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The warning cytokine interleukin-33 receptor (IL-33R) mediates
local inflammatory responses and plays crucial roles in the patho-
genesis of immune diseases such as pulmonary fibrosis and rheu-
matoid arthritis. Whether and how IL-33R is regulated remain
enigmatic. Here, we identified ubiquitin-specific protease 38
(USP38) as a negative regulator of IL-33R-mediated signaling.
USP38 deficiency promotes interleukin-33 (IL-33)-induced down-
stream proinflammatory responses in vitro and in vivo. Usp38~/~
mice are more susceptible to inflammatory damage and death and
developed more serious pulmonary fibrosis after bleomycin treat-
ment. USP38 is constitutively associated with IL-33R and deconju-
gates its K27-linked polyubiquitination at K511, resulting in its
autophagic degradation. We further show that the E3 ubiquitin
ligase tumor necrosis factor receptor-associated factor 6 (TRAF6)
catalyzes K27-linked polyubiquitination of IL-33R at K511, and that
deficiency of TRAF6 inhibits IL-33-mediated signaling. Our findings
suggest that K27-linked polyubiquitination and deubiquitination
of IL-33R by TRAF6 and USP38 reciprocally regulate IL-33R level
and signaling, which represents a critical mechanism in the regula-
tion of IL-33-triggered lung inflammatory response and pulmo-
nary fibrosis.
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nterleukin-33 (IL-33) is a member of the interleukin-1 (IL-1)

family, which plays crucial roles in innate and adaptive immu-
nity, contributing to tissue homeostasis and responses to envi-
ronmental stresses (1, 2). IL-33 is expressed constitutively in a
variety of cells, including human epithelial and pulmonary
endothelial cells, as a chromatin-associated nuclear cytokine in
the steady state. IL-33 is released as an alarm after cell injury
to alert the immune system of tissue damage during trauma or
infection (1, 3-5). It has been shown that excessive activation of
IL-33 causes severe local inflammation as well as autoimmune
diseases or immune-related diseases, such as substantial lung
damage (6-8). Overexpression of IL-33 is observed in patients
with chronic fibrosis, including idiopathic pulmonary fibrosis (9,
10). IL-33 promotes interleukin-33 receptor (IL-33R)-depen-
dent pulmonary fibrosis by inducing alternate activation of mac-
rophages and innate lymphoid cells in mice (11). Anti-IL-33
antibody treatment attenuates airway inflammation in a murine
model of allergic asthma (12).

IL-33R, also known as suppression of tumorigenicity 2
(ST2), is a classical type I transmembrane receptor of IL-33
(13). Binding of IL-33 to IL-33R triggers a cascade of signaling
events, leading to local immune responses. The initial step in
IL-33 signal transduction is ligand-induced conformational
changes in IL-33R, which facilitate recruitment of interleukin-1
receptor accessory protein (IL-1RAP). The activated hetero-
dimer complex recruits downstream signaling components,
including myeloid differentiation primary response protein 88
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(MyD88), IL-1 receptor (IL-1R)-associated kinase, tumor
necrosis factor (TNF) receptor—associated factor 6 (TRAF6),
and transforming growth factor (TGF)-p-activated kinase 1
(TAK1) complex, resulting in TAKI1 activation. TAK1 subse-
quently activates downstream kinases inhibitor of nuclear factor
kappa-B kinase subunit alpha (IKKa) and IKKp, which phos-
phorylate nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB) inhibitor (IkB) proteins. These events
ultimately lead to activation of the transcription factor NF-kB
and induction of downstream effector genes (1, 14-16).

While excessive activation of IL-33-triggered signaling is
associated with a variety of diseases, the IL-33/IL-33R axis is
tightly regulated under physiological conditions. sST2, a soluble
and secreted form of IL-33R/ST2, inhibits IL-33—triggered signal-
ing by competing with IL-33R for IL-33 binding (17, 18).
IL-33-triggered signaling is inhibited by the single immunoglobu-
lin domain interleukin-1 receptor—associated molecule (SIGIRR;
also known as TIRS), which disrupts dimerization of IL-33R and
IL-1RAP (19). Previous studies have demonstrated that post-
translational modifications play critical roles in the regulation of
the IL-1IR family. For example, the E3 ubiquitin ligases
MARCH3 and MARCHS mediate K48-linked polyubiquitination
and degradation of IL-1R and IL-1RAP, respectively, leading to
negative regulation of IL-1-triggered inflammatory responses
(20-22). It has been previously reported that the E3 ubiquitin
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ligase FBXL.19 mediates polyubiquitination of IL-33R, and over-
expression of FBXL19 attenuates IL-33-triggered inflammatory
response (23).

Deubiquitinating enzymes remove ubiquitin conjugates from
their target proteins, resulting in regulation of their stability,
localization, or activity (24-27). Ubiquitin-specific protease 38
(USP38) was originally identified as a negative regulator of
type I interferon signaling by its regulation of TANK-bound
kinase 1 ubiquitination (28). In addition, it has been shown that
USP38 is down-regulated in colorectal cancers and acts as a
tumor suppressor by deubiquitinating HDACS3, thereby control-
ling expression of tumor stem cell-related genes (29).

