
Wang and Qiu ﻿Arthritis Research & Therapy          (2023) 25:126  
https://doi.org/10.1186/s13075-023-03095-7

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Arthritis Research & Therapy

Deubiquitinase USP16 induces gouty 
arthritis via Drp1‑dependent mitochondrial 
fission and NLRP3 inflammasome activation
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Abstract 

Background  Gouty arthritis is the most frequently diagnosed inflammatory arthritis worldwide. Dynamin-related 
protein 1 (Drp1), a regulator of mitochondrial fission, contributes to various inflammatory disorders via activating 
NLRP3 inflammasome. However, the biological role of Drp1 in gouty arthritis remains undefined.

Methods  A mouse model of monosodium urate (MSU)-induced gouty arthritis and MSU-stimulated macrophages 
were established as in vivo and in vitro models, respectively. Histological changes were assessed by H&E and IHC 
analysis. RT-qPCR and western blot were used to detect the expression of Drp1 and the key molecules in joint tissues 
and macrophages. Cytokine secretion was measured by ELISA assay, and antioxidant enzymes activities and LDH 
release were monitored using commercial kits. Mitochondrial structure and functions were assessed by transmission 
electron microscopy (TEM) and MitoSOX staining. Co-IP and GST pull-down assay were used to detect the direct inter-
action between USP16 and Drp1, as well as the ubiquitination of Drp1.

Results  Drp1 was elevated in MSU-induced gouty arthritis model, and it induced gouty arthritis via NF-κB pathway 
and NLRP3 inflammasome activation. In addition, Drp1 activated NF-κB/NLRP3 signaling via modulating mitochon-
drial fission. Mechanistically, USP16 mediated deubiquitination and stabilization of Drp1 through its direct interaction 
with Drp1. Functional studies further showed that USP16 was highly expressed in MSU-stimulated macrophages 
and induced gouty arthritis via Drp1-dependent NLRP3 inflammasome activation.

Conclusion  Deubiquitinase USP16 induced gouty arthritis via Drp1-dependent mitochondrial fission and NF-κB/
NLRP3 signaling.
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Introduction
Gouty arthritis is the most frequently diagnosed inflam-
matory arthritis globally [1]. Higher prevalence of gout 
has been observed in China, and the rising incidence and 
prevalence of gout have been found by each decade of life 

[2]. The precipitation of monosodium urate (MSU) crys-
tals within joints is a well-accepted cause of gouty arthri-
tis. MSU crystals elicit inflammatory response which is 
principally mediated by macrophages and neutrophils 
[1, 2]. Compelling evidence has illustrated the key roles 
of NLRP3 inflammasome and the pro-inflammatory 
cytokine IL-1β in gouty arthritis [3]. MSU crystals are 
taken up by macrophages and trigger the NLRP3 inflam-
masome activation, as well as the maturation and release 
of IL-1β [4]. IL-1β further induces neutrophil articu-
lar infiltration, leading to joint pain [5]. In addition, the 
pro-oxidant, in particular mitochondrial reactive oxygen 
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species (ROS), is also known to activate NLRP3 inflam-
masome [6, 7]. Identification of novel therapeutic tar-
get is needed to improve the clinical outcomes in gouty 
arthritis.

Dynamin-related protein 1 (Drp1) is recognized as the 
master regulator of mitochondrial fission [8]. In recent 
years, accumulating evidence has illustrated that Drp1 
is implicated in the activation of NLPR3 inflammasome, 
and plays a crucial role in a variety of inflammatory dis-
orders [9–12]. For instance, suppressing Drp1-dependent 
mitochondrial fission inhibits NLRP3 inflammasome 
activation in colitis-associated colorectal cancer (CRC) 
[12]. Mdivi-1, an inhibitor of Drp1, alleviates acute kid-
ney injury (AKI) by suppressing NLRP3 inflammasome 
activation [11]. Interestingly, Mdivi-1 or knockdown 
of Drp1 has been reported to suppress NF-κB signaling 
in macrophage/microglial cells [13, 14]. It is well-estab-
lished that NF-κB signaling regulates NLRP3 inflam-
masome in macrophages [15], raising the possibility 
that Drp1 might activate NLRP3 inflammasome though 
NF-κB signaling. However, it remains uninvestigated 
whether Drp1-dependent mitochondrial fission and 
NLRP3 inflammasome activation are involved in gouty 
arthritis.

