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KEY WORDS Abstract The innate immune sensor NLRP3 inflammasome overactivation is involved in the pathogen-
esis of ulcerative colitis. PGAMS is a mitochondrial phosphatase involved in NLRP3 inflammasome acti-
ZGPQ)D(/IZSL)roximity vation in macrophages. However, the role of PGAMS in ulcerative colitis and the mechanisms underlying
labeling; PGAMS regulating NLRP3 activity remain unknown. Here, we show that PGAMS deficiency ameliorates
Protein—protein dextran sodium sulfate (DSS)-induced colitis in mice via suppressing NLRP3 inflammasome activation.
interaction; By combining APEX2-based proximity labeling focused on PGAMS5 with quantitative proteomics, we
NEK7; identify NEK7 as the new binding partner of PGAMS to promote NLRP3 inflammasome assembly
NLRP3 inflammasome; and activation in a PGAMS phosphatase activity-independent manner upon inflammasome induction.
Punicalagin;
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Macrophage;
Colitis

Interfering with PGAMS—NEK?7 interaction by punicalagin inhibits the activation of the NLRP3 inflam-
masome in macrophages and ameliorates DSS-induced colitis in mice. Altogether, our data demonstrate

the PGAMS5—NEK?7 interaction in macrophages for NLRP3 inflammasome activation and further provide
a promising therapeutic strategy for ulcerative colitis by blocking the PGAMS—NEK?7 interaction.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The pattern recognition receptors (PRRs) are activated by
pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) in innate immunity.
Innate immunity serves as an incredibly effective barrier to a wide
range of insults by rapidly recognizing pathogens and tissue
damage. As a typical PRR, nucleotide-binding domain, leucine-
rich repeat-containing receptor, pyrin domain-containing-3
(NLRP3) inflammasome is triggered and initiated by infection
or cellular stress recognized by the sensors, including PAMPs and
DAMPs' . Not only exogenous microbial ligands but also cellular
metabolic products and cellular damages can initiate and activate
NLRP3 inflammasome™>. NLRP3 inflammasome is a multi-
protein complex, and canonical activation of NLRP3 inflamma-
some requires two steps. The priming step which is mediated by
Toll-like receptor (TLR) agonists, such as LPS, induces activation
of NF-kB signaling pathway and then induces the expression of
NLRP3, pro-interleukin-18 (pro-IL-18) and pro-IL-18°. The
assembly step of NLRP3 inflammasome is triggered by multiple
activating signaling, including adenosine triphosphate (ATP),
monosodium crystals (MSU), particulates, nigericin, silica and
amyloid®. Beyond that, some bacterial pathogens have been
reported to activate NLRP3 inflammasome, such as Salmonella
typhimurium and Listeria monocytogenes7. Upon NLRP3 inflam-
masome activation, NIMA related kinase 7 (NEK7) C-lobe
interacts directly with the leucine-rich repeat (LRR) domain of
NLRP3 and promotes NLRP3 oligomerization®, then recruits its
adaptor protein apoptosis-associated speck-like protein containing
a CARD (ASC) via their pyrin domain (PYD)—PYD interaction,
which leads to the formation of the speck of ASC. Subsequently,
ASC interacts with pro-caspase-1 via their (caspase activation and
recruitment domain) CARD—CARD domains and induces auto-
cleavage and maturation of pro-caspase-1, which further enzy-
matically cleaves pro-IL-16 and pro-IL-18 into their mature
forms, IL-18 and IL-18, respectively, thereby initiating pro-
inflammatory cell damage and death®'?. Appropriate activation
of NLRP3 inflammasome can assist host cells, tissues and organs
to eliminate a limited amount of PAMPs and DAMPs, thereby
maintaining cellular and organismal homeostasis'*'*. While
excessive activation of NLRP3 inflammasome may result in severe
immune inflammatory response, and even lead to overt cell death,
tissue injury and inflammatory diseases, such as Alzheimer’s
disease (AD), diabetes, acute lung injury, acute respiratory distress
syndrome (ARDS), ischemia-reperfusion injury and ulcerative
colitis, etc'. Therefore, the activity of NLRP3 inflammasome
must be strictly monitored by the hose cells, and a better under-
standing of the mechanisms that control NLRP3 inflammasome
activation would be beneficial in the development of novel ther-
apeutic strategies for the treatment of inflammatory diseases.

Ulcerative colitis is a chronic and idiopathic inflammatory
disease affecting the colon, characterized by relapsing, remitting
and diffusing mucosal inflammation, starting in the rectum and
extending to proximal segments of the colon'®. The clinical
symptoms of ulcerative colitis are mainly manifested in abdom-
inal pain, bloody diarrhea, mucopurulent, etc. Ulcerative colitis
most afflicts adults aged at 30—40 years resulting in disability,
and its incidence is rising worldwide'®. The ultimate aim of the
treatment is to induce and maintain remission, defined as reso-
lution of symptoms and endoscopic healing!’. The drugs
currently available for the treatment of ulcerative colitis mainly
include mesalazine, immune-suppressants, biological agents,
glucocorticoids and probiotics. However, those drugs are limited
due to different side effects and high relapse rates'®. The main
clinical therapeutic target in ulcerative colitis is the IL-12/1L-23
receptor'®. Therefore, it is very urgent to discover new targets
and the corresponding lead compounds for patients with ulcera-
tive colitis.

The regulation of NLRP3 inflammasome assembly and activa-
tion remains incompletely understood. Phosphoglycerate mutase
family member 5 (PGAMS) is a mitochondrial Ser/Thr phosphatase
normally located in mitochondria and regulates mitochondria
dynamics, mitophagy, programmed cell death, inflammation and
immune response via protein—protein interactions (PPIs) and/or
its specific Ser/Thr protein phosphatase activity?’. Recent study
had shown that PGAMS is a novel regulator of inflammasome
and caspase-1 activity?', suggesting that targeting PGAMS5
may be a novel and viable therapeutic strategy in NLRP3
inflammasome-driven inflammatory diseases, such as ulcerative
colitis. NLRP3 inflammasome activation is fine-tuned by post-
translational modifications, including PPI, phosphorylation,
alkylation, S-nitrosylation, adenosine diphosphate ribosylation,
nitrosylation, ubiquitination, and SUMOylation®>®**°. In this
study, in search of PGAMS-binding proteins using APEX2
proximity labeling, we identify a new PGAMS5-binding adaptor
protein NEK7. We revealed that PGAMS promotes NLRP3
inflammasome activation in a phosphatase activity-independent
manner via interacting with NEK7 to further promote
the NEK7 binding with NLRP3, resulting in promoting the
assembly and activation of NLRP3 inflammasome. Interestingly,
we found that interfering with the interaction between
PGAMS and NEK7 by a natural product punicalagin could
effectively block the interaction between NEK7 and NLRP3, and
eventually inhibit the NLRP3 inflammasome hyperactivation.
In the dextran sodium sulfate (DSS)-induced ulcerative colitis
mice model, PGAMS deficiency or pharmacological intervention
of PGAMS and NEK?7 interaction resulted in lower gut inflamma-
tion with decreased NLRP3 inflammasome activation, indicating
the significant role of PGAMS in NLRP3 inflammasome activation
and ulcerative colitis.
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2. Materials and methods
2.1.  Reagent and resource

