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Abstract: Interleukin-33 (IL-33) is a dual-function protein that acts both as a secreted cytokine and as a nuclear fac-
tor regulating gene transcription. It has been demonstrated that IL-33 exerts its nuclear function in promoting the 
transcription of NF-κB p65. Here, we show that USP21-mediated deubiquitination of IL-33 affects the transcription 
of p65. IL-33 can be post-translationally modified by ubiquitination. Ubiquitin-specific protease 21 (USP21) interacts 
with IL-33 and also localizes in nucleus. The protein stability of IL-33 is maintained by USP21 through deubiquitina-
tion. Furthermore, depletion of USP21 reduces IL-33 protein levels and IL-33-mediated NF-κB p65 promoter activity. 
Our findings reveal the role of ubiquitination modification in regulating the protein stability and the nuclear function 
of IL-33. 
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Introduction 

IL-33 is a member of the IL-1 family which plays 
an important role in inflammatory and autoim-
mune diseases. It is mainly expressed by fibro-
blasts, epithelial cells and endothelial cells, 
particularly in high endothelial venules [1]. 
IL-33 is a crucial regulator of inflammation and 
is mainly involved in type 2 immunity and 
inflammation initiated by type 2 cells, including 
T helper 2 (Th2) cells and innate lymphoid cell-
2 (ILC2) [2]. In addition, IL-33 also acts as a 
novel alarmin released after trauma or infec-
tion [3]. 

IL-33 functions as an extracellular cytokine by 
binding to its receptor ST2 [1]. ST2 contains 
two main isoforms: the soluble, secreted form 
(sST2) and the transmembrane, long form 
(ST2L) [4]. However, these two isoforms have 
diametrically opposite functions during inflam-
mation. The sST2 exerts anti-inflammatory 
properties by inhibiting IL-33 signals [5], while 
the ST2L has a vital role in initiating inflamma-
tion through binding to IL-33 [6].

Besides its importance as a cytokine, IL-33 is 
simultaneously a chromatin-associated nucle-

ar protein (also known as the nuclear factor 
from high endothelial venule, NF-HEV), which 
has been related to many diseases, including 
asthma, fibrosis, rheumatoid arthritis and so on 
[2]. The transcription factor nuclear factor κB 
(NF-κB) plays a critical role in orchestrating the 
expression of cytokines, survival factors and 
proinflammatory molecules in various immune 
responses [7]. Highly expressed IL-33 in the 
nuclei of endothelial cells participates in inflam-
mation as a transcriptional regulator of NF-κB 
p65 [8]. Moreover, another study suggests that 
the binding of nuclear IL-33 to the NF-kB p65 
subunit reduces p65-triggered gene expression 
to dampen the production of several proinflam-
matory cytokines [9]. 

It has been shown that the ubiquitination sys-
tem is involved in the regulation of the IL-33/
ST2 signaling pathway, thus influencing the 
inflammatory effects of IL-33. F-box protein 
FBXL19, an E3 ubiquitin ligase, abrogates the 
inflammatory effects of IL-33 by selectively reg-
ulating the polyubiquitination status of ST2L, 
finally targeting the IL-33 receptor for degrada-
tion [10]. Despite its recognized importance as 
a transcriptional regulator, little is known about 
the molecular regulation of nuclear IL-33 
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expression, particularly relating to ubiquitina-
tion or deubiquitination.