Ubiquitination, one of the most important post-trans-
lational modification of proteins, regulates various physi-
ological and pathological processes [16]. Deubiquitinases 
(DUBs) remove ubiquitin signals and have been linked 
with different diseases, including neurodegenerative dis-
orders, cancer and inflammatory diseases [17]. Ubiquitin 
specific peptidase 16 (USP16) is originally identified as 
a DUB of histone H2A which is implicated in cell cycle 
progression and HOXD10 gene expression [18]. Knock-
out study has reported that depletion of USP16 results 
in early embryonic lethality in mice [19]. However, the 
biological function of USP16 in gouty arthritis remains 
elusive. A recent study has demonstrated that USP16 
promotes autoimmune inflammation by mediating IKKβ 
deubiquitination [20]. Our bioinformatics analysis and 
preliminary data predicted that USP16 might act as a 
DUB of Drp1. We thus hypothesized that USP16 might 
contribute to gouty arthritis via Drp1-dependent mito-
chondrial fission and NLRP3 inflammasome activation.

In this study, we reported that Drp1 was elevated in 
MSU-induced gouty arthritis model, and it induced 
gouty arthritis via NF-κB pathway and NLRP3 inflamma-
some activation. By monitoring the mitochondrial struc-
ture and function, we found that Drp1 activated NF-κB/
NLRP3 signaling via modulating mitochondrial fission. 
USP16 mediated deubiquitination and stabilization of 
Drp1 through its direct interaction with Drp1. Functional 
studies further showed that USP16 was highly expressed 
in MSU-stimulated macrophages and induced gouty 

arthritis via Drp1-dependent NLRP3 inflammasome 
activation.

Materials and methods
Clinical specimens
Synovial tissues from patients with gouty arthritis (n = 4) 
and patients with acute cruciate ligament injury (control, 
n = 4) were collected by arthroscopy as described [21]. 
This study was approved by the Affiliated First Hospital 
of Jiamusi University. Written consents were obtained 
from all patients.

Animal study
C57BL/6 mice (6–8-weeks-old, n = 6 per group) were 
from Key laboratory of Microecology-immune Regu-
latory Network and Related Diseases, School of Basic 
Medicine, Jiamusi University. All animal studies were 
approved by Key laboratory of Microecology-immune 
Regulatory Network and Related Diseases, School of 
Basic Medicine, Jiamusi University. Monosodium urate 
(MSU)-induced gouty arthritis model was established 
as previously described [22]. MSU (0.5  mg dissolved 
in 20 μL sterile PBS) was administrated by intraarticu-
lar injection. After 24  h, the patella was harvested. For 
Drp1 knockdown study, sh-Drp1 construct was injected 
intraarticularly 1 h prior to MSU injection.

Cell culture, transfection and treatment
Mouse macrophages RAW264.7, J774A.1 cells and 
human embryonic kidney (HEK293T) cells were 
obtained from ATCC (Manassas, VA, USA). Cells were 
grown in RPMI1640 containing 10% FBS (Gibco, Grand 
Island, NY, USA), and maintained in a CO2 incubator 
at 37  °C. sh-NC, sh-Drp1 and sh-USP16 were obtained 
from GenePharma (Shanghai, China). The full-length 
of Drp1, USP7, USP8, USP10, USP13, USP15, USP16, 
USP25, USP28, USP 30, USP32, USP42, USP48 were 
cloned into pcDNA3.1 vector (Invitrogen, Carlsbad, 
CA, USA). For MSU-induced in vitro model, RAW264.7 
cells were transfected with sh-NC, sh-Drp1 or sh-USP16 
and/or overexpression construct (400  ng/μL) using 
Lipofectamine 3000 (Invitrogen). sh-Drp1-2 and sh-
USP16-3 were selected for the subsequent experiments, 
and the other shRNAs were found to be less effective 
in silencing Drp1 or USP16. At 48  h post-transfection, 
cells were stimulated with LPS (100 ng/mL) for 1 h, fol-
lowed by the incubation with MSU (200 μg/mL) for 6 h. 
For cell treatment, macrophages were treated with BAY 
11–7082 (4  μM), CHX (5  μg/mL), MG132 (20  μM) or 
mitoTEMPOL (20  μM) for specific period of time. All 
the chemicals except mitoTEMPOL (ab144644, Abcam, 
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Cambridge, UK) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA).

