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Suppression of monosodium urate crystal-induced
inflammation by inhibiting TGF-β-activated kinase
1-dependent signaling: role of the ubiquitin proteasome system
Anil K. Singh1, Mahamudul Haque1, Kayla O’Sullivan1, Mukesh Chourasia2, Madhu M. Ouseph 3 and Salahuddin Ahmed1,4

Monosodium urate (MSU) crystals activate inflammatory pathways that overlap with interleukin-1β (IL-1β) signaling. However, the
post-translational mechanisms involved and the role of signaling proteins in this activation are unknown. In the present study, we
investigated the intracellular signaling mechanisms involved in MSU-induced activation of THP-1 macrophages and human
nondiseased synovial fibroblasts (NLSFs) and the in vivo efficacy of an inhibitor of tumor growth factor-β (TGF-β)-activated kinase
1 (TAK1), 5Z-7-oxozeaenol, in MSU-induced paw inflammation in C57BL/6 mice. THP-1 macrophage activation with MSU crystals
(25–200 µg/ml) resulted in the rapid and sustained phosphorylation of interleukin-1 receptor-activated kinase 1 (IRAK1 Thr209) and
TAK1 (Thr184/187) and their association with the E3 ubiquitin ligase TRAF6. At the cellular level, MSU inhibited the deubiquitinases
A20 and UCHL2 and increased 20s proteasomal activity, leading to a global decrease in K63-linked ubiquitination and increase in
K48-linked ubiquitination in THP-1 macrophages. While MSU did not stimulate cytokine production in NLSFs, it significantly
amplified IL-1β-induced IL-6, IL-8, and ENA-78/CXCL5 production. Docking studies and MD simulations followed by TAK1 in vitro
kinase assays revealed that uric acid molecules are capable of arresting TAK1 in an active-state conformation, resulting in sustained
TAK1 kinase activation. Importantly, MSU-induced proinflammatory cytokine production was completely inhibited by 5Z-7-
oxozeaenol but not IRAK1/4 or TRAF6 inhibitors. Administration of 5Z-7-oxozeaenol (5 or 15mg/kg; orally) significantly inhibited
MSU-induced paw inflammation in C57BL/6 mice. Our study identifies a novel post-translational mechanism of TAK1 activation by
MSU and suggests the therapeutic potential of TAK1 in regulating MSU-induced inflammation.
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INTRODUCTION
Gout is characterized by painful and progressive attacks of acute
inflammation due to the deposition of monosodium urate (MSU)
crystals in joints and periarticular tissues. Current therapies for the
management of gout include uric acid-lowering therapies (ULTs),
such as allopurinol or febuxostat, and colchicine, which inhibits
inflammation.1 Although the prevalence of gout is increasing, the
management strategies for gout remain suboptimal.2 This discre-
pancy is partly attributed to a limited understanding of the
underlying mechanisms exploited by MSU crystals to induce gouty
inflammation and tissue destruction. Studies suggest that MSU
utilizes the Toll-like/interleukin-1β (IL-1β) receptor (TIR) signaling
system, in which adaptor proteins such as Myd88 and IL-1R1 are
essential to trigger an acute inflammatory response to IL-1β.3,4

Studies also suggest that MSU crystals activate the NALP3
inflammasome to expedite IL-1β processing.5

The centrality of IL-1β in mediating MSU-induced acute
inflammation has triggered interest in the clinical testing of IL-
1β inhibitors.6,7 While the short-term use of these IL-1 inhibitors
seems promising, problems such as efficacy limited to a subset of

the patient population, increased risk of infection with long-term
use, and socioeconomic challenges associated with delivery not
observed with conventional medications emphasize the need for
novel therapeutic approaches.2 Moreover, the underlying mechan-
ism through which MSU crystals activate resident cells in the joints
such as synovial fibroblasts remains unclear.
Post-translational modifications (PTMs) play an essential role in

relaying cellular signals initiated by TLRs, cytokines, or growth
factors.8 One such PTM, ubiquitination, plays an important role in
the TLR, IL-1β, and tumor necrosis factor-α (TNF-α) signaling
pathways by either stabilizing signaling proteins via K63-linked
ubiquitin chains or initiating proteasomal degradation by tagging
proteins with K48-linked ubiquitin chains.9 The ubiquitination
process is mediated by E3 ubiquitin ligases such as TNF receptor-
associated factor (TRAF2 or TRAF6) that receive signals from adaptor
proteins proximal to IL-1 or TNF receptors to activate the
downstream nuclear factor-κB (NF-κB) and mitogen-activated
protein kinase (MAPK) pathways.8,9 The central position of TGF-β-
activated kinase 1 (TAK1) in the cytokine and TLR signaling
pathways makes it an attractive therapeutic target.10–12 Whether
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MSU crystals, which are known to bind IL-1R1 and Myd88, utilize
PTMs to activate IL-1β inflammatory signaling is not known.

