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Abstract

PR domain-containing 1 with zinc finger domain (PRDM1) has
been reported as a promoter of inflammation, which is a critical
process involved in the pathogenesis of acute gouty arthritis.
Herein, we sought to ascertain the function of PRDM1 in the
development of acute gouty arthritis and related mechanisms.
At first, peripheral blood-derived monocytes from patients with
acute gouty arthritis and healthy individuals were collected as
experimental samples. Then, macrophages were induced from
monocytes using phorbol myristate acetate (PMA). The ex-
pression patterns of PRDM1, sirtuin 2 (SIRT2), and NLR family,
pyrin domain-containing 3 (NLRP3) were characterized by RT-
gPCR and Western blot assay. PMA-induced macrophages were
stimulated by monosodium urate (MSU) for in vitro experi-
mentation. Meanwhile, a murine model of MSU-induced acute
gouty arthritis was established for in vivo validation. PRDM1 was
highly expressed while SIRT2 poorly expressed in patients with
acute gouty arthritis. Loss of PRDM1 could reduce NLRP3 in-
flammasome and mature IL-13 levels and downregulate in-
flammatory cytokines in macrophages, which contributed to

protection against acute gouty arthritis. Furthermore, results
showed that PRDM1 could inhibit SIRT2 expression via binding
to the deacetylase SIRT2 promoter. Finally, the in vivo experi-
ments demonstrated that PRDM1 increased NLRP3 in-
flammasome and mature IL-1p through transcriptional inhibi-
tion of SIRT2, whereby aggravating MSU-induced acute gouty
arthritis. To sum up, PRDM1 increased NLRP3 inflammasome
through inhibiting SIRT2, consequently aggravating MSU-

induced acute gouty arthritis. © 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Gout, prevalent inflammatory arthritis, imposes a
heavy and increasing burden on human health owing to
the deposition of monosodium urate (MSU) crystals,
which are often misdiagnosed and mismanaged [1, 2].
The deposited MSU crystals can lead to inflammatory
reactions in human macrophages, which are important
links in the pathogenesis of acute gouty [3]. Gout flares
require MSU to induce NLRP3 inflammasome activation
and sufficient interleukin-1p (IL-1p) secretion [4]. Studies
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have highlighted the roles of pro-inflammatory cytokines
(IL-1, IL-6, IL-1, etc.) in the pathogenesis of acute gouty
flares, especially NLRP3 inflammasome activation [5, 6],
and recent development of several IL-1 inhibitors (ana-
kinra, canakinumab, rilonacept, etc.) provide evidence for
their potential roles in the inflammatory process of gout
[7, 8]. Due to their high cost and limited clinical expe-
rience, it is urgently necessary to seek new targets.

To identify the candidate genes that participate in the
pathophysiology of acute gouty arthritis, we conducted an
analysis of differential gene expression on a publicly
available dataset GSE65931 and identified PR domain-
containing 1 with zinc finger domain (PRDM]1, the gene
encoding Blimp-1) as a gene involved in the development
of acute gouty arthritis. Intriguingly, increasing PRDM1
expression induces inflammatory gene expression, and
PRDMI is essential for maintaining the homeostasis of
dendritic cells derived from human monocytes [9, 10].
Furthermore, PRDM1 exerts a critical role in the adaptive
immune system, especially in the regulation of inflam-
matory mediators in macrophages and dendritic cells
[11]. Thus, we considered that PMDRI might be a gene
associated with the pathogenesis of acute gouty arthritis
and hypothesized that PRDM1 may lead to an inflam-
matory response by stimulating the production of the
inflammatory cytokines in acute gouty arthritis.

MSU crystals could also promote cytokine production
via activating NLPR3 inflammasome [12], implying the
association between NLPR3 and inflammation in acute
gouty arthritis. NLR proteins are intracellular regulators of
host defense and immunity, and NLRP12 has emerged as a
vital regulator for inflammatory gene expression in myeloid
cells [13]. Similarly, when MSU crystals are phagocytosed
by macrophages, activation of NLRP3 inflammasome and
up-regulation of IL-1p contribute to the initiation of acute
gouty arthritis [1, 10]. Also, MSU crystals elicit the assembly
of NLRP3 inflammasomes to activate caspase-1, leading to
the secretion of active IL-1p and IL-18 [14, 15].

Additionally, it has been shown that the knockdown of
sirtuin 2 (SIRT2) makes it easier to induce inflammatory
responses in mice [16], indicating that SIRT2 could also
affect the development of inflammatory responses. SIRT2
is recognized as a nicotinamide adenine dinucleotide
(NAD™")-dependent enzyme that mediates the acetylation
of a-tubulin [17]. As previously reported, acetylated a-
tubulin mediates dynein-dependent mitochondrial
transport and ASC binding to NLRP3 on mitochondria
[18]. Hence, SIRT2 may participate in the possible
mechanism by which MSU activates NLRP3 in-
flammasome. To confirm whether there is a correlation
between PRDM1, SIRT2, and NLRP3 in macrophages
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under the induction of MSU crystals, we conducted a
series of experiments, hoping to reveal a new mechanism
involved in the pathogenesis of MSU-evoked acute gouty
arthritis.

Materials and Methods

Ethics Statement

All research protocols were approved by the Clinical Research
Ethics Committee and Animal Ethics Committee of the Fourth
Affiliated Hospital of Harbin Medical University (2016-393-2) and
in keeping with the Declaration of Helsinki for human beings and
NIH guidelines for animals. Written informed consent was ob-
tained from patients and for the participants aged under 18,
written informed consent was obtained from their legal guardians.