Histological analysis
The collected ankle joint tissues were fix in 4% paraform-
aldehyde (PFA) and decalcified for 14  days. The tissues 
were embedded in paraffin and subjected to hematoxy-
lin & eosin (H&E) staining as described [23]. For immu-
nohistochemistry (IHC), the sections were subjected to 
antigen retrieval and permeabilization. After blocking, 
the slides were incubated with anti-Drp1 antibody (1:200, 
ab184247, Abcam) at 4  °C overnight. This was followed 
by the incubation with goat anti-rabbit IgG-HRP, and 
detected using DAB substrate.

RT‑qPCR
Total RNA was extracted using Trizol reagent (Invitro-
gen), and reverse transcribed using PrimeScript RT rea-
gent (TaKaRa, Dalian, China). RT-qPCR was performed 
using a SYBR Green MasterMix (Invitrogen). The results 
were calculated using 2 –ΔΔCT method. GAPDH served as 
an internal control. Primers used in RT-qPCR were listed 
in Table 1.

Western blot
Protein lysates were extracted using IP lysis buffer sup-
plemented with protease inhibitor cocktail (Pierce, Rock-
ford, IL, USA). Equal amounts of proteins were separated 
by SDS-PAGE, and transferred onto NC membranes. 
After blocking, the blots were incubated with primary 
antibody at 4  °C overnight, followed by the incubation 
with corresponding secondary antibody. The signal was 
detected using ECL detection reagent (Pierce). The anti-
bodies used in RT-qPCR were listed in Table 2.

ELISA assay
The levels of IL-1β, TNF-α and IL-6 in tissue homoge-
nates or cell culture supernatant were determined 
by ELISA assay. IL-1β (BMS6002, Invitogen), TNF-α 
(BMS607-3, Invitogen) and IL-6 (BMS603-2, Invitogen) 
mouse ELISA kits. ELISA assay was conducted according 

to the manufacturer’s instructions. A450 was measured 
by a microplate reader (Thermo Fisher Scientific).

Measurement of the antioxidant enzyme activities
The activities of CAT and GSH-Px were detected by 
Catalase Activity Assay Kit (ab83464, Abcam) and Glu-
tathione Peroxidase Assay Kit (ab102530, Abcam), 
respectively. SOD activity was assessed by Superoxide 
Dismutase Activity Assay Kit (ab65354, Abcam). The 
assays were performed according to the manufacturer’s 
protocols.

LDH release assay
LDA release was monitored using CyQUANT LDH 
Cytotoxicity Assay (C20300, Invitrogen) according to the 
manufacturer’s instructions. A490 and A680 were meas-
ured using a microplate reader. A680 served as a refer-
ence wavelength.

Transmission electron microscopy (TEM)
Cells were fixed with 4% glutaraldehyde. After dehydra-
tion and araldite embedding, the samples were incu-
bated with 1% osmium tetroxide. The sections were then 
stained with uranyl acetate and lead citrate, and observed 
using a TEM (Thermo Fisher Scientific).

Protein stability assay
Protein stability assay was performed as described [24]. 
RAW264.7 or J774A.1 cells were treated with CHX (5 μg/
mL, Sigma-Aldrich) for 0, 15, 30, 60, 120 and 240  min. 
Cells were collected and lysed at different timepoints, 
followed by western blot analysis. The results were nor-
malized and quantified using Quantity One Software 
(Bio-Rad).

Table 1  The primer used in the manuscript

Primer Sequence 5’-3’

Drp1 sense ATG​CCT​GTG​GGC​TAA​TGA​AC

Drp1 anti-sense AGT​TGC​CTG​TTG​TTG​GTT​CC

USP16 sense CCC​GGA​ATG​AGA​AAC​TTC​AA

USP16 anti-sense AGC​ATC​TGC​TTC​TTG​GCA​TT

GAPDH sense AGC​CCA​AGA​TGC​CCT​TCA​GT

GAPDH anti-sense CCG​TGT​TCC​TAC​CCC​CAA​TG

Table 2  The Antibodies used in the manuscript

Abcam, Cambridge, UK. Cell Signaling Technology (CST), Danvers, MA, USA; 
Proteintech, Chicago, IL, USA