Reagent and resource used in this study are available in the
Supporting Information.

2.2.  Experimental model and subject details

Mouse works described in this manuscript have been approved
and conducted under the oversight of the Administration Com-
mittee of Experimental Animals in Jiangsu Province and the
Ethics Committee of China Pharmaceutical University (2020-03-
010). Recombinant DNA and mammalian cell line studies comply
with all relevant ethical regulations supervised by the Institutional
Biosafety Committee at China Pharmaceutical University.

2.2.1.  Animals and treatments

C57BL/6J mice were purchased from Hangzhou Ziyuan Labora-
tory Animal Technology Co., Ltd. Pgam5 knockout mice were
constructed as previously reported®' and purchased from Shanghai
Model Organisms Center, Inc. (Shanghai, China). Nlrp3 knockout
mice were purchased from Shanghai Model Organisms Center,
Inc. (Shanghai, China). After a week of acclimation, the mice
were raised in a standard SPF housing environment under 12 h
light/dark cycles with ad libitum access to rodent chow and water
or DSS. For the DSS-induced ulcerative colitis model, the six to
eight-week-old mice were fed with 3% (w/v) DSS in drinking
water for one week.

To investigate the effect of PGAMS on ulcerative colitis, the
wide-type (WT) and Pgam5 knockout mice were subjected to 3%
DSS for 7 days to induce ulcerative colitis in vivo. Then the body
weight, diarrhea and rectal bleeding were weighed or measured
every day, and the disease activity index (DAI) score was calcu-
lated using the well-established system?®. After these mice were
sacrificed, the colons were isolated for length measurement, he-
matoxylin and eosin (H&E) staining and immunohistochemistry.

To investigate whether the effect of PGAMS on ulcerative
colitis depends on gut microbiota, the fecal microbiota trans-
plantation experiments were performed according to previous
report®’. Briefly, WT mice were transplanted fecal microbiota
from WT or Pgam5 deficiency mice for 14 days consecutively,
respectively, and were subjected to 3% DSS for 7 days to induce
ulcerative colitis. Then the body weight, diarrhea and rectal
bleeding were weighed or measured every day, and the DAI score
was calculated using the well-established system®. After these
mice were sacrificed, the colons were isolated for length mea-
surement and H&E staining.

To investigate the effect of punicalagin on ulcerative colitis,
the WT C57BL/6J mice were randomly divided into the following
six groups: normal group, DSS group, punicalagin (10, 20, and
50 mg/kg) groups and mesalazine (200 mg/kg) group. Then the
mice were subjected to 3% DSS for 7 days, and the punicalagin or
mesalazine were orally administrated daily for 7 days. The body
weight, diarrhea and rectal bleeding were weighed or measured
every day, and the DAI score was calculated using the well-
established system?®. After these mice were sacrificed, the serums
were collected, and colons were isolated for length measurement,
H&E staining, immunohistochemistry, and subjected to immu-
noblotting analysis.

To investigate whether the effect of punicalagin on ulcerative
colitis depends on PGAMS and NLRP3, the WT and Pgam5 or

Nlrp3 knockout mice were randomly divided into four groups.
Then the mice were subjected to 3% DSS for 7 days, and the
punicalagin (50 mg/kg) was orally administrated daily for 7 days.
The body weight, diarrhea and rectal bleeding were weighed or
measured every day, and the DAI score was calculated using the
well-established system?®. After these mice were sacrificed, the
colons were isolated for length measurement and H&E staining.

To investigate the effect of NEK7 on ulcerative colitis and
whether the therapeutic effect of punicalagin on ulcerative colitis
depends on NEK7, the WT mice deprived of their macrophages
and reconstituted of normal control or Nek7 knockdown macro-
phages were subjected to 3% DSS for 7 days in the absence or
presence of punicalagin treatment (50 mg/kg, intragastric
administration, once per day), respectively. The body weight,
diarrhea and rectal bleeding were weighed or measured every day,
and the DAI score was calculated using the well-established sys-
tem?®. After these mice were sacrificed, the colons were isolated
for length measurement and H&E staining.

2.2.2.  Disease activity index assessment

To assess the severity of mouse ulcerative colitis, the body weight,
diarrhea and rectal bleeding were measured every day, and the
DAI score was calculated according to the previous report®®>S.
The details of the DAI score are briefly described as follows, 1)
body weight loss: 0 points = none, 1 point = 1%—5% loss, 2
points = 5%—10% loss, 3 points = 10%—20% loss, 4
points = more than 20% loss. 2) diarrhea: O points = normal, 2
points = loose stools, 4 points = watery diarrhea. 3) rectal
bleeding: 0 points = no bleeding, 2 points = slight bleeding, 4
points = gross bleeding.

2.2.3. H&E staining

On Day 7, the mice were sacrificed, and the colons were collected.
The distal colons were then fixed with 4% paraformaldehyde,
embedded into paraffin, and sectioned into 3 um for H&E stain-
ing. We scanned the slices with light microscopy (Olympus) and
the histopathological scores of the image obtained were deter-
mined as previously reported®®2°.

2.2.4.  Immunohistochemistry

On Day 7, the mice were sacrificed, and the colons were collected.
The distal colons were then fixed with 4% paraformaldehyde,
embedded into paraffin, and sectioned into 3-pm-thick sections.
Immunostaining was performed using the streptavidin-peroxidase
immunohistochemical method as previously reported®®. Briefly,
the sections were incubated overnight at 4 °C with a rabbit
monoclonal F4/80-specific antibody (1:100). As a blank control,
phosphate-buffered saline was used in the place of the antibody.
The sections were then incubated with biotin-labeled secondary
antibodies at 37 °C for 30 min and were then developed with
diaminobenzidine. The images of the slices were obtained by light
microscopy.