Bioinformatics Analysis

Through the Gene Expression Omnibus (GEO) database, the
mRNA expression microarray GSE65931 was downloaded, which
contains three MSU-treated cell lines and three normal cells.
Through differential analysis of the microarray dataset (JlogFC|>
1, p < 0.05) using the R language “limma” package, MSU-induced
differentially expressed genes (DEGs) were selected. From the
Human TFs website, a list of transcription factors was obtained
followed by prediction of their binding site using the JASPAR
database.

Sample Collection

Peripheral blood samples were collected from patients with
acute gouty arthritis (n = 20) who were diagnosed in the De-
partment of Rheumatology and Immunology of the Fourth Af-
filiated Hospital of Harbin Medical University from January 2017
to June 2019. All patients received treatments in our hospital, and
all peripheral blood samples were collected before treatment. The
classification of acute gouty arthritis met the preliminary criteria
issued by the American College of Rheumatology on classifying
acute arthritis of primary gout [19]. Moreover, healthy participants
(n = 34) without hyperuricemia, other metabolic syndromes, or
chronic diseases were included and their peripheral blood samples
were collected. The clinical basic information of acute gouty ar-
thritis patients and healthy participants is detailed in online
supplementary Table 1 (for all online suppl. material, see https://
doi.org/10.1159/000530966).

Isolation of PBMCs

At first, 30 mL of peripheral blood samples were gained from
acute gouty arthritis patients and healthy volunteers. The Ficoll-
Paque-PLUS kit (GE Healthcare, Piscataway, NJ, USA) was then
used to isolate peripheral blood mononuclear cells (PBMCs).
Subsequently, monocytes were isolated from PBMCs using the
Human Monocyte Isolation Kit (Miltenyi Biotec, Auburn, CA,
USA). The collected cells for enzyme-linked immunosorbent assay
(ELISA) assay were stored at —80°C.

Cell Culture and Transfection

The human monocyte cell line THP-1 (supplied by Shanghai Cell
Bank, Chinese Academy of Sciences, Shanghai, China) was selected
and cultured in RPMI-1640 medium (22400089, Invitrogen, USA)
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that contained 10% fetal bovine serum (FBS, 100099141, Gibco,
Carlsbad, CA, USA), 1% penicillin-streptomycin (15070063,
Gibco), and 2 mmol/L glutamine (25030081, Gibco). The
culture of 293T cells (Wuhan Procell Life Science & Technology
Co., Ltd., Hubei, China) was proceeded in Dulbecco’s Modified
Eagle Medium (DMEM) (10569044, Gibco) that encompassed
10% FBS (10099141), 1% penicillin-streptomycin (15070063),
and 1% glutamine (25030081). All cells were cultured at 37°C
with 5% CO,, detached with 0.25% trypsin, and then passaged at
a ratio of 1: 3. To obtain macrophages, log-phase THP-1 cells
were induced with 50 ng/mL of phorbol myristate acetate
(PMA, 10 mg/mL, 16561-29-8, Solarbio) for 48 h prior to the
in vitro experiments.

Core plasmid (pLKO.1) and helper plasmid (psPAX2,
pMD2.G) of the silencing sequence of the target genes as well
as core plasmid (pHAGE-CMV-MCS-IzsGreen) and helper
plasmid (psPAX2, pMD2.G) of the cDNA sequence of the
target genes were employed to package silencing and over-
expression lentiviruses, respectively. All lentiviruses were
supplied by Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China), and primer sequencing and plasmid
construction were also implemented by Sangon.

The packaging lentiviruses and target vectors were co-
introduced into 293T cells as per the specifications of Lipo2000
kit (11668-019, Invitrogen). The supernatant was collected
48 h after cell culture, which contained viral particles after filtering
and centrifugation. Following detection of virus titer, lentiviruses
carrying shRNA (sh)-negative control (NC), oe-NC, sh-PRDM1-1,
sh-PRDM1-2, sh-SIRT2-1, sh-SIRT2-2, or oe-PRDM were
maintained for use. When the cell growth was in the logarithmic
phase, the cells were trypsinized, prepared into cell suspension (5 x
10* cells/mL), and seeded in a 6-well plate (2 mL in each well),
followed by culture at 37°C overnight. At 48 h post-infection, the
relevant genes in the lentivirus-treated cells were assayed by re-
verse transcription-quantitative polymerase chain reaction (RT-
qPCR). The shRNA sequences for PRDM1 and SIRT2 are shown
in online supplementary Table 2. The lentivirus-infected cell line
was screened as a stable cell line.

MSU-Induced Acute Gouty Arthritis Model in vitro

A total of 4 x 10> PMA-induced cells (macrophages) were
seeded in 12-well plates and incubated overnight. Opti-MEM
(31985070, Sigma-Aldrich, St Louis MO, USA) was added for
subsequent culture. Cells were stimulated with MSU (50 pg/mL,
100 pg/mL, InvivoGen, CA, USA) for 18 h. Culture supernatants
were collected for cytokine analysis by ELISA, or RNA was
extracted for RT-qPCR analysis.

