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SUMMARY

Mitochondria play an integral role in cell death, autophagy, immunity, and inflammation. We
previously showed that Nur77, an orphan nuclear receptor, induces apoptosis by targeting
mitochondria. Here, we report that celastrol, a potent anti-inflammatory pentacyclic triterpene,
binds Nur77 to inhibit inflammation and induce autophagy in a Nur77-dependent manner.
Celastrol promotes Nur77 translocation from the nucleus to mitochondria, where it interacts with
tumor necrosis factor receptor-associated factor 2 (TRAF2), a scaffold protein and E3 ubiquitin
ligase important for inflammatory signaling. The interaction is mediated by an LxxLL motif in
TRAF2 and results not only in the inhibition of TRAF2 ubiquitination but also in Lys63-linked
Nur77 ubiquitination. Under inflammatory conditions, ubiquitinated Nur77 resides at
mitochondria, rendering them sensitive to autophagy, an event involving Nur77 interaction with
p62/SQSTM1. Together, our results identify Nur77 as a critical intracellular target for celastrol
and unravel a mechanism of Nur77-dependent clearance of inflamed mitochondria to alleviate
inflammation.
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INTRODUCTION

Nur77 (also called TR3, NGFIB, and NR4A1), an orphan member of the nuclear receptor
superfamily and an immediate early response gene, plays a critical role in a plethora of
cellular processes in response to diverse stimuli such as mitogens, cytokines, and stress,
metabolic, and apoptotic signals (Beard et al., 2015; Evans, 2009; Hamers et al., 2013; Lee
etal., 2011; McMorrow and Murphy, 2011; Moll et al., 2006; Zhang, 2007). Recent interest
has focused on its potent anti-inflammatory effect in inflammatory diseases and cancer.
Genetic studies have revealed a critical role of Nur77 in controlling the inflammatory
responses, highlighted by its protective function in atherosclerosis (Hamers et al., 2012;
Hanna et al., 2012), obesity (Perez-Sieira et al., 2013), diabetes (Chao et al., 2009), asthma
(Kurakula et al., 2015), arthritis (De Silva et al., 2005), and inflammatory bowel disease
(Hamers et al., 2015; Wu et al., 2016).

The NF-xB signaling pathway plays a pivotal role in inflammation (Chen, 2012; Hayden
and Ghosh, 2008; Karin and Gallagher, 2009). Stimulation of the tumor necrosis factor
receptor (TNFR) with the proinflammatory cytokine results in NF-xB activation, which is
mediated by members of the TNFR-associated factor (TRAF) family characterized by a
highly conserved TRAF domain and a RING domain. TRAF2, the most widely studied
TRAF member, serves as a scaffold protein and E3 ubiquitin ligase by binding to numerous
TNFR-family proteins to mediate the activation of the inhibitor of xB (1xB) kinase (IKK)
and NF-xB (Borghi et al., 2016; Bradley and Pober, 2001). Previous studies have revealed
extensive interaction between Nur77 and NF-xB signaling pathways. Ectopic expression of
Nur77 in macrophages increases the expression of the inducible inhibitor of NF-xB kinase
(Pei et al., 2006), while Nur77 could inhibit inflammatory gene expression (Harant and
Lindley, 2004). However, the precise mechanism underlying the potent anti-inflammatory
effect of Nur77 remains obscure.
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Nur77 can function in the nucleus as a transcriptional factor to modulate target gene
transcription (Beard et al., 2015; Evans, 2009; Hamers et al., 2013; Lee et al., 2011,
McMorrow and Murphy, 2011; Moll et al., 2006; Zhang, 2007). Regulation of gene
transcription by nuclear receptors is mediated through their interaction with coactivators or
corepressors via the LxxLL motif present in coactivators or the L/IxxI/V] motif present in
corepressors, respectively (Dasgupta et al., 2014; Hermanson et al., 2002; Hsia et al., 2010;
Hu and Lazar, 1999; Lonard and O’Malley, 2012; Xu et al., 1999). Recent studies have
revealed a critical role of mitochondria in regulating inflammatory processes. The organelle
is susceptible to damage from inflammatory signals; it in turn releases danger signals,
including reactive oxygen species (ROS), for the assembly and activation of inflammasome
(Green et al., 2011; Gurung et al., 2015; Levine et al., 2011; Nunnari and Suomalainen,
2012; Pinton and Kroemer, 2014). We previously showed that Nur77 could translocate from
the nucleus to mitochondria to induce cytochrome crelease and apoptosis (Kolluri et al.,
2008; Li et al., 2000; Lin et al., 2004; Zhang, 2007). Whether Nur77 participates in
modulating mitochondrial quality control and mitochondria-mediated inflammatory
signaling remains unknown. Identifying agents that bind Nur77 to induce its mitochondrial
targeting will facilitate the investigation of the complex role of Nur77 at mitochondria.

Here we report our discovery of celastrol, a triterpenoid quinine methide isolated from the
root of Tripterygium wilfordii, which is commonly known as “Thunder God Vine” (Corson
and Crews, 2007; Kannaiyan et al., 2011; Liu et al., 2015; Salminen et al., 2010; Wong et
al., 2012), as a Nur77 modulator. Our results demonstrate that celastrol confers its anti-
inflammatory effect by inducing Nur77 mitochondrial translocation and, subsequently,
Nur77-dependent elimination of damaged mitochondria through autophagy.

Celastrol Binds to Nur77

We used surface plasmon resonance (SPR)-based assay to screen natural compounds from
marine and terrestrial sources with known anti-inflammatory activity for binding to Nur77
(Figure S1A) and identified celastrol (Figure 1A) as a potent binder with a Kyof 0.29 uyM
(Figure 1B). The binding was confirmed by circular dichroism (CD) spectroscopy, which
showed an altered CD spectrum of the Nur77-LBD by celastrol (Figure S1B). High-
performance liquid chromatography (HPLC) analysis also revealed a direct binding of
celastrol to purified Nur77-LBD, but not to the LBD of retinoid X receptor (RXRa-LBD)
(Figure S1C). In the reporter assay, celastrol inhibited transactivation of Nur77, but not
glucocorticoid receptor (GR) (Figure S1D). Molecular docking studies suggested that
celastrol binds to a previously identified, hydrophobic groove on the surface of Nur77
protein (Lee et al., 2014; Zhan et al., 2012; Figure S1E).

Nur77 Mediates the Anti-inflammatory Effects of Celastrol

Celastrol antagonized the effects of inflammatory cytokine TNFa., including its induction of
IxBa degradation, nuclear translocation of the p65 subunit of NF-xB, and NF-xB
transactivation. Inhibition of TNFa-induced IxBa degradation by celastrol correlated with
its suppression of IKKa/p phosphorylation (Figure 1C), demonstrating that celastrol acts at
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or upstream of IKK activation. The role of Nur77 was illustrated by data showing that
transfection of Nur77 siRNA into HepG2 cells, which inhibited Nur77 expression, abrogated
the inhibitory effect of celastrol on TNFa-induced IxBa degradation (Figure S1F), while
transfection of RXRa siRNA had no effect (Figure S1G). In addition, celastrol inhibited
TNFa-induced IxBa degradation (Figure 1D) in mouse embryonic fibroblasts (MEFs), but
not in MEFs lacking Nur77 (Nur77'~ MEFs).

Nur77 Is Required for Celastrol Inhibition of Acute Liver Inflammation

To determine the role of Nur77 in vivo, we examined the effect of celastrol on
lipopolysaccharide (LPS) and D-galactosamine (D-GalN)-induced hepatic inflammatory
injury using Nur77-null mice. Administration of celastrol to wild-type mice reduced LPS-
and D-GalN-induced serum levels of hepatic injury markers alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) by 35% and 47%, respectively (Figure S1H).
Although Aur77-'~ mice had higher serum ALT and AST than wild-type mice when injected
with LPS and D-GalN, celastrol showed a much reduced inhibitory effect in these mice.
LPS- and D-GalN-induced serum production of the proinflammatory cytokines IL-1p and
IL-6 (Figure S1I) and their hepatic mMRNA expression (Figure S1J) were significantly
inhibited by celastrol in wild-type mice, while such effects were largely attenuated in
Nur77°"~ mice. Celastrol also alleviated LPS- and D-GalN-induced downregulation of lxBa
expression (Figure 1E), destruction of hepatic architecture (Figure 1F), and p65 nuclear
translocation (Figure S1K) in wild-type but not Ar77-/~ mice. Histological analysis of lung
tissue revealed a Nur77-dependent inhibition of LPS- and D-GalN-induced lung
inflammation and neutrophil infiltration by celastrol (not shown). Thus, celastrol inhibition
of LPS- and D-GalN-induced acute inflammation and NF-xB activation is Nur77 dependent.