2.3.  Cell culture and generation of murine BMDMs

Immortalized bone marrow-derived macrophages (iBMDMs)
purchased from Yali Biological (Shanghai Yaji Biotechnology
Co., Ltd.) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, high glucose) supplemented with 10% fetal bovine
serum (FBS) (Gibco) and 1% penicillin (100 U/mL) and strepto-
mycin (100 pg/mL) (Beyotime). HEK293T cells (ATCC) were
cultured in DMEM/F-12 supplemented with 10% FBS and 1%
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penicillin—streptomycin. Primary bone marrow-derived macro-
phages (BMDMs) were generated from 6—8-week-old C57BL/6J
mice as described previously®'*?, with minor optimizations. The
femurs and tibia of mice were collected and cleaned bones were
flushed with DMEM three times. The collected bone marrow
suspension was then washed with DMEM and plated in DMEM
supplemented with 10% FBS, 1% penicillin—streptomycin and
20 ng/mL macrophage colony-stimulating factor (M-CSF) (R&D
Systems) for 6 days, and the culture medium was exchanged every
3 days, after which cells were counted and plated at
0.5 x 10° cells/mL unless otherwise stated.

2.4.  Inflammasome activation

2.4.1.  NLRP3 inflammasome activation

NLRP3 inflammasome was activated in primary BMDMs primed
with LPS (100 ng/mL) for 3 h, and the inflammasome was further
assembled using ATP (5 mmol/L) for 45 min, nigericin (10 pmol/
L) for 1 h or MSU (600 pg/mL) for 6 h, according to previous
reports™**. For RNA-sequencing in iBMDMs, the cells were
primed with LPS (100 ng/mL) for 3 h, and then further assembled
using ATP (5 mmol/L) for 45 min. To investigate the effect of
compounds in NLRP3 inflammasome activation, the LPS-primed
cells were incubated with compounds for 3 h and followed by
stimulation with ATP for another 45 min, nigericin for another 1 h,
or MSU for another 6 h to activate NLRP3 inflammasome.

2.4.2.  AIM?2 inflammasome activation

AIM2 inflammasome was activated in primary BMDMs primed
with LPS (100 ng/mL) for 3 h, and the inflammasome was further
assembled using Poly (dA:dT) (2 pg/mL) for 6 h according to
previous report®>. To investigate the effect of compounds in AIM2
inflammasome activation, the LPS-primed cells were incubated
with compounds for 3 h and followed by stimulation with Pol-
y(dA:dT) for another 6 h to activate AIM2 inflammasome.

2.4.3.  NLRPI inflammasome activation

NLRP1 inflammasome was activated in primary BMDMs primed
with LPS (100 ng/mL) for 3 h, and the inflammasome was further
assembled using muramyl dipeptide (MDP) (500 ng/mL) for 6 h
according to previous report®®. To investigate the effect of com-
pounds in NLRP1 inflammasome activation, the LPS-primed cells
were incubated with compounds for 3 h and followed by stimu-
lation with MDP for another 6 h to activate NLRP1 inflammasome.

2.4.4.  Non-canonical inflammasome activation

For non-canonical inflammasome stimulation, BMDMs were
primed overnight with 1 mg/mL Pam3CSK4, followed by trans-
fection of 2 pg/mL LPS using HighGene DNA transfection
reagent (Abclonal) for 16 h with or without punicalagin treatment.

2.5.  APEX2 proximity labeling

APEX2 proximity labeling was performed as previously
described®’. In brief, HEK293T cells expressing PGAM5-FLAG-
APEX2 fusion proteins cultured in DMEM/F12 complete medium
were incubated with 500 pmol/L biotin-phenol (BP) in pre-warmed
complete medium for 30 min at 37 °C in CO, incubator, then
treated with H,O, (1 mmol/L) at room temperature for 1 min.
Subsequently, cells were washed thrice with fresh quencher solu-
tion (10 mmol/L sodium azide, 10 mmol/L sodium ascorbate and
5 mmol/L Trolox solution in Dulbecco’s phosphate-buffered saline

(DPBS)). After washes, cells were lysed in fresh RIPA lysis buffer
(50 mmol/L Tris, 150 mmol/L NaCl, 0.1% (w/v) SDS, 0.5% (w/v)
sodium deoxycholate and 1% (v/v) Triton X-100, pH 7.5) supple-
mented with 1 x protease inhibitor cocktail (Thermo Scientific),
1 mmol/L. PMSF (Merck) and quenchers (10 mmol/L sodium
azide, 10 mmol/L sodium ascorbate and 5 mmol/L Trolox) through
gentle pipetting for 10 min on ice. Whole-cell lysates were then
centrifuged at 14,000 x g for 10 min at 4 °C to cleat cellular
debris. The Pierce 660 nm protein assay kit (Thermo Scientific)
was used to quantify the amount of protein in each sample.

To pull down biotinylated proteins by PGAMS5-FLAG-APEX2
proximity labeling, streptavidin magnetic beads (Cytiva) were pre-
washed twice with 1 mL of RIPA lysis buffer for each. Cleared
whole-cell lysates were incubated with streptavidin magnetic
beads at room temperature for 1 h. Then, the beads were washed
twice with RIPA lysis buffer, once with 1 mol/L KCl, once with
0.1 mol/L Na,COj, once with 2 mol/L urea in 10 mmol/L
Tris—HCI, pH 8.0, and twice with RIPA lysis buffer. Biotinylated
proteins were eluted by boiling the beads in 30 pL of 3 X protein
loading buffer (6 x: 10.5 mL dH,O, 10.5 mL 1 mol/L Tris—HCl
(pH 6.8), 10.8 mL glycerol, 3.0 g sodium dodecyl sulfate, 2.79 g
DTT and 3.6 mg bromophenol blue) supplemented with 5 mmol/L
biotin and 20 mmol/L DTT for 10 min. The eluates were collected
by pelleting the beads using a magnetic rack (MCE). For Western
blotting analysis, the eluates were loaded, run and separated into
12% Tris-SDS-PAGE gels, the gels were stained with Coomassie
blue, silver stain to visualize the total proteins in each lane.