RT-qPCR

Total RNA was extracted from cells with Trizol (16096020,
Thermo Fisher Scientific, Rockford, IL, USA), and mRNA was
reversely transcribed into complementary DNA (cDNA) as per
protocols of the first-strand cDNA synthesis kit (D7168L; Beyo-
time, Shanghai, China). RT-qPCR experiments were performed as
per the instructions of the RT-qPCR kit (Q511-02; VazymeBio-
tech, Nanjing, Jiangsu, China). Briefly, 2 uL of cDNA template, 0.2
uL of upstream primer, 0.2 pL of downstream primer, and 10 pL of
RT-qPCR Mix were mixed and supplemented to 20 pL with
RNAase-free water. A Bio-rad real-time qPCR instrument CFX96
(BIO-RAD, Hercules, CA, USA) was adopted for PCR amplifi-
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cation under the reaction conditions: pre-denaturation at 95°C for
30 s, and a total of 40 cycles of denaturation at 95°C for 10 s,
annealing at 60°C for 30 s, and extension at 72°C for 30 s, with a
dissolution curve of 65°C-95°C. Primer sequences were designed
and supplied by Sangon, as listed in online supplementary Tables 3
and 4. Fold alterations in expression relative to the loading control
B-actin were calculated by the 2724€t method.

Western Blot Assay

Radio immunoprecipitation assay (RIPA) lysis buffer con-
taining PMSF (P0013B, Beyotime) was added to lyse tissues and
cells to extract total protein according to instructions of the kit
(P0028, Beyotime). Protein concentration in the supernatant of
each sample was assayed with a bicinchoninic acid kit (P0011,
Beyotime), and adjusted to 1 ug/pL. For electrophoretic separation,
8-12% sodium dodecyl sulfate gels were prepared, and protein
samples were added equally to each lane with a micropipette. The
proteins on the gels were placed onto a PVDF membrane
(1620177; BIO-RAD), which was blocked with 5% skimmed milk
or 5% bovine serum albumin for 1 h. After that, rabbit anti-B-actin
(4970, 1:5,000, Cell Signaling Technologies [CST], Beverly, MA,
USA), rabbit anti-PRDM1 (9115, 1:1,000, CST), rabbit anti-
cleaved caspase-1 (4199, 1:1,000, CST), rabbit anti-pro-IL-1p
(12703, 1:1,000, CST), rabbit anti-cleaved IL-1{ (83186, 1:1,000,
CST), rabbit anti-SIRT2 (12672, 1:1,000, CST), rabbit anti-pro-
caspase-1 (3866, 1:1,000, CST), rabbit anti-NLRP3 (15101, 1:1,000,
CST), rabbit anti-ASC (67824, 1:1,000, CST), rabbit anti-AC-a-
tubulin (5,335, 1:5,000, CST), mouse anti-a-tubulin (3873, 1:5,000,
CST), and rabbit anti-histone deacetylase 6 (HDAC6; 7558, 1:
1,000, CST) were loaded on the membrane for incubation over-
night at 4°C. Following three washes with 1 x Tris Buffered Saline
Tween for 5 min, incubation together with HRP-labeled secondary
antibody of goat anti-rabbit or mouse immunoglobulin G (IgG;
ab6721 or ab205719, 1:5,000; Abcam, Cambridge, UK) lasted for 1
h. After washes, the membrane was immersed in enhanced
chemiluminescence solution (1705062; BIO-RAD) for 1 min.
Images were captured by an ImageQuantLAS4000C gel imager
(GE Company, Schenectady, NY, USA). The gray values of the
target bands normalized to internal control B-actin were used as
the relative expression of the proteins.

ELISA

The levels of IL-1B (SLB50; Biotech, USA), IL-6 (S6050, Bio-
tech, Texas, Huston, USA), IL-18 (DY318-05, Biotech), and TNF-a
(210-TA-005, Biotech) in clinical peripheral blood samples and
cell supernatant, as well as IL-13 (SMLBOOC, Biotech), IL-6
(SM6000B, Biotech), IL-18 (DY122-05, Biotech), and TNF-a
(SMTAO0B, Biotech) levels in RIPA homogenate supernatant of
mouse foot tissues, were measured following the instructions of the
ELISA kit.

Immunofluorescent Staining

A total of 1 x 10° cells were seeded on confocal culture dishes.
The cells reaching 60% confluence were fixed in 95% absolute
ethanol for 15 min, washed with cold PBS, and then incubated with
5% bovine serum albumin, followed by incubation with specific
rabbit anti-NLRP3 (ab4207, 1:200; Abcam), rabbit anti-ASC
(67824, 1:800, CST), rabbit anti-AC-a-tubulin (5,335, 1:800,
CST), and mouse anti-a-tubulin (3873, 1:2000, CST) overnight at
4°C. Fluorescent goat anti-mouse or rabbit IgG H&L (ab6785 or
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ab6717, 1:100; Abcam) was selected as secondary antibody for 2-h
incubation at 37°C. Then, the cells were co-incubated with DAPI
for 15 min at ambient temperature. Lastly, staining images were
captured for observation under a confocal scanning microscope
(LSM700; CarlZeiss, Oberkochen, Germany).

NAD™ Measurement

Nicotinamide adenine dinucleotide (NAD*/NADH) was
quantified in the treated macrophages according to the kit
(MAKO37, Sigma-Aldrich) instructions. Briefly, samples were
extracted from cells or tissues with buffer solution and de-
proteinized with a spin column. Then, samples and standards were
delivered to the wells, which were reacted with mixture for 5 min to
convert NAD to NADH. Afterward, NADH developer was added
for 1-4 h of incubation while reaction cycles, during which the
analysis was performed several times using a microplate reader.
The reaction can be stopped with a stop solution.