MATERIALS AND METHODS
Antibodies and reagents
Please see detailed information in the Supplementary Materials
and methods section.

Cell culture and stimulation
Human monocytic leukemia (THP-1) cells were maintained in
RPMI-1640 culture medium with 10% fetal bovine serum and
antibiotics. For the experiments, THP-1 cells were differentiated into
macrophages with phorbol 12-myristate 13-acetate (250 ng/ml) for
3 h by a method described previously,13,14 followed by medium
replacement with fresh Opti-MEM overnight. The next day,
differentiated THP-1 cells (2 × 106) were stimulated with different
concentrations (25–200 μg/ml) of endotoxin-free MSU crystals
(Cat#: Tlrl-25; Invivogen) for different time periods. THP-1 macro-
phages (1 × 104 per well) were seeded in 96-well plates and
stimulated with MSU (25–200 μg/ml) for 24 h to evaluate the effect
of MSU on cell viability by a previously described method.15

For inhibitor experiments, THP-1 macrophages were pretreated
with interleukin-1 receptor-activated kinase 1 (IRAK1) inhibitors [N-
(2-morpholinylethyl)-2-(3-nitrobenzoylamido)-benzimidazole;
0.5–10 µM], TAK1 [5Z-7-oxozeaenol; 0.05–5 µM], TRAF6 inhibitor
peptide [10–20 µM], or control peptide [10–20 µM] for 2 h in fresh
Opti-MEM, followed by MSU (100 μg/ml) stimulation for either 30
min for Western blotting or 24 h to measure released cytokines.
Primary human synovial fibroblasts from nondiseased (NLSFs)

donors and donors with rheumatoid arthritis (RASFs) were obtained
from synovial tissues under an Institutional Review Board-approved
protocol and cultured using a previously described method.16

Confluent cells (2 × 106 in 35mm dishes) were serum-starved
overnight and stimulated with different concentrations (25–100
μg/ml) of endotoxin-free MSU for 30min to study the signaling
mechanisms or 24 h to determine the effect of MSU on protein
release. MSU (25–100 μg/ml) was also added to the cells in the
presence of a low concentration of IL-1β (1 ng/ml) for 24 h to
determine their combined effect on cytokine production.

Cytokine measurements
Individual cytokine levels in the conditioned media were
measured using DuoSet ELISA (enzyme-linked immunosorbent
assay) kits for human IL-1β, TNF-α, IL-8, and monocyte chemoat-
tractant protein-1 (MCP-1) (R&D Systems, MN).

Western blotting
Western blotting was performed as previously described.12,17

Specific details are provided in the Supplementary Material and
methods section.

Immunoprecipitation assay
THP-1 cells (1 × 107) in 100mm dishes were starved overnight with
Opti-MEM, pretreated with 5Z-7-oxozeaenol for 2 h, and finally
stimulated with MSU (100 µg/ml) for 30min. Immunoprecipitation
using mouse monoclonal antibodies against FK2, TRAF6, and TAK1
at the specified dilutions was performed as previously described.12

In vitro TAK1 kinase assay
An in vitro TAK1 kinase assay was performed using a TAK1/TAB1
fusion protein. Specific details of TAK1/TAB1 fusion protein
expression, purification, and utilization in the kinase assay are
provided in the Supplementary Materials and methods section.

Small interfering RNA (siRNA) method
Predesigned small interfering RNA (siRNA) sequences for IRAK1
(SASI_Hs01_00017884 and SASI_Hs02_00307425), TRAF6

(SASI_Hs01_00116399 and SASI_Hs01_00116390), IL-1β (SASI_
Hs01_00028205 and SASI_Hs01_00028206), and TAK1 (SASI_
Hs01_00166582, SASI_Hs02_00365229, and SASI_Hs02_
00365227) were purchased from Sigma MISSION. THP-1 macro-
phages were transfected with 120 pmol of scrambled (SIC001) or
targeted siRNAs with Lipofectamine 2000 for 48 h using a
recently described method.18 After 48 h of transfection, cells
were serum-starved overnight prior to MSU simulation for 24 h.

Molecular modeling studies and ligand preparation
All computational studies were performed using different modules
of Schrodinger suite 15.3 as described previously.12,19 A detailed
procedure is provided in the Supplementary Materials and
methods section.

Human peripheral blood mononuclear cell-derived macrophage
culture
Human peripheral blood mononuclear cells (PBMCs) obtained
from a commercial source (Zen-Bio, Inc., Research Triangle, NC,
USA) were differentiated into macrophages by a method
described earlier.20 Experimental details are provided in the
Supplementary Material and Methods section.