2.6.  Dimethyl labeling

PGAMS-FLAG-APEX2 proximity labeling was performed as
mentioned above. Then, the biotinylated proteins were enriched
and digested on magnetic beads with sequencing-grade modified
trypsin (Promega). Digested peptides derived from labeled sam-
ples were treated with heavy isotope-labeled D'*CDO and
NaBH;CN to methylate —NH, groups, consequently leading to a
mass shift of +34.0631 Da per addition. In parallel, digested
peptides from the control sample were treated with light isotope-
labeled HCHO and NaBH;CN, resulting in N-dimethylation with
a mass shift of +28.0313 Da for each substituted group. After the
addition of formaldehyde, 4 pL of freshly prepared 0.6 mol/L
NaBH;CN was added. After incubation at room temperature for
1 h, the dimethyl labeling reaction was terminated by adding
ammonium hydroxide (16 pL, 1% in water). Subsequently, 8 pL
of 5% (v/v) formic acid was added to acidify the reaction. The
heavy and light samples were mixed in a 1:1 ratio and desalted
before injection on the LC—MS/MS.

2.7. Recombinant protein purification and in vitro PGAMS
phosphatase assay

Recombinant His-tagged PGAMS proteins were purified as
described previously®®. Briefly, His-tagged proteins (AN21
PGAMS, AN90 PGAMS, AN21 PGAMS (C168A), AN21 PGAMS
(C229A) and AN21 PGAMS5 (C239A)) were purified from
Escherichia coli BL21 (DE3) competent cells with Ni-NTA resin
(GE Healthcare), eluted by imidazole and further purified by size-
exclusion chromatography (SEC). Purified recombinant proteins
were dialyzed against protein buffer containing 20 mmol/LL HEPES
and 150 mmol/L NaCl with pH 7.2—7.4 using a 10 kDa cutoff
concentrator (Millipore) to meet the needs of in vitro PGAMS
phosphatase assay and surface plasmon resonance (SPR) assay.
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For in vitro PGAMS phosphatase assay, compounds or DMSO
diluted in reaction buffer (250 mmol/L imidazole, pH 7.2,
1 mmol/L EGTA, 0.1% @-mercaptoethanol, 0.5 mg/mL BSA)
were mixed and incubated with equal volume of AN21 PGAMS
(The finial concentration was 0.5 pmol/L) for 20 min at 25 °C,
then 100 pmol/L of Ser/Thr phosphopeptide (NFEDH(pSER)
APPSP) was added and mixer to each reaction followed by
incubation for another 20 min at 25 °C. BIOMOL Green (Enzo
Life Sciences) was added and mixed to each reaction. Upon brief
incubation for 20 min at 25 °C, the PGAMS phosphatase activity
was related quantified spectrophotometrically at 620 nm.

2.8.  SPR assay

The binding kinetics or affinity of compounds with PGAMS was
assessed via SPR wusing a Biacore T200 instrument and
manufacturer-provided software (GE Healthcare), and all mea-
surements were performed at 25 °C. The CMS5 chips were activated
with 75 mg/mL N-(3-dimethylaminopropyl)-N -ethylcarbodiimide
hydrochloride and 10 mg/mL N-hydroxysuccinimide. AN21
PGAMS and AN90 PGAMS were diluted to 10 pg/mL with
10 mmol/L sodium acetate (pH 5.0), and then covalently immo-
bilized on CMS5 chips by amino coupling. The protein coupling
solutions were injected over the activated CMS5 chip surface to
achieve an immobilization level of about 10,000 resonance units
(RU), and a blank surface which was similarly treated but without
immobilization with PGAMS protein solutions was used as a
reference surface flow cell. The coupling procedure was run at the
flow rate of 10 pL/min. Binding kinetics or affinity measurements
were performed at flow rate of 30 uL/min using PBS-P" buffer,
and the running parameters were 90 s of binding with compound or
DMSO solution, 90 s of dissociation with PBS-P* buffer, and 180 s
of regeneration with Glycine-HCI (pH 1.5) buffer. The values of
RU responses were recorded, and sensor grams were processed and
analyzed using Biacore T200 control and evaluation software and
the binding curves were fitted to determine the equilibrium
dissociation constant (Kp).

2.9. Target engagement analysis

For drug affinity responsive target stability (DARTS) assay ex-
periments, BMDMs or HEK293T lysates were used. BMDMs
were lysed with NP-40 lysis buffer and the supernatant was
collected by centrifugation at 14,000 x g for 10 min at 4 °C.
HEK?293T cells were transfected with pcDNA3.1(+)-PGAMS-
Myc or pcDNA3.1(+)-PGAMS (C239A)-Myc for 24 h, and then
the cells were washed with PBS and lysed with NP-40 lysis buffer,
and the supernatant was collected by centrifugation at 14,000 x g
for 10 min at 4 °C. Punicalagin dissolved in 1 x TNC buffer
(50 mmol/L Tris, 50 mmol/L NaCl, 10 mmol/L CaCl,, pH 7.4)
was added into the cell lysate to reach the indicated concentrations
and gently mixed, and further incubated for 1 h on a rotator at
20 rpm at 25 °C to allow ligand—protein target interactions suf-
ficiently. Then, the lysates were digested by pronase (Roche,
dissolved in 1 x TNC buffer) at a ratio of 1: 200 (w/w) for 30 min
at 25 °C. Reactions were stopped by adding protease inhibitor
cocktail, and the samples were analyzed by Western blotting.
The cellular thermal shift assay (CETSA) measures the
binding efficiency between a compound and its target proteins in
the cell and operates on the principle that target proteins usually
stabilize when combined with a ligand®®. The CETSA protocol
was adapted from that of the previous literature*®. Briefly,

BMDMs were incubated with punicalagin (20 pmol/L) or DMSO
(Sigma—Aldrich) for 3 h in CO, humidified incubator at 37 °C.
BMDMs were then harvested and washed thrice with PBS and
resuspended in 1 mL of PBS containing protease inhibitor
cocktail. The cells were then divided into 12 aliquots for
heat treatment at the designated temperature (37—81 °C) for
3 min, followed by 3 min at 25 °C. Heated cells were
freeze—thawed three times by using liquid nitrogen and a heating
block set at 25 °C to lyse the cells. The lysates were centrifuged
at 14,000 x g for 30 min at 4 °C to remove cellular debris, and
protein aggregates and the supernatants were transferred into
another microtube for Western blotting analysis.