In this study, we identified USP38 as a negative regulator
of IL-33-triggered signaling. USP38 deficiency potentiates
IL-33-induced lung inflammatory response and bleomycin-
induced pulmonary fibrosis. Mechanistically, we demonstrate
that K27-linked polyubiquitination of IL-33R*¥*! is critical
for its stability. USP38 is constitutively associated with
IL-33R, resulting in deconjugation of K27-linked polyubiquitin
moieties from IL-33R®M as well as its autophagic degradation.
We also identified TRAF6 as the E3 ubiquitin ligase that cata-
lyzes K27-linked polyubiquitination of IL-33R¥''. These
findings suggest that K27-linked polyubiquitination and deubi-
quitination of IL-33R by TRAF6 and USP38, respectively,
serve as a critical regulatory mechanism for fine-tuning
IL-33R-mediated inflammatory response.

Results

USP38 Negatively Regulates IL-33-Triggered Signaling by Down-
Regulating IL-33R. Whether and how IL-33R is regulated by post-
translational modifications are enigmatic. In an attempt to identify
proteins that regulate IL-33R-mediated signaling by posttransla-
tional modifications, we screened 247 ubiquitin-related proteins
for their abilities to regulate IL-33R level by cotransfection experi-
ments in HEK293 cells. These efforts led to the identification of
human USP38, which caused down-regulation of human IL-33R
(Fig. 14). Overexpression of USP38 down-regulated the level of
IL-33R but not IL-IRAP or SIGIRR in a dose-dependent man-
ner (Fig. 1B). We further examined whether murine Usp38
(throughout the text, the designations of Homo sapiens genes and
proteins are all capitalized, while only the first letters of murine
genes and proteins are capitalized) can down-regulate 11-33r. The
results showed that Usp38 down-regulated I1-33r in a dose-
dependent manner (Fig. 1C), pointing to a conserved function of
Usp38 in down-regulating II-33r. We next generated Usp38-
deficient murine embryonic fibroblast NIH 3T3 cells using the
CRISPR-Cas9 system. We found that the level of 11-33r but not of
II-1rap and Ikkp was increased in Usp38-deficient NIH 3T3 cells
(Fig. 1D). Consistently, Usp38 deficiency enhanced I1-33— but not
II-1p-induced phosphorylation of IxkBa and p65 in NIH 3T3 cells
(Fig. 1E), which are hallmarks of Il-33-induced activation of
downstream components. gPCR experiments indicated that Usp38
deficiency potentiated I1-33-induced transcription of Cxcll, Cxcl2,
and 1I6 genes (Fig. 1F). In contrast, Il-1p—induced transcription of
Tnfa and Ikba genes was comparable between Usp38-deficient and
control NIH 3T3 cells (Fig. 1F). In these experiments, Usp38 defi-
ciency did not affect IL-33R messenger RNA (mRNA) levels
(Fig. 1F). Similarly, USP38 deficiency also potentiated
IL-33-induced transcription of CXCLI, CXCL2, and IL6 genes
in human pulmonary microvascular endothelial cells
(HLMVEC:s) (Fig. 1G). Reconstitution experiments indicated
that ectopic expression of Usp38 in Usp38-deficient NIH 3T3
cells down-regulated Il-33r in a dose-dependent manner (S/
Appendix, Fig. S14) and reversed the potentiation of
IL-33-induced transcription of downstream genes by Usp38
deficiency (SI Appendix, Fig. S1B). Moreover, knockdown of
I1-33r inhibited the potentiation of IL-33—induced transcription
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of downstream genes by Usp38 deficiency (SI Appendix, Fig.
S1C).These data suggest that endogenous USP38 negatively reg-
ulates IL-33-triggered signaling in various mammalian cells
through regulation of IL-33R levels.

To further investigate the roles of Usp38 in vivo, we prepared
Usp38-deficient mice generated by the CRISPR-Cas9 method
(30). We found that the levels of I1-33r were increased in
Usp38-deficient bone marrow—derived dendritic cells (BMDCs)
and bone marrow—derived macrophages (BMDMs) compared
with their wild-type counterparts (Fig. 24). Consistently, Usp38
deficiency potentiated I1-33— but not Il-1p—induced phosphory-
lation of IkBa and p65 in mouse BMDCs and BMDMs (Fig.
2B). Usp38 deficiency also potentiated I1-33-induced transcrip-
tion of Cxcll, Cxcl2, and 1l6 genes but not II-1p-induced tran-
scription of Tnfa and Ikba genes in BMDCs and BMDMs (Fig.
2C). These results suggest that Usp38 negatively regulates
11-33—triggered signaling in primary immune cells.