Dual Luciferase Reporter Gene Assay

SIRT2 dual-luciferase reporter gene vectors and mutant plas-
mids (sitel-3 deletion) with mutated PRDM1 binding sites, PGL3-
basic-SIRT2-WT and PGL3-basic-SIRT2-MUT, were constructed,
respectively. The reporter plasmid oe-PRDM1 and NC plasmids
were co-transfected into 293T cells, respectively. 24 h later, the cells
were lysed and centrifuged at 10,000 g for 1 min. Luciferase activity
in the supernatant was then measured using the Dual-Luciferase®
Reporter Assay System (E1910; Promega, Madison, WI, USA). The
Firefly/Renilla luciferase activity ratio was calculated.

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) assay was conducted
using the ChIP kit SimpleChIP® Enzymatic Chromatin IP Kit
(Magnetic Beads) (9003, CST). Briefly, about 3 x 107 cells reaching
95% confluence were cross-linked by incubation with 1% form-
aldehyde for 10 min at room temperature, which was stopped by
the addition of glycine solution. Cells were washed twice with cold
PBS and added to cold PBS containing protease inhibitors. Nuclear
lysates were sonicated 15 times for 10 s, yielding DNA fragments
between 200 and 300 bp in size. The sheared chromatin lysate was
incubated with 5 g of histone antibody, 5 g of PRDM1 antibody
(9115, 1:200, CST), and 5 pg of normal IgG overnight at 4°C. Using
30 pL of protein G beads, the harvested immunoprecipitates were
eluted three times with low-salt washing buffer, once with high-salt
washing buffer, and suspended in elution buffer. Subsequently,
reverse cross-linking was performed by incubation with 6 gL of 5 M
NaCl and 2 L of proteinase K at 65°C for 2 h. Finally, the samples
were subjected to DNA purification with purification columns.
The extracted DNA and SIRT2 primers (sequences shown in
online suppl. Table 5) were used for qPCR detection.

Construction of MSU-Induced Acute Gouty Arthritis

Mouse Models

C57BL/6 mice (7-8 weeks of age) were administered with 50 pL
adenovirus (Ad) (5 x 10! TU/mL) in the sole of the right paw. 48 h
later, MSU crystals (2 mg dissolved in sterile, endotoxin-free PBS)
or PBS were injected into the sole of the right paw of mice. Mice
were randomly injected with PBS, MSU, PRDM1 siRNA, or SIRT2
siRNA, respectively (the number of mice in each group was 12).
The thickness of mouse footpads was observed at 0, 6, 12,and 24 h
after injection of MSU crystals, and 24 h later, the foot tissue was
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homogenized by RIPA buffer, and the attained supernatant was
preserved for Western blot and ELISA assays. Additionally, Ad-si-
PRDM1 (5'-GTTTACGCAATTCTCGAGAAT-3'), Ad-Con-siRNA
(5'-CCTAAGGTTAAGTCGCCCTCG-3'), and Ad-si-SIRT2 (5'-
GAGAAGTACCTCGAGGTACTT-3") were supplied by Shanghai
Geneland Biotech Co., Ltd. (Shanghai, China).

Immunohistochemistry

Sagittal sections of the footpads of the acute gouty arthritis
mouse models were prepared. Following antigen retrieval and
normal goat serum blocking (Sangon), the sections were probed
overnight in a dark room with rabbit anti-caspase-1 (ab138483, 1:
100; Abcam) and mouse anti-IL-1p (12242, 1:100, CST). Next day,
the sections were re-probed with secondary goat anti-rabbit or
mouse IgG, followed by incubation with SABC (Vector, Burlin-
game, CA, USA) for 30 min in a 37°C incubator. After using the
DAB Kit (P0203, Beyotime) for color development for 6 min, the
sections were dyed utilizing hematoxylin for 30 s. Before obser-
vation, the sections were conventionally treated and finally im-
mersed with neutral resin. At last, the sections were observed
under a positive microscope (BX63, Japan) for three times. PBS
instead of primary antibody was adopted as a negative control.
Immunohistochemistry (IHC) images of five different fields were
selected for quantitative analysis, and the number of cells with
brown-stained signal in the cytoplasm (positively stained cells) and
the number of total cells were counted to calculate the proportion
of positive cells. The proportion of positive cells = the number of
brown-stained cells/the number of total cells x 100%.

Statistical Analysis

All data in this study were analyzed using SPSS 21.0 (IBM,
Armonk, NY, USA) software. Measurement data were expressed as
mean + standard deviation. Unpaired ¢ test was adopted for data
comparisons between two groups, while one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was em-
ployed for multiple group comparisons. Repeated measures
ANOVA and Tukey’s post hoc test were used for time-based data
comparisons. A value of p < 0.05 was interpreted to denote sta-
tistically significant difference.

Results

PRDM1 Promotes the Release of Inflammatory

Cytokines from MSU-Induced Macrophages

Through bioinformatics analysis based on the GSE65931
dataset, 108 DEGs were screened (online suppl. Fig. 1a, b).
Since transcription factors play a key role in regulating
biological processes, we obtained a list of transcription
factors from the Human TFs website and intersected them
with the DEGs of the GSE65931 dataset to obtain seven
MSU-induced differentially expressed transcription factors
(online suppl. Fig. 1c). We identified changes in the 7
transcription factor expression in MSU-induced macro-
phages by RT-qPCR and found most significantly upre-
gulated PRDM1 expression (Fig. 1a). Thus, we predicted
that PRDM1 may contribute to acute gouty arthritis.
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To test the hypothesis, we used RT-qPCR to detect
PRDMI expression in PBMCs of acute gouty arthritis
samples and healthy samples, and the results presented a
markedly higher PRDM1 expression in acute gouty ar-
thritis samples than in healthy samples (Fig. 1b). ELISA
detection results further exhibited that pro-inflammatory
proteins IL-1P, IL-18, TNF-a, and IL-6 in acute gouty
arthritis samples were noticeably higher than those in
healthy samples (Fig. 1c). Next, PRDM1 expression re-
markably increased at a protein level with the increase in
MSU concentration (Fig. 1d), and ELISA results revealed
that the contents of the aforementioned pro-
inflammatory markers in the supernatant of macro-
phages were notably raised with the increase in MSU
concentration (Fig. le). Afterward, MSU at a concen-
tration of 100 pug/mL [20] was used in our experiments.