Antibody Vendor Catalog no Working dilution

Drp1 Abcam ab184247 WB (1:1000); IP (1 μg); IHC (1:200)

p65 CST #8242 WB (1:1000)

p-p65 CST #3033 WB (1:1000)

IκBα CST #4814 WB (1:1000)

p-IκBα CST #2859 WB (1:1000)

NLRP3 Abcam ab263899 WB (1:1000)

Caspase-1 Abcam ab1384832 WB (1:1000)

USP16 Proteintech 14,055–1-AP WB (1:1000); IP (1 μg)

GAPDH Abcam ab8245 WB (1:2000)
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Mitochondrial superoxide measurement
Mitochondrial superoxide was determined by using 
MitoSOX red (M36008, Invitrogen), respectively. In brief, 
RAW264.7 or J774A.1 cells were incubated with 5  μM 
MitoSOX Red at 37 °C for 30 min. Images were acquired 
using confocal microscopy (Nikon, Tokyo, Japan).

Co‑immunoprecipitation (Co‑IP)
Co-IP was conducted using Pierce Crosslink Magnetic 
co-IP Kit (Pierce). Briefly, cell lysates were prepared using 
IP lysis buffer and incubated with anti-USP16 (1  μg, 
14,055–1-AP, Proteintech, Chicago, IL, USA), anti- or 
normal IgG-conjugated Protein A/G beads at 4  °C over-
night. The immunoprecipitated protein complex were 
then eluted and analyzed by western blot. Whole cell 
lysates were used as an input control.

GST Pull‑down assay
GST Pull-down assay was conducted using Pierce GST 
Pull-Down Kit (Pierce). In brief, the plasmids for GST-
USP16 were transfected into E. coli. The fusion of 5 × 104 
RAW264.7 or J774A.1 cells per well and cultured in 
medium with 0.1% bovine serum albumin for 24 h. GST 
tag alone or GST-tagged USP16 was immobilized to glu-
tathione agarose. The cell lysates were then incubated 
with agarose. The enriched proteins were eluted and ana-
lyzed by western blot. Whole cell lysates were used as an 
input control.

Statistical analysis
Data are expressed as the mean ± S.D. Statistical analysis 
was performed by one-way ANOVA or Student’s t-test. 
Statistical analysis was performed using SPSS 22.0 (SPSS, 
Chicago, IL, USA). Significance was set at *, P < 0.05.

Results
Drp1 induces gouty arthritis
To explore the biological roles of Drp1 in gouty arthri-
tis, a mouse model of MSU-induced gouty arthritis 
was established. As presented in Fig.  1A, H&E staining 
showed that MSU-induced leukocyte infiltration, syno-
vial thickening, vacuole formation and interstitial edema 
were effectively reduced by Drp1 knockdown. IHC cou-
pled with RT-qPCR revealed that Drp1 was dramatically 
elevated in MSU-treated mice, and in  vivo transfec-
tion of sh-Drp1 successfully decreased Drp1 level in the 

joint cartilages (Fig. 1B-C). The knockdown efficiency of 
sh-Drp1 in RAW264.7 and J774A.1 cells was detected 
by western blot, and sh-Drp1-2 with high knockdown 
efficiency was selected for the subsequent experiment 
(Fig. S1A). Consistently, western blot showed that Drp1 
and USP16 were remarkably increased in the joints of 
mice with gouty arthritis. Silencing of Drp1 abolished 
MSU-induced Drp1 expression, while it had no effect 
on USP16 expression, suggesting that USP16 might act 
as an upstream molecule of Drp1 (Fig. 1D). ELISA assay 
showed that MSU-increased secretion of IL-1β, TNF-α 
and IL-6 in the joints were reversed by sh-Drp1 (Fig. 1E). 
In contrast, MSU-decreased activities of antioxidant 
enzymes, namely CAT, GSH-Px and SOD, were rescued 
by Drp1 silencing (Fig.  1F). We next sought to validate 
these findings in the in vitro model. Drp1 expression was 
much higher in MSU-treated RAW264.7 cells than that 
in control cells, and silencing of Drp1 partially attenu-
ated MSU-mediated upregulation of Drp1 at both mRNA 
and protein levels (Fig.  1G-H). In agreement with the 
in vivo findings, MSU-induced IL-1β, TNF-α and IL-6 in 
cell culture supernatant were abrogated by Drp1 knock-
down (Fig.  1I). Silencing of Drp1 also reversed MSU-
mediated changes of antioxidant enzymes or LDH release 
in RAW264.7 cells (Fig.  1J-K). As expected, Drp1 and 
USP16 were elevated in the synovial tissues from patients 
with gouty arthritis, compared with control group 
(Fig. 1L). These data clearly suggest that Drp1 contributes 
to gouty arthritis in vivo and in vitro.