For solvent-induced protein precipitation assay (SIP) experi-
ments with BMDMs treated in culture, the target proteins will
become more resistant to the denaturation and precipitation
induced by the treatment of organic solvent (acetone/ethanol/
acetic acid = 50:50:0.1, v/v/v, abbreviated as A.E.A.) after
binding with punicalagin®'. Briefly, BMDMs were incubated with
punicalagin (20 pmol/L) or DMSO, then harvested and washed
thrice with PBS as above. The cells were lysed in NP-40 lysis
buffer (Thermo Scientific) and the supernatant was collected and
divided into 12 aliquots followed by addition of A.E.A with ratio
of 50:5:0.1 (v/v/v) to reach the final percentage of A.E.A ranging
from 12% to 32%. Subsequently, the mixtures were equilibrated at
500 x g for 30 min at 37 °C, followed by centrifugation at 14,000
x g for 30 min at 4 °C to separate the soluble fraction from
precipitates, and the supernatants were transferred to another
microtube for Western blotting analysis.

2.10. RNA-sequencing and bioinformatics analysis

The iBMDMs were pre-incubated with DMSO or punicalagin
(20 pmol/L) for 3 h, then primed with LPS (100 ng/mL, Sigma-
—Aldrich) for another 3 h and assembled with ATP (5 mmol/L,
Sigma—Aldrich) for 45 min. The samples were used for RNA-seq
library preparation. After cluster generation, transcriptome
sequencing was carried out on an [llumina HiSeq™ 2500/I1lumina
HiSeq X Ten platform that generated raw reads. After removing
adaptor sequences, ambiguous ‘N’ nucleotides, and low-quality
sequences, the remaining clean reads were assembled using
Trinity software as described for de novo transcriptome assembly
with a reference genome. The mapped clean read number was
normalized to RPKM. The edgeR package was used to determine
the StringTie genes. The threshold of significant difference was |
logofoldchange| > 1, P < 0.05. The Gene Ontology (GO)
enrichment analysis, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway and heatmap analysis were conducted at https://
cloud.oebiotech.cn/task/.

2.11.  Cell viability assay

LDH cytotoxicity colorimetric assay kit (Beyotime) and Cell
counting kit-8 (CCK-8) (Beyotime) were used to measure cell
viability after activation of NLRP3 inflammasome per manufac-
turer’s instructions.

2.12.  Small interfering RNA (siRNA) transfection

For siRNA transfection, siRNAs (GenePharma) were mixed with
jetPRIME transfection reagent (Polyplus) as per the manufac-
turer’s instructions and added to the cells at a final concentration
of 80 nmol/L. After incubation with the siRNA complex for 24 h,
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the medium was changed, and the cells were used for further
experiments. The following siRNAs were used: scramble siRNA,
ACGUGACACGUUCGGAGAA; si-PGAMS5 (Human), CCAUA
GAGACCACCGAUAUTT; si-NEK7 (Human), CCAGAAUGA
UCAAGCAUUUTT.

2.13.  Plasmids

PGAMS (NM_001170543.2)-FLAG-APEX2 cDNAs, PGAMS-
Myc, PGAMS (C239A)-Myc and PGAMS5 (H105A)-Myc
cDNAs were all synthesized from Sangon Biotech and cloned into
CMV-driven pcDNA3.1(+) (Sangon Biotech) or pLVX-CMV-
MCS-RES-ZGreen. AN21 PGAMS in pET-28a(+) and AN90
PGAMS in pSJ2 were cloned according to the previous report>s.
AN21 PGAMS (C168A), AN21 PGAMS (C229A) and AN21
PGAMS (C239A) in pET-28a(+) point mutations were generated
by site-directed mutagenesis. Lentiviral plasmids encoding
shRNA targeting mouse Nek7 (shNek7-1: GCATCATTCAT
TGAGGATAAT, shNek7-2: GAGCTACGACAGCTAGTTAAT
and shNek7-3: CACTGTAATGCAAGCATATAT) and non-
targeting control shRNA (GGTTCTCCGAACGTGTCACGT)
were inserted into the pLenti-U6-MCS-CMV-GFP-2A-Puro vec-
tor. All plasmids were verified by sequencing.

2.14.  Lentiviral infection

Lentivirus particles were generated from co-transfection with
lentiviral vectors and packaging plasmids in HEK293T cells,
filtered through 0.45-pm filters, and immediately used for in-
fections. BMDMSs were incubated with lentivirus for 36 h. Then,
BMDMs were subjected to further experiments.

2.15.  Reconstruction of NLRP3 inflammasome system in
HEK293T cells

HEK293T cells were plated in microplates at a density of
2 x 10° cells per milliliter and were incubated overnight. The
cells were transfected with plasmids expressing FLAG-IL-18
(200 ng/mL) and NLRP3 inflammasome components FLAG-
NLRP3 (200 ng/mL), FLAG-ASC (20 ng/mL) and FLAG-Pro
caspase-1 (100 ng/mL) using jetOPTIMUS DNA transfection
reagent (Polyplus). These modified cells were then co-transfected
with plasmids encoding HA-NEK7 and/or PGAMS5-Myc or
PGAMS (C239A)-Myc or PGAMS (H105A)-Myc or specific
siRNA to knock down endogenous NEK7 or PGAMS as indicated.
The total amount of DNA was adjusted to a concentration of 1 pug
per milliliter with empty vector and these cells were washed with
culture medium 24 h after transfection and were further incubated
with ATP for 45 min. For compound treatment, the cells were
incubated with LFHP-1c¢ (20 pmol/L) or Punicalagin (20 pmol/L)
or DMSO 6 h after transfection as indicated. Activation of NLRP3
inflammasomes in HEK293T was assessed based on immuno-
blotting analysis of cleaved caspase-1 in whole cell lysates by
standard techniques.

2.16.  Quantitative real-time reverse transcription PCR (qRT-
PCR)

The total mRNA was extracted using Trizol reagent (Vazyme)
according to the manufacturer’s instructions. Isolated mRNA was
reverse transcribed into cDNA using a cDNA synthesis kit
(Vazyme). The qRT-PCR was performed on the Stepone Software

v2.3 Detection System using synthetic primers and SYBR Green
Master Mix (Vazyme).

