulate NLRP3-independent but
Casp-11-dependent pyroptosis induced by EHEC.

To determine whether Cbl-b has a similar effect on NLRP3
inflammasome activation in human macrophages, we generated
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Figure 1. Cbl-b selectively inhibits canonical and noncanonical NLRP3 inflammasomes. (A) TNF-a and IL-6 production by BMDMs from WT and Cblb™~ mice
stimulated with TLR ligands for 24 h. Med, medium; CpG, CpG oligodeoxynucleotides. (B) Immunoblot analysis of TLR4, MyD88, and CBLB of WT and Cblb~~
BMDM:s stimulated with LPS (500 ng/ml) at indicated time points. (C) Immunoblot analysis of phospho-IkBa, phospho-p65, NLRP3, pro-IL-1B, and NLRP3 of WT
and Cblb~/~ BMDMs stimulated with LPS at various time points. (D) IL-1B production by LPS-primed BMDMs stimulated with ATP (2.5 mM) for 30 min, nigericin (20
uM) for 3 h, CTB (40 pg/ml) for 16 h, anthrax LT (500 ug/ml) for 6 h, poly(dA:dT) (1 pg/10° cells) for 6 h, and flagellin (6.25 ug/10¢ cells) for 4 h. (E) Immunoblots of
pro-Casp-1, pro-IL-1B, NLRP3, and CBLB expression in cell extracts and Casp-1 activation and IL-1B maturation in the supernatants of LPS-primed WT and Cblb~~
BMDM:s stimulated with ATP (2.5 mM) for 30 min and CTB (40 pg/ml) for 16 h. CL, cell lysate; SN, supernatants. (F) IL-18 production by LPS-primed WT and Cblb~/~
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BMDMs after infection with EHEC (MOI = 25:1), P. aeruginosa (MOI = 30:1), and F. novicida (MOI = 100:1) for the indicated periods of time. (G) IL-18 production by
LPS-primed BMDMs from WT, Cblb~'~, Nlrp3~/~, Cblb~/~NIrp3~/-, Casp11~/~, and Cblb~'-Casp11~/~ mice stimulated with ATP (2.5 mM) for 30 min or CTB (40 pg/ml)
for 16 h or infected with EHEC (MOI = 25:1) for 12 h. (H) Lactate dehydrogenase (LDH) release from LPS-primed BMDMs from WT, Cblb~/~, Nlrp3~/~, Cblb~/~NIrp3~-,
Caspl1/-, and Cblb~/~Casp11~/~ mice infected with EHEC (MOI = 25:1) for 12 h. Data are shown as mean + SD. Data are representative of three independent

experiments. **, P < 0.01; Student’s t test. p, phospho.

human monocyte-derived macrophages (MDMs; Rajaram et al.,
2011) and transfected MDMs with CBLB-specific siRNA or
scrambled siRNA by nucleofection. Knocking down CBLB in
MDMs resulted in heightened IL-18 production upon LPS
priming and ATP stimulation (Fig. S1), similar to the data ob-
tained by using mouse BMDMs. These results suggest that the
role of Cbl-b in NLRP3 inflammasome in mouse macrophages is
translatable to human macrophages. These findings also suggest
that Cbl-b regulates both canonical and noncanonical NLRP3
inflammasomes, which are mediated by Casp-1 and Casp-11, re-
spectively (Kayagaki et al., 2011; Rathinam et al., 2012b).

Cbl-b inhibits a sub-lethal dose of LPS-induced endotoxemia
via a Casp-11/NLRP3-dependent manner

Lethality to LPS is mediated by the pro-inflammatory cytokine
IL-1B secreted by myeloid cells (Fantuzzi and Dinarello, 1996;
Kang et al., 2013; Scheibel et al., 2010) or by Casp-11 (Broz and
Monack, 2013; Kayagaki et al., 2011; Rathinam et al., 2012b) and
can be independent of TLR4 at very high doses (Hagar et al.,
2013; Kayagaki et al,, 2013). To test whether Cbl-b regulates
NLRP3 inflammasomes in vivo, we challenged WT and Cblb~/~
mice with a sub-lethal dose of LPS (5 mg/kg; E. coli O111:B4;
Sigma-Aldrich) by intraperitoneal injection. Although WT mice
all survived 24 h after LPS injection, all Cblb~/~ mice died (Fig. 2
A). Serum TNF-a was significantly higher in the Cblb-/~ mice
than the WT mice at 2 h, and IL-1P was increased at 2-6 h after
injection in Chlb~/~ mice, whereas there was no difference in
serum IL-6 levels in WT and Cblb~/~ mice (Fig. 2 B). To determine
the role of Cbl-b in polymicrobial sepsis, the cecal ligation and
puncture (CLP)-induced sepsis model was used. Cblb~/~ mice
were found to be highly susceptible to sub-lethal CLP, which
correlated with heightened blood bacterial burden and serum
IL-1B but not IL-6 after CLP (Fig. 2, C and D).

To determine whether heightened IL-1B is the major cause of
the LPS-induced lethality observed in Cblb~/~ mice, we injected
Cblb~/~ mice with the IL-IR antagonist (IL-IRA) before LPS
challenge. As shown in Fig. 2 A, blocking IL-1R prevented the
death of Cblb~/~ mice after LPS injection. This prevention was
associated with attenuated serum levels of IL-18 and TNF-a but
not IL-6 (Fig. 2 B), suggesting that there is a positive feedback
between IL-1B and TNF-a and that both IL-1B and TNF-a con-
tribute to the lethality of Cblb~/~ mice. In support of this notion,
blocking TNF-a using a neutralizing anti-TNF-a antibody also
prevented the death of Cblb~/~ mice, which correlated with a
reduction of TNF-a and IL-1B but not IL-6 in the sera (Fig. 2, E
and F). To further confirm these data, we used Cblb~/-Nlrp3~/-
animals. NLRP3 deficiency completely rescued Cblb~/~ mice from
death induced by a sub-lethal dose of LPS (Fig. 2 G), which was
associated with a dramatic reduction of IL-1B and TNF-a in the
serum (Fig. 2 H). Therefore, our data indicate that Cbl-b inhibits
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NLRP3-dependent IL-1B generation in vivo and that increased
TNF-a in the sera in Cblb~/~ mice upon LPS challenge is likely
secondary to IL-1B.

To exclude the potential confounding effect of the adaptive
immune system on LPS-induced lethality in Cblb-/~ mice, we
generated Cblb~/"Ragl™/~ mice, which do not have T and B cells.
Injection of a sub-lethal dose of LPS into Ragl™/~Cblb~/~ mice
recapitulated the phenomenon observed in Cblb~/~ mice (Fig. S2
A), suggesting that lethality to the typically sub-lethal dose of
LPS is primarily mediated by IL-1B produced by innate immune
cells. To further confirm this, we generated mice harboring loxP-
flanked Cbib allele (CbIbf; Fig. S2 B) and crossed them with LysM
Cre mice (Clausen et al., 1999) to obtain mice that specifically
lack Cbl-b in the myeloid cell lineage (LysM Cre-Cblb/f; Fig. S2 B).
Indeed, a sub-lethal dose of LPS induced high mortality in LysM
Cre-Cblbf mice (Fig. S2 C), thus recapitulating the phenomenon
observed in Cblb~/~ mice. A similar finding was observed in mice
expressing an E3 ubiquitin ligase dead mutation (C373A; Fig. 21),
suggesting that inhibition of LPS-induced endotoxemia by Cbl-b
is dependent on its E3 ubiquitin ligase activity. Taken together,
our data indicate that the E3 ubiquitin ligase activity of
Cbl-b in myeloid cells inhibits NLRP3 inflammasome-mediated
endotoxemia.

It was previously shown that lethal-dose LPS-induced le-
thality is dependent on pyroptosis induced by Casp-11 but not
Casp-1 (Kayagaki et al., 2011). To determine whether Cbl-b also
regulates lethality induced by a lethal dose of LPS, we injected
WT, Cblb~/~, Caspll~/~, Nlrp3~/~, Cblb~/~Nlrp3~/-, and Cblb~/-Caspll~/
mice with a lethal dose (54 mg/kg) of LPS. Al WT, Cblb~/-, Nlrp3-/-,
and Cblb~/~Nlrp3-/~ mice died within 14 h after injection at a similar
rate (Fig. 2], left panel), whereas Caspll/~ and Cblb~/-Caspll™/~ mice
survived from the first 16 h of LPS injection (Fig. 2 J, right panel).
Injection of LPS at 20 mg/kg to WT, Cblb~/-, Caspll™/~, Nlrp3~/-,
Cblb~/~Caspll~/~, and Cblb~/-Nlrp3~/~ mice showed that deficiency
for both NLRP3 and Casp-11 abrogated hyper-IL-1B levels in the
sera in Cblb~/~ mice (Fig. 2 K). Collectively, these data suggest that
Cbl-b regulates Casp-11/NLRP3-dependent inflammasome activa-
tion, which triggers IL-1B production, but it does not regulate
NLRP3-independent, but Casp-11-dependent, noncanonical in-
flammasome activation, which mainly triggers pyroptosis.