Nur77 Is Required for Celastrol Inhibition of Chronic Inflammation in Obese Animals

We next determined the effect of celastrol and Nur77 using the high-fat diet (HFD)-induced
obesity animal model, which represents a state of chronic low-grade inflammation
(Hotamisligil, 2006; Nathan and Ding, 2010). In agreement with recent results (Liu et al.,
2015; Ma et al., 2015), administration of celastrol significantly reduced body weight,
adipose tissue mass, the size of adipocytes, and ameliorated fatty liver caused by HFD in
wild-type mice (Figures 1G and S1L). Aur77~ mice exhibited increased susceptibility to
HFD-induced obesity, gaining more body weight and fat mass than wild-type mice,
consistent with the metabolic role of Nur77 (Chao et al., 2007, 2009; Chen et al., 2015;
Perez-Sieira et al., 2013). Importantly, Mur77'~ mice were resistant to the anti-obesity
effects of celastrol, as celastrol showed only about 4% inhibition on body weight of
Nur77'= mice, compared to 22% inhibition in wild-type mice (Figure 1G). The ability of
celastrol to attenuate HFD-induced adiposity (not shown) and serum production of ALT and
AST (Figure S1M) was also compromised in Mur777'~ mice. Furthermore, celastrol
administration inhibited the effect of HFD on activating the inflammatory pathway—
including the expression and production of IL-1p and IL-6 (Figures SIN and S10), IxBa
expression (Figure 1H), p65 nuclear translocation (Figure S1P), hepatic inflammation
(Figure 11), and accumulation of hepatic neutrophil (Figure S1Q) and macrophage (Figure
S1R)—in wild-type, but not Mur777~ mice. Thus, celastrol inhibition of chronic
inflammation in obese animals is also Nur77 dependent.
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Nur77 Mediates the Autophagic Effect of Celastrol

Recent developments reveal a crucial role of the autophagy pathway and proteins in
regulating inflammation (Green et al., 2011; Levine et al., 2011). We next determined
whether the anti-inflammatory effect of celastrol could be attributed to its induction of
autophagy. Western blotting (WB) revealed a strong induction of LC3-11, a marker for
autophagy, upon treatment of HepG2 cells with celastrol for 6 hr (Figure 2A). Although
treatment with TNFa alone had no effect, its combination with celastrol resulted in a
stronger induction of LC3-11 expression, suggesting a role of inflammation in promoting the
autophagic effect of celastrol. The autophagic effect of celastrol was also illustrated by its
induction of the formation of punctate green fluorescent protein LC3 (GFP-LC3) (Figure
2B) or red fluorescent protein LC3 (RFP-LC3) (Figure S2A), a hallmark of autophagy
induction. Nur77 was essential for the autophagic effect of celastrol, as the induction of
LC3-11 expression by celastrol was observed in MEFs, but not Mur77~ MEFs (Figure 2C).
In vivo, celastrol administration induced LC3-I1 expression (Figures 2D and S2B) and
aggregated distribution of LC3B (Figures 2E and S2C) in liver tissues from LPS- and D-
GalN-injected wild-type mice, but not Aur77-'~ mice. Similar induction of aggregated
LC3B immunostaining (Figure 2F) and LC3-11 expression (Figure 2G) by celastrol was
found in HFD-induced wild-type, but not Aur77~ obese mice.

The concurrent effects of celastrol on inhibiting inflammation and inducing autophagy
suggested that both events might converge. Indeed, treatment of HepG2 cells with the
autophagic inhibitors chloroquine, a lysosomotropic agent that prevents fusion of endosomes
and lysosomes, and wortmannin, which inhibits both class | phosphoinositide 3-kinase
(PI3K) and class 111 PtdIns3K, impaired the ability of celastrol to inhibit TNFa-induced
IxBa degradation (Figure 2H). Thus, Nur77-dependent induction of autophagy by celastrol
contributes to its anti-inflammatory function.

Celastrol Induces Colocalization of Nur77 and TRAF2 at Mitochondria

To determine whether mitochondrial targeting of Nur77 accounts for its anti-inflammatory
and autophagic functions, we analyzed the effect of celastrol on the subcellular localization
of Nur77. Nur77 predominantly resided in the nuclei of MEFs, which were not affected by
TNFa treatment (Figure 3A). However, celastrol treatment induced diffused distribution of
Nur77 throughout cells. Addition of TNFa led to punctate Nur77 staining, which
colocalized extensively with mitochondria (Figure 3A). The combination treatment also
resulted in speckled Nur77 staining in the cytoplasm of several cancer cell lines (Figures
S3A and S3B). GFP-Nur77, which was found exclusively in the nuclei of control cells,
displayed a speckled pattern in the cytoplasm of cells treated with celastrol and TNFa
(Figure S3C). In contrast, the combination treatment had no effect on the nuclear
localization of transfected Myc-RXRa (Figure S3D), demonstrating a specific effect of the
treatment. Furthermore, cellular fractionation assay revealed an accumulation of an
upshifted Nur77 band in the mitochondrial fraction prepared from celastrol- and TNFa-
treated cells (Figure 3B).

Recent studies indicate a critical role of TRAF2 at mitochondria. TRAF2 was recruited to
mitochondria by the mitochondrial adaptor protein MAVS or the mitochondrial E3 ligase
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MULAN (Hou et al., 2011; Liu et al., 2013; Zemirli et al., 2014) to mediate mitochondrion-
based inflammatory signaling, including IKK-dependent NF-xB activation. Previous studies
(Kim et al., 2010; Yang et al., 2015) and our data (Figure S3E) showed that TNFa could
enhance TRAF2 mitochondrial accumulation in a time-dependent manner. Prolonged
exposure of HepG2 cells to TNFa. (6 hr or longer) resulted in mitochondrial dysfunction,
revealed by a decrease in mitochondrial membrane potential (AY ) (Figure S3F) and an
altered mitochondrial network (Figure S3G). Transfection of TRAF2 siRNA impaired LC3-
Il induction by celastrol and TNFa treatment (Figure 3C) similarly to the effect of knocking
down Nur77, implying that Nur77 might act in concert with TRAF2 to mediate the
autophagic effect of celastrol. Our immunostaining revealed an extensive colocalization of
endogenous TRAF2 with Nur77 at mitochondria in MEFs treated with celastrol and TNFa
(Figure 3A). Induction of TRAF2 accumulation at mitochondria by celastrol and TNFa was
suppressed in Nur77'~ MEFs, revealing a role of Nur77. Nur77 colocalization with TRAF2
was also observed in several other cell lines (Figures S3A and S3B). In addition, transfected
Flag-TRAF2 formed punctate structures colocalizing with endogenous Nur77 (Figure 3D)
and mitochondria (Figure 3E) in celastrol- and TNFa-treated cells. Cotranslocation of
Nur77 and TRAF2 to mitochondria was further illustrated by immunostaining showing
extensive colocalization of transfected GFP-Nur77 and Flag-TRAF2 with mitochondria
(Figure 3F) and by cellular fractionation assay revealing coaccumulation of TRAF2 and the
upshifted Nur77 band in the purified mitochondrial fraction (Figure 3B).

Celastrol Promotes Nur77 Interaction with TRAF2

Celastrol- and TNFa-induced cotranslocation of Nur77 and TRAF2 to mitochondria
prompted us to determine whether Nur77 interacted with TRAF2. Coimmunoprecipitation
(colP) assay demonstrated that endogenous Nur77 protein induced by TNFa was
specifically coimmunoprecipitated with TRAF2 in a celastrol-dependent manner (Figure
4A). Ectopically expressed Nur77 and TRAF2 also interacted in cells treated with celastrol,
but not with TNFa or RXRa ligand CD3254 (Figure 4B). For comparison, celastrol failed
to induce Nur77 interaction with either TRAF3 or TRAF5 (Figure S4A), whereas other
known Nur77 modulators, including 3-CI-AHPC (Lin et al., 2004) and DIM-C-pPhOH (Lee
et al., 2014) could not promote Nur77 interaction with TRAF2 (Figure S4B). We also
conducted GST pull-down assay and showed that purified Nur77-LBD was pulled down by
GST-TRAF2, but not GST protein, in the presence of celastrol (Figure 4C). Incubation of
lysates containing ectopically expressed Myc-Nur77 with celastrol promoted interaction
with GST-TRAF2 (Figure S4C). Thus, Nur77, upon binding celastrol, can directly interact
with TRAF2.

To further characterize Nur77 interaction with TRAF2, we examined whether mutation of
the celastrol binding site in Nur77 would impact its interaction with TRAF2. Amino acid
residues presumably involved in interacting with celastrol (Figure S1E) were mutated, and
the resulting mutants were analyzed for their binding to TRAF2. Substitution of Leu506
with Trp (Nur77/L506W) impaired its binding to celastrol (Figure S4D) and markedly
reduced its interaction with TRAF2 (Figure 4D). Replacing Leu555 or Leu556 with Trp in
the region also reduced the effect of celastrol. Consistently, Nur77/L506W, Nur77/L555W,
and Nur77/L556W colocalized only slightly with TRAF2 in celastrol- and TNFa-treated
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cells (Figure S4E). Thus, celastrol binding is crucial for its induction of Nur77 interaction
and colocalization with TRAF2. The fact that TRAF2 coaccumulated with Nur77 but not
Nur77/L556W at mitochondria, accompanied with LC3-I1 induction (Figure S4F), suggests
that their interaction is required for their colocalization at mitochondria and the induction of
autophagy.