Animal experimentation
All animal experiments were approved by the Washington State
University IACUC committee (protocol approval number: 04775).
We chose C57BL/6 male mice since they are susceptible to the
development of paw inflammation when injected with a
suspension of MSU crystals (0.5 mg, Invivogen) in 20 µl of
endotoxin-free phosphate-buffered saline using 27-gauge syr-
inges (Cat#: 705SN, Hamilton, NY) as described recently.21 A
detailed procedure is provided in the Supplementary Materials
and Methods section. Paw circumference was calculated using a
previously described method.17

Histological analysis of ankles
Fresh-frozen sections (6 μm) of joints from experimental mice
were stained with hematoxylin & eosin (H&E) and processed as
previously described.17 For an objective evaluation of synovitis
and inflammation, slides were analyzed by a pathologist for the
following parameters: polymorphonuclear inflammation, immune
cell infiltration (lymphocytes, plasma cells, and macrophages),
neovascularization, and fibrosis (Supplementary Table 1), as
described in our recent study.22

Statistical analysis
The Student’s t test was performed to calculate the statistical
significance of differences between the means of different protein
variables obtained from in vivo findings. P values <0.05 (two-
tailed) indicated significance.

RESULTS
MSU crystals induce the autophosphorylation of IL-1β signaling
proteins
THP-1 macrophages treated with MSU (25–200 µg/ml) for 30 min
showed a gradual increase in the autophosphorylation of IRAK1
(Thr387) that peaked with an MSU concentration of ~100 μg/ml
(Fig. 1a). In contrast to canonical IL-1β or TLR signaling, in which
IRAK1 degrades, MSU induced the activation of p-IRAK1 (Thr387).
To our surprise, we observed the increased phosphorylation of
TAK1 at the Thr184/187 position, which is essential for its kinase
activation.23 Furthermore, MSU induced a time-dependent
increase in the phosphorylation of IRAK1 at Thr209/387 and TAK1
at Thr184/187 in THP-1 macrophages that peaked at ~60 min
without affecting their viability (Fig. 1b; densitometric analysis in
Supplementary Fig. S1A–C and viability data in Fig. S2A). To verify
that this early effect is not governed by released IL-1β, we carried
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out different experimental approaches. First, we activated
undifferentiated THP-1 monocytes with MSU for 30 min and
observed by Western blot analysis that MSU can effectively induce
the phosphorylation of IRAK1 (Thr387) and TAK1 (Thr184/187)
(Fig. S2B) in monocytic cells that do not produce IL-1β (data not
shown). Second, we evaluated the temporal production of IL-β
and TNF-α in differentiated THP-1 macrophages treated with MSU
(100 μg/ml). Our results rule out the role of IL-1β in TAK1 or IRAK1
activation since MSU induced significant and detectable levels of
IL-1β or TNF-α as early as 6 h (Fig. S2C).
To further rule out any canonical IL-1β signaling by MSU, we

determined the expression levels the IL-1R1, Pellino, NEMO, and
IL-1Ra (an IL-1R antagonist) proteins in THP-1 macrophages and
compared them to their expression levels in NLSFs and RASFs.
Western blot analysis showed that THP-1 macrophages
express no or negligible levels of IL-1R1 compared to those in
NLSFs and RASFs; however, THP-1 macrophages expressed the
Pellino and NEMO proteins at levels comparable to those
observed in NLSFs and RASFs (Fig. 1c). To exclude the possible
role of IL-1β in the MSU-induced activation of signaling kinases,
we treated THP-1 macrophages with IL-1β or negative control
(NC) siRNA prior to MSU (100 μg/ml) stimulation for 24 h.
Western blotting showed that IL-1β knockdown had no effect
on the ability of MSU to induce TAK1 activation (Fig. S3A). In
addition, evaluation of the conditioned media from the same
treated samples showed that IL-1β siRNA significantly inhibited
IL-1β production, but had no effect on MSU-induced TNF-α
production (Fig. S3B, C). Furthermore, THP-1 macrophages
pretreated with exogenous IL-1Ra (500 ng/ml) showed no
marked inhibition of MSU-induced IL-1β, MCP-1, and IL-8
production, but a modestly reduction in TNF-α production
(Fig. 1d), suggesting that MSU-induced signaling activation is
independent of IL-1R or synthesized IL-1β.

MSU activates primary human macrophages and synovial
fibroblasts and facilitates cytokine production
To extend our observations of IL-1β signaling activation in THP-1
macrophages to primary human cells, we stimulated human
PBMC-derived macrophages with MSU (50–200 μg/ml) for 30 min.
Western blot analysis of lysates showed that MSU activated the
phosphorylation of IRAK1 (Thr387) and TAK1 (Thr184/187) in a dose-
dependent manner (Fig. 2a). To understand the detrimental
effects of MSU crystals on resident nonhematopoietic cells, we
treated primary human NLSFs with MSU (25–100 µg/ml) for 30 min
and evaluated signaling pathways (Fig. 2). MSU induced the
phosphorylation of IRAK1 (Thr209 and Thr387), and phosphorylated
IRAK1 levels were comparable to those following activation by IL-
1β (Fig. 2b; Fig. S4A). However, the MSU-induced activation of
TRAF6, TAK1 (Thr184/187), TAK1 (Ser439), and TAB2 (Ser372) was
strikingly different from the canonical activation mechanism
driven by IL-1β in human SFs.12 To gain further insight into this
difference, we treated NLSFs with a low dose of IL-1β (1 ng/ml)
and/or MSU (25–100 µg/ml) for 24 h (Fig. 2c–f). Evaluation of
released inflammatory proteins in the conditioned media showed
that MSU alone had no effect on their induction (Fig. 2c); however,
MSU further significantly enhanced the IL-1β-induced production
of IL-6, IL-8, and ENA-78/CXCL5 (Fig. 2c–f; p < 0.05, p < 0.01).