Usp38 Deficiency Promotes II-33-Induced Lung Inflammatory
Response and Bleomycin-Induced Pulmonary Fibrosis. To investi-
gate the roles of Usp38 in II-33—induced signaling in vivo, we
treated mice with recombinant murine I1-33 intranasally to
induce lung inflammatory response. We found that Usp38 defi-
ciency markedly increased eosinophilia and II-5 levels in the
lung following recombinant I1-33 stimulation (SI Appendix, Fig.
S2). These data suggest that Usp38 deficiency potentiates
I1-33-induced lung inflammatory response in vivo.

Pulmonary fibrosis is a type of end-stage change of lung dis-
eases characterized by fibroblast proliferation and a large
amount of extracellular matrix aggregation, accompanied by
inflammatory injury and structural destruction (31, 32). Bleo-
mycin is an important chemotherapeutic agent for cancer. Its
cytotoxic activity associated with DNA strand splicing and
induction of reactive oxygen species can lead to serious side
effects, including lung fibrosis (32, 33). Bleomycin-induced
fibrosis in susceptible C57BL/6 mice has been widely used as a
model for studying pulmonary fibrosis (31, 32). It has been
shown that I1-33r is critical for lung fibrotic pathogenesis (10).
IL-33 is induced by bleomycin in lung tissue. ST2 deficiency or
anti-IL-33 antibody treatment attenuates bleomycin-induced
lung inflammation and fibrosis (11). We, therefore, investigated
whether USP38 plays a role in severe pulmonary fibrosis
induced by high doses of bleomycin. Compared with the
Usp38*/* littermates, Usp38~'~ mice were more susceptible to
death induced by bleomycin (10 mg/kg) (Fig. 34). The mRNA
levels of lung inflammatory genes (Cxcl2, Csf3) and fibrosis-
related genes (Timpl, Saa3) induced by bleomycin were signifi-
cantly increased in Usp38~'~ mice compared with the wild-type
littermates (Fig. 3B). Usp38 deficiency markedly increased the
levels of fibronectin and a-smooth muscle actin (a-SMA),
which are fibrotic markers induced by bleomycin. Consistently,
the protein levels of I1-33r in the lungs of Usp38~/~ mice were
also up-regulated compared with that in the wild-type litter-
mates (Fig. 3C). Hematoxylin-eosin (HE) staining analysis indi-
cated that Usp38~'~ mice showed more serious inflammatory
damage of lung after bleomycin administration (Fig. 3D).
Moreover, Usp38~'~ mice showed more severe collagen deposi-
tion (Fig. 3E) and increased a-SMA (Fig. 3F) as illustrated by
trichrome and immunohistochemical (IHC) staining, respec-
tively, in the lungs following bleomycin administration. Further-
more, we treated mice with anti-I1-33r neutralizing antibody or
control mouse immunoglobulin G (IgG) following bleomycin
administration. HE staining analysis indicated that bleomycin-
induced airway inflammatory damages were attenuated follow-
ing treatment with I1-33r neutralizing antibody in the lungs of
both wild-type and Usp38 '~ mice (Fig. 3G). Consistently, col-
lagen deposition and a-SMA protein in wild-type and Usp38~/~
mice were comparable following treatment of I1-33r
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Fig. 1. USP38 inhibits IL-33-triggered signaling. (A) Screening of ubiquitin-related enzymes that regulate the stability of IL-33R. HEK293 cells were trans-

fected with IL-33R-HA, HA-B-actin, and the plasmids encoding ubiquitin-related proteins for 24 h before immunoblotting analysis with the indicated anti-
bodies. Data shown are from five representative ubiquitin-related enzyme clones. (B) USP38 promotes degradation of IL-33R in a dose-dependent man-
ner. HEK293 cells (5 x 10°) were transfected with IL-33R-HA (0.1 pg), IL-1RAP-HA (0.1 pg), or SIGRR-HA (0.1 pg) together with Flag-GFP (0.1 ug) and Myc-
USP38 (0, 0.2, 0.4, and 0.8 ug) for 24 h before immunoblotting analysis with the indicated antibodies. An empty vector was added to ensure that each
transfection received the same amount of total DNA. (C) Usp38 destabilizes I1-33r in a dose-dependent manner. HEK293 cells (5 x 10°) were transfected
with Flag-GFP (0.1 pg), 1I-33r-HA (0.1 pg), and Flag-Usp38 (0, 0.3, 0.9, and 2.7 pg) plasmids for 24 h before immunoblotting analysis with the indicated
antibodies. An empty vector was added to ensure that each transfection receives the same amount of total DNA. (D) Usp38 deficiency specifically
up-regulates the levels of 1-33r in NIH 3T3 cells. The control (gQNC) and Usp38-deficient (gUsp38) NIH 3T3 cells (1 x 10°) were left untreated or treated
with 1I-33 (5 ng/mL) for the indicated time before immunoblotting analysis with the indicated antibodies. (E) Effects of Usp38 deficiency on phosphoryla-
tion of IkBa and p65 induced by II-33 or II-1p. The control and Usp38-deficient NIH 3T3 cells (1 x 10°) were left untreated or treated with 11-33 (5 ng/mL)
or II-1p (100 ng/mL) for the indicated time before immunoblotting analysis with the indicated antibodies. (F) Effects of Usp38 deficiency on the transcrip-
tion of downstream genes induced by 11-33 or 1l-1p. The control and Usp38-deficient NIH 3T3 cells (1 x 10°) were left untreated or treated with 11-33 (5 ng/
mL) or II-1 (100 ng/mL) for the indicated time before qPCR analysis. (G) Effects of USP38 deficiency on transcription of downstream genes induced by
IL-33. The control (gNC) and USP38-deficient (gUSP38) HLMVEC cells (1 x 10°) were left untreated or treated with IL-33 (50 ng/mL) for the indicated time
before qPCR (histographs in Left) and immunoblotting analysis with the indicated antibodies (blots in Right). Data in F and G show mean + SEM. n = 3