To identify regions in Nur77 responsible for binding TRAF2, several deletion mutants of
Nur77 were generated (Figure 4E). Myc-tagged Nur77 or mutants were cotransfected with
Flag-TRAF2 into cells and analyzed by colP assay. Nur77 mutants lacking the C-terminal
20 amino acids (Nur77-Al), the N-terminal A/B domain (Nur77-A2), or the central DNA-
binding domain (DBD)(Nur77-A3) could still interact with TRAF2 in the presence of
celastrol and TNFa (Figure 4F). In contrast, the Nur77 mutant with LBD deleted (Nur77-
A5) could not. Consistently, the LBD alone (Nur77-A4) was capable of binding TRAF2
(Figure 4F). The importance of the Nur77 LBD was also illustrated by immunostaining
showing extensive colocalization of transfected Flag-TRAF2 with Nur77-A1, Nur77-A2,
Nur77-A3, and Nur77-A4, but not with Nur77-A5, in celastrol- and TNFa-treated cells
(Figure 4G). Interestingly, GFP-Nur77-LBD was found in the cytoplasm even in the absence
of celastrol and TNFa treatment, displaying speckled structures colocalizing with Flag-
TRAF2.

An LxxLL Motif in TRAF2 Mediates TRAF2 Interaction with Nur77

To identify regions in TRAF2 that are required for its interaction with Nur77, several
TRAF2 deletion mutants were constructed (Figure 5A). ColP assays revealed that deletion
of either the N-terminal RING domain and zinc finger (TRAF2-A3) or the C-terminal
coiled-coil TRAF-N and B sandwich TRAF-C domains (TRAF2-Al) impaired the
interaction (Figure 5B). In contrast, TRAF2-A2 that contains the RING and zinc finger
domains as well as the TRAF-N domain interacted with Nur77 even in the absence of
celastrol and TNFa. Thus, the hinge region between zinc finger domain and TRAF-N
domain might be important for Nur77 binding. Inspection of the hinge region and the
flanking sequences revealed the presence of an LxxLL motif, 245LAMLLZ249. The LxxLL
motifs (NR box) are commonly found in nuclear receptor coactivators to mediate their
interaction with nuclear receptors for transcription regulation (Hu and Lazar, 1999; Xu et al.,
1999). To determine the role of the LxxLL maotif, a peptide (TRAF2-peptide) encompassing
the 245LAMLL249 motif and a mutant peptide (TRAF2/AA-peptide) with two C-terminal
Leu residues substituted with Ala were synthesized (Figure 5C). SPR assay revealed that the
TRAF2 peptide binds to the purified Nur77-LBD protein with a K,of 4.8 uM (Figure 5D),
which is in the range of LxxLL coregulator peptide binding to nuclear receptors (Darimont
et al., 1998; Hu and Lazar, 1999). In contrast, the TRAF2/AA mutant peptide failed to bind
(Figure 5E). To confirm the significance of the LAMLL motif, two C-terminal Leu residues
in the motif were substituted with Ala in TRAF2. The resulting TRAF2 mutant
(TRAF2/AA) exhibited reduced interaction with Nur77 as compared to wild-type TRAF2
(Figure 5F). TRAF2/AA also failed to colocalize with Nur77 in cells (Figure 5G). The
LxxLL motif in transcriptional coregulators can mediate their interaction with a broad range
of nuclear receptors (Dasgupta et al., 2014; Hermanson et al., 2002; Hsia et al., 2010; Hu
and Lazar, 1999; Lonard and O’Malley, 2012; Xu et al., 1999). Interestingly, mutation of the
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LAMLL motif impaired TRAF2 interaction with RXRa-LBD induced by 9-¢is-RA, but not
by synthetic RXRa ligand CD3254 (Figures S5A and S5B). Together, the LAMLL motif
identified in TRAF2 may act in analogy to the LxxLL motif used by the nuclear
transcriptional coregulators.

TRAF2-Nur77 Interaction Inhibits TNFa-Induced Ubiquitination of TRAF2 and RIP1

For classical TNFa activation of the IKK-NF-xB pathway, binding of TNFa to TNFa
receptor 1 (TNFRZ1) triggers recruitment of RIP1 and TRAF2, whose subsequent
ubiquitination is crucial for IKK activation (Chen, 2005; Karin and Gallagher, 2009). To
determine how celastrol-induced Nur77 interaction with TRAF2 contributed to its anti-
inflammatory effect, we first examined whether the interaction inhibited TRAF2
ubiquitination. Cotransfection of Flag-TRAF2 with HA-tagged ubiquitin (HA-Ub) resulted
in ubiquitination of Flag-TRAF2, which was enhanced when cells were treated with TNFa.
and reduced when they were cotreated with celastrol (Figure S6A). The inhibitory effect of
celastrol on Flag-TRAF2 ubiquitination was significantly augmented in cells cotransfected
with Nur77, but not TRAF2-binding defective mutant Nur77/L506W (Figure 6A),
demonstrating a role of Nur77 interaction with TRAF2. We also studied the effect of
celastrol on TNFR1 interaction with TRAF2 and RIP1. TNFRL1 strongly interacted with
TRAF2 and RIP1 upon exposure of cells to TNFa, but this was completely inhibited when
cells were cotreated with celastrol (Figure 6B). Similar to its effect on TRAF2
ubiquitination, celastrol attenuated TNFa-induced RIP1 ubiquitination (Figure 6C). Thus,
celastrol-induced Nur77 interaction with TRAF2 likely results in inhibition of the classical
IKK-NF-xB pathway, providing one molecular explanation for its potent anti-inflammatory
activity.

Celastrol Induces TRAF2-Dependent Nur77 and Mitochondrial Ubiquitination

The RING domain of TRAF2 possesses E3 Ub ligase activity, promoting K63-linked
ubiquitination of its target proteins (Chen, 2012; Karin and Gallagher, 2009). We next
determined whether TRAF2 binding to Nur77 resulted in Nur77 ubiquitination. Transfected
Myc-Nur77 was significantly ubiquitinated in cells treated with celastrol (Figure S6B).
Although TNFa alone had no effect, it enhanced the ability of celastrol to induce Nur77
ubiquitination, suggesting a role of inflammation in Nur77 ubiquitination. The effect of
celastrol was likely due to its binding to Nur77, as celastrol and TNFa treatment failed to
induce ubiquitination of Myc-Nur77/L506W (Figure 6D). Induction of Nur77 ubiquitination
by celastrol and TNFa required TRAF2, as the event was enhanced by cotransfection of
Flag-TRAF2 (Figure 6E) but suppressed by TRAF2 siRNA transfection (Figure 6F).
Transfection of Lys63-only ubiquitin mutant (UbK63R) failed to incur Nur77 ubiquitination
(Figure 6G), indicating a Lys63-linkage-specific Nur77 ubiquitination. Our effort to identify
Lys residues responsible for Nur77 ubiquitination showed that, while Nur77 was heavily
ubiquitinated by endogenous ubiquitin in celastrol- and TNFa-treated cells, Nur77/K536R,
a mutant with Lys536 replaced with Arg, was not (Figure 6H); this demonstrated a critical
role of Lys536 in Nur77 ubiquitination.

We next determined whether ubiquitinated Nur77 resided at mitochondria. Immunostaining
showed that mitochondrial networks collapsed and were heavily decorated with ubiquitin in
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celastrol- and TNFa-treated cells (Figure S6C). The celastrol and TNFa treatment also
induced the formation of punctate GFP-Nur77 structures in the cytoplasm, colocalizing
extensively with ubiquitin (Figure 61) and mitochondria (Figure 6J). Furthermore, the
treatment induced colocalization of Flag-TRAF2 with ubiquitin and mitochondria (Figure
S6D). Cellular fractionation assays revealed the presence of ubiquitinated Nur77 in the
mitochondrial fraction of celastrol- and TNFa-treated cells (Figure 6K). Thus, TRAF2-
dependent ubiquitination of Nur77 contributed to celastrol and TNFa induction of
mitochondrial ubiquitination.