MSU exploits the protein ubiquitin system to relay IL-1β-like
signaling
THP-1 macrophages treated with different concentrations of MSU
for 4 h showed a concentration-dependent increase in K48-linked
ubiquitination and concomitant decrease in K63-linked ubiquitina-
tion, even at the lowest MSU concentration of 25 µg/ml (Fig. 3a).
We extended our studies to primary human macrophages and
observed that treated with MSU (25–200 μg/ml) for 24 h reduced
K63-linked ubiquitination in these cells as well (Fig. S4B). To

Fig. 1 MSU activates signaling pathways in THP-1 macrophages similar to IL-1β-mediated signaling. a THP-1 macrophages (2 × 106/well) in
6-well plates were stimulated with LPS (10 µg/ml) or MSU (25–200 µg/ml) for 30 min. Cell lysates prepared from these samples were
analyzed for phosphorylated and unphosphorylated proteins. b Time-dependent activation of signaling proteins in THP-1 macrophages
stimulated with MSU (100 µg/ml) for 0–120 min. c THP-1 macrophages, >85% confluent NLSFs or RASFs in 6-well plates were given serum-
free medium overnight. Cell lysates were prepared the next day to study the constitutive expression levels of the signaling proteins IL-
1R1, Pellino, NEMO, and IL-1Ra. Cell viability was evaluated using an MTT-based cell viability assay, and the data are shown as the
percentage of the unstimulated control. d THP-1 macrophages (2 × 106/well) in six-well plates were pretreated with recombinant human
IL-1Ra (500 ng/ml), followed by MSU (100 µg/ml) stimulation for 24 h. Conditioned media were collected at different time points and used
to determine IL-1β production. Representative blots and the quantitative results (mean ± SEM) from three independent experiments. *p <
0.05 or **p < 0.01*
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confirm the generality of this effect of MSU, we treated human
NLSFs with varying concentrations of MSU and observed that MSU
is indeed able to activate K48-linked ubiquitination in human
NLSFs, with a modest concentration-dependent decrease in K63-
linked ubiquitination (Fig. 3b). We evaluated the impact of MSU
(25–100 µg/ml) on deubiquitinases in THP-1 macrophages and
found that MSU inhibited the expression of the deubiquitinases
A20 and UCHL2, but increased 26s proteasomal subunit PSMD13
expression in a dose-dependent manner (Fig. 3c; p < 0.05,
densitometric analysis). These findings suggest that MSU can
accelerate proteasome activity in THP-1 macrophages to induce
inflammatory mediators. To confirm this finding, the results of an
in vitro kinase assay showed that MSU at a concentration as low as
25 µg/ml significantly increased proteasome activity by more than
25% and that this effect plateaued at up to 100 µg/ml MSU
(Fig. 3d).

TAK1 inhibition suppresses MSU-induced cytokine production
To understand the importance of IRAK1/4, TRAF6, and TAK1 in
MSU-induced inflammation, we pretreated THP-1 macrophages
with chemical inhibitors of IRAK1/4 or TAK1 and a peptide
inhibitor of TRAF6, followed by MSU (100 µg/ml) stimulation for
24 h (Fig. 4). Our ELISA results showed that the IRAK1/4 inhibitor
had no significant inhibitory effect on MSU-induced TNF-α, IL-1β,
and IL-8 production, whereas 5Z-7-oxozeaenol completely inhib-
ited the ability of MSU to induce expression of these cytokines and
chemokines, suggesting the critical role of TAK1 in MSU-induced
inflammation (Fig. 4a–d). We further confirmed these findings
using siRNA targeting IRAK1, TRAF6, and TAK1. Our ELISA results
showed that IRAK1, TRAF6, and TAK1 siRNA successfully inhibited
MSU-induced IL-1β and TNF-α production in THP-1 macrophages,
but had no effect on MCP-1 and IL-8 production (Fig. S5A, B; p <
0.05). While these results partly confirmed those of inhibitor
experiments, they also suggested that the use of siRNA to study
the role of kinases does not provide conclusive results.