Cbl-b associates with NLRP3 in macrophages upon NLRP3
inflammasome activation

Recent studies indicate that NLRP3 inflammasomes are regu-
lated by a protein ubiquitination-dependent mechanism (Py
et al,, 2013), but the E3 ubiquitin ligase(s) that ubiquitinates
NLRP3 has not been fully characterized. Our data above col-
lectively indicate that Cbl-b negatively inhibits NLRP3 in-
flammasomes. To determine whether Cbl-b ubiquitinates
NLRP3, we first determined whether Cbl-b physically
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Figure 2. Loss of Cbl-b increases the susceptibility of mice to sub-lethal LPS-induced endotoxemia via a Casp-11/NLRP3-dependent manner. (A)
Kaplan-Meier survival curve of WT and Cblb~/~ mice injected with a sub-lethal dose of LPS (5 mg/kg) in the presence or absence of IL-1RA pretreatment. WT +
LPS (n = 9), Cblb~~ + LPS (n = 10), and Cblb~/~ + LPS/IL-1RA (25 mg/kg; n = 7). **, P < 0.01 (Cblb~'~ + LPS vs. WT + LPS or Cblb~'~ + LPS/IL-IRA); log-rank test.
(B) ELISA of serum IL-1B, TNF-q, and IL-6 levels from WT and Cblb~/~ mice injected with LPS (1 mg/kg) with or without IL-1RA pretreatment (n = 5). Data are
shown as mean + SD. **, P < 0.01 (WT + LPS vs. Cblb~/~ + LPS); *, P < 0.05 (Cblb~/~ + LPS vs. Cblb~/~ + LPS/IL-1RA), Student’s t test. (C) Survival rate of WT and
Cblb~/- mice undergoing sub-lethal CLP. CLP: WT (n = 8), Cblb~/~ (n = 10); Sham: WT (n = 5), Cblb~~ (n = 5). **, P < 0.01 (WT CLP vs. Cblb~/~ CLP); log-rank test.
(D) Blood bacterial burden (CFU/ml) of WT (n = 5) and Cblb~/~ mice (n = 5) undergoing sub-lethal CLP or Sham at 6 h after surgery. Data are represented as
mean + SEM. **, P < 0.01 (WT CLP vs. Cblb~~ CLP); by unpaired two-tailed Student’s t test. ELISA of serum IL-1B and IL-6 levels of WT and Cblb~/~ mice
undergoing sub-lethal CLP. Data are shown as mean = SD. *, P < 0.05; **, P < 0.01; Student’s t test. (E) Kaplan-Meier survival rate of WT mice (n = 6) injected
with LPS (5 mg/kg) or Cblb=/~ mice (n = 6) pretreated with or without a neutralizing anti-TNF-a (50 pg/mouse) and then injected with LPS (5 mg/kg). *, P <
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0.05; log-rank test. (F) ELISA of serum IL-1B, TNF-q, and IL-6 levels from WT mice (n = 6) injected with LPS (1 mg/kg) or Cblb~/~ mice (n = 6) pretreated with or
without a neutralizing anti-TNF-a (50 ug/mouse) and then injected with LPS (1 mg/kg). Data are shown as mean + SD. *, P < 0.05; **, P < 0.01; Student’s t test.
(G) Kaplan-Meier survival curve of WT, Cblb~'~ and Nirp3~/~, and Cblb~/~NIrp3~/~ mice injected with LPS (5 mg/kg; n = 5). **, P < 0.01 (Cblb~~ vs. Nlrp3~/~ or
Cblb~/-Nlrp3~/-); log-rank test. (H) ELISA of serum IL-1B, TNF-a, and IL-6 levels from WT, Cblb~/~, Nlrp3~/~, and Cblb~/~Nlrp3~/~ mice injected with LPS (1 mg/kg)
at 0,2, 6,and 12 h (n = 5). Data are shown as mean + SD. *, P < 0.05; **, P < 0.01 (Cblb~/=~ vs. Nlrp3~/~ or Cblb~-Nlrp3~/-); Student’s t test. (1) Kaplan-Meier
survival rate of WT (n = 5) and Cblb<7** mice (n = 7) injected with LPS (5 mg/kg). **, P < 0.01; log-rank test. (J) Kaplan-Meier survival rate of WT, Cblb™/~,
Nlrp3~/==, Casp11~/~ and Cblb=/~NIrp3~/~, and Cblb~/~Casp11~/~ mice (n = 5) injected with a lethal dose of LPS (54 mg/kg). **, P < 0.01 (Cblb~/~ vs. Casp11~/~ and
Cblb~/~Casp11™/~); log-rank test. (K) Serum IL-1B levels detected after 20 mg/kg LPS injection in mice (n = 4) of the indicated genotypes at 12 h. Data are
represented as mean = SD. **, P < 0.01 (Cblb~'~ vs. other groups); Student’s t test. Data are representative of three independent experiments (A-D and G, H,

K) and representative of two independent experiments (E, F, and I). Ab, antibody.

associates with NLRP3. We expressed hemagglutinin (HA)-
tagged Cbl-b and Flag-tagged NLRP3 in HEK293T cells through
transient transfection. HEK293T cells lack P2X receptors and
have low phagocytic ability, making them relatively resistant to
some NLRP3-activating stimuli like ATP and crystalline sub-
stances such as monosodium urate and alum (Gu et al., 2010;
Subramanian et al., 2013). Therefore, nigericin, an ionophore
that catalyzes an electroneutral potassium/proton exchange
across lipid bilayers to induce NLRP3 activation, was used as
the stimulus (Gu et al., 2010; Subramanian et al., 2013). Im-
munoprecipitation of Flag-tagged NLRP3 followed by Western
blotting with anti-HA antibodies indicated that Cbl-b interacts
with NLRP3 in HEK293T cells (Fig. 3 A). To determine whether
the Cbl-b-NLRP3 association requires ASC, we performed a
coimmunoprecipitation (Co-IP) assay using RAW264.7 cells, a
mouse macrophage cell line that lacks ASC (Pelegrin et al.,
2008). Upon LPS/ATP stimulation, Cbl-b associated with
NLRP3 (Fig. 3 B), indicating that their association is indepen-
dent of ASC. To verify that Cbl-b interacts with endogenous
NLRP3, we performed a Co-IP using BMDMs derived from
C57BL/6 mice. Again, upon LPS priming and ATP stimulation,
Cbl-b bound to NLRP3 (Fig. 3 C), consistent with the data
generated using RAW264.7 cells.

To define which domain of NLRP3 interacts with Cbl-b, we
transfected HEK293T cells with Flag-tagged NLRP3 and its mu-
tants (Fig. 3 D, upper panel). As shown in the middle and lower
panels of Fig. 3 D, the interaction of NLRP3 and Cbl-b was de-
pendent upon the LRR domain of NLRP3. Finally, we investi-
gated which domain of Cbl-b binds to the NLRP3 LRR domain. By
using a series of Cbl-b truncated fragments shown in Fig. 3 E, we
found that deletion of the UBA region of Cbl-b abrogated the
binding of Cbl-b to NLRP3, indicating that the UBA region of Cbl-
b binds to NLRP3’s LRR domain. To confirm whether the Cbl-b
UBA region directly binds to NLRP3’s LRR domain, we trans-
fected HEK293T cells with Flag-tagged NLRP3 LRR or
NLRP3ALRR together with HA-tagged Cbl-b UBA. Indeed, the
Cbl-b UBA region directly bound to the NLRP3 LRR domain
(Fig. 3 F). To determine whether Cbl-b UBA binds to the
ubiquitin chains that attach to the NLRP3 LRR domain, we
mutated all 11 lysine residues within the LRR domain. We found
that the NLRP3 LRR K/R mutant failed to bind to Cbl-b
(Fig. 3 G), therefore supporting the model that the Cbl-b UBA
region binds to ubiquitin chains attached to the LRR domain of
NLRP3. This notion is further supported by the fact that re-
constituting Nirp3~/~ BMDMs with NLRP3 LRR K/R mutant led
to heightened IL-1B production (Fig. 3 H).
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Cbl-b targets NLRP3 for ubiquitination and
proteasome-mediated degradation

To assess whether Cbl-b targets NLRP3 for ubiquitination, we
transfected HEK293T cells with Flag-tagged NLRP3, His-tagged
ubiquitin, and HA-tagged Cbl-b or Cbl-b C373A mutant lacking
E3 ubiquitin ligase activity. Indeed, Cbl-b but not Cbl-b C373A
potentiated NLRP3 ubiquitination (Fig. 4 A and Fig. S3 A). To
further confirm that Cbl-b is the E3 ubiquitin ligase for NLRP3,
WT and Cbhlb®3734 BMDMs were primed with LPS and stimulated
with ATP. NLRP3 ubiquitination was markedly reduced in
BMDM:s from Cblb%74 mice (Fig. 4 B and Fig. S3 B). These data
indicate that Cbl-b inhibits NLRP3 inflammasomes by ubiquiti-
nating NLRP3.

Next, we determined whether NLRP3 undergoes K48- or
K63-linked polyubiquitination by using K48- and K63-specific
ubiquitin antibodies. Indeed, NLRP3 from WT BMDMs un-
derwent both K48- and K63-linked polyubiquitination. Sur-
prisingly, although K48-linked ubiquitination of NLRP3 was
diminished in BMDMs expressing Cbl-b C373A, K63-linked
ubiquitination of NLRP3 remained unaltered (Fig. 4 B and
Fig. S3 B). To confirm this finding, we transfected HEK293T
cells with HA-tagged Cbl-b and Flag-tagged NLRP3, together
with His-tagged ubiquitin, K48 ubiquitin, or K63 ubiquitin.
Consistent with a previous report (Py et al., 2013), NLRP3
underwent both K48- and Ké63-linked poyubiquitination
(Fig. 4 C and Fig. S3 C). Our data suggest that Cbl-b mediates
K48-linked polyubiquitination of NLRP3 and that the K63-
linked ubiquitination of NLRP3 observed in HEK293T cells
and Cblb®734 BMDMs may be due to an additional endogenous
E3 ubiquitin ligase.