Celastrol Induces Mitophagy and Nur77 Interaction with p62/SQSTM1

Ubiquitination of mitochondrial proteins plays a crucial role in their sequestration and
degradation within lysosomes through autophagy (Youle and Narendra, 2011). We
determined whether mitochondria targeted by ubiquitinated Nur77 were prone to autophagy.
Treatment of MEFs, but not Nur77-'~ MEFs, with celastrol and TNFa induced aggregated
LC3 staining and its colocalization with Nur77 and mitochondria (Figures 7A and S7A).
GFP-LC3 also displayed punctate staining overlapping with that of both Nur77 and
mitochondria (Figure S7B). Such colocalization of Nur77 with aggregated LC3 and
mitochondria depended on levels of TRAF2, because knocking down TRAF2 by TRAF2
siRNA transfection inhibited the colocalization, while ectopic expression of Flag-TRAF2
enhanced it (Figure S7B). Furthermore, transfected Flag-TRAF2 colocalized with
mitochondria and speckled GFP-LC3 structures in celastrol- and TNFa-treated cells (Figure
7B). Transfected GFP-Nur77, but not Nur77 ubiquitination-resistant mutant GFP-Nur77/
K536R, formed punctate structures colocalizing extensively with RFP-LC3 and
mitochondria in celastrol- and TNFa-treated cells (Figure 7C), demonstrating a role of
Nur77 ubiquitination. Thus, celastrol and TNFa induction of Nur77 interaction with TRAF2
and subsequent Nur77 ubiquitination serves to prime mitochondria for autophagy.

To determine the possible mechanism by which mitochondrial Nur77 induced mitophagy,
we examined whether it interacted with p62/SQSTM1 (p62), which is implicated in the
PINK1/Parkin mitophagic pathway (Geisler et al., 2010) and was more recently shown to
mediate NF-xB induction of mitophagy (Zhong et al., 2016). ColP assays showed that p62
strongly and specifically interacted with the slow-migrating, but not the fast-migrating,
Nur77 band in the presence of celastrol and TNFa (Figure 7D). Deletion of the ubiquitin-
associated (UBA) domain from p62 abolished the interaction (Figure 7D), suggesting the
role of Nur77 ubiquitination. The interaction between Nur77 and p62 was confirmed by
extensive colocalization of punctate p62 structures with endogenous Nur77 (Figure 7E) and
transfected GFP-Nur77 in celastrol- and TNFa-treated cells. Unlike p62, the p62 mutant,
p62/AUBA, failed to display punctate staining with Nur77 in celastrol- and TNFa-treated
cells (Figure S7C), again suggesting the involvement of Nur77 ubiquitination. Furthermore,
treatment of cells with celastrol and TNFa resulted in extensive colocalization of p62 with
mitochondria (Figure S7D). Celastrol- and TNFa-induced punctate p62 structures were
labeled with ubiquitin (Figure 7G), and they colocalized with mitochondria (Figure 7H) and
LC3 (Figure 71) in wild-type, but not Mur77~, MEFs. Cellular fractionation assays revealed
a co-accumulation of p62 with LC3, TRAF2, and the slow-migrating Nur77 band in the
mitochondrial fraction prepared from cells treated with celastrol and TNFa for 1 hr, while
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prolonged treatment (9 hr) resulted in reduced levels of Nur77 and TRAF2, likely due to
their degradation via mitophagy (Figure 3B). Thus, Nur77 interaction with p62 serves to
tether ubiquitin-labeled mitochondria to the LC3-positive phagophore for engulfment.

DISCUSSION

Celastrol has attracted increasing interest recently, especially for its potent anti-
inflammatory activities in different inflammatory diseases, including obesity (Liu et al.,
2015). However, the mechanism by which celastrol exerts its beneficial effects remains
largely unknown. Here, we report that celastrol could exert its anti-inflammatory effect by
binding to Nur77, identifying Nur77 as a direct intracellular target of celastrol and providing
important insight into the mechanism of celastrol actions. Celastrol inhibition of HFD-
induced obesity was suppressed in Mur77/~ mice (Figure 3), revealing a critical role of
Nur77 in mediating the anti-obesity effect of celastrol. How Nur77 mediates the leptin-
sensitizing activity of celastrol remains unknown. Hypothalamic inflammation is implicated
in the development of leptin resistance (Valdearcos et al., 2015). Specific deletion of IKKp
in the medio-basal hypothalamus protected against HFD-induced obesity (Zhang et al.,
2008), while pharmacological inhibition of IKKB/NF-xB improved leptin sensitivity in
HFD-fed mice (Yu et al., 2013). Defective hypothalamic autophagy could lead to
hypothalamic inflammation by activating the IKKB/NF-xB pathway (Meng and Cai, 2011).
We found that celastrol could also inhibit inflammation and induce autophagy in the
hypothalamus (data not shown). As Nur77 is expressed and strongly induced by stress and
cytokine in the hypothalamus (Campos-Melo et al., 2013; Murphy and Conneely, 1997),
Nur77 may confer the leptin-sensitizing effect of celastrol by regulating hypothalamic
inflammation.

Celastrol-induced Nur77 interaction and colocalization with TRAF2 is mediated by an
LxxLL motif in TRAF2 (Figure 5). This LxxLL motif was originally discovered in nuclear
receptor coregulators that are responsible for interacting with nuclear receptors for
transcription regulation. As the LAMLL motif in TRAF2 was also required for 9-¢cis-RA
dependent interaction of RXRa-LBD with TRAF2 (Figure S5), it is conceivable that, in
analogy to nuclear receptor coregulators, TRAF2 may serve as a nongenomic coregulator of
other nuclear receptors besides Nur77—such as RXRa., which is known to bind TRAF2
(Zeng et al., 2015)— in order to mediate their regulation of inflammatory signaling. It can
be also envisioned that the LxxLL motif or similar sequences may be utilized by some other
cytoplasmic signaling molecules to mediate the crosstalk between nuclear receptors and
cytoplasmic signaling pathways.

Our data demonstrated that celastrol-induced Nur77 interaction with TRAF2 contributes to
celastrol inhibition of the classical IKK/NF-xB pathway. Celastrol was shown to act as an
inhibitor of the proteasomal CT-like activity to enhance the accumulation of ubiquitinated
proteins such as IxBa (Lu et al., 2014). While it cannot be excluded that celastrol targets
multiple intracellular proteins, our data showed that celastrol acts upstream of the IxBa
degradation; this was revealed by its inhibition of IKKa/p activation in several cell lines
examined (Figure 1C). Furthermore, celastrol-induced Nur77 interaction with TRAF2
suppressed TNFa-induced TNFR1 recruitment of TRAF2 and RIP1 and their ubiquitination
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(Figure 6). Ubiquitination of TRAF2 is subjected to positive or negative regulation by a
number of cellular binding partners, such as sphingosine 1-phosphate (Alvarez et al., 2010).
Our data, therefore, identified Nur77 as another inhibitor of TRAF2 ubiquitination.

Recent studies indicate that removal of damaged mitochondria by autophagy represents an
effective way to control inflammatory responses (Green et al., 2011; Nunnari and
Suomalainen, 2012). The mechanism by which dysfunctional mitochondria are recognized
and engulfed by autophagosomes involves ubiquitination of mitochondrial proteins followed
by interaction with the adaptor proteins connecting ubiquitin with LC3 (Geisler et al., 2010;
Narendra et al., 2010; Vives-Bauza et al., 2010). Our current studies revealed a new, Nur77-
dependent mitophagic mechanism in which celastrol-induced Nur77 mitochondrial targeting
(Figure 3) and subsequent TRAF2-dependent Nur77 ubiquitination (Figure 6) serve to prime
damaged mitochondria for autophagy through interaction with p62 (Figure 7), thereby
alleviating inflammation. As the overproduction of ROS from damaged mitochondria is
associated with oxidative damage, our finding also provides a plausible explanation for the
well-established antioxidant activity of celastrol. Maintaining mitochondrial fidelity is
critical to elicit the correct signaling responses to achieve cellular homeostasis, and it
represents an effective approach to reverse pathological states in chronic inflammatory
diseases (Kotas and Medzhitov, 2015; Levine et al., 2011; Nathan and Ding, 2010). Our
finding that Nur77 mediates the crosstalk between inflammation and mitophagy suggests
that appropriate expression and function of Nur77 is critical in maintaining homeostasis.
Indeed, alterations in Nur77 expression, post-translational modification, and subcellular
localization are implicated in the onset and progression of cancer, metabolic disease, and
inflammatory disease (Evans, 2009; Hamers et al., 2013; Lee et al., 2011; McMorrow and
Murphy, 2011; Moll et al., 2006; Zhang, 2007). As inflammatory mitochondrial dysfunction
is implicated in the development of a range of metabolic diseases and cancer, there is an
impetus for the development of mitochondrial therapeutics. To this end, our results identify
Nur77 as an attractive target and celastrol as a promising lead for this class of therapeutics.

STARXMETHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Myc Santa Cruz Cat. sc-40; RRID: AB_627268
Anti-Hsp60 Abcam Cat. ab46798; RRID: AB_881444
Anti -CD68 Abcam Cat. ab955; RRID: AB_307338
Anti -Ly6g Abcam Cat. ab25377; RRID: AB_470492
Anti-RIP1 BD Biosciences Cat. 551042; RRID: AB_394015
Anti-Nur77 BD Biosciences Cat. 554088; RRID: AB_395232
Anti-Ubiquitin Cell Signal Technology Cat. 3933S; RRID: AB_394015
Anti-p-actin Cell Signal Technology Cat. 4970S; RRID: AB_2223172
Anti-lkBa Cell Signal Technology Cat. 4814S; RRID: AB_10693636
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Anti-LC3

Cell Signal Technology

Cat. 4108S; RRID: AB_2137703

Anti-p-Ikka/IkkB

Cell Signal Technology

Cat. 2078s; RRID: AB_2079379

Anti-Parp

Cell Signal Technology

Cat.

=

9542; RRID: AB_2160739

Anti-TNFR1

Santa Cruz Biotechnology

Cat.

=3

sc-8436; RRID: AB_628377

Anti-Nur77 (M-210)

Santa Cruz Biotechnology

Cat. sc-5569; RRID: AB_653373

Anti-LC3B Santa Cruz Biotechnology = Cat. sc-28266; RRID: AB_2137719
Anti-p65 Santa Cruz Biotechnology ~ Cat. sc-109; RRID: AB_632039
Anti-GST Santa Cruz Biotechnology ~ Cat. sc-138; RRID: AB_627677
Anti-TRAF2 Santa Cruz Biotechnology = Cat. sc-7187; RRID: AB_793340
Anti-lxBa Santa Cruz Biotechnology  Cat. sc-371; RRID: AB_793340
Anti -FLAG Sigma Cat. F1804; RRID: AB_262044
Goat Anti-Mouse 1gG F(ab”)2 Secondary Antibody,  Pierce Cat. 31436; RRID: BDSC_31436
HRP conjugate

Goat anti-Rabbit 1gG F(ab")2 Secondary Antibody, Pierce Cat. 31461; RRID: BDSC_31461
HRP conjugate

Chemicals, Peptides, and Recombinant Proteins

Proteinase K Amresco Cat. 0706

Wortmannin Beyotime Cat. S1952

mouse IL-1B ELISA kit Elabscience Biotechnology  Cat. E-EL-M0037¢c

mouse IL-6 ELISA kit Elabscience Biotechnology  Cat. E-EL-M0044c

Collagenase Type IV GIBCO Cat. 17104-019

G418 Sulfate Merck Cat.345810-5GM

Recombinant Human TNFa protein Peprotech Cat. 300-01a-50
Lipopolysaccharide Sigma Cat. L2630

D-Galactosamine Sigma Cat. G0500

Chloroquine Sigma Cat. C6628-25G

Dexamethasone Sigma Cat. D8040

MG132 Sigma Cat. C2211-5MG

9-cis-RA Sigma Cat. R4643-1MG

Nur77 siRNA Sigma Cat.SASI_Hs02_0 0333289
TRAF2 siRNA Sigma Cat.SASI_Hs01_0 0095954
RXRa siRNA Sigma Cat.SASI_HS01_0 0097639
Control siRNA Sigma Cat.sc-37007

CD3254

Santa Cruz Biotechnology

Cat. sc-358786

Critical Commercial Assays

PageRuler Prest Protein Ladder Fermantas Cat. 26617
Protein G Agarose, Fast Flow Millipore Cat.16-266
Aspartate aminotransferase Assay Kit Nanjing Bioengineering Institute Cat. C010-1
Jiancheng

Alanine aminotransferase Assay Kit Nanjing Bioengineering Institute Cat. C009-1

Jiancheng
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

FastStart Universal SYBR Green Master(ROX)

Roche

Cat. 4913850001

TianScript RT kit

TianGen Biotechnology

Cat. KR104-02

Pierce BCA Protein Assay Kit Thermo Scientific Cat. 23225

Experimental Models: Cell Lines

Mouse: primary embryonic fibroblasts This paper C57BL/6J

HepG2 ATCC HB-8065

HEK293T ATCC CRL-3216

LO2 Cell Bank, Shanghai Cell GNHu 6
Biology Institute

SMMC-7721 Cell Bank, Shanghai Cell TCHu 52
Biology Institute

QGY-7703 Cell Bank, Shanghai Cell TCHu 43
Biology Institute

HelLa ATCC CCL2

H460 ATCC HTB-177

Experimental Models: Organisms/Strains

Mouse: C57BL/6J

The Jackson Laboratory

Stock No: 000664

Mouse:B6;12952-Nr4altm1Jmi/l

The Jackson Laboratory

Stock No: 006187

pcmv-myc-Nur77 This study Kolluri et al., 2008
pcmv-myc-Nur77/L506W This study N/A
pcmv-myc-Nur77/L555W This study N/A
pcmv-myc-Nur77/L556W This study N/A
pcmv-myc-Nur77AAF2 This study N/A
pcmv-myc-Nur77AAB This study Li et al., 2000
pcmv-myc-Nur77ADBD This study Li etal., 2000
pcmv-myc-Nur77AAB/ADBD This study Kolluri et al., 2008
pcmvmyc-Nur77ALBD This study Linetal., 2004
pEGFP-C1-Nur77 This study Li et al., 2000
PET-15b-Nur77/LBD This study N/A
pFlag-cmv-2-TRAF2 This study Zeng et al., 2015
pFlag-cmv-2-TRAF2(1-249) This study N/A
pFlag-cmv-2-TRAF2(97-356) This study N/A
pFlag-cmv-2-TRAF2(272-501) This study N/A
GST-TRAF2 This study Zeng et al., 2015
GFP-LC3 This study N/A

RFP-LC3 This study N/A

HA-Ub This study N/A
HA-UbK63R This study N/A
pBind-Nur77 This study N/A
pBind-GR/LBD This study Zeng et al., 2015
pG5 This study Zeng et al., 2015
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REAGENT or RESOURCE SOURCE IDENTIFIER
pFlag-cmv-2-p62 This study N/A
pFlag-cmv-2-p62-AUBA This study N/A

Sequence-Based Reagents

IL-6 forward: CCAGAGATACAAAGAAATGATGG  This study N/A
IL-6 reverse: ACTCCAGAAGACCAGAGGAAAT This study N/A
IL-1p forward: TGGTGTGTGACGTTCCCATT This study N/A
IL-1p reverse: CAGCACGAGGCTTTTTTGTTG This study N/A

Software and Algorithms

LSM-510 confocal laser scanning microscope open source https://www.zeiss.com/global/home.html

system (CarlZeiss)

image analysis system (Olympus, Tokyo, Japan) open source http://www.olympus-ims.com/en/microscope/software/
GraphPad Prism open source http://www.graphpad.com/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Xiao-kun Zhang (xzhang@sbpdiscovery.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type and Nur77-/~ mice (male, 4-6 weeks old, C57BL/6 background) were purchased
from the Jackson Laboratory (Bar Harbor, Maine, USA). The protocols for animal studies
were approved by the Animal Care and Use Committee of Xiamen University, and all mice
were handled in accordance with the “Guide for the Care and Use of Laboratory Animals”
and the “Principles for the Utilization and Care of Vertebrate Animals.” Animals were used
for isolating cultures of primary cells from mice. All cell lines are described in the key
Resources Table.

METHOD DETAILS

Cell Culture Conditions—Human hepatocellular carcinoma cell lines HepG2,
SMMC-7721, QGY-7703 were maintained in Dulbecco’s Modified Eagle Medium
containing 10% fetal bovine serum (FBS). Human hepatocellular carcinoma cell line LO2,
human lung carcinoma cell line NIH-H460 and human cervical cancer cell line HeLa were
cultured in RPMI-1640 supplemented 10% FBS. Primary MEFs and Aur77'~ MEFs were
extracted from fetus of 14d-16d wild-type and Nur77'~ pregnant female mice (C57BL/6
background).

Compounds—136 natural compounds with approved anti-inflammatory effect in human
were purified from traditional Chinese medicinal plants and used to screen for binding to
Nur77. Celastrol was obtained from 7hunder of God Vine. The 60% aqueous ethanol (V/V)
solution-soluble extract of 7hunder of God Vine was extracted with ethyl acetate and the
ethyl acetate fraction was separately subjected multiple chromatographic steps on silica gel
or Sephadex LH-20. The subfraction was purified through preparative HPLC eluting with
aqueous acetonitrile elution to produce celastrol. Celastrol purchased from Sigma (St. Louis,
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MO, USA) and Chengdu Pufei De Biotech Co., Ltd (Chengdu, Sichuan, China) was used to
confirm the results.