5Z-7-oxozeanol modulates MSU-induced IL-1β expression and
ubiquitination
To understand the impact of the TAK1 inhibitor 5Z-7-oxozeanol on
IL-1β production, we stimulated THP-1 macrophages with MSU for
30min with or without 5Z-7-oxozeaenol pretreatment. Western
blot analysis showed that MSU induced both the proform and
mature form of IL-1β (Fig. 4e). Interestingly, pretreatment with 5Z-
7-oxozeaenol inhibited both constitutive and MSU-induced IL-1β
expression. 5Z-7-oxozeaenol pretreatment also downregulated IL-
1β maturation, as confirmed by reduced expression of a cleaved
IL-1β (Asp116) fragment (Fig. 4e), which was almost completely
inhibited by 4 h of MSU stimulation (Fig. 4f). To determine whether
this effect is due to proteasomal degradation, we treated THP-1
macrophages with 5Z-7-oxozeaenol in the presence of the
proteasome inhibitor MG132 (10 μM). MG132 pretreatment
rescued 5Z-7-oxozeaenol-induced pro-IL-1β protein degradation
(Fig. 4g). Furthermore, our results in primary human macrophages
showed that pretreatment with 5Z-7-oxozeaenol had no inhibitory
effect on the phosphorylation of IRAK1 (Thr387), but markedly
suppressed pro-IL-1β expression (Fig. 4h). This novel finding
suggests that TAK1 plays an important role in the stability of IL-1β
and that TAK1 inhibitors limit the role of mature or released IL-1β
by reducing pro-IL-1β expression.

MSU crystals activate TAK1 kinase activity
MSU crystals in solution exist as tautomeric urate forms,24 and
these forms are equally capable of inducing IL-1β production.25 To
determine whether soluble uric acid molecules can bind with
TAK1 and induce its kinase activity, we simulated the placement of
six molecules of uric acid in and around the active site of TAK1 in a
TAK1-TAB1 fusion protein using Glide and submitted the final
docked complex for molecular dynamics (MD) simulation. Up to
four molecules of uric acid were found to occupy the active site of
the TAK1-TAB1 protein without causing any significant changes in
the secondary structure of the TAK1 protein (Fig. 5a, b; Fig. S6A–D).

Fig. 2 MSU activates IL-1β signaling proteins in primary human macrophages and coordinates with IL-1β to induce cytokine production in
primary human synovial fibroblasts. a Primary PBMC-derived human macrophages (2 × 106/well) in six-well plates were stimulated with MSU
(100 µg/ml) for 30min. Cell lysates were prepared to detect MyD88 and phosphorylated and total IRAK1 and TAK1. b Human NLSFs were
treated with MSU (25–200 μg/ml) or IL-1β (10 ng/ml) for 30 min. Cell lysates were prepared to study activation of the signaling proteins MyD88,
IRAK1, TRAF6, TAK1, and TAB2. b Human NLSFs were stimulated with MSU (25–100 μg/ml) for 24 h. Conditioned media were collected and
further utilized to quantitate IL-6 and IL-8 production. c–f Human NLSFs were treated with IL-1β (1 ng/ml) alone or with MSU (25–100 μg/ml)
for 24 h, and the conditioned media were collected and used for the estimation of IL-6, IL-8, and ENA-78 production. The results shown in b–f
were obtained from the experiment on NLSFs obtained from three different donors and are presented as the mean ± SEM. *p < 0.05 or **p <
0.01 vs. NS (not significant); #p < 0.05 or ##p < 0.01 vs. IL-1β
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Furthermore, the phosphorylation loop of TAK1, which is far from
the binding pocket, is stabilized by the binding of a uric acid
molecule in the active site, thereby stabilizing the active
conformation of TAK1 or delaying its dephosphorylation. A closer
look at the interaction demonstrates the stable binding of one uric
acid molecule in the binding pocket through the formation of H-
bonds with V42, R44, E105, and the side chain of D175 (Fig. 5b),
which is stabilized by hydrophobic interactions with the side
chains of V50, M104, and L163 This site is proximal to the
C174 site, which is occupied by 5Z-7-oxozeaenol through covalent
bonds, causing the irreversible inhibition of TAK1 kinase activity.23

The stability of uric acid binding to the TAK1-TAB1 complex is
further enhanced through the formation of cooperative π–π
interactions and the assistance of water molecules that form a
bridge between uric acid and protein residues in the binding site
(Fig. 5b). Confirming the MD simulation findings, our in vitro
kinase assay showed that TAK1 kinase activity is induced by MSU
(1, 5, 10, and 50 µg per reaction) in a dose-dependent manner, and
TAK1 kinase activity was increased by almost 10-fold by 10 μg
MSU when compared to the control values (Fig. 5c; p < 0.05).
Furthermore, all ubiquitinated proteins were immunoprecipi-

tated with anti-FK2 antibody and probed for K63-linked ubiquiti-
nation. 5Z-7-oxozeaenol treatment, alone or in combination with
MSU, restored global K63-linked ubiquitination (Fig. 5d). However,
immunoprecipitation of TAK1 and subsequent Western blot
analysis showed that 5Z-7-oxozeaenol effectively inhibited the
constitutive and MSU-induced K63-linked ubiquitination of TAK1 in
THP-1 macrophages (Fig. 5e).
IRAK1, TRAF6, and TAK1 form an activation complex essential