2.17. ELISA

Mouse serum, colon tissue and cell culture supernatants were
assayed by ELISA kit (R&D Systems) for IL-18 according to the
manufacturer’s instructions using a Thermo Scientific plate reader.

2.18.  Immunoprecipitation

For regular immunoprecipitations, cell and colonic tissue samples
were harvested and lysed in IP lysis buffer (Thermo Scientific) in
the presence of protease and phosphatase inhibitor cocktail
(Thermo Scientific). The lysates were centrifuged (14,000 x g,
10 min at 4 °C), and supernatants were collected. The equal
amounts of protein lysates were incubated with 4 pg IgG or the
indicated primary antibodies on a rotator at 20 rpm at 4 °C
overnight, followed by the addition of 50 pL protein A/G mag-
netic beads (Bimake) at 4 °C for another 4—6 h. Subsequently, the
beads were washed with IP lysis buffer 6 times, and pull-down
beads were eventually boiled and analyzed by Western blotting.

For protein tag immunoprecipitations in HEK293T, cells were
lysed in the same manner as above. The cell lysates were pre-
cleaned with control IgG magnetic beads, and then the lysates
were incubated with Myc or HA-tag magnetic beads (Beyotime)
as indicated on a rotator overnight at 4 °C. Then, the magnetic
beads were washed with IP lysis buffer 7 times followed by the
addition of 60 pL. SDS-PAGE sample loading buffer and boiled
and analyzed by immunoblotting.

For streptavidin beads-based pull-down, PGAMS5-FLAG-
APEX?2 proximity labeling was performed as mentioned above,
then the biotinylated proteins were pulled down and the eluates
were analyzed by immunoblotting using indicated antibodies.

2.19.  Invitro pull-down assay

His-tagged PGAMS (5 pg/mL) was mixed with 5 pg/mL full-
length GST-NEK?7 in buffer containing 30 mmol/L HEPES at pH
7.5, 150 mmol/L NaCl, and incubated for 30 min at room tem-
perature. The mixture was further incubated for 1 h with 50 pL
Anti-GST Magnetic Beads (Beyotime) and washed six times with
1 mL of the same buffer, followed by the addition of 60 pL SDS-
PAGE sample loading buffer, and the pull-down beads were
eventually boiled and analyzed by Western blotting.

2.20.  Western blotting

Cell and colonic tissue proteins were lysed in RIPA lysis buffer
(Thermo Scientific) containing protease and phosphatase inhibitor
cocktail. Cell supernatants were precipitated with 4 volumes of
pre-chilled acetone (—20 °C), then the precipitated proteins were
subsequently collected by centrifugation (14,000 x g, 10 min,
4 °C), washed thrice with 1 mL of prechilled methanol (—20 °C),
and the precipitated proteins were lysed by 1% SDS in PBS buffer
supplemented with protease and phosphatase inhibitor cocktail.
The extracted total protein concentration was quantified with BCA
protein assay kit (Thermo Scientific) for the normalization assayed
samples, and then equal amounts of proteins were separated by
4%—12% SDS-PAGE gels, followed by transfer onto poly-
vinylidene difluoride (PVDF) membranes (Millipore). The mem-
branes were blocked with 5% non-fat milk for 1—2 h at room
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temperature and further incubated with HRP-labeled streptavidin
(1:5000) or the indicated primary antibodies solution overnight at
4 °C followed by incubation with horseradish peroxidase-
conjugated secondary antibodies or anti-mouse IgG for IP
(HRP) (Abcam). Then, the membranes were visualized with
ChemiDoc System (Bio-Rad).

2.21.  Fluorescence microscopy

The HEK293T cells and primary BMDMs were seeded in cell dish
and fixed with 4% paraformaldehyde solution for 15 min at room
temperature, followed by permeabilization with 0.15% Triton
X-100 for 20 min at room temperature. Cells were then incubated
in 10% goat serum for 1 h and followed by incubation with the
primary antibodies overnight at 4 °C. After incubation with sec-
ondary and/or Cy5-labeled streptavidin (Solarbio) or phalloidin
(Thermo Scientific) or mitoSOX (Yeasen) for 60 min and coun-
terstained with Hoechst 33342 (Beyotime) to label all cell nuclei
for 15 min at room temperature, the cells were photographed with
FV 3000 fluorescence microscope (Olympus).

2.22.  Docking

For PGAMS5-NEK?7 docking, ClusPro 2.0 was used to perform a
global search on PGAMS5 (PDB: 3MXO) and NEK7 (PDB:
2WQM), and then use RosettaDock 4.0 for local ensemble docking
of the predicted conformation, with the default parameters. The
best prediction results were obtained according to the recom-
mended criteria*?. In addition, superposition of PGAM5—NEK?7
docking results with crystal (6NPY) followed by energy optimi-
zation using Rosetta Relax™® to obtain the ternary complex model.

For punicalagin—PGAMS docking, molecular dynamics simu-
lations (200 ns) and trajectory clustering as previously described**
were used to explore more conformations of PGAMS monomer.
The binding pocket was predicted using the D3pocket algorithm™’.
Covalent molecular docking was performed using Autodock4 with
default parameters except for the reaction rules which refer to the
latest research®.

2.23.  Protein thermal shift assay

Protein thermal shift assay was performed according to the man-
ufacturer’s instructions (Thermo Scientific). Briefly, His-tagged
AN21 PGAMS proteins were incubated with punicalagin for 5 min
at room temperature, subsequently, the mixtures were subjected to
protein thermal shift assay on the Stepone Software v2.3 Detection
System according to the manufacturer’s instructions.

2.24.  Depletion and reconstitution of macrophages in mice

The depletion and reconstitution of macrophages in mice were
performed according to previous protocol*’, with minor optimi-
zations. Briefly, mice were injected intraperitoneally with
clodronate-containing liposomes or control liposomes 3 days prior
to the onset of experiments to ensure depletion of resident mac-
rophages and every 3 days during the protocol to deplete new
infiltrating macrophages (200 pL per mouse). The normal control
or Nek7 knockdown macrophages were refused back into mice
onset of experiments by intravenous injection every 3 days during
the experiments to reconstitute macrophages in vivo (10° macro-
phages in a total volume of 100 pL per mouse).