Plasmids—~Plasmids pcmv-myc-Nur77, pcmv-myc-Nur77/L506W, pcmv-myc-Nur77/
L555W, pcmv-myc-Nur77/L556W, pcmv-myc-Nur77AAF2, pcmv-myc-Nur77AAB, pcmv-
myc-Nur77ADBD, pcmv-myc-Nur77AAB/ADBD, pcmv-myc-Nur77ALBD, pEGFP-C1-
Nur77, pET-15b-Nur77/LBD, pFlag-cmv-2-TRAF2, pFlag-cmv-2-TRAF3, pFlag-cmv-2-
TRAFS5, pFlag-cmv-2-TRAF2(1-249), pFlag-cmv-2-TRAF2(97-356), pFlag-cmv-2-
TRAF2(272-501), GST-TRAF2, GFP-LC3, RFP-LC3, HA-Ub, HA-UbK63R, pBind-Nur77,
pBind-GR/LBD, pG5pFlag-cmv-2-p62, Myc-Nur77/K536R, and GFP-Nur77/K536R were
described previously (Chen et al., 2014; Kolluri et al., 2008; Li et al., 2000; Lin et al., 2004;
Zeng et al., 2015) or were constructed using PCR or the QuikChange mutagenesis Kit.

Antibodies and Reagents—Anti-Myc (9E10) (Cat. Sc-40), and anti-Hsp60 (Cat.
ab46798) antibodies from Abcam (UK); anti-Ubiquitin (Cat. 3933S), anti-p-actin (Cat.
4970S), anti-IxBa (Cat.4814S), and anti-LC3 (Cat. 4108S) antibodies from Cell Signal
Technology (Beverly, MA, USA); anti-Nur77 (M-210) (Cat. sc-5569), anti-LC3B (Santa
Cruz sc-28266), anti-p65 (Santa Cruz sc-109) and anti-GST (Cat.sc-138) antibodies from
Santa Cruz Biotechnology (Santa Cruz, CA, USA); mouse IL-1f (interleukin 1P, Cat. E-
EL-MO0037c) and IL-6 (interleukin 6, Cat. E-EL-M0044c) ELISA kits for IL-1p and 1L6
from Elabscience Biotechnology (Wuhan, Hubei, China); LPS (Lipopolysaccharide, Cat.
L2630) and D-Gal N (D-Galactosamine, Cat. G0500) from Sigma (St. Louis, MO, USA);
TianScript RT kit (Cat. KR104-02) from TianGen Biotechnology (Beijing, China); and
Nur77, RXRa, and control siRNAs from Sigma were used.

Real-Time Polymerase Chain Reaction—After grinding liver tissue by tissuelyser-24,
total RNA was extracted with Trizol. A total of 2 pg RNA was used to prepare cDNA using
oligo(dT)12 as a primer. TIANScript RT Kit’s was used for real-time polymerase chain
reaction (PCR) analysis. Each sample was run in triplicate. The relative RNA amounts were
calculated with the AACt method by ABI Stepone PCR instrument and normalized with an
internal control, p-actin. Primers: 1L-6 forward: CCAGAGATACAAAGAAATGATGG,
reverse: ACTCCAGAAGACCAGAGGAAAT; IL-1pB forward:
TGGTGTGTGACGTTCCCATT, reverse: CAGCACGAGGCTTTTTTGTTG.

Biacore Assay—After coupling 50 pg purified ligand-binding domain (LBD) of Nur77
(Nur77-LBD) protein to CM5 of Biacore, over 100 (20 pM) with known anti-inflammatory
activity were initially screened for their binding to Nur77-LBD by Biacore T200. The
identified celastrol was tested again with a gradient concentration of 0.04 uM, 0.08 pM,0.16
UM,0.32 pM,and 0.64 pM injected through flow cells immobilized with Nur77-LBD. The
kinetic profiles were shown.

Circular Dichroism—_Circular dichroism (CD) analysis of celastrol binding to Nur77-
LBD followed protocol described previously (Kolluri et al., 2008). Celastrol (200 pl, 0.1
mg/mL) was added to the phosphate buffer (10 mM, pH7.4) of purified Nur77-LBD protein
(1 mL, 1 mg/mL) extracted and purified from £. coli. After incubation for 3 hr at 4°C, 0.7
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mL of the incubation buffer was measured with Jasco J-810 spectropolarimeter, and the CD
spectra were obtained from 190 nm to 260 nm. Nur77-LBD alone was used as control.

High-Performance Liquid Chromatography—High-performance liquid
chromatography (HPLC) was conducted as described (Zhou et al., 2010). Briefly, celastrol
(600 pl, 0.1 mg/mL) was incubated with purified Nur77-LBD protein (5 mL, 1 mg/mL).
After incubation for 3 hr at 4°C, the complex of celastrol and Nur77-LBD was captured
using Ni beads. The complex was degenerated and the bound celastrol was extracted by
organic solvent. The bound celastrol was subjected to ODS column (5 pm, 4.6 3 250 mm)
through 0.2% H3PO,4 aqueous acetonitrile elution using HPLC spectrometer (Shimadzu LC
20A, Japan). The detection wavelength was 425 nm.

Molecular Simulation—Docking of celastrol to Nur77 (PDB code: 4JGV) was performed
using AutoDock V4.2. Celastrol conformations were generated by the Lamarckian genetic
algorithm. Grid center was chosen around the reported coordinates (-12.08, 18.29, —4.233)
of THPN in Nur77 crystal structure and grid size was set to 40x40x40 (X, Y, Z) grid points
with a spacing of 0.375A between grid points. The standard docking protocol in AutoDock
was applied: the number of randomly placed individuals was 150, the maximum number of
energy evaluations was 2.5 million, the rate of gene mutation was 0.02, the rate of crossover
was 0.8, the probability of performing local search on individual was 0.06, the lower bound
on rho was 0.01. PyMOL version 0.99 was used for molecular visualization.

Dual-Luciferase Reporter Assay—Reporter assays were conducted as described (Chen
et al., 2014; Kolluri et al., 2008; Li et al., 2000; Lin et al., 2004; Zhou et al., 2010). Cells
were transfected with the corresponding plasmids for 24 hr and then treated with compounds
for 12 hr. Cells were lysed and Lusiferase relative activity was tested by the Dual-Luciferase
Reporter Assay System according to the manufacturer’s instructions. Transfection efficiency
was normalized to Renilla luciferase activity.

Confocal Microscopy—Confocal microscopy was conducted as described (Kolluri et al.,
2008; Li et al., 2000; Lin et al., 2004). Cells mounted on glass slides were permeabilized
with PBS containing 0.1% Triton X-100 and 0.1 mol/L glycine for 15 min, and blocked with
1% bovine serum in PBS for 30 min at room temperature, followed with incubation with
various primary antibodies at room temperature for 3 hr, and detected by FITC-labeled anti-
1gG (1:400), anti-goat 1gG conjugated with Cy3(1:400), or Cy5-labeled antibody at room
temperature for 1 hr. Cells were costained with 4”,6-diamidino-2-phenylindole (DAPI)
(1:10000 dilution) to visualize nuclei. The images were taken under a fluorescent
microscope (CarlZeiss) or an LSM-510 confocal laser scanning microscope system
(CarlZeiss). HepG2 cells, MEFs, and NVur77-'~ MEFs were treated with celastrol (1 pM or 4
uM) for the indicated time before exposed to TNFa (20 ng/mL) for additional 30 min.
Mitochondria were marked by Mitotracker (Red) (1:10000 dilution) for 30 min before fixed
by 4% buffered formalin/PBS. Hsp60, Ub, p65, TRAF2, and Nur77 were examined by
immunostaining.

Coimmunoprecipitation—Coimmunoprecipitation (ColP) assays were conducted as
described before (Kolluri et al., 2008; Lin et al., 2004; Zhou et al., 2010). Cells were
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harvested in lysis buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 5 mM
ethylenediaminetetraacetic acid, containing protease inhibitors). Lysate was incubated with 1
ug antibody at 4°C for 2 hr. Immunocomplexes were then precipitated with 30 pl of protein
AJ/G-Sepharose. After an extensive washing with lysis buffer, the beads were boiled in SDS
sample loading buffer and assessed by western blotting (WB). HepG2 cells transfected with
2 ug Myc-Nur77, Flag-TRAF2, or HA-Ub expression vectors in 10-cm dishes were treated
with treated with celastrol (4 uM) for 2 hr plus TNFa (20 ng/mL) for additional 30 min as
indicated and analyzed by colP using anti-Myc or anti-Flag antibody.