Human genome encodes almost 79 deubiquiti-
nases (DUBs) with catalytic activity. These 
DUBs have been divided into five subfamilies: 
Ubiquitin-specific proteases (USPs), Ubiquitin 
C-terminal hydrolases (UCHs), ovarian tumor 
(OTU), JAB1/MPN/Mov34 metalloenzyme dom- 
ain zinc-dependent metalloprotease (JAMM) 
family and Josephin domain [11, 12]. USP21 is 
a deubiquitinase with a C-terminal catalytic 
DUB domain [13]. It has been found that USP21 
negatively regulates the NF-κB signaling path-
way through deubiquitinating receptor-interact-
ing protein 1 (RIP1) [14]; USP21 also acts as a 
negative regulator in antiviral immune defense 
through its ability to deubiquitinate retinoic 
acid-inducible gene 1 (RIG-1) [15]; Furthermore, 
USP21 positively regulates the Th2 specific 
transcriptional factor GATA3, which is impor-
tant for the function of regulatory T cells [16]. 
Collectively, USP21 is essential in innate and 
adaptive immune responses.

Here, we report USP21 as a deubiquitinase for 
IL-33. We found that USP21 regulates the sta-
bility of IL-33 through deubiquitination. Con- 
sistently, silencing of endogenous USP21 re- 
sulted in reduced IL-33 protein levels and 
decreased IL-33-mediated NF-κB p65 promot-
er activity. Our work thus identifies a novel 
mechanism of positive regulation of IL-33 by 
deubiquitination.

Materials and methods

Plasmid and antibodies

Expression plasmids encoding human IL-33, 
USP21 and ubiquitin, fused with Flag-, Myc-, 
HA- or His-tag, were constructed based on the 
pIRES vector by standard molecular biology 
techniques. The USP21C221A mutant was con-
structed with the Quickchange II site-directed 
mutagenesis kit (Stratagene). The antibodies 
used in this study are listed below: anti-Flag 
(M2, Sigma), anti-Myc (9E10, Santa Cruz), anti-
HA (F-7, Santa Cruz), anti-USP21 (AP1069a, 
ABGENT), anti-Ubiquitin (sc-8017, Santa Cruz), 
anti-tubulin (DM1A, Sigma), anti-PARP (436400, 
Invitrogen), anti-β-actin (KM9001, Sungene 
Biotech), anti-mouse IgG HRP (85-18-8817-31, 
eBioscience) and anti-rabbit IgG HRP (85-18-
8816-31, eBioscience).

Cell culture and transfection

Human embryonic kidney (HEK) 293T cells 
were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) at 37°C and 5% CO2. Cells 
were transfected with appropriate plasmids by 
using polyethylenimine (PEI) reagent (Polysci- 
ences) according to the manufacturer’s instru- 
ctions. 

Ubiqutin pull-down assay

HEK293T cells transfected with Flag-tagged 
IL-33, Myc-USP21 and His-tagged ubiquitin 
were treated with 20 µM MG132 (CAS 133407-
82-6, Merck) for 4 h before harvesting. Cells 
were washed with ice-cold PBS and lysed in a 
pH 8.0 urea buffer (10 mM Tris pH 8.0, 8 M 
urea, 100 mM Na2HPO4, 0.2% Triton X-100, 1 
mM N-ethylmaleimide and 10 mM imidazole) 
for 30 min. Cell lysates were incubated with 
Ni-NTA beads (30210, Qiagen) for 3 h at room 
temperature after sonication (2×20 s, 30% 
power). Beads were washed three times in pH 
8.0 urea buffer before incubation. After 3 h 
incubation, the beads were washed twice in pH 
8.0 urea buffer, twice in pH 6.3 urea buffer (10 
mM Tris pH 6.3, 8 M urea, 100 mM Na2HPO4, 
0.2% Triton X-100 and 10 mM imidazole), and 
once in wash buffer (20 mM Tris pH 8.0, 100 
mM NaCl, 20% glycerol, 1 mM dithiothreitol and 
10 mM imidazole). Beads were boiled in 30 μl 
2X loading buffer for 10 min and separated on 
SDS-PAGE gel, and then ubiquitination was 
determined by immune blot with specific an- 
tibodies.