To define the functional significance of NLRP3 ubig-
uitination, WT BMDMs were primed with LPS and stimu-
lated with ATP or infected with EHEC for various time
points in the presence or absence of MG-132 (proteasome
inhibitor) or E-64 (lysosome inhibitor). NLRP3 underwent
degradation upon ATP stimulation or EHEC infection,
which was prevented by MG-132 but not E-64 (Fig. 4 D).
These findings indicate that NLRP3 degradation is depen-
dent on the proteasome. These observations are further
supported by the fact that NLRP3 undergoes degradation in
LPS-primed, ATP-stimulated, or EHEC-infected WT BMDMs
and that this degradation was diminished in BMDMs ex-
pressing Cbl-b C373A mutant or lacking Cbl-b (Fig. 4 E).
Collectively, these data support the notion that Cbl-b is the
E3 ubiquitin ligase for NLRP3 and mediates the degradation
of NLRP3.
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Figure 3. Cbl-b UBA region is required to form a complex with the NLRP3 LRR domain. (A) Immunoblot analysis of Flag immunoprecipitates (IP) of lysates
from HEK293T cells transfected with Flag-tagged NLRP3 and HA-tagged Cbl-b. CL, cell lysate. (B) Immunoblot analysis of Cbl-b immunoprecipitates of lysates
of RAW264.7 cells primed with LPS (100 ng/ml) for 4 h and stimulated with ATP (2.5 mM) for indicated time points. (C) Immunoblot analysis of NLRP3
immunoprecipitates of lysates of BMDMs primed with LPS and stimulated with ATP. (D) Immunoblot analysis of Flag or HA immunoprecipitates of lysates of
HEK293T cells transfected with HA-tagged Cbl-b and Flag-tagged NLRP3 or NLRP3 mutants (NLRP3 ALRR, NBD, LRR, and PYD). (E) Immunoblot analysis of Flag
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or HA immunoprecipitates of lysates of HEK293T cells transfected with HA-tagged Cbl-b, Cbl-b N1/3, Cbl-b C2/3, or Cbl-b AUBA and Flag-tagged NLRP3.
(F) Immunoblot analysis of Flag immunoprecipitates of lysates of HEK293T cells transfected with HA-tagged Cbl-b UBA together with NLRP3 LRR or
NLRP3ALRR in the presence of MG132 (10 uM, overnight). (G) Immunoblot analysis of Flag immunoprecipitates of lysates of HEK293T cells transfected with
HA-tagged Cbl-b together with Flag-tagged NLRP3 or NLRP3 LRR K/R mutant. (H) IL-1B production by Nlrp3~/~ BMDMs reconstituted with Flag-tagged NLRP3
or NLRP3 LRR K/R mutant plasmid, primed with LPS, and stimulated with ATP for 30 min. n = 3 mice per group, each with three repeated wells. Error bars are
mean = SD. **, P < 0.01 (Nlrp3~/~ BMDMs transfected with WT NLRP3 vs. with NLRP3 LRR K/R mutant) group; Student’s t test. Data are representative of three
independent experiments. Actin was used as a loading control. CL, cell lysates from transfected HEK293T cells, WT BMDMs, or RAW264.7 cells.

Identification of RNF125 as a novel E3 ubiquitin ligase inducing ~ additional E3 ubiquitin ligase other than Cbl-b is involved in the
K63-linked ubiquitination of the NLRP3 LRR domain that initiation of NLRP3 K63-linked polyubiquitination. To identify
recruits Cbl-b the potential E3 ubiquitin ligase that initiates NLRP3 LRR
The attachment of ubiquitin chains to the NLRP3 LRR domain ubiquitination, we performed a GST-NLRP3 pull-down assay
and their association with the Cbl-b UBA region suggests thatan  coupled with mass spectrometry analysis. To this end, we
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Figure 4. Cbl-b targets NLRP3 for K48-linked polyubiquitination. (A) Anti-His immunoblot analysis of Flag immunoprecipitates (IP) of lysates from
HEK293T cells transfected with Flag-tagged NLRP3, His-tagged ubiquitin, and HA-tagged Cbl-b or Cbl-b C373A. CL, cell lysate; ctr, control. (B) Anti-ubiquitin
immunoblot analysis of NLRP3 immunoprecipitates of lysates from WT and Chlb®7* BMDMs primed with LPS (100 ng/ml, 4 h) and stimulated with ATP (2.5
mM, 5 min) and reprobed with anti-K48-ubiquitin and anti-K63-ubiquitin. (C) Anti-His immunoblot analysis of Flag immunoprecipitates of lysates from
HEK293T cells transfected with Flag-tagged NLRP3, HA-tagged Cbl-b together with His-tagged ubiquitin, His-tagged K48 ubiquitin, or His-tagged K63 ubiquitin.
(D) NLRP3 immunoblot analysis of lysates from LPS-primed WT BMDMs pretreated with E-64 (10 uM) and MG-132 (5 uM) for 30 min and then stimulated with
ATP or infected with EHEC for indicated time points. (E) NLRP3 and Cbl-b immunoblot analysis of lysates from WT and Cblb®”3* or Cblb~/~ BMDMs primed with
100 ng/ml LPS for 4 h and then stimulated with ATP or infected with EHEC for various time points. Data are representative of three independent experiments.
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primed WT BMDM:s with LPS for 4 h and stimulated them with
ATP for 5 min. The BMDMs primed with LPS but without ATP
stimulation were used as a control. The BMDM lysates were
incubated with GST-NLRP3 immobilized on glutathione-agarose
beads. Complexes eluted from the beads were resolved by SDS-
PAGE and analyzed by silver staining (Fig. S4 A). The proteins
eluted from the beads were loaded on suspension trapping fil-
ters, captured as a fine dispersion, digested with trypsin, and
subjected to liquid chromatography-mass spectrometry (LC-
MS/MS) analysis of resulting peptides to identify the NLRP3-
interacting proteins. We selected the potential E3 ubiquitin
ligases based on whether they bound to NLRP3 upon LPS
priming or LPS priming plus ATP stimulation with the proba-
bility >70%. In addition to Cbl-b, we identified several additional
E3 ubiquitin ligases including TRIM213, TRIM21, TRIM47, Ring
finger protein 125 (RNF125), and RNF213 also binding to NLRP3
(Fig. S4 B). Note that among these candidates, Cbl-b was the only
E3 ubiquitin ligase that bound to NLRP3 upon ATP stimulation
(Fig. S4 B).

To further verify the association of these E3 ubiquitin ligases
with NLRP3 and the role that they play in NLRP3 inflammasome
activation, we performed Co-IP experiments, with the focus on
the above E3 ubiquitin ligases identified by LC-MS/MS. We also
included TRIM31 since it is reported that TRIM31 is a potential E3
ubiquitin ligase for NLRP3 (Song et al., 2016). These experiments
revealed that TRIM14, TRIM21, TRIM47, RNF213, and RNF125
bound to NLRP3 in WT BMDMs upon LPS priming and ATP
stimulation (Fig. 5 A). In contrast, we could not detect an in-
teraction between NLRP3 and TRIM31 by LC-MS/MS and Co-IP
assays at the time points that we tested (Fig. 5 A and Fig. S4 B).
To examine whether any of these E3 ubiquitin ligases are in-
volved in NLRP3 inflammasome activation, we silenced TRIM14,
TRIM21, TRIM47, TRIM31, RNF213, and RNF125 in WT BMDMs
by specific siRNA. We found that silencing RNF125, but not TRIM
family members and RNF213, resulted in heightened IL-1B pro-
duction upon LPS priming and ATP stimulation (Fig. 5 B). The
failure to reproduce the TRIM31-NLRP3 interaction reported by
Song et al. (2016) is currently unknown. Nevertheless, our data
collectively indicate that RNF125 is the initial E3 ubiquitin ligase
that induces NLRP3 K63-linked polyubiquitination within its
LRR domain. We should also note that HEK293T cells expressed
detectable RNF125 (Fig. 5 C), which may explain why NLRP3
underwent both K63- and K48-linked polyubiquitination with-
out transfection with exogenous RNF125.

To further determine whether RNF125 is the E3 ubiquitin ligase
to induce K63-linked polyubiquitination of NLRP3 within its LRR
domain, we knocked down endogenous RNF125 in HEK293T cells
by Rnfl25 siRNA and then transfected these cells with Myc-tagged
RNF125 or RNFI25 Ring mutant (RM), which contains C37R and
A40M mutations within the RNFI25 Ring finger domain (Kim
et al,, 2015), together with Flag-tagged NLRP3 or NLRP3 LRR K/R
mutant in the presence of K63 ubiquitin. Indeed, RNF125 induced
NLRP3 K63-linked polyubiquitination, and this ubiquitination was
abrogated in HEK293T cells expressing RNF125 RM or an NLRP3
LRR K/R mutation (Fig. 5 C and Fig. S5 A). To further confirm these
data, we silenced the Rnfi25 gene in WT BMDMs by Rnfi25 siRNA,
primed them with LPS, and stimulated with ATP. Silencing Rnf25
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abrogated K63-linked polyubiquitination of NLRP3 (Fig. 5 D and
Fig. S5 B). To verify this result, we employed the K63-specific
deubiquitinating enzyme AMSH (associated molecule with the
SH3 domain of signal transducing adaptor molecule), which has
been shown to specifically remove K63-ubiquitin chains
(McCullough et al., 2004). We cotransfected HEK293T cells with
HA-tagged Cbl-b, Flag-tagged NLRP3, Myc-tagged RNF125, and
His-tagged ubiquitin. The cell lysates were immunoprecipitated
with anti-Flag and then treated with or without the K63-specific
deubiquitinating enzyme AMSH. As shown in Fig. 5 E, treating
the Flag immunoprecipitates with AMSH abrogated K63- but not
K48-linked polyubiquitination of NLRP3. These data indicate
that RNF125 is the initiating E3 ubiquitin ligase by directing K63-
linked polyubiquitination of the NLRP3 LRR domain. In support
of these data, we found that RNF125 N-terminal 1-76 fragment
interacted with NLRP3 (Fig. 5 F).