2.25.  Macrophages sorting in the colon

The single-cell suspensions of colon were prepared via MACS
tissue dissociation kit (130-097-410, Miltenyi Biotec) according to
the manufacturer’s instructions. Briefly, the colons were isolated
from mice and then washed thrice with HBSS to remove residual
fat tissue. Then, the colons were cut into pieces of approximately
0.5-cm length and subjected to digestion after adding predigestion
solution on MACSmix Tube Rotator. Then, the tissue was further
digested via gentle MACS Octo Dissociator after adding enzyme
mix. The macrophages were sorted from the digested single cell
suspension using Mouse F4/80 Positive Selection Kit (720205,
Pbmedicals).

2.26.  Fecal microbiota transplantation (FMT)

FMT was performed based on an established protocol?’, with minor
optimizations. Brieflyy, WT and Pgam5 deficiency C57BL/6J
donor mice were raised in a standard SPF housing environment
under 12 h light/dark cycles with ad libitum access to rodent chow
and water. Stool was collected daily from WT and Pgams
deficiency C57BL/6J donor mice and pooled respectively.
The recipient mice were transplanted with the fecal microbiota
from WT and Pgam5 deficiency C57BL/6J donor mice one week
prior to DSS treatment and maintained for 2 weeks. Donor stool
(100 mg) was diluted with normal saline and homogenized for
1 min using a vortex to achieve a liquid slurry, and then centrifuged
at 500 x g for 5 min to remove particulate matter to facilitate
administration. Fresh transplant material was prepared within
10 min before oral gavage to prevent changes in bacterial
composition. Oral gavage with FMT material was conducted daily
through the 2-week experiment.

2.27.  Statistical analysis

All results are shown as mean =+ standard error of the mean
(SEM). Data analyses were performed via t-test for two groups, or
via one-way followed by Tukey’s post hoc test or Two-way
ANOVA followed by Bonferroni post hoc test for multiple
groups using Prism software (GraphPad, San Diego, CA, USA).
Differences were considered statistically significant at P < 0.05.

3. Results

3.1.  Pgam) deficiency attenuates canonical NLRP3
inflammasome assembly and activation in macrophages

PGAMS is highly expressed in immune tissues and cells, which is
closely associated with inflammation and immune response.
Although PGAMS has been reported to regulate NLRP3 inflam-
masome activation in macrophages>', its role and molecular
mechanism in regulating NLRP3 inflammasome have been less
understood. To address this, BMDMs from Pgam5 knockout (KO)
mice and WT littermates were generated and then primed with
LPS followed by ATP, nigericin or MSU stimulation to induce
NLRP3 inflammasome assembly and activation. In line with the
previous reports®', the positive effect of PGAMS5 in regulating
canonical NLRP3 inflammasome was further confirmed by
immunoblotting assay, indicating decreased production and
secretion of mature IL-18 and cleaved caspase-1 (a cleaved form
of caspase-1) in the Pgam5-deficient BMDMs upon stimulation by
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LPS and ATP, nigericin or MSU (Supporting Information
Fig. STA—SI1C). Besides, there is no difference in LDH release
between Pgam5 KO and WT BMDMs stimulated by LPS and
ATP, demonstrating that the role of Pgam5 deficiency in inhibiting
the secretion of IL-18 in BMDMs was not the results of differ-
ences in cell death (Fig. S1D). Moreover, we found that Pgam5
deficiency also inhibited N-terminal cleavage of gasdermin D
(Fig. S1A and S1C). In addition, Pgam5 deficiency did not inhibit
the mRNA expression of Nlrp3 and /-1 in BMDMs primed with
LPS (Fig. S1E and S1F), suggesting that PGAMS regulating
NLRP3 inflammasome activation may be caused by its PPI or
post-translational modifications rather than transcriptional modu-
lation of NLRP3 inflammasome components. Moreover, knockout
of Pgam5 could also inhibit AIM2 inflammasome activation, but
did not affect the activation of NLRP1 inflammasome (Supporting
Information Fig. S2). All of these results suggest that PGAMS
could not be a pan-regulator of ASC or caspase-1.

3.2.  Pgam$ deficiency attenuates the activation of NLRP3
inflammasome in vivo and protects against DSS-induced colitis

PGAMS plays an important role in regulating NLRP3 inflamma-
some activation, and the excessive activation of NLRP3 inflam-
masome activation has been reported to be involved in the
pathogenesis and progression of ulcerative colitis®®. However,
whether knockdown of Pgam5 can improve the disease progres-
sion of ulcerative colitis by inhibiting the activation of NLRP3
inflammasome has not been reported. In this study, in order to
systematically investigate pathological functions of PGAMS-
regulated NLRP3 inflammasome in the colon, we employed a
DSS-induced mouse model of colitis (Fig. 1A). DSS-induced ul-
cerative colitis is a widely acceptable model to resemble the
symptoms of human clinical ulcerative colitis, including body
weight loss, rectal bleeding and diarrhea. Analyses of the GEO
data*® indicate that DSS treatment upregulated Pgams5 and Nirp3
mRNA expression in the colon of mice (Supporting Information
Fig. S3A and S3B). Meanwhile, our immunoblotting experiments
also showed that DSS treatment upregulated PGAMS expression
and activated NLRP3 inflammasome in WT mice (Fig. S3C).
Besides, the F4/80 immunohistochemistry assay suggested that a
massive macrophage infiltration was observed in the colon tissue
of mice with ulcerative colitis (Fig. S3D). We generated Pgam5
deficiency mice to study the effect of PGAMS on NLRP3
inflammasome activation and resulting ulcerative colitis. The
knockout efficiency of PGAMS in the colon of mice was validated
via immunoblotting assay (Fig. S3E). As expected, Pgam5 KO
mice demonstrated less DSS-induced ulcerative colitis as evi-
denced by decreased loss of body weights and disease activity
index (DAI), and lengthened colon length compared to their lit-
termates (Fig. 1B—E). Seven days after DSS-induced colitis
model in mice, the colons collected from DSS-induced mice were
subjected to H&E staining and histological analysis. The results
suggested that Pgam5 KO mice exhibited less colon histological
damage with the decreased loss of goblet cells and crypts and
attenuated inflammatory cell infiltration in the colon compared
with their WT littermates (Fig. 1F and G). In addition, immuno-
blotting analysis revealed that there was less production of NLRP3
and cleaved caspase-1 proteins in colons of Pgam5 KO mice than
in those of WT littermates induced by DSS (Fig. 1H). Moreover,
the expression of IL-1( in serum and colon in Pgam5 KO mice
were also lower than that in WT littermates treated with DSS
(Fig. 11 and J). In addition, Pgam5 deficiency did not inhibit the

mRNA expression of //-18, II-18 and Caspase-1 in colon tissue of
mice with ulcerative colitis, which further indicated that PGAMS
regulating NLRP3 inflammasome activation may be caused by its
PPI or post-translational modifications rather than transcriptional
modulation (Fig. S3F). Altogether, these data indicate that Pgam5
deficiency protects against DSS-induced colitis by inhibiting
NLRP3 inflammasome activation, and PGAMS5 may be a potential
target for the therapy of ulcerative colitis.