Immunoblotting and co-immunoprecipitation

Cells were lysed in RIPA buffer consisting of 20 
nM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 
1% NP-40, 10% Glycerol, 0.5% Na-deoxycholate, 
1 mM PMSF, 1 mM NaF, 1 mM Na3VO4 and 1% 
Protease Inhibitor Cocktail (P8340, Sigma). The 
cell lysates were used for immunoblotting and 
co-immunoprecipitation. For immunoprecipita-
tion, cell lysates were immunoprecipitated with 
indicated antibodies for 2 h at 4°C and then 
incubated with protein A/G PLUS Agarose (sc-
2003, Santa Cruz) for 1 h at 4°C. The immuno-
precipitates were washed with RIPA buffer (con-
taining 1 mM PMSF, 1 mM NaF and 1 mM 
Na3VO4) three times and then analyzed by 
immune blot with indicated antibodies.
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Cytoplasmic and nuclear fractionation

Transfected HEK293T cells were harvested 
and washed with ice-cold PBS. Cells were lysed 
in Cytoplasm buffer (10 mM Tris-HCl pH 7.5, 10 

fected with the indicated plasmids and an inter-
nal control plasmid encoding β-gal into 
HEK293T cells. After 48 h, cells were lysed and 
luciferase assay was performed following the 
manufacturer’s instructions (Beyotime).

Figure 1. USP21 deubiquitinates IL-33. A. HEK293T cells were transfected 
with the plasmids encoding Flag-tagged IL-33 and His-tagged ubiquitin. Cells 
were treated with 20 µM MG132 for 4 h before harvesting. Ubiquitinated 
IL-33 was pulled down by Ni-NTA beads upon denaturing conditions as de-
scribed in the Methods. Immune blot (IB) was performed with indicated an-
tibodies. B. HEK293T cells were transfected with Flag-IL-33, HA-ubiquitin 
and Myc-USP21 or its catalytically inactive mutant C221A (USP21C221A). 
Cell lysates were immunoprecipitated with anti-Flag antibody and detected 
by immune blot as indicated. C. HEK293T cells were transfected with Flag-
IL-33, His-ubiquitin and Myc-USP21 or its catalytically inactive mutant US-
P21C221A. The ubiquitin pull-down assay was performed as described in 
the Methods. Data are representative of at least three independent experi-
ments.

mM KCl, 0.1 mM EDTA, 1 mM 
DTT, 0.5 mM PMSF) for 15 
min and Cytoplasm buffer 
plus 10% NP-40 for another 
15 min. After collecting the 
supernatant containing the cy- 
toplasmic fraction, the pellet 
was further lysed in Nuclear 
Extract buffer (20 mM Tris-HCl 
pH 8.0, 400 mM NaCl, 1 mM 
EDTA, 1 mM DTT, 1 mM PMSF, 
1 mM Na3VO4, 1 mM NaF and 
1% Protease Inhibitor Cocktail) 
for 30 min. After centrifuga-
tion, the supernatant, consti-
tuting the nuclear fraction, 
was collected for further ana- 
lysis.

Knockdown assay

The shRNA sequences of 
USP21 were synthetized at 
Shanghai Sunny Biotechnology 
Co. Ltd. and the oligos were 
cloned into the shRNA lentivi-
ral vectors PLKO.1 (Addgene). 
293T cells were transfected 
with shUSP21 to silence 
USP21. The shRNA sequenc-
es used in this study were as 
follows: 5’-CAACAAGATGAAGA 
GCACCAA-3’ (shCK); 5’-CCACT 
TTGAGACGTAGCACTT-3’ (shU- 
SP21-1); 5’-GACCCTCTGCAATA 
TCACTTT-3’ (shUSP21-2).