Since NLRP3 undergoes both K63- and K48-linked poly-
ubiquitination, we hypothesized that RNF125 targets NLRP3 LRR
domain for K63-linked polyubiquitination, which subsequently
recruits Cbl-b to NLRP3 via its UBA domain. To test this, we
transfected HEK293T cells with RNF125 or RNF125 RM, HA-
tagged Cbl-b or Cbl-b UBA, Flag-tagged NLRP3 or NLRP3 LRR
K/R mutant, and His-tagged K63 ubiquitin. We found that K63
ubiquitin chains were required for the binding of Cbl-b UBA to
NLRP3 and for K48-linked polyubiquitination of NLRP3 (Fig. 5,
G and H and Fig. S5 C). In further support of this notion,
knocking down Rnf125 in WT BMDMs abrogated the interaction
between Cbl-b and NLRP3, whereas RNF125-NLRP3 interaction
remained intact in the absence of Cbl-b (Fig. 5, I and J). Fur-
thermore, silencing the Rnfl25 gene abrogated NLRP3 degrada-
tion (Fig. 5 K). Note that silencing the Rnfi25 gene led to an
increase in the expression of NLRP3 and pro-IL-1B during LPS
priming (Fig. 5 L), suggesting that RNF125 inhibits the priming
process. Taken together, our data collectively indicate that NLRP3
undergoes sequential K63- and K48-linked polyubiquitination
mediated by RNF125 and Cbl-b, respectively.

Lysine 496 is the site for the attachment of K48-linked
ubiquitin chains to NLRP3

To identify which lysine residue(s) of NLRP3 is the potential
ubiquitination site(s) mediated by Cbl-b, we transfected
HEK293T cells with HA-tagged Cbl-b, Flag-tagged NLRP3, and
His-tagged ubiquitin and then stimulated with nigericin and
lysed in radioimmunoprecipitation assay (RIPA) buffer. The
Flag-tagged NLRP3 was affinity purified using the FLAG M Pu-
rification Kit. The enriched fractions of NLRP3 and ubiquiti-
nated NLRP3 were resolved on SDS-PAGE and were Coomassie
blue stained. The bands corresponding to NLRP3 and ubiquiti-
nated NLRP3 were cut into small slices in gel digested with
trypsin and were processed for mass spectrometric analysis.
Although we failed to identify any lysine residues within the
NLRP3 LRR domain that were ubiquitinated, we did identify that
4INHGLQK(GG)*°*¢ADVSAFLR5%* within the NLRP3 nucleotide-
binding domain (NBD) was ubiquitinated (Fig. 6 A). The reason
for the failure to identify the ubiquitination sites within the
NLRP3 LRR domain might be due to the higher affinity of
ubiquitin chains attached to K496 compared with the ubiquitin
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Figure 5. ldentification of RNF125 as an additional E3 ubiquitin ligase that initiates K63-linked polyubiquitination of NLRP3. (A) Immunoblot analysis
of NLRP3 immunoprecipitates (IP) and total cell lysates (CL) from WT BMDMs primed with LPS and stimulated with ATP (2.5 mM) for 5 and 15 min with
antibodies against TRIM14, TRIM21, TRIM31, TRIM47, RNF125, RNF213, CBLB, and NLRP3. (B) IL-1B production by BMDMs from WT mice (n = 3) that were
transfected with siRNAs specific for Trim14, Trim21, Trim31, Trim47, Rnf125, and Rnf213, primed with LPS, and stimulated with ATP. Data are represented as
mean + SD. P < 0.001 (Rnfl125 siRNA-transfected BMDMs vs. other siRNA-transfected BMDMs); Student’s t test. Cell lysates from the above BMDMs were
blotted with antibodies against TRIM14, TRIM21, TRIM31, TRIM47, RNF125, RNF213, and actin. Ctr, control. (C) Anti-His immunoblot analysis of Flag im-
munoprecipitates of lysates from Rnf125 gene-silenced HEK293T cells transfected with Flag-tagged NLRP3 or NLRP3 LRR (K>R), Myc-tagged RNF125, or Myc-
RNF125 RM mutant together with His-tagged K63 ubiquitin. (D) Anti-K63 ubiquitin immunoblot analysis of NLRP3 immunoprecipitates of lysates from WT
BMDMs transfected with Rnf125 siRNA or a control siRNA, primed with LPS, and stimulated with ATP. (E) Anti-K63 and K48 immunoblot analysis of Flag
immunoprecipitates of lysates from HEK293T cells transfected with Flag-tagged NLRP3, HA-tagged Cbl-b, Myc-RNF125, and His-tagged ubiquitin treated with
or without AMSH. (F) Anti-Myc immunoblot analysis of Flag immunoprecipitates of lysates from HEK293T cells transfected with Myc-tagged RNF125, RNF125
(1-76), RNF125 (A1-76), or RNF126 (ZF), together with Flag-tagged NLRP3. (G) Anti-HA immunoblot analysis of Flag immunoprecipitates of lysates from
HEK293T cells transfected with Flag-tagged NLRP3 LRR or NLRP3 LRR (K/R) mutant, HA-tagged Cbl-b UBA, Myc-RNF125 or RNF125 RM, and His-tagged K63
ubiquitin in the presence of MG132 (10 pM, overnight). (H) Anti-K48-ubiquitin immunoblot of Flag immunoprecipitates of lysates from HEK293T cells
transfected with Flag-tagged NLRP3 or NLRP3 LRR (K/R) mutant, HA-tagged Cbl-b, Myc-RNF125, and His-tagged K63 ubiquitin. (1) Anti-RNF125 immunoblot
analysis of NLRP3 immunoprecipitates of lysates from WT and Cblb~/~ BMDMs that were primed with LPS and stimulated with ATP. (J) Anti-NLRP3 immu-
noblot analysis of Cbl-b immunoprecipitates of lysates from WT BMDMs transfected with Rnf125 siRNA or a control siRNA, primed with LPS, and stimulated
with ATP. (K) Anti-NLRP3 and anti-RNF125 immunoblot analysis of lysates from WT BMDMs transfected with Rnf125 siRNA or a control siRNA, primed with
LPS, and stimulated with ATP. (L) Anti-NLRP3 and anti-pro-IL-18 immunoblot analysis of WT BMDMs transfected with Rnf125 siRNA or a control siRNA, primed

with LPS for 1, 2, and 4 h. Data are representative of three independent experiments. Actin was used as a loading control.

chains attached to lysine residues within the NLRP3 LRR domain.
Alternatively, attachment of large ubiquitin chains to the NLRP3
LRR domain may also affect fragmentation. Furthermore, the
protein mobility smear caused by polyubiquitin chains will re-
duce NLRP3 protein concentrations across the gel slices, which
can adversely affect detection.

Since the NLRP3 LRR domain underwent K63-linked poly-
ubiquitination, we reasoned that Cbl-b mediates K48-linked
polyubiquitination within the NBD domain of NLRP3. To con-
firm whether K496 is the ubiquitination site of NLRP3, we
generated NLRP3 K496R mutant. We also used the UbPred, a
random forest-based predictor of potential ubiquitination sites
in proteins (http://www.ubpred.org) to predict the potential
ubiquitination sites within the NLRP3 NBD domain. We identi-
fied four other lysine residues within the NBD domain with low
to medium confidence (K324, K430, and K510) by the UbPred, of
which K324 and K510 were also detected by LS-MS/MS analysis
(Fig. 6 A). We also included K437, which is within the NLRP3
NBD domain, although UbPred shows this lysine residue with no
confidence. We generated NLRP3 K324R, K430R, K437R, and
K510R mutants and transfected HEK293T cells with HA-tagged
Cbl-b, Flag-tagged NLRP3 or NLRP3 K/R mutants, and His-
tagged K48 ubiquitin. Mutation of NLRP3 at K496R completely
abrogated K48-linked polyubiquitination of NLRP3 induced by
Cbl-b (Fig. 6 B and Fig. S5 D). Reconstituting Nlrp3~/~ BMDMs
with WT NLRP3, but not NLRP3 K496R, rescued K48-linked
ubiquitination and subsequent degradation of NLRP3 (Fig. 6 C
and Fig. S5 E), which correlated with heightened IL-1B produc-
tion by Nlrp3~/~ BMDMs reconstituted with NLRP3 K496R
(Fig. 6 D). Therefore, our data collectively indicate that lysine
496 within the NLRP3 NBD domain is the site for K48-linked
ubiquitin chain attachment.

In vivo silencing of Rnf125 increases the susceptibility of mice
to septic shock induced by a sub-lethal dose of LPS

Since RNF125 is required for the initiation of K63-linked poly-
ubiquitination of the NLRP3 LRR domain, which recruits Cbl-b,

Tang et al.
Sequential NLRP3 ubiquitination by E3 ligases

it is likely that RNF125-deficient mice should also be highly
susceptible to LPS-induced endotoxemia as shown in Cblb~/~
mice. Recently, we established a protocol that silences the Cblb
gene in WT mice in vivo (Xiao et al., 2016). To test this, we si-
lenced the Rnfl25 gene by in vivo delivery of Rnfl25-specific
siRNA via tail vein injection. As expected, all the mice receiv-
ing Rnf125 siRNA died within 40 h after injection with a sub-
lethal dose of LPS, whereas 60% of mice receiving control siRNA
survived (Fig. 7 A), which correlated with heightened IL-18 and
TNF-a in the sera (Fig. 7 C). These data indicate that the phe-
notype of mice with Rnfl25 gene silencing recapitulated the one
observed in Cblb~/~ mice.