from one representative experiment. All experiments were repeated at least two times with similar results. n.s., not significant. *P < 0.05; **P < 0.01.

neutralizing antibody (Fig. 3 H and I). These data suggest that
Usp38 deficiency potentiates bleomycin-induced pulmonary
fibrosis in mice through regulation of I1-33r stability.

USP38 Removes K27-Linked Polyubiquitin Moieties from IL-33R**""
and Causes Its Autophagic Degradation. To investigate the molec-
ular mechanisms responsible for the inhibitory effects of
USP38 on IL-33-mediated inflammatory response, we exam-
ined whether USP38 is associated with components in
IL-33—triggered signaling pathways. Mammalian overexpres-
sion and coimmunoprecipitation experiments indicated that
USP38 was specifically associated with IL-33R but not
IL-1RAP or their downstream components, including MyD88,
TAB1, TAB2, and TAB3 (Fig. 44). Endogenous Usp38 was
constitutively associated with I1-33r in rest and II-33-treated
NIH 3T3 cells. It was noticed that the association was
decreased at early time points after I1-33 stimulation and then
gradually restored to the level in unstimulated cells (Fig. 4B).
The decrease of association of 11-33r and Usp38 at early time
points after I1-33 stimulation is correlated with activation of
11-33r-mediated signaling (Fig. 1E).
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Since USP38 is a deubiquitinating enzyme and mediates down-
regulation of IL-33R, we next determined whether it deubiquiti-
nates IL-33R. In the mammalian overexpression system, USP38
but not its enzymatic inactive mutant USP38“**** removed polyu-
biquitin moieties from IL-33R and down-regulated the level of
IL-33R (Fig. 4C). We next determined the types of polyubiquitin
chains that were removed from IL-33R by USP38. By cotransfec-
tion of IL-33R with ubiquitin mutants in which only one lysine
reside is mutated to arginine (KR), we found that USP38 failed
to remove polyubiquitin moieties from IL-33R only when K27
was mutated to arginine (Fig. 4D). By cotransfection of IL-33R
with ubiquitin mutants that contain only a single lysine residue
(KO), we found that USP38 removed K27-linked polyubiquitin
moieties from IL-33R (Fig. 4D). These results suggest that
USP38 deubiquitinates K27-linked polyubiquitin moieties from
IL-33R. Endogenous polyubiquitination assays indicated that
11-33 stimulation increased K27-linked polyubiquitination of I1-33r
in NIH 3T3 cells, and these effects were enhanced in Usp38-
deficient NIH 3T3 cells (Fig. 4E). Collectively, these results
suggest that USP38 is specifically associated with IL-33R and
deconjugates its K27-linked polyubiquitin moieties.
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Fig. 2. Usp38 negatively regulates Il-33-triggered signaling in primary immune cells. Usp38** or Usp38~~ BMDCs or BMDMs (1 x 10°) were left
untreated or treated with 11-33 (5 ng/mL) or 1I-1p (100 ng/mL) for the indicated time before immunoblotting analysis with the indicated antibodies (A and
B) or gPCR analysis for mRNA levels of the indicated genes (C). Graphs show mean + SEM. n = 3 from one representative experiment. All experiments
were repeated at least two times with similar results. n.s., not significant. *P < 0.05; **P < 0.01.