To further examine the relationship between PRDM1
and the release of inflammatory cytokines by macro-
phages, we constructed macrophages with silenced
PRDMI, and Western blot and RT-qPCR data (Fig. 1f)
revealed that both sh-PRDM1-1 and sh-PRDM-2 reduced
PRDM]1 expression, and sh-PRDM1-1 with more signif-
icant silencing efficiency was used for subsequent exper-
iments. Furthermore, ELISA results showed that silencing
of PRDM1 reduced the contents of the pro-inflammatory
cytokines in the MSU-treated macrophages (Fig. 1g).

Subsequently, we constructed a stable cell line over-
expressing PRDM1 (PMDRI1-macrophages), and Western
blot and RT-qPCR analyses of its overexpression efficiency
revealed that PRDM1 protein expression and mRNA levels
were significantly increased in PMDRI1-macrophages
(Fig. 1h, i). Western blot results demonstrated that the
expression of PRDM1 protein was significantly increased
after PRDMI1 overexpression in MSU-treated macro-
phages (Fig. 1j). ELISA results unraveled that the contents
of the pro-inflammatory markers were notably increased
in PMDRI-macrophages with or without MSU treatment
(Fig. 1k). Taken together, PRDM1 may promote the re-
lease of inflammatory cytokines from MSU-induced
macrophages, thereby deteriorating acute gouty arthritis.

PRDM!1 Increases NLRP3 Inflammasome and Mature

IL-1B Levels

Existing literature has reported that upon phagocytosis
of MSU crystals by macrophages, NLRP3 inflammasome
could be activated by the Toll-like receptors such as TLR2
and TLR4 to produce IL-1P, which is cleaved by active
caspase-1 to form mature IL-1p [21], thus eliciting a
strong inflammatory response in patients with acute
gouty arthritis. To investigate the mechanism by which
PRDM1 promotes the release of inflammatory cytokines
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from macrophages to induce acute gouty arthritis, we first
speculated whether PRDMI could increase the NLRP3
inflammasome levels to facilitate the release of inflam-
matory cytokines.

Through NLRP3 expression determination in acute
gouty arthritis samples and healthy samples using RT-
qPCR, the mRNA level of NLRP3 in acute gouty arthritis
samples was determined to be noticeably higher than
that in healthy samples (Fig. 2a). We then measured the
expression of cleaved caspase-1, pro-caspase-1, cleaved
IL-1B, pro-IL-1B, and NLRP3 in the macrophages
treated with MSU- or sh-PRDMI1 using Western blot
analysis, and found that MSU induced markedly en-
hanced cleaved caspase-1, cleaved IL-1f, and NLRP3
protein levels, which was reversed by knockdown of
PRDMI1, while that of pro-caspase-1 and pro-IL-1§
remained unaffected after the above treatments (Fig. 2b).
Subsequently, the macrophages were treated with oe-
PRDM1 or MSU. The oe-PRDM1 treatment increased
cleaved caspase-1, cleaved IL-1B, and NLRP3 expression
in the macrophages with or without MSU treatment;
whereas, that of pro-caspase-1 and pro-IL-1f also re-
mained unaltered after the above treatments (Fig. 2c¢).
Altogether, PRDM1 could increase NLRP3 in-
flammasome and mature IL-1 to enhance the release of
IL-1pB, TNF-a, IL-6, and IL-18 inflammatory cytokines.

PRDM1 Promotes the Accumulation of

a-tubulin Acetylation

To further understand how PRDM1 modulates NLRP3
inflammasome, we first measured the a-tubulin acety-
lation levels in 20 acute gouty arthritis samples and 34
healthy samples, and the results displayed a significant
increase a-tubulin acetylation expression in acute gouty
arthritis samples versus healthy samples (Fig. 3a).
Western blot results further revealed a consistent increase
in the acetylated a-tubulin expression in the MSU-treated
cells, which was counteracted by sh-PRDMI1 treatment;
no marked differences concerning a-tubulin expression
were detected after the above treatments (Fig. 3b). Be-
sides, acetylated a-tubulin expression was considerably
rescued after oe-PRDM1 treatment or after MSU treat-
ment and was enhanced after co-treatment with oe-
PRDM1 and MSU; however, a-tubulin expression ex-
hibited no noticeable alteration after the above treatments
(Fig. 3c). These results supported that MSU treatment or
overexpression of PRDMI1 could lead to increased a-
tubulin acetylation.