Discussion

It has been shown that NLRP3 ubiquitination negatively regu-
lates NLRP3 inflammasome in vitro (Py et al., 2013), but the E3
ubiquitin ligase or ligases that ubiquitinate NLRP3 are not fully
defined. Furthermore, the biological relevance of in vivo NLRP3
ubiquitination remains to be established. Here, we first report
that NLRP3 undergoes sequential K63- and K48-linked poly-
ubiquitination, which is mediated by E3 ubiquitin ligases
RNF125 and Cbl-b respectively (Figs. 4 and 5). Consistent with
this, Cbl-b deficiency or inactivation leads to hyper-activation of
canonical and noncanonical NLRP3 inflammasomes (Fig. 1, D-H).
Mice deficient for Cbl-b are extremely sensitive to a sub-lethal
dose of LPS, which is rescued by IL-1RA treatment or introduc-
tion of NLRP3 deficiency (Fig. 2, A and E). Furthermore, mice
with Rnfi25 gene silencing are also highly susceptible to a sub-
lethal dose of LPS-induced endotoxemia (Fig. 7 A). Therefore, our
data demonstrate that RNF125 and Cbl-b coordinately regulate
NLRP3 inflammasome activation by targeting NLRP3 for ubiq-
uitination in vitro and in vivo (Fig. 8).

It has been shown that inhibiting BRCC3, a deubiquitinating
enzyme, results in NLRP3 ubiquitination, thus suppressing
NLRP3 inflammasome activity (Py et al., 2013). However, the E3
ubiquitin ligases responsible for ubiquitinating NLRP3 are not
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Figure 6. Lysine 496 is the site for the attachment of K48-linked ubiquitin chains to NLRP3. (A) Mass spectrometric analysis of Flag-tagged NLRP3
showed that K496 [*9INHGLQK(GG)**6ADVSAFLR5%4] was ubiquitinated. (B) Anti-His immunoblot analysis of Flag immunoprecipitates (IP) of lysates from
HEK293T cells transfected with HA-tagged Cbl-b and His-tagged K48 ubiquitin together with Flag-tagged NLRP3 lysine (K)/arginine (R) mutants (K324R,
K430R, K437R, K496R, and K510R). CL, cell lysate. (C) Anti-K48 ubiquitin immunoblot analysis of NLRP3 immunoprecipitates of lysates from Nlrp3~/~ BMDMs
reconstituted with pCMV6, Flag-tagged NLRP3, or NLRP3 K496R plasmid (upper panel). Anti-NLRP3 and anti-actin immunoblots of lysates from Nlrp3~/~
BMDMs reconstituted with Flag-tagged NLRP3 or NLRP3 K496R plasmid, primed with LPS, and stimulated with ATP (lower panel). (D) IL-1B production by
BMDMs from Nlrp3~/~ mice (n = 3) reconstituted with Flag-tagged NLRP3 or NLRP3 K496R plasmid, primed with LPS, and stimulated with ATP for 30 min. Data
are represented as mean + SD. **, P < 0.01 (Nlrp3~/~ BMDM:s transfected with WT NLRP3 vs. with NLRP3 K496R); Student’s t test. Data are representative of
two independent experiments (A) and representative of three independent experiments (B-D).

fully characterized. It is reported that TRIM31 may be the E3
ubiquitin ligase for NLRP3 (Song et al., 2016), but the in vivo
relevance of this report has not been established because of a lack
of TRIM31 E3 ubiquitin ligase dead knock-in mice. Furthermore,
loss of TRIM31 also only moderately slows the kinetics of NLRP3
degradation induced by LPS in the presence of cycloheximide
(Song et al., 2016). In addition, none of the NLRP3 inflammasome
stimuli were used to induce NLRP3 degradation (Song et al.,
2016). Therefore, whether NLRP3 degradation observed in this
study is induced by NLRP3 inflammasome stimuli is unknown.
In our GST-NLRP3 pull-down assay coupled with LC-MS/MS
analysis, we found that TRIM14, TRIM21, TRIM47, RNF125, and
RNF213 but not TRIM3I associated with NLRP3 (Fig. 5 A, upper
panel, and Fig. S4 B). Furthermore, silencing the Trim3I gene in
WT BMDMs does not affect LPS-primed, ATP-stimulated pro-
duction of IL-1B (Fig. 5 B). Therefore, TRIM31 may not be the E3
ubiquitin ligase that targets NLRP3 for ubiquitination.
Intriguingly, we found that Cbl-b binds to the NLRP3 LRR
domain via its UBA region (Fig. 3, D-F), suggesting that Cbl-b
binds to the ubiquitin chains that attach to the NLRP3 LRR
domain. Consistent with this notion, mutating the 11 lysine

residues to arginine within the LRR domain abrogates Cbl-
b-NLRP3 interaction (Fig. 3 G). Reconstituting Nlrp3~/-
BMDMs with the NLRP3 K/R mutant results in heightened
IL-1B production in response to LPS priming and ATP stimulation
(Fig. 3 H). The binding of Cbl-b to the ubiquitin chains attached to
the NLRP3 LRR domain is critical for NLRP3 degradation in the
proteasome because NLRP3 degradation is abrogated in macro-
phages expressing inactive Cbl-b upon ATP stimulation or EHEC
infection (Fig. 4 E). Through a GST-NLRP3 pull-down assay
coupled with LC-MS/MS and Co-IP experiments, we identified
RNFI125 as an initial E3 ubiquitin ligase to induce K63-linked
NLRP3 ubiquitination within its LRR domain (Fig. 5 and Fig. S5,
A-C). This results in the recruitment of Cbl-b via its UBA region
(Figs. 3 and 5), enabling Cbl-b to target NLRP3 NBD for K48-
linked polyubiquitination at K496 (Fig. 6 and Fig. S5, D and E)
and proteasome-mediated degradation (Fig. 4). To our knowl-
edge, our data are the first to identify a novel sequential ubig-
uitination event mediated by two E3 ubiquitin ligases, RNF125
and Cbl-b. Therefore, our data also indicate that ubiquitin chains
can function as an adaptor to recruit E3 ubiquitin ligases to their
substrates.
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Figure 8. Schematic model for RNF125 and Cbl-b in LPS-induced endotoxemia. When mice receive a sub-lethal dose of LPS, LPS triggers (1) TLR4 to
initiate a MyD88-dependent signaling pathway, which activates NF-kB and induces the expression of NLRP3 and pro-IL-1B and (2) TRIF-dependent pathway
that induces the expression of Casp-11. LPS also undergoes endocytosis and binds its cytosolic sensor Casp-11 to induce oligomerizations of Casp-11, which
cleaves GSDMD to liberate its N-terminal domain (NTD). NTD may trigger the activation of the NLRP3 inflammasome, leading to the release of IL-1B without
inducing pyroptosis. RNF125 targets the NLRP3 LRR domain for K63-linked polyubiquitination. The K63 ubiquitin chains attached to the NLRP3 LRR domain
recruit Cbl-b by binding its UBA region. Cbl-b then ubiquitinates NLRP3 at K496 within its NBD and targets NLRP3 to the proteasome for degradation, thus
keeping the NLRP3 inflammasome in check. In the absence or inactivation of Cbl-b, mice are highly susceptible to LPS-induced endotoxemia. However, when
mice receive a lethal dose of LPS exposure, LPS binds to Casp-11 and mainly triggers Casp-11-mediated pyroptosis via GSDMD. Cbl-b is unable to control this
noncanonical inflammasome-induced lethality. CARD, caspase recruitment domain; PYD, pyrin domain; TKB; protein tyrosine kinase-binding; L, linker region;
RF, Ring finger; P, peptide; PR, proline-rich region; Toll/IL-1IR domain-containing adaptor-inducing IFN-B. Red arrows indicate activation or induction, whereas

the blue dashed arrow indicates possible activation.

It was recently shown that Casp-11 is a cytosolic sensor for
LPS (Shi et al., 2014) and Casp-11 mediates noncanonical in-
flammasome activation independently of TLR4 (Hagar et al.,
2013; Kayagaki et al., 2013). Further analysis indicates that
GSDMD, a substrate of Casp-11 and Casp-1, is a key player of
pyroptosis (Kayagaki et al., 2015; Shi et al., 2015). It was reported
that LPS-induced lethality in mice is mediated by Casp-11 be-
cause mice deficient for Casp-11 are rescued from death induced
by a lethal dose of LPS (Kayagaki et al., 2011). We showed that
mice lacking Cbl-b or expressing Cbl-b C373A die from an in-
jection of a sub-lethal dose of LPS (5 mg/kg), which is rescued by
deficiency of NLRP3 or by IL-1RA treatment, which blocks both
IL-lo and IL-1B (Fig. 2, A, B, and G). These data suggest that
Cblb~/~ or Cblb®7A mice are likely to die from aberrant pro-
duction of IL-1B and subsequent TNF-a rather than pyroptosis.
Indeed, blocking TNF-a by an anti-TNF-a neutralizing antibody
also prevents LPS-induced mortality in Cblb~/~ mice (Fig. 2 E). In
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support of this, a lethal dose of LPS-induced mortality in
Cblb~/~ mice is not rescued by NLRP3 deficiency but by Casp-11
deficiency (Fig. 2 J). These are further supported by our
in vitro data that loss of Casp-11, but not NLRP3, impairs
EHEC-triggered pyroptosis in WT and Cblb~/~ macrophages
(Fig. 1 H). Although it has been suggested that the cleavage of
GSDMD by both Casp-1 and Casp-11 is a key executive event in
pyroptosis, macrophages deficient for Casp-11, but not Casp-1,
display defective pyroptosis triggered by cytosolic LPS
(Napier et al., 2016). This suggests that noncanonical in-
flammasomes mainly trigger Casp-11-mediated pyroptosis in-
dependently of Casp-1. Our data are further supported by a
recent report that GSDMD is required for IL-1 secretion in
living macrophages without pyroptosis (Evavold et al., 2018).
Collectively, our data suggest that gram-negative bacteria-
induced sepsis may activate both canonical and noncanonical
inflammasome pathways, while Cbl-b mainly regulates the
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release of IL-1B (Fig. 8). It is important to note that we did
not observe any difference in IL-1B in the sera of WT and
Cblb~/~ mice infected with Candida albicans, suggesting that
Cbl-b does not regulate Casp-8-mediated inflammasomes
(Xiao et al., 2016).