for activating the downstream MAPK and NF-κB pathways.8,10,26 In

our studies, MSU markedly enhanced the association of IRAK1/
TRAF6/TAK1 as an activation complex (Fig. 5f). Interestingly, 5Z-7-
oxozeaenol significantly inhibited the ability of TRAF6 to associate
with IRAK1 (Fig. 5f, g; p < 0.05). These findings provide evidence
that 5Z-7-oxozeaenol also reduces the ability of TRAF6 to associate
with IRAK1 and disrupts the formation of an activation complex,
which is essential for TAK1 activation.12,27 These effects result in
the marked inhibition in MAPK activation and NF-κBp65 and p-c-
Jun nuclear translocation (Fig. S7A, B).

5Z-7-oxozeaenol suppresses MSU-induced paw inflammation
We evaluated the therapeutic potential of targeting TAK1 in a
mouse model of MSU-induced inflammation.21 The injection of
MSU (0.5 mg/20 µl) near the metatarsal joint resulted in paw
swelling within 24 h, which resolved after ~96 h (Fig. S8). Based on
these findings, mice injected with MSU served as the experimental
control and were compared to groups of mice administered 5Z-7-
oxozeaenol (5 or 15 mg/kg, per os (p.o.)) 2 h prior to MSU injection
(Fig. 6a). Interestingly, 5Z-7-oxozeaenol at 5 and 15mg/kg
markedly inhibited MSU-induced paw inflammation. Histological
analysis showed that MSU injection induced the massive
infiltration of inflammatory cells, as indicated by a significant
increase in the inflammation score, which was inhibited upon 5Z-
7-oxozeaenol or febuxostat treatment (Fig. 6b; p < 0.01). Histo-
pathological evaluation of joints and periarticular connective
tissue using H&E staining showed extensive acute and chronic
inflammation of the joints and periarticular connective tissue, with
associated severe synovitis, erosion of articular cartilage, loss of
subchondral bone, pannus formation, and fibrous ankylosis. In
contrast, treatment with 5Z-7-oxozeaenol or febuxostat

Fig. 3 MSU engages the ubiquitin proteasome system to facilitate signaling in THP-1 macrophages and human NLSFs. a THP-1 macrophages
were stimulated with MSU (0–200 µg/ml) for 4 h, and cell lysates were probed for K48- and K63-linked ubiquitinated proteins. b Human NLSFs
were treated with MSU (0–200 µg/ml) for 4 h, and cell lysates were probed for K48- and K63-linked ubiquitinated proteins. c Cell lysates from
THP-1 macrophages treated with MSU (0–200 µg/ml) were probed for the deubiquitinases A20, CYLD, and UCHL2 and the 26s proteasome
subunit PSMD13. Densitometric analysis of Western blots for A20, CYLD, UCHL2, and PSMD13 was performed, and protein intensities were
normalized to β-actin intensities. The values represent the mean ± SEM of values obtained from three independent experiments for each
protein. d The effect of MSU (25–100 µg/ml) on 20s proteasome activity was studied using an in vitro assay from a commercial source (Cayman
Chemicals). An inset graph shows the increase in 20s proteasome activity induced by MSU (25–100 µg/ml) after 120min. The values presented
in the graph are the mean ± SEM of each sample run in triplicate. *p < 0.05 or **p < 0.01 for NS (not significant) vs. MSU treatment
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significantly abrogated all the features of acute and chronic
inflammation induced by MSU (Fig. 6c; Supplementary Table 1).
Western blot analysis of joint homogenates showed that MSU
crystals can induce the phosphorylation of TAK1 (Thr184/187)
in vivo, which was significantly inhibited by 5Z-7-oxozeaenol
treatment (Fig. 6d). Furthermore, MSU crystals markedly induced
global K48-linked polyubiquitination in vivo, which was markedly
reduced by 5Z-7-oxozeaenol (Fig. 6e).

DISCUSSION
This study sheds light on the previously undescribed role of TAK1
and PTMs in mediating MSU-induced inflammation. In particular,
we identified that MSU facilitates IRAK1/TAK1/TRAF6 complex
formation by activating the K63-polyubiquitination of TAK1 and
occupying its binding pocket to induce TAK1 kinase activity. The
inhibition of MSU-induced cytokine/chemokine production by 5Z-
7-oxozeaenol suggests that TAK1 can serve as a therapeutic target
to suppress MSU-induced inflammatory conditions, such as gout.
Studies so far have focused on the downstream events

triggered by MSU crystals, with special attention to IL-1β
production and its therapeutic regulation.2,28 While some studies
have pointed at the role of MyD88 and TLR2 in MSU-activated
inflammation, we provide evidence that MSU can exploit the
ubiquitin proteasome system to relay IL-1β-like inflammatory
signals and intensify inflammation. In particular, the temporal
activation of IRAK1 by MSU allows the relay of constant cellular
signals, thereby permitting association with the E3 ligase TRAF6