Drp1 induces gouty arthritis via NF‑κB pathway and NLRP3 
inflammasome activation
We next investigated the downstream signalings of Drp1 
in macrophages. Western blot showed that MSU acti-
vated NF-κB signaling and NLRP3 inflammasome in 
RAW264.7 and J774A.1 cells in which the levels of p-p65, 
p-IκBα, NLRP3 and Caspase-1 were upregulated by 
MSU (Fig. 2A). Knockdown of Drp1 abolished the effects 
of MSU on the expression of these proteins (Fig.  2A). 
Intriguingly, the NF-κB inhibitor BAY 11–7082 and sh-
Drp1 exerted similar effects in RAW264.7 and J774A.1 
cells (Fig.  2B). Moreover, MSU-induced secretion of 
IL-1β, TNF-α and IL-6 were abrogated by BAY 11–7082 
(Fig.  2C). BAY 11–7082 also rescued MSU-suppressed 
activities of CAT, GSH-Px and SOD in RAW264.7 and 
J774A.1 cells (Fig. 2D). Furthermore, the release of LDH 

(See figure on next page.)
Fig. 1  Drp1 induces gouty arthritis. A The histological changes in the joints were assessed by H&E staining. Scale bar = 50 μm. B The 
immunoreactivity of Drp1 in the joints was detected by IHC. Scale bar = 50 μm. C, F The mRNA level of Drp1 was detected by RT-qPCR. D The 
protein levels of Drp1 and USP16 in the joints were detected by western blot. E, I The secretion of IL-1β, TNF-α and IL-6 were measured by ELISA 
assay. F, J The activities of antioxidant enzymes were detected using commercial kits. H The protein level of Drp1 was detected by western blot. K 
The LDH release was measured using commercial kit. L The protein levels of Drp1 and USP16 in the synovial tissues were detected by western blot. 
*, P < 0.05, **, P < 0.01, ***, P < 0.001
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Fig. 1  (See legend on previous page.)
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Fig. 2  Drp1 induces gouty arthritis via NF-κB pathway and NLRP3 inflammasome activation. A The protein levels of Drp1 and key molecules 
of NF-κB/NLRP3 signaling were detected by western blot. B, The protein levels of key molecules of NF-κB/NLRP3 signaling were detected 
by western blot. C The secretion of IL-1β, TNF-α and IL-6 were measured by ELISA assay. D The activities of antioxidant enzymes were detected using 
commercial kits. E The LDH release was measured using commercial kit. *, P < 0.05, **, P < 0.01, ***, P < 0.001
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from macrophages in response to MSU was reversed 
by BAY 11–7082 (Fig.  2E). These findings suggest that 
NF-κB signaling and NLRP3 inflammasome play critical 
roles in Drp1-induced gouty arthritis.

Drp1 activates NF‑κB pathway and NLRP3 inflammasome 
by modulating mitochondrial fission
Mitochondria dysfunction has been observed in MSU-
stimulated macrophages [25]. To unravel the role of 
Drp1 in MSU-induced mitochondrial damage, TEM 
was employed to examine the mitochondrial structure. 
As presented in Fig.  3A, mitochondria in control cells 
exhibited intact outer membrane and densely packed 
cristae, whereas MSU treatment resulted in dilated mito-
chondria with swelling or disrupted cristae. Knockdown 
of Drp1 alleviated MSU-disrupted mitochondrial struc-
ture (Fig.  3A). Additionally, MitoSOX staining further 
revealed that MSU-induced mitochondrial ROS were 
attenuated in Drp1-knockdown macrophages (Fig.  3B). 