Previous studies suggest that Cbl-b may target TLR4 or
MyD88 for ubiquitination (Bachmaier et al., 2007; Han et al.,
2010). However, TNF-a and IL-6 production by macrophages
lacking Cbl-b stimulated with TLR ligands 1-9 is not increased
(Fig. 1 A). Furthermore, LPS-induced expression of TLR4,
MyD88, NLRP3, and pro-IL-1B and activation of NF-«B are also
not augmented in macrophages lacking Cbl-b (Fig. 1, B and C).
Therefore, our data collectively indicate that Cbl-b does not
regulate TLR signaling. In support of these data, it was reported
that Cblb~/- BMDMs are not hypersensitive to TLR stimulation
(Yee and Hamerman, 2013). Although LPS-induced endotoxemia
is mainly mediated by innate immune cells, T cells do respond
to LPS via TLR4 (Zanin-Zhorov et al., 2007). However,
Ragl~/~Cblb~/~ mice injected with a sub-lethal dose of LPS (Fig.
S2 A) recapitulate the phenotype observed in Cblb~/~ mice,
suggesting that Cbl-b deficiency in innate immune cells is re-
sponsible for the phenotype observed. Likewise, mice lacking
Cbl-b in myeloid cells but not T cells are also highly sensitive to
a sub-lethal dose of LPS (Fig. S2 C). Therefore, our data indicate
that Cbl-b expression in innate immune cells is crucial for the
suppression of LPS-induced endotoxemia.

In summary, we have identified RNF125 and Cbl-b as the key
E3 ubiquitin ligases that keep NLRP3 inflammasomes in check
by targeting NLRP3 for sequential K63- and K48-linked poly-
ubiquitination. Thus, NLRP3 inflammasome-mediated endo-
toxemia is prevented in the presence of RNF125 and Cbl-b

(Fig. 8).

Materials and methods

Mice

C57BL/6], B6.129S7-Ragl'™Mom/]  (Ragl~/-), and B6.129S6-
Nlrp3t™iBhk/] (Nlrp3~/~) mice were purchased from the Jackson
Laboratory. Cblb~/~ mice were kindly provided by Dr. Josef M.
Penninger (University of Toronto, Toronto, ON, Canada).
Caspll/~ mice (Wang et al., 1998) were kindly provided by Dr.
Junying Yuan (Harvard University, Cambridge, MA). Cblb~/~
mice were crossed with Ragl~~, Nlrp3~/-, and Caspll~/~ mice to
generate Cblb-/"Ragl~/~, Cblb~/"Nlrp3~/~, and Cblb~/~Caspll-/-
mice. Cblb®3734 mice were described previously (Oksvold et al.,
2008).

The mouse strain carrying the Chlb™a(KOMP)Wsi gljele was
generated at The Ohio State University Genetically Engineered
Mouse Modeling Core Facility by standard embryonic stem
(ES) cell technology (Piovan et al., 2014). The ES clone
EPD0703_2_B11 was acquired from the International Knockout
Mouse Phenotyping Consortium (project #79117; http://www.
mousephenotype.org/). Prior to microinjection, the identity of
the targeted ES cells was verified by 5’ long-range PCR using a
primer external to the targeting vector. Chimeric males were
bred to C57BL/6 Albino females, and germline transmission was
verified by PCR to detect the mutant together with the WT allele
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in the F1 heterozygous mice. Prior to utilization of the strain for
experiments, mice were crossed to a Flipe ubiquitous strain
(ACTB:FLPe BéJ, JAX strain #005703; Rodriguez et al., 2000) to
eliminate the lacZ/neo cassette and obtain the clean tmic allele
according to the breeding schemes recommended by the Inter-
national Knockout Mouse Phenotyping Consortium. The LoxP
flanked Cblb allele (Cblbf) was crossed to LysM Cre knock-in
allele to specifically delete Chl-b in myeloid cells including
macrophages. All mice were 8-12 wk of age when used, and both
male and female mice were used in this study. All animal ex-
perimentation involving LPS injection, CLP, and in vivo delivery
of nonsense and Rnfl25-specific siRNA was approved by the
Institutional Animal Care and Use Committees of The Ohio State
University and the University of Iowa.

Reagents

Antibodies against CBLB (G-1; sc-8006), HA (Y-11; sc-805), GST
(sc-33613), Casp-1 (P10; M20; sc-514), TLR4 (sc-10741), and
MyD88 (sc-11356) were purchased from Santa Cruz Biotech-
nology, Inc. Anti-NLRP3 (D4DS8T; #15101 and 15101S), anti-
IL-1B (3A6; #12242), anti-K48 linkage-specific polyubiquitin
(#4289), anti-K63 linkage-specific polyubiquitin (#12930),
anti-phospho-NF-«B p65 (S536; #3031), and anti-phospho-IxBa
(5A5; #9246) were purchased from Cell Signaling Technology,
Inc. Anti-ubiquitin (05-944) was purchased from EMD Milli-
pore. Anti-Flag (M2; F3165 and F2555) and anti-actin (AC74;
A2228) were obtained from Sigma-Aldrich. Anti-RNF125 (LS-
B11326) was purchased from LSBio. Anti-c-Myc (9E10; MAL-
980) was purchased from Invitrogen. Antibody against TRIM31
(OWL-A48647) was obtained from One World Lab. Antibodies
against TRIMI14 (PA5-50806), TRIM21 (PA5-52178), TRIMA7
(PA5-50892), and RNF213 (PA5-51902) were obtained from
Thermo Fisher Scientific. ELISA kits for mouse ILIB (432606),
TNF-o (430906), and IL-6 (431306) were purchased from Bio-
Legend. HRP-conjugated goat anti-rabbit IgG or rabbit anti-mouse
IgG were purchased from Kirkegaard & Perry Laboratories. Pro-
tein G-sepharose was purchased from GE Healthcare. Human
recombinant AMSH was purchased from Boston Biochem, Inc.

Bacteria

The growth conditions for EHEC (700927 strain), F. novicida
(JSG1819), and P. aeruginosa (PAOL) were described previously
(Bell et al., 2010; Dyszel et al., 2010; Wyckoff and Wozniak,
2001).

Plasmids and transfection

Flag-tagged NLRP3 plasmid and its truncated fragments were
provided by Dr. Fabio Martinon (University of Lausanne, Lau-
sanne, Switzerland). HA-tagged Cbl-b and its truncated frag-
ments were described previously (Davies et al., 2004; Xiao et al.,
2015). Flag-tagged RNFI125 and its truncated fragments were
from Dr. Ze'ev A. Ronai (Sanford-Burnham Medical Research
Institute, La Jolla, CA), in which the Flag tag was replaced with a
Myc tag at Mutagenex Inc. His-tagged WT ubiquitin and K48
and K63 ubiquitin were purchased from Boston Biochem.
HEK293T cells were transfected with various plasmids by cal-
cium precipitation (Qiao et al., 2014).
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Generation of BMDMs and activation of inflammasomes

BM cells from WT and various knockout mouse strains were
harvested from the femurs and tibias of mice. Cells were cul-
tured in DMEM containing 10% FBS and 30% conditioned me-
dium from 1929 cells expressing M-CSF as described (Xiao et al.,
2016). After 1 wk of culture, nonadherent cells were removed,
and adherent cells were 80%-90% F4/80*CD11b* as determined
by flow cytometric analysis. LPS-primed BMDMs were infected
with P. aeruginosa (multiplicity of infection [MOI] = 30:1), EHEC
(MOI = 25:1), and F. novicida (MOI = 100:1) for 1.5 h and then
cultured in 100 pg/ml gentamycin. Other stimulations included
ATP (2.5 mM, 30 min), monosodium urate (200 pg/ml, 4 h), CTB
(40 pg/ml, 16 h), nigericin (20 pM, 3 h), and anthrax LT (500 pg/
ml, 6 h). Poly(dA:dT) (1 pg/10° cells, 6 h) and flagellin (6.25 pg/

108 cells, 4 h) were transfected using Lipofectamine (Invitrogen).

Generation of MDM:s, silencing of the Cblb gene, and activation
of NLRP3 inflammasome

Human MDMs were generated as previously described (Rajaram
et al., 2011). In brief, peripheral blood mononuclear cells from
healthy donors were isolated from heparinized blood on Ficoll-
sodium diatrizoate gradients and then cultured for 5 d in RPMI
containing 20% autologous serum (2.0 x 10° mononuclear cells/
ml) at 37°C. On day 5, human MDMs were transfected with
control siRNA or Accell human CBLB siRNA (100 or 200 nM;
Dharmacon RNA Technologies) by using Lonza nucleofector
reagent and plated in RPMI 1640 containing 20% autologous
serum. After 36 h, the MDMs were washed, primed with LPS,
and stimulated with ATP or CTB or infected with EHEC. The
protocol was approved by The Ohio State University Institu-
tional Review Board.