and the prolonged activation of downstream TAK1, which controls
the MAPK and NF-κB pathways in macrophages and synovial
fibroblasts. In addition, the finding that only 5Z-7-oxozeaenol
among the signaling inhibitors tested can shut down MSU-
induced IL-1β, TNF-α, IL-8, and MCP-1 production suggest TAK1 as
a target for gout. While the observed differences in cytokine/
chemokine inhibition by small-molecule inhibitors vs. siRNA are
open to interpretation, this divergence may be attributed to
protein–protein interactions.29 Proteins treated with a small-
molecule inhibitor may still act as scaffolds for protein–protein
interactions, whereas the treatment of siRNAs with a small-
molecule inhibitor can disrupt their biological function and
activity. Therefore, the ability of small molecules to target kinase
activity without affecting stoichiometry make them a powerful
tool for regulating the pathological role of kinases in inflammatory
conditions. However, further rigorous experiments related to the
dose efficacy and target specificity of TAK1 inhibitors are essential
to validate the pharmacological effects identified in this study.
The ubiquitin protein system is responsible for a well-described

PTM in cytokine and TLR signaling molecules; however, the means
by which MSU crystals exploit this mechanism remain unknown.
K48-linked proteins are primed for 26s proteasomal degradation,
while K63-linked proteins are rescued from 26s proteasome
degradation, facilitating stable signal transduction and cellular
trafficking.9 Studies also suggest that some deubiquitination
enzymes (DUBs) play an important role in removing K48-linked
polyubiquitin chains from proteins “primed” for degradation,
thereby reducing or retarding downstream signaling networks.30

Fig. 4 5Z-7-oxozeaenol selectively inhibits MSU-induced IL-1β, TNF-α, IL-8, and MCP-1 production and reduces expression of the proform of IL-
1β and mature IL-1β in THP-1 macrophages. To study the effect of IRAK1, TRAF6, and TAK1 inhibitors on MSU-induced cytokine and
chemokine production, THP-1 macrophages were pretreated with an inhibitor of IRAK1 [N-(2-morpholinylethyl)-2-(3-nitrobenzoylamido)-
benzimidazole, 0.5–10 µM], an inhibitor of TAK1 [5Z-7-oxozeaenol, 5Z-7-ox; 0.05–5 µM], a TRAF6 inhibitor (i) peptide [10–20 µM] or control (c)
peptide, [10–20 µM] for 2 h, followed by MSU (100 μg/ml) stimulation for 24 h. Conditioned media were used to estimate the levels of a IL-1β,
b TNF-α, c IL-8, and d MCP-1 production by ELISA. e–g THP-1 macrophages treated with MSU and/or 5Z-7-ox for e 30min or f 4 h were lysed,
and cell lysates were probed for the proform of IL-1β, mature IL-1β, or cleaved IL-1β (Asp116) by Western blotting. g Effect of MG132 on 5Z-7-
ox-induced pro-IL-1β degradation. h Primary human macrophages were pretreated with 5Z-7-ox, followed by MSU (100 μg/ml) stimulation
for 30min. Cell lysates were probed for p-IRAK1 (Thr387) and pro-IL-1β expression. **p < 0.01 for NS (not significant) vs. MSU alone; #p < 0.05 or
##p < 0.01 for MSU vs. inhibitors
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Among these DUBs, A20 and CYLD are important in IL-1β and TNF-
α signaling and inflammatory regulation,31–35 but the role of
UCHL2 in cytokine signaling has not yet been studied. Our finding
that MSU significantly inhibits A20 and UCHL2 expression in
conjunction with increased K48-linked ubiquitination suggests that
MSU directly upregulates the ubiquitin proteasome system to
trigger multicytokine-driven signaling events and inflammasome
activity in macrophages. Furthermore, this notion is supported by
increased 20s proteasome activity and 26s proteasome subunit
PSMD13 expression in MSU-stimulated samples. Importantly, the
inhibition of TAK1, which is an important signaling mediator
activated by MSU, resulted in the marked inhibition of the release
of cytokines and chemokines essential for inflammation.
MSU crystal-induced pathological events have been primarily

studied in human monocytes or THP-1-activated macrophages.
While some studies have shown the role of MSU in inducing
chemokine, nitric oxide and matrix metalloproteinase (MMP)
production in synovial fibroblasts or chondrocytes,36–38 this is the
first study that provides evidence of the role of TAK1 and
exploitation of ubiquitination by MSU crystals to cause inflamma-
tion. Our findings also provide evidence that MSU can activate
TAK1 in human synovial fibroblasts and coordinate with IL-1β at a
low concentration to synergistically induce inflammation. Since
synovial fibroblasts are a major source of chemokines and MMPs
and our recent findings provide evidence of TAK1 as a critical
kinase in the IL-1β signaling pathway,12 these findings suggest
that the inhibition of TAK1 significantly impedes the overlapping