In attempt to further substantiate the promotive role of
PRDML1 in a-tubulin acetylation, a-tubulin, and acetylated a-
tubulin levels in cells were assayed by immunofluorescence,
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respectively. As outlined in Fig. 3d, e, the treatment of
MSU significantly increased acetylated a-tubulin,
which was offset by the additional treatment of sh-
PRDMI. Overexpression of PRDM1 increased acety-
lated a-tubulin with or without MSU treatment in
cells. Because of the increase in acetylated a-tubulin, we
examined the expression of two deacetylases, SIRT2 and
HDACS, and found that SIRT2 expression was con-
siderably repressed by MSU treatment, which was
counteracted by sh-PRDM1 treatment (Fig. 3f). SIRT2
was notably downregulated after oe-PRDMI1 treatment,
while the SIRT2 expression was further decreased after
additional treatment of MSU (Fig. 3g). Additionally,
there were no significant changes in HDAC6 expression
after these treatments. Taken together, knockdown of
SIRT2 expression by PRDM1 promoted acetylated a-
tubulin accumulation in cells, thereby increasing NLRP3
inflammasome levels.

PRDM1 Binds to the SIRT2 Promoter to Repress

Its Transcription

Next, we further interrogated the relationship between
PRDM1 and SIRT2. First, RT-qPCR results presented a
significant deficiency in SIRT2 expression in acute gouty
arthritis samples as compared to healthy samples
(Fig. 4a). SIRT2 is an NAD"-dependent enzyme, and
NAD* level plays an important role in SIRT2 activity
[17]. Hence, we speculated that PRDM1 might inhibit
SIRT2 expression by inhibiting intracellular NAD™ level.
First, the results confirmed no significant difference in
NAD™ levels after overexpression or inhibition of
PRDM1 (Fig. 4b). This indicated that inhibition of SIRT2
expression by PRDM1 might directly regulate the SIRT2
expression but not through regulation of the intracellular
NAD level. Through JASPAR database analysis, PRDM1
binding sites were found in the SIRT2 promoter region
(Fig. 4c). Luciferase assay results offered evidence that
PRDMI1 could bind to the SIRT2 promoter and inhibit its
transcriptional activity (Fig. 4d, e), and ChIP assay results

Fig. 1. PRDM1 promotes the release of inflammatory cytokines
from MSU-induced macrophages. a RT-qPCR determination of
the expression of 7 transcription factors in the control group and
MSU-treated group. b RT-qPCR determination of PRDMI ex-
pression in 20 acute gouty arthritis samples and 34 healthy
samples. ¢ ELISA detection of IL-1f, TNF-a, IL-6, and IL-18
contents. d Western blot detection of PRDM1 expression in cells
stimulated with MSU crystals. e IL-13, TNF-a, IL-6, and IL-18
contents in the supernatant of cell culture medium after MSU
treatment. f Relative PRDM1 expression and protein level in
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validated that MSU crystal stimulation strengthened the
binding of PRDMI1 to the SIRT2 promoter region (Fig. 4f).
These results indicated that PRDM1 bound to the SIRT2
promoter to inhibit SIRT2 transcription, thereby in-
hibiting SIRT2 expression.

PRDM1 Targets SIRT2 and Increases NLRP3
Inflammasome and Mature IL-1f to Facilitate the
Release of Inflammatory Cytokines from Macrophages
in the Context of MSU Stimulation

Previous research has reported that SIRT2 knockdown
is able to induce inflammatory responses in mice [16],
indicating the importance of SIRT2 in the development of
inflammatory responses. Next, we interrogated the re-
lationship between PRDMI1/SIRT2 and NLRP3 in-
flammasome. First, RT-qPCR results displayed better
silencing efficiency of sh-SIRT2-1 relative to sh-SIRT2-2,
and sh-SIRT2-1 was thus used for the subsequent ex-
periments, whilst the SIRT2 expression was further de-
creased by SIRT2 knockdown in the presence of sh-
PRDM1 (Fig. 5a).

Next, Western blot results revealed that SIRT2
knockdown induced no significant difference regarding
PRDMI, pro-caspase-1, and pro-IL-1B expression, a
decrease in SIRT2 expression, and an increase in cleaved
caspase-1, cleaved IL-1PB, and NLRP3 expression after
treatment of MSU and sh-PRDM1 (Fig. 5b). ELISA re-
vealed that the contents of pro-inflammatory cytokines
were all significantly increased after treatment of sh-
SIRT2 in the MSU and sh-PRDMIl-treated cells
(Fig. 5¢). From the above Figure 1d, treatment of MSU
and sh-PRDM1 together reduced the release of inflam-
matory cytokines than MSU alone, but the inflammatory
cytokine release was increased again after continued si-
lencing of SIRT2. Altogether, PRDM1 increased NLRP3
inflammasome and mature IL-1B by inhibiting SIRT2
expression, thereby promoting the secretion of inflam-
matory cytokines from macrophages in the context of
MSU stimulation.

PMA-induced macrophages measured by Western blot and RT-
qPCR analysis, respectively. g ELISA detection of the contents of
IL-1B, TNF-q, IL-6, and IL-18 in the supernatant of MSU- or sh-
PRDMI1-treated cell culture medium. h PRDMI overexpression
efficiency in cells detected by Western blot. i PRDM1 over-
expression efficiency in cells validated by RT-qPCR. j PRDM1
expression in cells after MSU + oe-PRDM1 treatment detected by
Western blot. k ELISA detection of IL-1, TNF-a, IL-6, and IL-18
contents in the supernatant of MSU- or oe-PRDM1-treated cell
culture medium. *p < 0.05.
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Fig. 2. PRDM1 knockdown decreases NLRP3 inflammasome and
mature IL-1p levels and decreases the release of inflammatory
cytokines. a RT-qPCR determination of NLRP3 expression in
20 acute gouty arthritis samples and 34 healthy samples.
b Western blot analysis of cleaved caspase-1, pro-caspase-1,