ELISA and cell death assay

Cell culture supernatants and serum were assayed by ELISA for
IL-1B, IL-6, and TNF-a. Cell death was measured by a lactate
dehydrogenase assay kit from Sigma-Aldrich.

LPS-induced endotoxemia

Various groups of mice at 8-12 wk of age were injected i.p. witha
sub-lethal dose of LPS (5 mg/kg; E. coli 0111:B4) and monitored
for survival rate for 24 h. Some Cblb~/~ mice were injected with
IL-1RA (25 mg/kg) or TNF-o neutralization antibody (50 pg/
mouse) before LPS injection. For serum pro-inflammatory cy-
tokines, 1 mg/kg of LPS was injected i.p., and serum was col-
lected every 4 h for 24 h. In some experiments, mice were
injected i.p. with a lethal dose of LPS (54 mg/kg) and monitored
every 4 h for 14-28 h. To determine the serum IL-1B levels, the
mice were injected i.p. with 20 mg/kg of LPS, and serum was
collected at 12 h after LPS injection.

Induction of polymicrobial sepsis by CLP

Polymicrobial sepsis was induced via CLP as previously de-
scribed (Moreno et al., 2006). In brief, mice were anesthetized
with aerosol isoflurane (3%-4% in 100% O, flow at 2 liter/min).
A 1-cm midline incision was made on the anterior abdomen. The
cecum was ligated with a 2-0 vicryl suture at a point ~1 cm from
the cecal tip, and the cecum was punctured with a 21-gauge
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needle three times. The cecum was gently squeezed to express
a small amount of fecal material and then returned to the central
abdominal cavity. In sham-operated control animals, the cecum
was isolated but neither ligated nor punctured. The abdominal
incision was closed in two layers with 6-0 vicryl sutures. The
muscle layer was closed with vicryl suture by applying simple
running sutures, and the skin was closed with a 5-0 vicryl su-
ture by applying simple interrupted sutures. The mice were
monitored for survival rate for 14-28 h. Approximately 50-100
ul of blood was obtained via submandibular vein bleeding at the
time of and 12 h after surgery.

Detection of NLRP3 inflammasome activation by Western

blot analysis

BMDMs that were primed with LPS and stimulated with various
inflammation activators or infected with various pathogens
were lysed in RIPA buffer. The supernatants collected from the
BMDM cultures were chloroform-methanol precipitated. The
cell lysates or the supernatants were blotted with antibodies to
Casp-1 pl0 (1:1,000), IL-1B p17 (1:1,000), and actin (1:3,000).

Immunoprecipitation

For Co-IP assays, WT BMDMs were primed with LPS (100 ng/ml)
for 4 h and stimulated with ATP (2.5 mM) for various times. Cells
were lysed in 0.5% NP-40 lysis buffer. The cell lysates were im-
munoprecipitated with anti-NLRP3 (1:200) and blotted with
anti-TRIM14 (1:500), anti-TRIM21 (1:500), anti-TRIM31 (1:500),
anti-TRIM47 (1:500), anti-CBLB (1:500), anti-RNF213 (1:500),
and anti-RNFI125 (1:500). For Co-IP assays in HEK293T cells
transfected with various HA-tagged Cbl-b or Cbl-b mutants or
Flag-tagged NLRP3 or NLRP3 mutants, the cell lysates were
immunoprecipitated with anti-Flag (1:200) and blotted with
anti-HA (1:1,000) or, alternatively, immunoprecipitated with
anti-HA and blotted with anti-Flag (1:1,000). To detect NLRP3
ubiquitination, BMDMs from WT and Cblb®3734 mice were primed
with LPS (100 pg/ml) for 4 h and stimulated with ATP for 5 min
and then lysed in RIPA buffer containing 2% SDS, sonicated, and
diluted to 0.5% of SDS using RIPA buffer without SDS before
immunoprecipitation in order to disrupt the proteins associated
with NLRP3. In some experiments, a denaturing step was used by
heating to 95°C for 10 min before sonication. The cell lysates were
immunoprecipitated with anti-NLRP3 and blotted with anti-
ubiquitin (1:1,000) or with anti-K48- or anti-K63-specific ubig-
uitin antibodies (1:1,000). To assess the protein stability of NLRP3,
BMDMs from WT, Chlb~/-, or Cblb“3734 mice were primed with
LPS and stimulated with ATP or CTB or infected with EHEC at
indicated time points and blotted with antibodies against NLRP3
(1:1,000). To determine whether NLRP3 undergoes proteasome-
or lysosome-mediated degradation, WT BMDMs were primed
with LPS, pretreated with MG-132 (5 uM) or E-64 (10 uM) for
30 min, and then stimulated with ATP, CTB, or EHEC at various
times and lysed. The cell lysates were blotted with anti-NLRP3.

Deubiquitination assay

To determine whether NLRP3 ubiquitination occurs sequentially by
RNF125 and then Cbl-b, we transfected HEK293T cells with Myc-
tagged RNF125, HA-tagged Cbl-b, Flag-tagged NLRP3, and His-tagged
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ubiquitin, lysed in RIPA buffer, and immunoprecipitated with anti-
Flag. The Flag immunoprecipitates were treated with or without
AMSH (200 nM) in deubiquitinating enzyme buffer (50 mM Tris-
HCL, pH 7.2, 25 mM KCl, 5 mM MgCl,, and 1 mM dithiothreitol) at
37°C for 30 min (McCullough et al., 2004). The reaction was ter-
minated by addition of SDS sample buffer. The ubiquitination and
deubiquitination of NLRP3 was detected by immunoblotting with
anti-K63 ubiquitin and anti-K48 ubiquitin antibodies, respectively.

Identification of E3 ubiquitin ligases that initiate K63-linked
polyubiquitination of NLRP3

To identify potential NLRP3-binding E3 ubiquitin ligases, GST
and GST-NLRP3 protein were incubated with lysates from WT
BMDMs primed by LPS and stimulated by ATP for 5 min, fol-
lowed by incubation with glutathione-sepharose beads.

Suspension trapping filters for cleanup and digestion
Homemade suspension trapping filters were fashioned from 8 x
3-mm punches of Munktell MK 360 Circles 9.0 cm (3600-0900)
discs (Ahlstrom Laboratory Filters) M, stacked above two layers
of C18 resin (Empore C18; 3M) in a 200-pl pipette tip (Zougman
et al., 2014). This was filled with 100 mM TRIS-HCl (pH 7.4) in
methanol. The sample was solubilized with SDS (4% wt/vol) and
20 mM dithiothreitol and incubated at 95°C for 5 min, then al-
kylated with chloroacetamide in the dark for 30 min. Phosphoric
acid was added to 3%, and the sample was transferred to the
trapping pipette. Proteins were captured on quartz fibers as a
fine dispersion while mass spectrometry-incompatible materi-
als passed through the tip. The stack was then rinsed and refilled
with cold trypsin in 50 mM AmBiC and set to digest at 47°C for
2 h. Peptides were eluted with 300 pl of 50% ACN and 0.1% TFA,
lyophilized and stored at -20°C.

LC-MS/MS

Full MS1 profile data were acquired on a Q-Exactive hf (Thermo
Fisher Scientific) from 380-1,700 m/z at a resolution of 60,000
(Yu et al., 2015). The 10 most abundant precursors were selected
with a mass window of 2 m/z thomson and subjected to higher-
energy collisional dissociation at 37% activation efficiency. A
30-s dynamic exclusion improved selection of lower abundant
ions. Fragmentation data were acquired in centroid at 30,000
resolution.

Initial spectral searches were performed with both Mascot
version 2.6.2 (MatrixScience) and Byonic search engines (Pro-
tein Metrics ver. 2.8.2) against the 2/06/2016 UniprotKB and
reverted entry database for mouse. With 5 and 10 ppm tolerance
for precursor and fragments, respectively, searches allowed
accepted fixed Cys mods of 57 D, as well as variable mods of 16
(M), 80 (S, T), and 114 (K) Th. Final discriminant scores were
determined by Scaffold Q + S ver. 4.7 (Proteome Software) at
1.2% false discovery rate.

Identification of potential NLRP3 ubiquitination sites by

mass spectrometry

NLRP3 protein was purified by a FLAG Purification Kit from
HEK293T cells cotransfected with Flag-tagged NLRP3, HA-
tagged Cbl-b, and His-tagged ubiquitin, which was treated
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with nigericin. The lysates were separated by SDS-PAGE. The
bands corresponding to NLRP3 and ubiquitinated NLRP3 were
cut, washed, and digested with trypsin overnight after reduc-
tion and alkylation. Peptides were extracted from the gel pieces
and dried in a vacufuge, and peptides were resuspended in
20 pl of 50 mM acetic acid for LC-MS/MS analysis.

Capillary-liquid chromatography-nanospray tandem mass
spectrometry (capillary-LC/MS/MS) performed on a Thermo
Fisher Scientific LTQ orbitrap mass spectrometer equipped with
a microspray source (Michrom Bioresources Inc.) operated in
positive ion mode. Samples were separated on a capillary col-
umn (0.2 x 150 mm Magic CI8AQ 3 2004A; Bruker Daltonics)
using an UltiMate 3000 HPLC system from Thermo Fisher Sci-
entific. Mobile phase A was 50 mM acetic acid in water, and
acetonitrile was used as mobile phase B. Flow rate was set at
2 pl/min. Tandem mass spectrometry data were acquired with a
spray voltage of 2.2 kV, and a capillary temperature of 175°C was
used. The scan sequence of the mass spectrometer was based on
the preview mode data-dependent TopTen method. Sequence
information from the tandem mass spectrometry data were
processed by converting the raw files into a merged file (.mgf)
using MS convert (ProteoWizard). The resulting mgf files were
searched using Mascot Daemon by Matrix Science version 2.3.2.
The fragment mass tolerance was set to 0.5 D. Considered var-
iable modifications were Ubiquitinylation (K), oxidation (Met),
deamidation (N and Q), and carbamidomethylation (Cys).
Identified ubiquitinylated peptides were manually checked for
validation.