We next attempted to identify the residues of IL-33R that
are modified by K27-linked polyubiquitination. We individually
mutated all of the 17 lysine residues within the intracellular
region of IL-33R to arginine and then examined their modifica-
tions by K27-linked polyubiquitination. As shown in Fig. 54,
K27-linked polyubiquitination of IL-33R**''R but not of the
other 16 mutants was markedly decreased. Further experiments
indicated that USP38 removed K27-linked Eolyubi
quitin moieties from wild-type IL-33R and IL-33R¥**°R but
failed to remove the low level of basal K27-linked polyubiquiti-
nation of IL-33R*'® (Fig. 5B). Consistently, USP38 also
down-regulated the level of wild-type IL-33R and IL-33R®20R
but not IL-33R®™R (Fig. 5C). Cycloheximide inhibition
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experiments indicated that wild-type IL-33R had a longer half-
life than TL-33R""R (ST Appendix, Fig. S34). Sequence analy-
sis showed that K511 of human IL-33R corresponds to K516 of
murine I1-33r, which is conserved across various species (Fig.
5D). Confocal microscopy showed that Usp38 was colocalized
with wild-type I1-33r and I1-33r*°1°R at the cell surfaces in
untreated cells (SI Appendix, Fig. S3B). Mutation of K511 in
human IL-33R or K516 in murine I1-33r impaired their ability
to activate NF-xB (Fig. 5E). Reconstitution experiments indi-
cated that wild-type I-33r but not II-33r*>'°R rescued
I1-33—induced transcription of Cxcl2 and [1l6 genes in
I1-33r—deficient NIH 3T3 cells (Fig. 5F). In these reconstitution
experiments, the mRNA levels of 11-33r°'°R and wild-type
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were taken for immunoblotting analysis with the indicated antibodies 14

d after injection. Two biological repeats were performed with similar results.

(D-1) Pathological analysis of lung tissues. Sex- and age-matched Usp38*'* and Usp38~'~ mice were intranasally injected with saline or bleomycin (10 mg/
kg), and lung tissues were taken for HE staining (D), Masson’s trichrome (E), and IHC (F) staining 14 d after injection. For G-/, the mice were also treated
intraperitoneally with anti-Il-33r neutralizing antibody or control rat IgG (R&D; 100 pg per mouse) on days 0, 5, and 10 after bleomycin administration,
and lung tissues were taken for HE staining (G), Masson’s trichrome (H), and IHC (/) staining 14 d after bleomycin administration. Three biological repeats

were performed with similar results. (Scale bars, 300 um).

11-33r were comparable (Fig. 5F), but the protein levels of II-
33r®51R were dramatically down-regulated compared with its
wild-type counterparts (Fig. 5G). These results suggest that
USP38 deconjugates K27-linked polyubiquitination of IL-33R
at K511 (or murine I1-33r at K516), which promotes its down-
regulation and negative regulation of IL-33-triggered signaling.

We next investigated how IL-33R is down-regulated. We
found that USP38-mediated degradation of IL-33R was inhib-
ited by the lysosome inhibitor ammonium chloride (NH4Cl)
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and the autophagosome inhibitor 3-methyladenine (3-MA) but
not by the proteasome inhibitor MG132 (Fig. 5H), suggesting
that USP38 mediates degradation of IL-33R via an autophagic
pathway. LC3B is an important marker of autophagy and
required for fusion of the autophagosomes to the lysosomes.
Confocal experiments indicated that Lc3b was colocalized with
wild-type 11-33r and II-33r*°'°R in rest cells (SI Appendix, Fig.
S3C). During autophagy, LC3B-I is translocated from the cyto-
plasm to the bilayer of the autophagosomes and converts into
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Fig. 4. USP38 removes K27-linked polyubiquitin moieties from IL-33R. (A) USP38 associates with IL-33R. HEK293 cells (5 x 10°) were transfected with the
indicated plasmids. Eighteen hours after transfection, coimmunoprecipitation was performed with anti-Flag or control mouse IgG. The immunoprecipi-
tates and lysates were analyzed by immunoblotting with the indicated antibodies. (B) Endogenous Usp38 is associated with I1-33r. NIH 3T3 cells (2 x 107)
were left untreated or treated with [I-33 (40 ng/mL) for the indicated time. Coimmunoprecipitation and immunoblotting analysis were performed with
the indicated antibodies. Lower shows relative levels of Usp38-associated II-33r relative to total cellular p-actin, which was quantitated by ImagelJ. n.s.,
nonspecific. (C) USP38 but not the C454A mutant deubiquitinates and down-regulates IL-33R. HEK293 cells (2 x 10°) were transfected with the indicated
plasmids for 18 h before ubiquitination assays with the indicated antibodies. Expression levels of the transfected proteins were shown by immunoblots.
(D) USP38 removes K27-linked polyubiquitin moieties from IL-33R. HEK293 cells (2 x 10°) were transfected with the indicated plasmids for 18 h before
ubiquitination assays with the indicated antibodies. WT, wild type; KR, K is mutated to R; KO, K only. (E) Usp38 deficiency potentiates K27-linked polyubi-
quitination of 1-33r. The control (gNC) and Usp38-deficient (QUsp38) NIH 3T3 cells (2 x 107) were left untreated or treated with 1-33 (40 ng/mL) for the
indicated time before ubiquitination assays with the indicated antibodies. IP, immunoprecipitation; IB, immunoblotting. All experiments were repeated

at least two times with similar results.

LC3B-II (34). Coimmunoprecipitation experiments showed
that IL-33R associated with LC3B-I and LC3B-II, and overex-
pression of USP38 dramatically enhanced the association of
IL-33R with LC3B-II (Fig. 5I). Knockdown of LC3B markedly
inhibited USP38-mediated degradation of IL-33R (Fig. 5J).
These results suggest that USP38 promotes degradation of
IL-33R through the autophagy-lysosome pathway.