Luciferase reporter assay

The 1.1-kb region upstream of 
the human NF-κB p65 tran-
scriptional starting site (Loca- 
tion: Chromosome 11: 65, 
421, 067-65, 430, 565) was 
amplified from human genom-
ic DNA and cloned into the 
pGL3-Basic vector to gener-
ate the pGL3-p65-luc reporter 
construct. For luciferase, 
pGL3-p65-luc was co-trans-
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Results

USP21 deubiquitinates IL-33

To investigate whether IL-33 could be ubiquiti-
nated, we co-transfected Flag-tagged IL-33 and 
His-tagged ubiquitin into 293T cells. The ubiq-
uitinated proteins were bound to Ni-NTA beads 
and pulled down through the ubiquitin pull-
down assay. As shown in Figure 1A, IL-33 could 
be ubiquitinated. Since ubiquitination can be 
reversed by a large family of deubiquitinases, 
we then tested a panel of potential deubiquitin-
ases to see whether they could reduce the 
ubiquitination status of IL-33. Flag-tagged 
IL-33, HA-tagged ubiquitin and Myc-tagged 
USPs were co-transfected into 293T cells for a 
co-immunoprecipitation assay. Among these 
deubiquitinases, we found that USP21 could 
reduce the ubiquitination status of IL-33 (data 
not shown). To verify the screening results, we 
co-transfected Flag-IL-33 with HA-ubiquitin and 

levels of IL-33 positively correlated with the 
increasing concentrations of co-expressed 
USP21, suggesting that USP21 could stabilize 
IL-33 in a dose-dependent manner (Figure 2A). 
We also treated the cells co-expressing IL-33 
with or without USP21 or its catalytically inac-
tive mutant USP21C221A in the presence of 
the protein synthesis inhibitor cycloheximide 
(CHX, C7698-5G, Sigma) at the indicated time 
points. In accordance with the previous result, 
overexpression of USP21 prolonged the half-
life of IL-33, while this effect was lost in the 
presence of the USP21 mutant (Figure 2B, 2C). 
These data attest that USP21 stabilizes IL-33 
through deubiquitination.

USP21 interacts with IL-33 and also localizes 
in nucleus

The finding that USP21 could maintain IL-33 
protein stability prompted us to test their poten-

Figure 2. USP21 stabilizes IL-33. A. HEK293T cells were transfected with 
Flag-IL-33 and increasing concentrations of Myc-USP21. Immune blot was 
performed with the indicated antibodies. B. HEK293T cells were transfected 
with Flag-IL-33 and Myc-USP21 or its inactive mutant USP21C221A. Cells 
were treated with CHX (30 µg/ml) at the indicated time points. Immune blot 
was performed with the indicated antibodies. C. The protein levels of IL-33 
were quantified by ImageJ software. All protein intensity values were normal-
ized to 0h protein values. Data are representative of at least three indepen-
dent experiments. **p < 0.01. *p < 0.05. Error bars represent mean ± SEM. 

Myc-USP21 or its catalytically 
inactive mutant into 293T 
cells, and found that USP21 
wild type, but not its enzymat-
ic inactive C221A mutant, cou- 
ld reduce the ubiquitination of 
IL-33 (Figure 1B). Furthermore, 
we confirmed the USP21-
mediated deubiquitination of 
IL-33 through ubiquitin pull-
down assay under denaturing 
condition. As expected, wild-
type USP21, but not its 
mutant, reduced the ubiquiti-
nation of IL-33 (Figure 1C). 
Taken together, our results 
suggest that USP21 deubiqui-
tinates IL-33.

USP21 stabilizes IL-33

Knowing that ubiquitination is 
a key mechanism in regulating 
the proteasome-mediated pr- 
oteolysis of target proteins, we 
supposed that USP21 might 
affect the stability of IL-33. To 
verify our hypothesis, Flag-
tagged IL-33, increasing con-
centrations of Myc-tagged 
USP21 or controlled vector 
were introduced into 293T 
cells and the protein levels 
were detected by immune 
blot. We found that the protein 
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tial interaction and localization. Therefore, Myc-
tagged USP21 and Flag-tagged IL-33 were co-
transfected into 293T cells for a co-immuno-
precipitation assay with anti-Flag antibody or 
anti-Myc antibody. We found that USP21 and 
IL-33 could interact reciprocally (Figure 3A, 
3B). Moreover, 293T cells transfected with 
Myc-USP21 and Flag-IL-33 were used to per-
form nuclear/cytoplasmic fractionation in order 
to evaluate IL-33 and USP21 localization. We 
separated cytoplasmic and nuclear fractions 
and found that IL-33 and USP21 could be 
detected in both the cytoplasm and the nucle-
us (Figure 3C). These results show that USP21 
can interact with IL-33 and also localize in 
nucleus.