Generation of NLRP3 LRR K/R mutants and RNF125

truncated fragments

Single and multiple lysine-to-arginine (K-to-R) encoding muta-
tions of NLRP3 (NLRP3 K324R, K430R, K437R, K496R, 3 K570R,
and NLRP3 LRR 11K/R) and Myc-tagged RNF125, N-terminal 1-76
fragment, zinc finger, and A1-76 were generated by site-directed
mutagenesis at Mutagenex.

Nirp3-/- BMDM reconstitution

Nlrp3-/~ BMDMs were transfected with constructs expressing
Flag-tagged NLRP3, NLRP3 LRR K/R, or NLRP3 K496R by Lipo-
fectamine 2000 according to the manufacturer’s instructions.

In vitro knockdown experiments

Rnf125 Accell siRNA, Rnf213 Accell siRNA, Trim21 Accell siRNA,
Trim31 Accell siRNA, Triml4 Accell siRNA, Trim47 Accell siRNA,
or nonsense siRNA was obtained from Dharmacon. BMDMs or
HEK293T cells (for Rnfi25 siRNA) were plated in 12 wells and
were transiently transfected with 2 pg of siRNAs plus 4 pl
Lipofectamine 2000 according to the manufacturer’s instruc-
tion. 36 h later, cells were harvested. The cell lysates were blotted
for specific antibodies against TRIM14, TRIM21, TRIM31, TRIM47,
RNF125, and RNF213, respectively.

In vivo delivery of Rnf125 siRNA

WT mice were treated with Rnfl25 Accell siRNA (2 mg/kg/
mouse) or a nonsense siRNA intravenously. 24 h later, mice
were i.p. injected with LPS (5 mg/kg) for the survival study. In a
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parallel experiment, the spleen cells from WT mice received
Rnf125 Accell siRNA, or the control siRNA were collected at day
2 and lysed in RIPA buffer. The cell lysates were blotted with
anti-RNF125 and anti-actin, respectively.

Data analysis and statistical analysis

ELISA data were analyzed by using the Student’s t test. Survival
data were analyzed by using the Kaplan-Meier log-rank test.
Differences were considered significant at P < 0.05. No animals
were excluded from the analysis. Mice were allocated to ex-
perimental groups based on their genotypes and were ran-
domized within their sex- and age-matched groups. No
statistical method was used to predetermine sample size. It was
assumed that normal variance occurred between the experi-
mental groups.

Online supplemental material

Fig. S1 shows that silencing the CBLB gene in human macro-
phages leads to heightened IL-1f and TNF-a production upon
LPS priming and ATP, EHEC, and CTB stimulation. Fig. S2 shows
that Cblb~/-Ragl~/~ and LysM Cre-Cblb/f mice are hypersensitive
to septic shock induced by a sub-lethal dose of LPS. Fig. S3 shows
that Cbl-b targets NLRP3 for K48-linked polyubiquitination in
RIPA buffer containing SDS under the denaturing condition. Fig.
S4 shows the identification of potential E3 ubiquitin ligases that
bind to NLRP3 by LC-MS/MS analysis. Fig. S5 shows the con-
firmation of RNF125 as the initial E3 ubiquitin ligase to target
NLRP3 LRR for K63-linked polyubiquitination and verification
of K496 as the ubiquitination site of NLRP3 under the dena-
turing condition.
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Figure S1.  Silencing the CBLB gene in human macrophages leads to heightened IL-1B and TNF-a production upon LPS priming and stimulation with
ATP, CTB, and EHEC. Related to Fig. 1. (A) ELISA analysis of IL-1B and TNF-a production by human MDMs transfected with control siRNA or CBLB-specific
siRNA (200 nM) by using Lonza nucleofector reagent before priming with LPS (100 ng/ml) and stimulation with ATP (2.5 nM, 30 min), CTB (20 ng/ml, 6 h), and
EHEC (MOI = 25:1, 8 h). Data are shown as mean + SD. **, P < 0.01; Student’s t test. (B) Immunoblot analysis of CBLB in MDMs treated with control siRNA or
CBLB-specific siRNA. Actin was used as a loading control. Data are representative of three independent experiments.
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Figure S2. Innate immune cells are essential for the hypersensitivity to a sub-lethal dose of LPS-induced endotoxemia in the absence of Cbl-b.
Related to Fig. 2. (A) Survival rate of Ragl~~ and Ragl~/-Cblb~'~ mice (n = 8 per group) after injection of LPS (2 mg/kg). **, P < 0.01; log-rank test. (B)
Immunoblot analysis of lysates of T cells (T), B cells (B), and BMDMs (Mac) from LysM Cre (WT) and LysM Cre-Cblbf/f (KO) mice with antibodies against CBLB and
actin. (C) Survival rate of LysM Cre and LysM Cre-Cblb’f mice (n = 6 per group) after injection of LPS (5 mg/kg). **, P < 0.01; log-rank test. Data are repre-

sentative of two independent experiments.
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Figure S3. Verification of Cbl-b as the E3 ubiquitin ligase that initiates K48-linked polyubiquitination of NLRP3. Related to Fig. 4. (A) Anti-His and anti-
Flag immunoblot analysis of Flag immunoprecipitates (IP) of lysates from HEK293T cells transfected with Flag-tagged NLRP3, His-tagged ubiquitin, and HA-
tagged Cbl-b or Cbl-b C373A under the denaturing condition by heating to 95°C for 10 min. CL, cell lysate. (B) Anti-ubiquitin and anti-NLRP3 immunoblot
analysis of NLRP3 immunoprecipitates of lysates from WT and Cb[b%73* BMDMs primed with LPS (100 ng/ml, 4 h) and stimulated with ATP (2.5 mM, 5 min) and
reprobed with anti-K48 ubiquitin and anti-K63 ubiquitin under the denaturing condition. (C) Anti-His and anti-Flag immunoblot analysis of Flag im-
munoprecipitates of lysates from HEK293T cells transfected with Flag-tagged NLRP3 and HA-tagged Cbl-b together with His-tagged ubiquitin, His-tagged K48
ubiquitin, or His-tagged K63 ubiquitin under the denaturing condition. Ctr, control. Data are representative of three independent experiments (A) and rep-

resentative of two independent experiments (B and C).
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GST-NLRP3 pull-down and LS/MS-MS analysis
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Figure S4. Identification of E3 ubiquitin ligases that bind to NLRP3. Related to Fig. 5. (A) Silver staining of GST or GST-NLRP3-binding proteins eluted
from lysates of B6 BMDMs primed with LPS and stimulated with ATP for 5 min. (B) LC-MS/MS analysis of GST-NLRP3-binding E3 ubiquitin ligases eluted from
lysates of B6 BMDMs primed with LPS and stimulated with ATP, captured, and trypsin digested. The top six hits were selected from three independent

experiments.
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Figure S5. Verification of RNF125 as an additional E3 ubiquitin ligase to initiate K63-linked polyubiquitination of NLRP3 and confirmation of K496 as
the ubiquitination site of NLRP3. Related to Figs. 5 and 6. (A) Anti-His and anti-Flag immunoblot analysis of Flag immunoprecipitates (IP) of lysates from
Rnf125 gene-silenced HEK293T cells transfected with Flag-tagged NLRP3 or NLRP3 LRR (K>R), Myc-tagged RNF125, or Myc-RNF125 RM mutant together with
His-tagged K63 ubiquitin under the denaturing condition. CL, cell lysate. (B) Anti-K63 ubiquitin and anti-NLRP3 immunoblot analysis of NLRP3 im-
munoprecipitates of lysates from WT BMDMs transfected with Rnf125 siRNA or a control (Ctr) siRNA, primed with LPS, and stimulated with ATP under the
denaturing condition. (C) Anti-K48-ubiquitin and anti-Flag immunoblot of Flag immunoprecipitates of lysates from HEK293T cells transfected with Flag-tagged
NLRP3 or NLRP3 LRR (K/R) mutant, HA-tagged Cbl-b, Myc-RNF125, and His-tagged K63 ubiquitin under the denaturing condition. (D) Anti-His and anti-Flag
immunoblot analysis of Flag immunoprecipitates of lysates from HEK293T cells transfected with HA-tagged Cbl-b and His-tagged K48 ubiquitin together with
Flag-tagged NLRP3 K/R mutants (K324R, K430R, K437R, K496R, and K510R) under the denaturing condition. (E) Anti-K48 ubiquitin and anti-NLRP3 immu-
noblot analysis of NLRP3 immunoprecipitates of lysates from Nlrp3~/~ BMDMs reconstituted with pCMV6, Flag-tagged NLRP3, or NLRP3 K496R plasmid under
the denaturing condition (upper panel). Anti-NLRP3 and anti-actin immunoblots of lysates from Nlrp3~~ BMDMs reconstituted with Flag-tagged NLRP3 or
NLRP3 K496R plasmid, primed with LPS, and stimulated with ATP under the denaturing condition (lower panel). Data are representative of two independent
experiments (A, B, C, and E) and representative of three independent experiments (D).
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