We next examined the effects of Drp1 on the expres-
sion of the key molecules of NF-κB signaling and NLRP3 
inflammasome. Transfection of Drp1 overexpression 
construct increased Drp1 protein level dose-dependently, 
and RAW264.7 and J774A.1 cells were transfected with 
400  ng/μL plasmid in the subsequent experiments (Fig. 
S1B). Western blot showed that overexpression of Drp1 
successfully increased Drp1 protein level, as well as the 
expression of p-p65, p-IκBα, NLRP3 and Caspase-1 in 
both RAW264.7 and J774A.1 cells (Fig. 3C). In addition, 
Drp1-induced p-p65, p-IκBα, NLRP3 and Caspase-1 
were further attenuated by NF-κB inhibitor BAY 11–7082 
(Fig. S2), indicating the pivotal role of NF-κB signal-
ing in Drp1-regulated mitochondrial fission and NLRP3 
inflammation. Moreover, Drp1-upragulated NLRP3 and 
Caspase-1 were counteracted by MitoTEMPOL in both 
RAW264.7 and J774A.1 cells (Fig. S3A). Similar results 
were also observed in MSU-simulated macrophages (Fig. 
S3B), indicating that mitochondrial ROS responsible for 

Fig. 3  Drp1 activates NF-κB pathway and NLRP3 inflammasome by modulating mitochondrial fission. A TEM analysis of mitochondria 
from RAW264.7 and J774A.1 cells. Scale bar = 500 nm. B Mitochondrial ROS was assessed by MitoROX staining. Red, MitoROX. Scale bar = 100 μm. C 
The protein levels of Drp1 and key molecules of NF-κB/NLRP3 signaling were detected by western blot. *, P < 0.05, **, P < 0.01, ***, P < 0.001
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augmenting mitochondrial fission contributes to Drp1-
induced NLPR3 inflammasome activation. Collectively, 
these data indicate that Drp1-dependent mitochondrial 
fission is associated with the activation of NF-κB pathway 
and NLRP3 inflammasome.

Deubiquitinase USP16 directly interacts with Drp1
We next sought to screen the UbiBrowser-predicted 
putative deubiquitinases of Drp1 by western blot. Among 
13 deubiquitinases, the results of western blot showed 
that USP16 overexpression dramatically upregulated 
Drp1 expression in HEK293T cells. By contrast, the other 
deubiquitinases, including USP7, USP8, USP10, USP13, 
USP15, USP25, USP28, USP30, USP32, USP38, USP42 
and USP48, had no significant effect on Drp1 protein 
level (Fig.  4A). In accordance with this finding, over-
expression and knockdown experiments revealed that 
USP16 positively regulated Drp1 mRNA and protein lev-
els in both RAW264.7 and J774A.1 cells (Fig. 4B-C). The 
knockdown efficiency of sh-USP16 was detected by west-
ern blot, and shUSP16-3 with high silencing efficiency 
was selected for the subsequent experiments (Fig. S1C). 
Co-IP showed that antibody against USP16 successfully 
immunoprecipitated Drp1 in macrophages (Fig.  4D). 
This result was further validated by GST pull-down assay 
in which GST-tagged USP16 enriched Drp1 in  vitro. 
Taken together, these data suggest the direct association 
between USP16 and Drp1, and USP16 positively regu-
lated Drp1 expression in RAW264.7 and J774A.1 cells.

Deubiquitination and stabilization of Drp1 by USP16
To investigate the function of USP16, we next test 
whether USP16 was implicated in the deubiquitination 
and stabilization of Drp1. As anticipated, silencing of 
USP16 caused a reduction of Drp1, whereas the protea-
some inhibitor MG132 led to a rebound of Drp1 in both 
RAW264.7 and J774A.1 cells (Fig.  5A), indicating that 
lack of USP16 promoted Drp1 turnover via ubiquitin–
proteasome pathway. Moreover, USP16 knockdown pro-
moted the degradation of Drp1 in the presence of protein 
synthesis inhibitor CHX (Fig.  5B). Furthermore, Co-IP 
showed that silencing of USP16 remarkably increased 
the ubiquitination of Drp1 in the presence of MG132 
(Fig.  5C). These findings suggest that USP16 mediates 
deubiquitination and stabilization of Drp1 in RAW264.7 
and J774A.1 cells.