Knockdown of endogenous USP21 decreases 
IL-33 protein levels and IL-33-mediated NF-κB 
p65 promoter activity

To further validate the mechanism of USP21 in 
the regulation of IL-33 stability, we constructed 
specific shRNAs for USP21 to reduce the 
endogenous expression of USP21 in 293T 
cells. Although both shRNAs targeted USP21, 
shUSP21-1 had the better knockdown efficacy 
and was chosen for further functional assays 
(Figure 4A). After silencing USP21, Flag-IL33 
was transfected into 293T cells. The results 
obtained showed that silencing of endogenous 

Discussion 

Post-translational modifications (PTMs) are 
processes that change the properties of a pro-
tein by proteolytic cleavage, degradation of the 
entire protein or by covalent addition of modify-
ing groups to one or more amino acids [17]. 
These modifications include phosphorylation, 
glycosylation, ubiquitination, nitrosylation, met- 
hylation, acetylation, lipidation and proteolysis 
[18]. PTMs occur on nearly all eukaryotic pro-
teins and control their functions through regu-
lating their stability, localization, interactions 
with other cellular molecules and their activa-
tion status [19]. Post-translational modifica-
tions of IL-33 mainly lead to its proteolytic 
cleavage [20]. Indeed, previous studies have 
found that IL-33, which is active in its full-length 
form, can be inactivated by caspase-1, 3 and 7 
during apoptosis in order to avoid any unwant-
ed inflammatory response [21, 22], while prote-
ases from neutrophils (elastase, cathepsin G 
and proteinase 3) can cleave the full-length 
IL-33 generating highly active forms [23, 24]. All 
these modifications affect the function of IL-33, 
particularly as a cytokine. However, IL-33 is 
also known to be a nuclear factor involved in 
the regulation of transcription [8], and the 
molecular mechanisms controlling its activity 
are still unclear. For this reason, we were inter-

Figure 3. USP21 interacts with IL-33 and also localizes in nucleus. (A, B) 
HEK293T cells were transfected with Flag-IL-33 and/or Myc-USP21. Immu-
noprecipitation was performed with either anti-Flag antibody (A) or anti-Myc 
antibody (B). Immune blot was performed with indicated antibodies. (C) 
HEK293T cells were transfected with Flag-IL-33 and Myc-USP21. Nuclear/cy-
toplasmic fractionation was performed to separate cytoplasmic and nuclear 
fractions. Immune blot was performed with indicated antibodies. Data are 
representative of at least three independent experiments. 

USP21 resulted in a decrease 
in IL-33 protein levels (Figure 
4B).

It has been reported that IL-33 
can bind to the NF-κB p65 pro-
moter region in the nucleus, 
inducing endothelial cell acti-
vation [8]. Based on this, we 
constructed p65 promoter 
reporter plasmids to which 
nuclear IL-33 could directly 
bind. Then, p65 promoter 
luciferase reporter plasmids 
and Flag-IL-33 were intro-
duced into the USP21-defici- 
ent 293T cells. We found that 
the silencing of USP21 could 
significantly decrease IL-33-
mediated p65 promoter activ-
ity (Figure 4C). These evidenc-
es suggest that USP21 stabi-
lizes IL-33 and promotes 
IL-33-mediated NF-κB p65 pr- 
omoter activity.
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ested in understanding whether other forms of 
PTMs could affect the function and the activity 
of IL-33.