TRAF6 Mediates K27-Linked Polyubiquitination of IL-33R**"'. We
next attempted to identify the E3 ubiquitin ligase that is respon-
sible for mediating K27-linked polyubiquitination of IL-
33R¥5! In the initial cotransfection screens as described in
Fig. 14, we identified 16 ubiquitin-related enzymes that could
increase the level of IL-33R. We further examined their abilities
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to promote IL-33R polyubiquitination. The results indicated
that TRIM32, TRIM27, TRAF6, and RNF126 increased
IL-33R polyubiquitination (Fig. 64). In reporter assays, TRAF6
but not TRIM32, TRIM27, or RNF126 markedly promoted
IL-33-triggered activation of NF-xB (Fig. 6B), and this effect
was dose dependent (Fig. 6C). Endogenous coimmunoprecipita-
tion experiments indicated that Traf6 was associated with 11-33r
after 11-33 stimulation (Fig. 6D). In mammalian overexpression
systems, TRAF6 but not its inactive H87A mutant increased
K27-linked polyubiquitination of IL-33R and up-regulated its
protein level (Fig. 6E). TRAF6 catalyzed K27-linked polyubi-
quitination of wild-type IL-33R but not of IL-33R}!R (Fig.
6F). Further experiments indicated that USP38 removed K27-
linked polyubiquitination of IL-33R catalyzed by TRAF6 (Fig.
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Fig. 5. USP38 deubiquitinates IL-33R**"" and causes its autophagic degradation. (A) K27-linked polyubiquitination of IL-33R and its mutants. HEK293 cells (2 x
10°) were transfected with the indicated plasmids for 18 h before ubiquitination assays. (B) USP38 mediates deubiquitination of IL-33R">"", HEK293 cells (2 x
10°%) were transfected with the indicated plasmids for 18 h before ubiquitination assays. (C) Effects of USP38 on the stability of IL-33R and its mutants. HEK293
cells (5 x 10°) were transfected with the indicated plasmids for 24 h before immunoblotting analysis with the indicated antibodies. (D) K511 of human IL-33R is
conserved among various species. The sequences of IL-33R fragments from various species are aligned, and the conserved lysine residues are framed. (E) IL-
33RMR or 11-33r€5™6R |oses the ability to activate NF-kB. HEK293 cells (6 x 10 were transfected with NF-kB reporter plasmid, IL-1RAP-HA, and the indicated
IL-33R (or 1I-33r) or its mutant plasmids for 16 h before luciferase assays and immunoblotting analysis with the indicated antibodies. (F) Reconstitution of
11-33r-deficient NIH 3T3 cells with wild-type 11-33r or I1I-33r>'®R |I-33r—deficient (g//7rl) NIH 3T3 cells were reconstituted with II-33r-Flag, 1-33r*>'®R_Flag, or empty
vector. Control NIH 3T3 (NC) cells were reconstituted with an empty vector. The cells (1 x 10°) were then stimulated with 1I-33 (5 ng/mL) for the indicated time
before qPCR experiments. (G) Protein levels of wild-type 11-33r and 11-33r>'®R in |I-33r—deficient NIH 3T3 cells reconstituted with wild-type 1I-33r or 11-33r16R,
The cells (1 x 10°) were stimulated with 11-33 (5 ng/mL) for the indicated time before immunoblotting analysis with the indicated antibodies. (H) Effects of
inhibitors on USP38-mediated down-regulation of IL-33R. HEK293 cells (5 x 10°) were transfected with the indicated plasmids for 6 h and then treated with
NH4CI (5 mM), MG132 (1 pM), or 3-MA (100 ng/mL) for 14 h before immunoblotting analysis with the indicated antibodies. (/) Effects of USP38 on the associa-
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are mean + SEM. n = 3 from one representative experiment. WT, wild type; IB, immunoblotting; IP, immunoprecipitation; Vec, Vector; RNAi, RNA interference.
All experiments were repeated at least two times with similar results. n.s., not significant. **P < 0.01.

6G). These results suggest that TRAF6 mediates K27-linked
polyubiquitination of IL-33R*>!",

We next generated Traf6- deﬁcient cells to investigate
whether endogenous Traf6 catalyzes K27-linked polyubiquitina-
tion of I1-33r. We found that K27-linked polyubiquitination of
endogenous I1-33r induced by II-33 was inhibited in Traf6-
deficient NIH 3T3 cells compared with wild-type cells (Fig.
7A). In these experiments, the protein levels of 11-33r in Traf6-
deficient cells were also dramatically down-regulated compared
with those in wild-type cells (Fig. 74). In addition, treatment of
3-MA or NH,CI reversed the down-regulation of I1-33r in
Traf6-deficient cells (Fig. 7B). Consistently, Traf6 deficiency
impaired I1-33-induced phosphorylation of IkBa and p65 (Fig.
7C) as well as transcription of CxclI, Cxcl2, and II6 but not the
IlIrl] gene (Fig. 7D), suggesting that Traf6 is required for
IL-33-triggered signaling and induction of downstream inflam-
matory genes.
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Discussion