PRDM1 Induces Acute Gouty Arthritis Flares by

Inhibiting SIRT2 Expression and Activating NLRP3

Inflammasome in Mice

To further verify the relationship between PRDM1 and
acute gouty arthritis flares, we performed an in vivo
experiment in mice. First, we measured the thickness of
footpads in mice injected with MSU crystals at 0, 6, 12,
and 24 h (Fig. 6a). Correspondingly, MSU crystals no-
tably augmented the footpad thickness of mice, whilst

Role of PRDM1 in Acute Gouty Arthritis

cleaved IL-1PB, pro-IL-1B, and NLRP3 expression in cells
treated with MSU- or sh-PRDMI. ¢ Western blot analysis of
cleaved caspase-1, pro-caspase-1, cleaved IL-1B, pro-IL-1B,
and NLRP3 expression in cells treated with MSU- or oe-
PRDMI. *p < 0.05.

further silencing PRDM1 reduced the footpad thickness
of MSU-treated mice, and the role of PRDM1 knockdown
on the MSU-treated mice footpad thickness was coun-
teracted by downregulating SIRT2. Western blot and RT-
qPCR results displayed that MSU noticeably upregulated
PRDMI1 and NLRP3 expression while reducing SIRT2
expression in foot tissues of mice, while further depletion
of PRDM1 caused opposite trends. In MSU-treated mice
with silenced PRDMI, silencing of SIRT2 led to no
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changes in PRDM1 expression, reduced SIRT2 expres-
sion, and increased NLRP3 expression (Fig. 6b, c).

ELISA detection revealed that MSU markedly in-
creased the contents of the inflammation-promoting
proteins in mouse foot tissues, which were reversed by
silencing of PRDMI. Besides, SIRT2 knockdown in-
creased the contents of the inflammation-promoting
protein that were reduced by silencing PRDMI1 in the
presence of MSU (Fig. 6d). IHC results further supported
that MSU increased the expression of caspase-1 and IL-1f
in mouse foot tissues, while further silencing of PRDM1
resulted in the opposite trends. Additionally, SIRT2
depletion increased the expression of caspase-1 and IL-1§
that was downregulated by knocking down PRDM1 in
the presence of MSU (Fig. 6e). The above results indicated
that PRDM1 could increase NLRP3 inflammasome as
well as inflammatory cytokines released from macro-
phages by inhibiting SIRT2, aggravating MSU-induced
acute gouty arthritis.

Discussion
For the mechanism underlying MSU-evoked acute

gouty arthritis, we experimentally confirmed that MSU
crystals could result in increased intracellular PRDM1

Role of PRDM1 in Acute Gouty Arthritis

d Prediction of binding sites between PRDM1 and SIRT2. e The
relationship between PRDMI1 and SIRT2 verified by dual-
luciferase reporter gene assay. f The binding of PRDM1 to
SIRT2 after MSU crystal stimulation verified by ChIP assay.
*p < 0.05.

expression, which targeted the deacetylase SIRT2, re-
sulted in massive accumulation of acetylated a-tubulin
and promoted the levels of NLRP3 inflammasome,
thereby stimulating macrophages to release large
amounts of the inflammatory cytokines and consequently
aggravating MSU-induced acute gouty arthritis (Fig. 7).

Initially, we experimentally determined that PRDM1
promoted the secretion of pro-inflammatory cytokines
encompassing IL-1B, TNF-a, IL-6, and IL-18 from
macrophages to exacerbate MSU-induced acute gouty
arthritis. PBMCs from patients with acute gouty arthritis
can release larger amount of pro-inflammatory cyto-
kines than those from healthy people [12], indicating
that accumulation of pro-inflammatory cytokines is a
marker of acute gouty arthritis. Mounting literature has
also shown the involvement of IL-1f, IL-8, IL-17, and
TNF-a in the MSU-induced inflammatory process such
as acute gouty arthritis [2, 21]. Of note, increasing
PRDM1 expression has been indicated to stimulate the
release of inflammatory markers [10], suggesting the
correlation of PRDM1 with pro-inflammatory cytokine
production. Consistently, this study determined in-
creased expression of these pro-inflammatory cytokines
in MSU-treated macrophages after PRDMI1 over-
expression. From above, the stimulative role of PRDM1
in the production of inflammatory cytokine is partially
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verified in the context of MSU simulation, which per-
forms a vital role in the pathogenesis of MSU-elicited
acute gouty arthritis.

In the following experiments, our results found that
silencing SIRT? facilitated the accumulation of acetylated
a-tubulin to increase NLRP3 inflammasome and mature
IL-1PB level, thus aggravating the MSU-elicited acute
gouty arthritis. Importantly, an explanation to the
pathogenic mechanism of acute gouty arthritis is that
MSU crystals are able to induce NLRP3 inflammasome
activation in monocytes or macrophages, consequently
stimulating IL-1B production [22]. What’s more, sup-
pression of NLRP3 inflammasome activation can prevent
acute gouty arthritis [23]. From above, we could know
that NLRP3 inflammasome activation is a major cause of
acute gouty arthritis. Furthermore, we found that the high
level of NLRP3 inflammasome was associated with a-
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IL-1pB, and NLRP3 expression in MSU-treated cells after sh-PRDM1
or sh-SIRT2 treatment normalized to MSU+ sh-NC (protein ex-
pression as 1). ¢ The contents of inflammatory cytokines IL-1f3, TNF-
a, IL-6, and IL-18 in the supernatant of MSU-treated cell culture
medium after sh-PRDM1 or sh-SIRT2 treatment. *p < 0.05.