USP16 is elevated and contributes to gouty arthritis 
in vitro
To delineate the biological roles of USP16, the expres-
sion and functions of USP16 were examined in MSU-
stimulated macrophages. As show in Fig.  6A-B, the 
expression of USP16 and Drp1 were greatly increased 

upon MSU treatment, and knockdown of USP16 reduced 
USP16 expression, alone with the reduction of Drp1 in 
both RAW264.7 and J774A.1 cells. ELISA assay revealed 
that silencing of USP16 counteracted MSU-induced 
secretion of IL-1β, TNF-α and IL-6 in macrophages 
(Fig. 6C). Depletion of USP16 also reversed MSU-medi-
ated changes of antioxidant enzymes activities and LDH 
release (Fig.  6D-E). In addition, MSU-induced mito-
chondrial ROS were abrogated by USP16 knockdown 
in RAW264.7 and J774A.1 cells (Fig.  6F). Together, the 
functional studies indicate that USP16 might act as a key 
player in gouty arthritis.

USP16 induces gouty arthritis via Drp1‑dependent NLRP3 
inflammasome activation
We further tested whether Drp1 functioned as a down-
stream effector of USP16 in MSU-stimulated mac-
rophages. Western blot revealed that knockdown of 
USP16 reversed MSU-mediated up-regulation of USP16 
and Drp1, whereas the effect of sh-USP16 on Drp1 
expression was counteracted by Drp1 overexpression. 
It is worth noting that overexpression of Drp1 had no 
effect on USP16 expression at protein levels (Fig.  7A). 
Interestingly, silencing of USP16 blocked MSU-activated 
NF-κB pathway and NLRP3 inflammasome, while Drp1 
overexpression reversed these effects of sh-USP16 in 
RAW264.7 and J774A.1 cells as detected by western blot 
(Fig.  7B). In addition, MSU-induced secretion of IL-1β, 
TNF-α and IL-6 were abolished by sh-USP16, and Drp1 
overexpression resulted in a rebound of these cytokine 
levels (Fig. 7C). Similarly, the rescue effects of sh-USP16 
on antioxidant enzymes activities, LDH release and 
mitochondrial ROS were also reversed by Drp1 overex-
pression (Fig.  7D-F). These findings suggest that USP16 
induces gouty arthritis via Drp1-dependent NLRP3 
inflammasome activation.

Discussion
Gout arthritis results from hyperuricemia, leading to 
deposition of MSU crystal within the joints affecting 
synovial membrane and articular cartilage [1]. Patients 
experience acute episodes of joint pain which is usually 
interspersed with symptom-free periods. Left untreated, 
gout arthritis typically progress to crystal aggregates in 
soft tissues, thus destroying cartilage and bone [26, 27]. 
In the current study, we reported that USP16 induced 
gout arthritis via mediating deubiquitination and sta-
bilization of Drp1. Mechanistically, Drp1-dependent 
mitochondrial fission and NF-κB/NLRP3 signaling play 
indispensable roles during this process.

Drp1, a GTPase, regulates mitochondrial fission by oli-
gomerization on the outer mitochondrial membrane [28]. 
Previous studies in myocardial ischemia–reperfusion 
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(I/R) injury or hemorrhagic shock have illustrated that 
phosphorylation of Drp1 causes increased mitochondrial 
ROS production [29, 30]. Emerging evidence suggests 
that mitochondrial ROS fuels NLRP3 inflammasome [7, 
31, 32]. Upon stimulation, NLRP3 inflammasomes are 
assembled by recruiting the adaptor ASC and Caspase-1, 

thereby proteolytic processing IL-1β and IL-18 [33]. In 
gout arthritis, IL-1β triggers an inflammatory response 
which characterized by neutrophils infiltration and 
vasodilatation [34]. In line with these findings, our data 
revealed that lack of Drp1 alleviated MSU-induced gout 
arthritis, alone with the reduction of mitochondrial ROS. 