The IL-33/IL-33R axis plays important roles in the pathogene-
sis of immune system-related disorders, such as pulmonary
fibrosis, septic lung injury, asthma, and rheumatoid arthritis (8,
11, 13). How this axis is regulated at the receptor level remains
enigmatic. It has been previously reported that the E3 ubiquitin
ligase FBXL.19 mediates polyubiquitination of IL-33R and neg-
atively regulates IL-33-triggered inflammatory response (23).
However, further studies are needed to elucidate the regulatory
mechanisms of IL-33R. In this study, we found that the deubi-
quitinating enzyme USP38 was constitutively associated with
IL-33R, resulting in its deubiquitination and autophagic degra-
dation. Upon IL-33 stimulation, the E3 ubiquitin ligase TRAF6
is increasingly recruited to IL-33R and mediates K27-linked
polyubiquitination of IL-33R®*", which promotes the stability
and signaling of IL-33R. Our ﬁndlngs suggest that the level and
activity of IL-33R are reciprocally regulated by polyubiquitination
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Fig. 6. TRAF6 mediates K27-linked polyubiquitination of IL-33R**'" and its activation. (A) Screens of ubiquitin-related proteins for their effects on polyu-
biquitination of IL-33R. HEK293 cells (2 x 10°) were transfected with the indicated plasmids for 18 h before coimmunoprecipitation and immunoblotting
analysis with the indicated antibodies. (B) Effects of ubiquitin-related proteins on IL-33-induced NF-kB activation. HEK293 IL-33R cells (6 x 10%) were trans-
fected with NF-kB reporter and the indicated ubiquitin-related protein expression plasmids for 18 h, and then, they were left untreated or treated with
IL-33 (25 ng/mL) for 9 h before luciferase assays. Data shown are mean + SEM. n = 3 from one representative experiment. **P < 0.01. (C) TRAF6 promotes
IL-33-induced NF-kB activation in a dose-dependent manner. HEK293 IL-33R cells (6 x 10%) were transfected with the NF-xB reporter (10 ng) and Flag-
TRAF6 plasmid (0, 1, and 3 ng) for 18 h. The cells were then left untreated or treated with IL-33 (25 ng/mL) for 9 h before reporter assays and immuno-
blotting analysis with the indicated antibodies. (D) Endogenous Traf6 is associated with 11-33r. NIH 3T3 cells (2 x 107) were left untreated or treated with
11-33 (40 ng/mL) for the indicated time before coimmunoprecipitation and immunoblot analysis with the indicated antibodies. (E) TRAF6 but not its H87A
mutant increases polyubiquitination of IL-33R. HEK293 cells (2 x 10°) were transfected with the indicated plasmids for 18 h before ubiquitination assays
with the indicated antibodies. (F) TRAF6 mediates K27-linked polyubiquitination of IL-33R at K511. HEK293 cells (2 x 10%) were transfected with the indi-
cated plasmids for 18 h before ubiquitination assays. (G) USP38 removes K27-linked polyubiquitin moieties from IL-33R conjugated by TRAF6. HEK293 cells
(2 x 10°) were transfected with the indicated plasmids for 18 h before coimmunoprecipitation and immunoblotting with the indicated antibodies. WT,

wild type; IP, immunoprecipitation; IB, immunoblotting. All experiments were repeated at least two times with similar results.

and deubiquitination mediated by TRAF6 and USP38, and this
mechanism contributes to regulation of IL-33-triggered inflam-
matory response and pulmonary fibrosis.

Our results support a negative regulatory role of USP38
in IL-33-triggered signaling. Usp38 deficiency potentiated
I1-33—triggered phosphorylation of IkBa and p65 as well as
transcription of Cxcll, Cxcl2, and IlI6 genes, it but had no
marked effects on Il-1p-induced signaling events and down-
stream gene transcription. Our results showed that Usp38-
deficient mice displayed aggravated lung inflammatory
response, such as increased eosinophilia and IL-5 levels in the
lung following recombinant I1-33 treatment. It has been shown
that I1-33r is critically involved in lung fibrotic pathogenesis and
plays a critical role in bleomycin-triggered lung fibrosis (11).
Our results indicated that Usp38-deficient mice were more sus-
ceptible to bleomycin-induced lethality and had greatly
increased transcription of lung inflammatory and fibrosis-related
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genes in comparison with wild-type mice. Usp38-deficient mice
also displayed aggravated inflammatory cell infiltration and colla-
gen deposition as well as increased fibrotic marker «-SMA in the
lung in comparison with their wild-type littermates. Treatment of
11-33r neutralizing antibody attenuated bleomycin-induced airway
inflammatory damages in the lungs of both wild-type mice and
Usp38~'~ mice. These results suggest that Usp38 negatively regu-
lates I1-33—triggered signaling and inflammatory response.