Western Blotting—WB was performed as described previously (Kolluri et al., 2008; Lin
etal., 2004; Zhou et al., 2010). Cell lysates were boiled in sodium dodecyl sulfate (SDS)
sample loading buffer, resolved by 10% SDS—polyacrylamide gel electrophoresis (SDS—
PAGE) and transferred to nitrocellulose. The membranes were blocked in 5% milk in Tris-
buffered saline and Tween 20 (TBST; 10 mM Tris—HCI [pH 8.0], 150 mM NacCl, 0.05%
Tween 20) for 1 hr at room temperature. After washing twice with TBST, the membranes
were incubated with appropriate primary antibodies in TBST for 1 hr and then washed
twice, probed with horseradish peroxide-linked anti-immunoglobulin (1:5000 dilution) for 1
hr at room temperature. After three washes with TBST, immunoreactive products were
visualized using enhanced chemiluminescence reagents and autoradiography. HepG2 cells,
MEFs and Nur77~ MEFs were treated with Celastrol in 1 uM and 4 uM for 1 hr before
exposed to TNFa (20 ng/mL) for additional 30 min. Lysates prepared were analyzed with
IxB (1:1000 dilution) and p-actin (1:10000 dilution) antibodies by WB. HepG2 cells, MEFs
and Nur77"= MEFs were treated with celastrol in 2 uM for 9 hr before exposed to TNFa
(20 ng/mL) for additional 30 min. Lysates prepared were analyzed with LC3B (1:1000
dilution) and B-actin antibodies by WB.

Animal Studies—Wild-type and Mur77"~ mice (male, 4-6 weeks old, C57BL/6
background) were purchased from the Jackson Laboratory (Bar Harbor, Maine, USA). The
protocols for animal studies were approved by the Animal Care and Use Committee of
Xiamen University, and all mice were handled in accordance with the “Guide for the Care
and Use of Laboratory Animals” and the “Principles for the Utilization and Care of
Vertebrate Animals.” All of the mice were maintained in animal room with 12 hr light/12 hr
dark cycles at Laboratory Animal Center in Xiamen University. Celastrol was dissolved in
DMSO and diluted with normal saline containing 5.0% (V/V) Tween-80 to a final
concentration 0.05 mg/mL. Normal saline with DMSO and 5.0% Tween-80 was employed
as the vehicle control. For acute liver inflammation animal studies, mice of 8-10 weeks were
intraperitoneally (i.p.) coinjected with LPS (80 pg/kg) and D-GalN (200 mg/kg). After 6 hr,
mice were bled from the eye and the concentrations of AST, ALT, IL-1p and IL-6 in blood
were measured by ELISA assay. Liver tissues were also collected, and the relative levels of
MRNA expression of IL-1p and IL-6 were determined by RT-PCR. To estimate the efficacy
of celastrol, mice were intraperitoneally injected with celastrol (0.2 or 0.5 mg/kg body
weight) 12 hr before LPS and D-GalN injection. For HFD-induced obese animal studies,
wild-type and Aur77-'= lean male mice were placed on 60 kcal% HFD (research diet) at the
age of 4 weeks soon after weaning, and maintained on the same diet for 17 weeks before the
experiments. All other animals were maintained on chow diet (13.5% from fat calories; lab
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diet). Animals were housed under 12 hr of light and 12 hr dark cycle with unrestricted
access to food and water unless otherwise described. Vehicle or celastrol (0.1 mg/kg) was
administered at fixed time (7:00 PM) once a day for two weeks (i.p., once a day). Body
weight was monitored daily before drug treatment.

Mouse Tissue Processing and Histological Examination—Mouse tissues for
histological examination were fixed in 10% or 4% neutral buffered formalin phosphate (pH
7.0) for periods not exceeding 24 hr, and were subsequently embedded in paraffin or OCT
compound, respectively. They were sliced into 4-um sections for hematoxylin and eosin
(HE) staining, immunofluorescence, and for immunohistochemistry. To examine
hepatocytes, HE-stained liver sections were analyzed with an image analysis system
(Olympus, Tokyo, Japan). For immunostaining, liver sections were incubated with anti-
LC3B (1:150 dilution) or anti-p65 (1:100 dilution) antibody. Positive areas were counted and
measured, respectively, for 10 low-powered (x 100) fields per slide and analyzed by ImageJ
software (NIH). A total of 10 sections in ablation region, each section randomly selected five
fields at x400 magnification and photographed counting the number of cells. The cells of
sections independently counted and analyzed by GrapgPad Prism by two pathologists
previously uninformed.

Detection of AST, ALT, IL-1B, and IL-6 Levels from Serum—Serum levels of liver
enzymes, including AST and ALT, were determined using an automatic analyzer
(NanJingjiancheng, China). Serum levels of IL-1p and IL-6 were determined by enzyme-
linked immunosorbent assays (ELISA) according the manufacturer’s protocol (Elabscience,
China).

Prediction of Potential Ubiquitination Sites on Nur77—Several online programs
including UbPred, CPLM 1.0, and BDM-PUB were used to predict potential ubiquitination
sites on Nur77. Three sites (Lys32, Lys381, and Lys536) were predicted to be potential
ubiquitination sites on Nur77 and were there chosen for mutagenesis studies.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data are presented as means £ SEM, and statistical significance are reported in
the figures and in the figure legends. All experiments were independently repeated at least
three times. ANOVA with Tukey’s post-test (One-way ANOVA for comparisons between
groups, Two-way ANOVA for comparisons of magnitude of changes between different
groups from different cell lines) was used to compare values among different experimental
groups using the GraphPad program. For experiments with only two groups, Student’s t test
was used as specified in the figure legends. p < 0.05 was considered statistically significant
(*), p < 0.01 as highly significant (**), p < 0.001 as extremely significant (***), and ns as
not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Celastrol binds Nur77 to inhibit inflammation by autophagy

Celastrol induces Nur77 translocation to mitochondria and interaction with
TRAF2

An LxxLL motif in TRAF2 mediates its interaction with Nur77

Celastrol promotes Nur77 ubiquitination, p62/SQSTML interaction, and
mitophagy
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Figure 1. Celastrol Binding to Nur77 and Their Regulation of Inflammation
(A) Celastrol structure.

(B) Celastrol binding to Nur77 was illustrated by SPR assay of purified Nur77-LBD with
celastrol.

(C) Inhibition of TNFa-induced IKKa/p phosphorylation and IxBa degradation by
celastrol. Cells treated with celastrol and/or TNFa (20 ng/mL) for 30 min were analyzed by
western blotting (WB).

(D) WB of MEFs and Nur77"~ MEFs treated with celastrol (1 pM) and/or TNFa for 1 hr.
Nur77 is required for celastrol inhibition of TNFa-induced IxBa degradation.

(E) Expression of IxBa protein in liver lysates from two representative wild-type and
Nur77°'= mice treated with LPS, D-GalN, and celastrol.

(F) Representative images show H&E-stained section of liver tissues from wild-type and
Nur77'~ mice treated with LPS, D-GalN, and celastrol (scale bar, 100 ym).
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(G) Role of Nur77 in celastrol inhibition of HFD-induced obesity. Body weight and liver
morphology (n = 6 per group) of wild-type (WT) and NMur777'~ mice. Celastrol, C. Data
were represented as mean + SEM.

(H) Expression of 1xBa in liver lysates from three representative wild-type and Nur77-/~
mice.

(1) Representative images show H&E staining of liver tissue from wild-type and Nur777~
mice (n = 6 per group). Scale bar, 50 pm.

For western blots, one of three similar experiments is shown.

See also Figure S1.
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Figure 2. Role of Nur77 in Celastrol Induction of Autophagy
(A) HepG2 cells treated with celastrol (2 pM) were exposed to TNFa. (20 ng/mL) for an

additional 30 min and analyzed by WB.

(B) Representative images show the formation of GFP-LC3 punctate in HepG2 cells after
treatment with celastrol and TNFa. TNFa, T; celastrol, C. About 200 GFP-LC-3 transfected
cells were examined for displays of GFP-LC3 punctate and scored. Data were represented as
mean = SEM for three experiments. Scale bar, 10 um.

(C) Nur77 is required for induction of LC3-11 analyzed by WB in MEFs and Nur77-'~ MEFs
treated with celastrol and TNFa (20 ng/mL) for 4 hr.

(D) Celastrol induces LC3-11 expression in liver tissue from wild-type but not Aur777~ mice
treated with LPS and D-GalN, as analyzed by WB.

(E) Representative images show increased LC3B expression by celastrol in liver tissue from
wild-type but not Alur77-'~ mice treated with LPS and D-GalN, examined by
immunohistochemistry staining. Scale bar, 50 UM.

(F) Representative images show increased LC3B expression by celastrol in liver tissue from
wild-type but not Alur77-'~ mice fed with HFD. Scale bar, 50 M.

(G) Celastrol induces LC3-11 expression in liver tissue from wild-type but not Mur77/~ mice
fed with HFD, as analyzed by WB.

(H) Autophagic inhibitors attenuate the inhibitory effect of celastrol on TNFa-induced 1xBa
degradation. HepG2 cells treated with hydroxychloroquine (20 uM) or wortmannin (100
nM) for 1 hr before exposure to TNFa and celastrol were analyzed by WB.