Fig. 4  Deubiquitinase USP16 directly interacts with Drp1. A The protein level of Drp1 was detected by western blot. The mRNA (B) or protein levels 
(C) of USP16 and Drp1 were detected by RT-qPCR or western blot, respectively. D The direct interaction between USP16 and Drp1 in macrophages 
was assessed by Co-IP. Whole cell lysates were used as input control. Normal IgG served as a negative control. E The in vitro interaction 
between GST-tagged USP16 and Drp1 was detected by GST pull-down assay. Whole cell lysates were used as input control. Vector alone acted 
as a negative control. *, P < 0.05, **, P < 0.01, ***, P < 0.001
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In addition, Drp1 knockdown and BAY 11–7082 exerted 
similar effects on NF-κB/NLRP3 signaling molecules, 
indicating that Drp1 knockdown suppresses NF-κB/
NLRP3 signaling in MSU-stimulated macrophages. 
These data indicate that Drp1-increased mitochondrial 
ROS activated NF-κB pathway and NLRP3 inflamma-
some, thus inducing gout arthritis.

Several types of post-translational modifications 
of Drp1 have been reported, including SUMOyla-
tion, O-GlcNAcylation, S-nitrosylation, phospho-
rylation and ubiquitination [35]. Previous study has 
demonstrated that inhibition of ubiquitination and 

proteasomal degradation of Drp1 causes uneven dis-
tribution of mitochondria during mitosis, as well as 
incomplete cytokinesis. APC/C(Cdh1) has been identi-
fied as an E3 ubiquitin ligase complex responsible for 
Drp1 stability [36]. In the current study, USP16 was 
identified as a DUB which mediated deubiquitination 
and stabilization of Drp1 in macrophages. Co-IP and 
GST pull-down assay confirmed the direct association 
between USP16 and Drp1. Loss of USP16 promoted the 
degradation of Drp1 via ubiquitin–proteasome path-
way, suggesting that USP16-dependent deubiquitina-
tion plays an indispensable role in maintaining Drp1 

Fig. 5  Deubiquitination and stabilization of Drp1 by USP16. A The protein levels of USP16 and Drp1 in macrophages were detected by western 
blot. B The protein stability of Drp1 was examined by western blot in the presence of CHX. C The ubiquitination of Drp1 was assessed by Co-IP. 
GAPDH acted as an internal control. *, P < 0.05, **, P < 0.01, ***, P < 0.001
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stability. Loss-of function studies further revealed the 
critical role of USP16 in mitochondrial fission and acti-
vation of NF-κB/NLRP3 signaling. A recent study has 
illustrated that USP16 functions as a key regulator of 
IKKβ ubiquitination and modulates NF-κB p105 phos-
phorylation, thus modulating NF-κB signaling and CRC 

tumorigenesis [20]. Besides the direct regulation of 
NF-κB signaling, our results demonstrated that USP16 
also activated NF-κB signaling via Drp1-dependent 
mitochondrial fission in gout arthritis. These findings 
broaden the understanding of Drp1 ubiquitination by 
identifying the novel DUB USP16.

Fig. 6  USP16 is elevated and contributes to gouty arthritis in vitro. A The mRNA level of USP16 was detected by RT-qPCR. B The protein levels 
of USP16 and Drp1 in RAW264.7 and J774A.1 cells were detected by western blot. C The secretion of IL-1β, TNF-α and IL-6 were measured by ELISA 
assay. D The activities of antioxidant enzymes were detected using commercial kits. E The LDH release was measured using commercial kit. F 
Mitochondrial ROS was assessed by MitoROX staining. Red, MitoROX. Scale bar = 100 μm. *, P < 0.05, **, P < 0.01, ***, P < 0.001
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Fig. 7  USP16 induces gouty arthritis via Drp1-dependent NLRP3 inflammasome activation. A The protein levels of USP16 and Drp1 was detected 
by western blot. B The protein levels of the key molecules of NF-κB/NLRP3 signaling were detected by western blot. C The secretion of IL-1β, 
TNF-α and IL-6 were measured by ELISA assay. D The activities of antioxidant enzymes were detected using commercial kits. E The LDH release 
was measured using commercial kit. F Mitochondrial ROS was assessed by MitoROX staining. Red, MitoROX. Scale bar = 100 μm. *, P < 0.05, **, 
P < 0.01, ***, P < 0.001
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Conclusion
In conclusion, we found that DUB USP16 induced 
gouty arthritis via Drp1-dependent mitochondrial fis-
sion and NF-κB/NLRP3 signaling. Our study provides 
profound implications for therapeutic strategies of 
gouty arthritis.
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