Our results indicated that overexpression of USP38 pro-
moted degradation of IL-33R, whereas USP38 deficiency had
opposite effects. Coimmunoprecipitation experiments indicated
that USP38 was constitutively associated with IL-33R. The
association was decreased at early time points after I1-33 stimu-
lation and then gradually restored to the level in unstimulated
cells, which is correlated with the activation of I1-33r. Overex-
pression of USP38 but not its inactive mutant USP3§<434A
removed K27-linked but not other types of polyubiquitin
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at least two times with similar results. n.s., not significant. **P < 0.01.

moieties from IL-33R. Consistently, USP38 deficiency increased
basal as well as IL-33-induced K27-linked polyubiquitination of
IL-33R and up-regulated the level of IL-33R either before or
after IL-33 stimulation. Mutation of IL-33R K511 (II-33r K516) to
arginine impaired its K27-linked polyubiquitination and ability to
activate NF-kB. IL-33R™!'R had a shorter intracellular half-life
than wild-type IL-33R. In addition, reconstitution of wild-type
I1-33r but not II-33r!°R rescued I1-33-triggered induction of
downstream genes in I1-33r—deficient NIH 3T3 cells. These results
suggest that USP38 mediates deubiquitination of IL-33R*!
(11-33r"'°), which promotes its down-regulation.

Our data also suggest that USP38 down-regulates IL-33R
via the autophagy-lysosome pathway. The autophagy inhibitor
3-MA and lysosome inhibitor NH4Cl but not the
ubiquitin—proteasome inhibitor MG132 inhibited USP38-
mediated degradation of IL-33R. Association of Lc3b with
11-33r was mainly in the cytoplasm after I1-33 stimulation, and
the association of Lc3b with 11-33r*1R was stronger than that
of wild-type I1-33r. In addition, USP38 promoted the associa-
tion of IL-33R with LC3B-II, which is a critical component in
the formation of autophagosomes (34). Knockdown of LC3B
inhibited USP38-mediated degradation of IL-33R. We also
found that the K27-linked polyubiquitination of IL-33R**!'®
was impaired, and consistently, this mutant was down-regulated
compared with wild-type IL-33R and could not be further
down-regulated by USP38. These results suggest that deconju-
gation of K27-linked polyubiquitination of IL-33R™!' by

Yi et al.
Reciprocal regulation of IL-33 receptor-mediated inflammatory response and
pulmonary fibrosis by TRAF6 and USP38

USP38 leads to its autophagic degradation, thus negatively reg-
ulating IL-33-triggered signaling and inflammatory response.

Using an expression screen approach, we found that the E3
ubiquitin ligase TRAF6 was responsible for mediating K27-
linked polyubiquitination of IL-33R**!, Endogenous coimmu-
noprecipitation experiments indicated that TRAF6 was weakly
associated with IL-33R in rest cells, and this association was
enhanced after IL-33 stimulation. Wild-type TRAF6 but not its
inactive H87A mutant increased K27-linked polyubiquitination
of TL-33R®' as well as its stability. Deficiency of Traf6
impaired K27-linked polyubiquitination of I1-33r and caused its
down-regulation in rest as well as Il-33—stimulated cells. Defi-
ciency of Traf6 also impaired II-33-triggered activation of
downstream components as well as induction of downstream
effector genes. Additionally, mutation of IL-33R K511 to argi-
nine abolished its ability to mediate IL-33—triggered signaling.
These results suggest that TRAF6 mediates K27-linked polyu-
biquitination of IL-33R**!!, which is enhanced following IL-33
stimulation. K27-linked polyubiquitination of IL-33R promotes
its stability by preventing autophagic degradation, leading to
efficient onset of IL-33R-mediated signaling. Consistently, IL-
33R®UR (or 11-33R®16R) was expressed at a much lower level
than its wild-type counterpart, consistent with our conclusion
that loss of K27-linked polyubiquitination of IL-33R promotes
its autophagic degradation.

Based on our results, we propose a model on how IL-33R is
reciprocally regulated by USP38 and TRAF6. In rest cells,
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TRAF6 is weakly associated with IL-33R, leading to a weak
K27-linked polyubiquitination of IL-33R®°!, whereas USP38
is strongly associated with IL-33R to deconjugate K27-linked
polyubiquitination of IL-33R¥!!| leading to degradation of
IL-33R by the autophagic pathway. Upon IL-33 stimulation,
TRAFG6 is increasingly recruited to IL-33R, causing increased
K27-linked polyubiquitination of IL-33R¥'! and promoting
the stability of IL-33R by inhibiting its autophagic degradation,
which leads to activation of IL-33R-mediated signaling. Our
findings reveal an important mechanism on how IL-33R is pre-
cisely regulated to ensure its inactivation in rest cells and
proper activation following IL-33 stimulation. Our study also
suggests that USP38 and TRAF6 may serve as potential targets
for the development of drugs for IL-33-triggered inflammatory
diseases and fibrosis.
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