For WB, one of three or five similar experiments is shown.
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See also Figure S2.
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Figure 3. Celastrol Induction of Nur77 Colocalization with TRAF2 at Mitochondria
(A) Colocalization of endogenous Nur77 and TRAF2. Representative images show

colocalization of endogenous TRAF2 and Nur77 with mitochondria in MEFs and Nur77-~
MEFs after treatment with celastrol (2 uM) and/or TNFa. (20 ng/mL) for 1 hr, examined by
immunostaining. Statistical data were represented as mean + SEM of five independent
images. **p < 0.01, ***p < 0.001 (Student’s t test).
(B) Celastrol induces coaccumulation of Nur77, TRAF2, p62, and LC3-1I at mitochondria.
Whole-cell lysates and mitochondrial fractions prepared from HepG2 cells treated with

celastrol (4 uM) and/or TNFa. (20 ng/mL) were analyzed by WB. One of three similar

experiments is shown.

(C) TRAF2-dependent induction of autophagy by celastrol. Lysates from HepG2 cells
transfected with control or TRAF2 siRNA were treated with celastrol (2 uM) and TNFa (20
ng/mL) for 6 hr and analyzed by WB.
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(D) Representative images illustrate colocalization of endogenous Nur77 with transfected
Flag-TRAF2 in HepG2 cells after treatment with celastrol (4 uM) and TNFa. (20 ng/mL) for
1 hr, examined by immunostaining.

(E) Representative images show colocalization of transfected Flag-TRAF2 with
mitochondria in HepG2 cells after treatment with celastrol and TNFa,, analyzed by
immunostaining.

(F) Representative images show colocalization of transfected Flag-TRAF2 and GFP-Nur77
with mitochondria in HepG2 cells after treatment with celastrol and TNFa, examined by
immunostaining. Scale bars, 10 pm.

See also Figure S3.
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Figure 4. Celastrol Promotes Nur77 Interaction with TRAF2
(A, B) Celastrol promotes Nur77 interaction with TRAF2. The interaction of endogenous

(A) or transfected (B) Nur77 with TRAF2 in HepG2 cells treated with TNFa (20 ng/mL),
celastrol (1 uM), or CD3254 (1 uM) was analyzed by colP.

(C) Celastrol promotes Nur77-LBD interaction with TRAF2 in vitro. Purified Nur77-LBD
incubated with or without 4 uM celastrol was pulled down by GST or GST-TRAF2 protein
and analyzed by WB. GST proteins used were shown by Coomassie blue staining.

(D) HepG2 cells transfected with the indicated Flag-TRAF2 and Myc-Nur77 or mutants
were treated with celastrol (4 uM) and TNFa (20 ng/mL) for 1 hr and analyzed by colP.
(E) Schematic representation of Nur77 and mutants. DBD, DNA-binding domain; LBD,
ligand-binding domain.

(F) Mutational analysis of Nur77 interaction with TRAF2. HepG2 cells transfected with the
indicated Flag-TRAF2 and Myc-Nur77 or mutants were treated with celastrol (4 uM) and
TNFa (20 ng/mL) for 1 hr and analyzed by colP.

(G) Colocalization of TRAF2 with Nur77 or mutants. HepG2 cells transfected with Flag-
TRAF2 and Nur77 or mutants were treated with celastrol (4 uM) and TNFa. (20 ng/mL) for
1 hr and examined by immunofluorescence staining.

Overlay DAPI F-TRAF2Z Nur?7
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For colP, one of three or five similar experiments is shown.
See also Figure S4.
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Figure 5. Analysis of the LxxLL Motif in TRAF2 for Binding Nur77
(A) Schematic representation of TRAF2 and mutants.

(B) Mutational analysis of TRAF2 interaction with Nur77. HepG2 cells transfected with
Myc-Nur77 and Flag-TRAF2 or mutants were treated with celastrol (4 uM) and TNFa (20
ng/mL) for 1 hr and analyzed by colP.

(C) Schematic representation of the LAMLL motif in TRAF2. Peptides encompassing the
LxxLL motif or mutant are shown.

(D and E) Nur77 binds TRAF2 peptide, but not mutant peptide. TRAF2 peptide (D) or
mutant peptide (E) was analyzed for binding to purified Nur77-LBD protein by SPR assay.
(F) Mutation of the LAMLL motif in TRAF2 reduces its interaction with Nur77. HepG2
cells transfected with Myc-Nur77 and Flag-TRAF2 or Flag-Nur77/AA were treated with
celastrol (4 uM) and TNFa (20 ng/mL) for 1 hr and analyzed by colP.

(G) Mutation of the LAMLL motif in TRAF2 impairs its colocalization with Nur77.
Representative images illustrate colocalization of endogenous Nur77 with transfected Flag-
TRAF2 or Flag-TRAF2/AA in HepG2 cells after treatment with (4 uM) and TNFa (20
ng/mL) for 1 hr were examined by immunostaining. Scale bars, 10 um.

For colP, one of three similar experiments is shown.

See also Figure S5.
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Figure 6. Effect of Nur77 Interaction with TRAF2 on Their Ubiquitination and Mitochondrial

Targeting

(A) Inhibition of TRAF2 polyubiquitination by celastrol. HepG2 cells transfected with the
indicated plasmids were treated with 4 pM celastrol and/or 20 ng/mL TNFa for 1 hr and

analyzed using IP followed by WB.

(B) TNFa-induced TNFRL1 recruitment of TRAF2 and RIP1 is inhibited by celastrol. HepG2
cells were treated with celastrol (4 uM) and TNFa (20 ng/mL) for 30 min and analyzed by

colP.
(C) Inhibition of TNFa-induced RIP1

ubiquitination by celastrol. HepG2 cells were treated

with 4 uM celastrol and/or 20 ng/mL TNFa for 30 min and analyzed using IP followed by

WB.

(D-H) Analysis of Nur77 ubiquitination. Shown are (D) effect of celastrol binding, (E)
effect of TRAF2 transfection, (F) effect of TRAF2 siRNA transfection, (G) K63-linkage-
specific Nur77 ubiquitination, and (H) role of K536 in Nur77 ubiquitination. HepG2 cells
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transfected with the indicated plasmids were treated with 4 uM celastrol and/or TNFa for 1
hr and analyzed using colP followed by WB.

(I) Representative images illustrate colocalization of transfected Myc-Nur77 with HA-Ub in
HepG2 cells after treatment with 4 uM celastrol and 20 ng/mL TNFa for 1 hr, analyzed by
confocal microscopy.

(J) Ubiquitinated Nur77 resides at mitochondria. Representative images illustrate
colocalization of transfected GFP-Nur77 with endogenous ubiquitin and mitochondria in
HepG2 cells after treatment with 4 uM celastrol and 20 ng/mL TNFa for 1 hr, analyzed by
immunostaining.

(K) Ubiquitinated Nur77 resides at mitochondria. HepG2 cells transfected with the indicated
plasmids were treated with 4 uM celastrol and/or 20 ng/mL TNFa for 1 hr. Whole-cell
lysates and mitochondrial fractions were analyzed by WB. Mitochondrial fractions were also
subjected to IP followed by WB.

Scale bars, 10 um. For ubiquitination assays, one of three or five similar experiments is
shown.

See also Figure S6.
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Figure 7. Celastrol Induces Mitophagy and Nur77 Interaction with p62/SQSTM1
(A) Celastrol promotes Nur77 colocalization with mitochondria and LC3. Representative

images show colocalization of endogenous Nur77 with mitochondria and LC3 in MEFs after
treatment with celastrol (2 uM) and TNFa (20 ng/mL) for 1 hr, examined by
immunostaining.

(B) Representative images show colocalization of transfected Flag-TRAF2 with GFP-LC3
and mitochondria in HepG2 cells after treatment with celastrol and TNFa, examined by
immunostaining.

(C) Representative images show colocalization of transfected GFP-Nur77, but not GFP-
Nur77/K536R, with RFP-LC3 and mitochondria in HepG2 cells after treatment with
celastrol and TNFa, examined by immunostaining. T, TNFa; C, celastrol. Scale bar, 5 um.
(D) Celastrol induces Nur77 interaction with p62 in a ubiquitination-dependent manner.
HepG2 cells transfected with Myc-Nur77 and Flag-p62 or Flag-p62/AUBA were treated
with celastrol and TNFa and analyzed by colP.
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(E and F) Colocalization of Nur77 with p62. Representative images illustrate colocalization
of transfected endogenous Nur77 (E) or transfected GFP-Nur77 (F) with p62 in HepG2 cells
after treatment with 4 uM celastrol and 20 ng/mL TNFa for 1 hr, analyzed by
immunostaining. Scale bar, 10 um.

(G-1) Role of p62 in Nur77-dependent mitophagy. Representative images illustrate
colocalization of p62 with ubiquitin (G), mitochondria (H), and LC3 (1) in MEFs, but not in
Nur77-'~ MEFs, after treatment with 2 uM celastrol and 20 ng/mL TNFa for 1 hr, examined
by immunostaining. Scale bar, 20 um.

See also Figure S7.
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