tubulin acetylation. Interestingly, acetylated a-tubulin is
implicated in dynein-dependent mitochondrial transport
and ASC binding to NLRP3 on mitochondria, and in-
duction of a-tubulin acetylation augments the activation
of NLRP3 inflammasome [18, 24]. In addition, Skoge
et al. [25] reported that a-tubulin acetylation on lysine 40
was one principal way to post-translationally modify
microtubules, which could be stimulated by a-tubulin
N-acetyltransferase but inhibited by SIRT2. In partial
accordance with our finding, knockdown of SIRT2, an
NAD*-dependent enzyme involved in the acetylation, is
also conducive to triggering inflammatory responses in
mice [16, 17]. Similarly, Zhang et al. claimed that as-
sembly of NLRP3 inflammasome could be suppressed by
silybin via regulation of the NAD*/SIRT2 pathway [25,
26], demonstrating the potential regulatory effect of
SIRT2 on the regulation of NLRP3 inflammasome. Based
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Fig. 6. The effect of PRDM1/SIRT?2 axis on MSU-induced acute gouty
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on these findings, our study further provided evidence
supporting that SIRT2 negatively regulated NLRP3 in-
flammasome and mature IL-1p levels to deteriorate MSU-
stimulated acute gouty arthritis.

Role of PRDM1 in Acute Gouty Arthritis

foot tissues detected by RT-qPCR (n = 12). d The levels of in-
flammatory cytokines IL-1B, TNF-a, IL-6, and IL-18 in the RIPA
homogenous supernatant of mouse foot tissues detected by ELISA
(n =12). e The expression of caspase-1 and IL-1f in vectorial sections
of mouse footpads detected by IHC (n = 12). *p < 0.05.

Based on the experimental results, we further con-
firmed SIRT2 as a target gene of PRDM1. Consistently,
SIRT?2 is known as a class III HDAC, whilst PRDM1
response to IL21 can be restored by pan-HDAC inhibitors
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[27, 28]. Another previous literature has indicated that
NLRP12, one NLR protein like NLRP3, acts as an important
regulator for inflammatory gene expression in human
myeloid cells including monocytes, and involves in the
differentiation of monocytes to macrophages, while PRDM1
mediates transcriptional suppression of NLRP12 during
differentiation [13]. In the present study, PRDMI1 could
increase the level of NLRP3 inflammasome as well as mature
IL-1pB level to aggravate acute gouty arthritis, which was
revealed possibly to be achieved via downregulating SIRT?2.
These data partly linked PRDM1/SIRT2 to NLRP3 in-
flammasome activation. The above roles of PRDM1/SIRT2/
NLRP3 axis were also validated in mouse models of MSU-
evoked acute gouty arthritis. Altogether, we could conclude
that PRDMI1 contributed to the progression of MSU-
stimulated acute gouty arthritis via the SIRT2/NLRP3
pathway in vitro and in vivo.

Up to now, the main findings of this study are only
applicable to possible molecular mechanism involved in
the regulation of acute gouty arthritis. Acute gouty ar-
thritis, an immune system disease secondary to rheu-
matoid arthritis, gout, and viral infection, usually occurs
at night with a short duration [1]. On the contrary,
chronic gouty arthritis is defined as pain and swelling of
joints that persist for more than 6 weeks, accompanied
with long-term joint movement, which may lead to
permanent loss of joint function [29]. The differences in
disease and etiology will lead to obvious differences in
treatment methods for the two contexts. What we are
exploring is the possible molecular mechanism of acute
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gouty arthritis, while the specific molecular mechanism
behind chronic gouty arthritis still needs new exploration.
Acute gouty arthritis can be treated with nondrug therapy
such as ice pack for pain relieving and some anti-
inflammatory drugs, while chronic gouty arthritis re-
quires long-term treatment for reduction of serum uric
acid [30]. Colchicine is an alkaloid extract from plants of
the genus Colchicum (autumn crocus), and its thera-
peutic use has been demonstrated in gout [1, 31]. The
primary action mechanism of colchicine is tubulin dis-
ruption, which results in subsequent blockade of multiple
inflammatory pathways and regulation of innate im-
munity [32]. There are several newly reported mecha-
nisms including diverse inhibitory effects on macro-
phages such as repression of NALP3 inflammasome,
suppression of pore formation activated by purinergic
receptors P2X7 and P2X2, and promotion of dendritic
cell maturation and antigen presentation [33, 34].
Therefore, whether colchicine will affect the regulatory
pathways found in this study deserves further discussion.

To sum up, this paper proposed that MSU crystals
increased PRDM1 expression in macrophages, and
PRDMI1 decreased the expression of the deacetylase
SIRT?2, thereby causing deposition of acetylated a-tubulin
and increasing the level of NLRP3 inflammasome. In this
context, macrophages will release large amounts of
inflammation-promoting IL-6, IL-18, IL-1f, and TNF-q,
ultimately inducing the progression of MSU-induced
acute gouty arthritis. This is a new molecular mecha-
nism involved in the pathogenesis of acute gouty arthritis,
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which may provide new biomarkers or targets for treating
this disease. However, PRDM1 knockdown and the dual
knockdown of PRDM1 and SIRT1 would be performed in
the future to further support the claim in animal models.
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