Modulation of the IL-33-ST2L axis by ubiquitina-
tion might serve as an important regulatory 
mechanism for inflammation. For example, one 
study found that the E3 ubiquitin ligase FBXL19 
selectively bound to ST2L to mediate its polyu-
biquitination and proteasomal degradation, 
finally alleviating the severity of lung injury in 
mouse models of pneumonia [10]. Since ubiq-
uitination plays critical roles in regulating a vari-
ety of cellular processes [25], we attempted to 
detect whether IL-33 could directly be subject-
ed to ubiquitination. Interestingly, ubiquitin 
pull-down assay showed that ubiquitin chains 
could be linked to IL-33. As IL-33 is constitu-
tively expressed in the nucleus under normal 
conditions [20], we will examine the subcellular 
localization of ubiquitination modification for 
IL-33 further in the future.

Deubiquitinases reverse protein ubiquitination 
by removing ubiquitin chains from the modified 
proteins, leading to reversal of ubiquitin signal-
ling or to protein stabilization by rescue from 
degradation [12]. Our study figured out one of 
the deubiquitinases for IL-33 through immuno-
precipitation and ubiquitin pull-down assay. 

tion, intracellular trafficking, virus budding and 
so on [25-27]. Having established that IL-33 
stability can be regulated by ubiquitination and 
deubiquitination, we next examined whether 
this kind of modification could affect the func-
tion of IL-33. It has been shown that IL-33 par-
ticipates in the inflammatory process through 
an up-regulation of the transcription of NF-κB 
p65 [8]. We found that silencing of USP21 
decreased IL-33-mediated p65 promoter activ-
ity, highlighting a previous unknown mecha-
nism of regulation of IL-33 in inflammation. 
Collectively, our data reveal that ubiquitination 
modification participates in regulating the sta-
bility and the nuclear function of IL-33.

Increasing evidences suggest that nuclear 
IL-33 is involved in chronic inflammation [28]. 
We hypothesized and demonstrated that post-
translational modifications of IL-33 can be cru-
cial in regulating its role in inflammation. Our 
study identified ubiquitination as a key post-
translational modification for IL-33, and USP21 
as a deubiquitinase involved in its regulation. 
Our results also established ubiquitination as a 
novel pathway in the regulation of IL-33 nuclear 
function. Future studies are still needed to 
explore the role of ubiquitinated or deubiquiti-
nated IL-33 in inflammation and to broaden 
other hidden nuclear functions of IL-33. 

Figure 4. Knockdown of endogenous USP21 de-
creases IL-33 protein levels and IL-33-mediated 
NF-κB p65 promoter activity. A. HEK293T cells 
were transfected with Myc-USP21 and shCK 
or shUSP21-1 or shUSP21-2. Immune blot 
was performed with indicated antibodies. B. 
HEK293T cells were transfected with Flag-IL-33 
and shCK or shUSP21-1. Immune blot was per-
formed with indicated antibodies. C. HEK293T 
cells were transfected with Flag-IL-33, pGL3-
p65-luc, β-gal and shCK or shUSP21-1. The 
luciferase activity was detected 48 hours post-
transfection. Data are representative of at least 
three independent experiments. ***p < 0.001. 
Error bars represent mean ± SEM.

Among the different USPs 
tested, USP21 was shown to 
interact with IL-33 and could 
also localize in nucleus. 
Moreover, USP21 could stabi-
lize the protein levels of IL-33 
by deubiquitination. Taken 
together, our results have 
revealed one of the mecha-
nisms involved in the regula-
tion of IL-33 protein stability. 

Besides being associated with 
proteasomal degradation, ubi- 
quitination is also involved in 
regulatory events in a protea-
some-independent manner. 
Until recently, ubiquitination 
modification has emerged as 
an important regulator of di- 
verse cellular processes, such 
as activation of protein kinas-
es, control of gene transcrip-
tion, DNA repair and replica-
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