MSU-IL-1β signaling networks to downregulate chronic inflamma-
tion and tissue destruction.
While several clinical trials have shown the therapeutic efficacy

of IL-1 inhibitors such as anakinra and, more recently, rilona-
cept,39–41 others have acknowledged their limitations in the
treatment of gout.2,7,41 These challenges provide an opportunity
to design novel targeted therapeutic approaches to address these
limitations and provide ease of delivery as well. While the findings
of this study are open to interpretation, we believe that TAK1
inhibitors provide a platform for target validation and drug
discovery for the treatment of gout. This belief is further
supported by our MD simulation studies, which illustrated the
direct interaction of uric acid molecules with the TAK1-TAB1 fusion
protein and their ability to stabilize the phosphorylation state of
TAK1. This interaction potentially results in sustained downstream
signaling that may be the underlying cause of the increased
frequency of gouty attacks and accelerated joint destruction.
TAK1 has mostly been ignored due to the fact that TAK1-null

mice die at an early embryonic developmental stage.42 However,
recent studies suggest TAK1 as a therapeutic target in auto-
immune diseases governed by IL-1β, such as rheumatoid arthritis,
type I diabetes, and multiple sclerosis.10,11,43,44 Interestingly,
Brown et al.45 recently suggested that, unlike other serine
threonine kinases, TAK1 possesses a glycine-rich loop positioned
opposite the adenosine-binding region of the ATP-binding pocket
that exhibits high stoichiometric flexibility (up to 9 Å or 6.6 Å).45

This spatial independence allows urate molecules to bind to the
TAK1-TAB1 fusion protein and potentially activate TAK1 kinase for

Fig. 5 MSU-induced TAK1 activation and IRAK1/TRAF6/TAK1 complex formation is inhibited by 5Z-7-oxozeaenol. a Snapshots of the trajectory
of complex formation after every 100 ns; the TAK1-TAB1 fusion protein and six uric acid molecules as ligands were subjected to long 400 ns
MD simulation. b A representative stable conformation of uric acid molecules in the active site of TAK1, which form a network of H-bonds and
hydrophobic interactions with nucleotide-binding residues and engage with D175, which is important for TAK1 autophosphorylation and
kinase activity. c MSU (1–50 µg) alone or with TAK1-TAB1 recombinant fusion protein was added to THP-1 macrophages to study in vitro
kinase activity. Densitometric analysis showed a concentration-dependent increase in TAK1 kinase activity induced by MSU. d THP-1
macrophages treated similarly to (Fig. 4e) were immunoprecipitated with an anti-FK2 antibody that recognizes ubiquitin-tagged proteins and
probed for K63-linked ubiquitination. e, f To determine the effect of 5Z-7-oxozeaenol on IRAK1/TRAF6/TAK1 association, cell lysates from THP-1
macrophages treated with MSU and/or 5Z-7-oxozeaenol were immunoprecipitated with anti-TRAF6 antibody and probed for IRAK1, TAK1, and
TRAF6 expression. g Densitometric analyses of experiments described in f were performed, and the results shown here are the mean ± SEM.
Please refer to the Materials and methods section for further details. *p < 0.05 no ATP vs. TAK1 control; *p < 0.05 NS (not significant) vs. MSU;
#p < 0.05 MSU vs. MSU plus 5Z-7-oxozeaenol
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a prolonged period, as evidenced by the increased activity of TAK1
in our kinase assay. In addition, the marked inhibition of the MSU-
induced synthesis of IL-1β precursor and its maturation by 5Z-7-
oxozeaenol suggests that TAK1 inhibition also transcriptionally
suppresses IL-1β synthesis, thereby limiting its role in
inflammation.
Research on targeting IL-1 signaling proteins for therapeutic

purposes in inflammatory diseases has gained significant atten-
tion, and the targeting of IRAKs has shown some promise.46

However, a recent study using IRAK1 knock-in mice showed no
effect on the secretion of inflammatory mediators (IL-6, TNF-α, or
IL-10), suggesting that IRAK1 catalytic activity is not a rate-limiting
step.47 Furthermore, the observation that IRAK1-deficient human
fibroblasts demonstrate efficient IL-1R-mediated responses48

suggests that IRAK1 is not a therapeutic target for crystallopathies.
While IRAK1/4 are centrally involved in IL-1β signaling, other
proinflammatory cytokines (TNF-α, RANKL) or TLRs may not rely on
IRAKs for effective signal transduction. In contrast, TAK1 plays a
crucial role in signaling induced by most of these proinflammatory
factors.10 The results of these studies, taken together with our
findings, suggest that TAK1 inhibition has a consistent regulatory
impact on MSU-induced inflammation and potentially gout.
Overall, we provide novel insights into the pathogenic effects of

MSU crystals on the ubiquitin proteasome system to generate
inflammatory responses while highlighting the therapeutic
potential of targeting TAK1 to suppress MSU-induced inflamma-
tory events that cannot be regulated by IL-1 inhibitors alone.
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