3.3.  Proteomic proximity analysis of PGAMS reveals PGAMS5-
interacting proteins

We next investigated the binding partners of PGAMS for mech-
anisms regarding how PGAMS regulates NLRP3 inflammasome
activation. An APEX?2 proximity labeling strategy to identify
proteins that interact with PGAMS in cells was employed
(Fig. 2A). We genetically fused APEX2 with mitochondrial-
localized PGAMS and FLAG tag (Supporting Information
Fig. S4A—S4C). Then, to examine the biotinylation activity and
location of APEX2-based proximity labeling of the PGAMS-
FLAG-APEX2 fusion construct, PGAMS-FLAG-APEX2 prox-
imity labeling was conducted. The streptavidin-horseradish
peroxidase (HRP) blotting analysis of the whole cell lysate sub-
jected to PGAMS-FALG-APEX2 proximity labeling suggested
that endogenous neighboring proteins of PGAMS were bio-
tinylated by APEX2, and this biotinylation signal exerts high
signal to noise (S/N ) ratio compared to the biotinylation signal
caused by APEX2 self-biotinylation, endogenously present H,O,
and endogenous peroxidase activity (negative controls that omit
APEX2, BP or H,0,) (Fig. S4D). Subsequently, we performed
fluorescence imaging to detect the cellular sites where the
PGAMS-FLAG-APEX?2 proximity labeling occurs. This recom-
binant fusion protein of PGAMS-FLAG-APEX?2 was localized in
the mitochondria (Fig. S4E), which is consistent with the locali-
zation of PGAMS. Also, the PGAMS5-FLAG-APEX2 proximity
labeling mainly occurs in the mitochondria (Fig. S4E), which is
consistent with the localization of PGAMS5-FLAG-APEX2, sug-
gesting that the labeling was not diffusing. Thus, the PGAMS-
FLAG-APEX?2 fusion proteins target the mitochondria and can
biotinylate neighboring proteins of PGAMS.

Then, we performed the PGAMS-FLAG-APEX2 proximity
labeling and the biotinylation neighboring proteins of PGAMS
were enriched by streptavidin magnetic beads, which were further
subjected to streptavidin-HRP blotting analysis, Coomassie bril-
liant blue staining (CBB) and silver staining (Fig. 2B). In the
meantime, the sample that omits H,O, treatment was used as a
negative control. Abundant biotinylated neighboring proteins of
PGAMS were enriched and no or very little biotinylation proteins
signal was observed in the negative control (Fig. 2B). Subse-
quently, to identify the neighboring proteomes of PGAMS, the
samples were prepared in the same way above mentioned and the
biotinylation proteins were enriched and digested on streptavidin
magnetic beads with sequencing grade modified trypsin (Prom-
ega), followed by dimethyl labeling via using CH,O or '*CD,0
(Fig. 2C). Lots of unique proteins were identified and would be
considered to be the neighboring proteins of PGAMS (Fig. 2D).
Among them, Bcl-xL, KEAP1, RIPK1, NME2, STX17 and DRP1
have been reported as PGAMS interaction partners, which
extremely supported the success of PGAMS-FLAG-APEX2
proximity labeling strategy. Then, our research oriented toward
the biological function of PGAMS in regulating NLRP3 inflam-
masome activation, and 31 unique proteins involved in NOD-like
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Figure 1

PGAMS deficiency attenuates the activation of NLRP3 inflammasome in vivo and protects against DSS-induced colitis. (A) Sche-

matic representation of evaluation of the biological activity of PGAMS deficiency on DSS-induced ulcerative colitis. (B, C) The change of body
weight and disease activity index (DAI) of WT and Pgam5 deficiency mice in (A) (n = 8). The DAI value was calculated as described in Methods.
(D, E) Colon length in WT and Pgam5 deficiency mice was measured after being treated with DSS for 7 days (n = 8). (F, G) H&E staining and
histological score of colons from DSS-induced WT and Pgam5 deficiency mice at day 7 (n = 8). (H) Immunoblot analysis and statistical analysis
of PGAMS, NEK7, NLRP3 and cleaved caspase-1 protein expression of mouse colon from WT and Pgam5 deficiency mice treated with DSS for 7
days (n = 8). (I, J) ELISA analysis of IL-18 protein in serum and colons from WT and Pgam5 deficiency mice treated with DSS for 7 days
(n = 8). All data are represented as mean + SEM in (B, C, E, G—J). Statistical analysis was carried out using unpaired #-test for (B, C, E, G—J).

*P < 0.05, #P < 0.01, and ***P < 0.001.

receptor signaling pathway were enriched by KEGG analysis
(Fig. 2E).

3.4. NEKT7 directly interacts with PGAMS

We then analyzed the proteins above involved in NOD-like re-
ceptor signaling pathway and compared them with STRING
analysis of NLRP3 (Fig. 2E; and Supporting Information
Fig. S5A), and found that HSP9OAA1, NEK7, MAVS, SUGT1
and BRCC3 were closely associated with NLRP3 inflammasome
activation. It has been shown that there is no direct physical
interaction between PGAMS5 and ASC?'. Moreover, our immu-
noprecipitation experiments also showed no direct interaction
between PGAMS5 and ASC (Fig. S5B), which is consistent with
previous reports>’. Given the structural basis of NLRP3

inflammasome activation, NEK7 drew attention to us. Previous
studies have shown that NEK7 can directly interact with NLRP3
and further promote NLRP3 oligomerization and NLRP3 inflam-
masome activation®*’. To study NLRP3 inflammasome activation
at the level of post-translational modifications, predominantly via
PPI, we reconstructed NLRP3 inflammasome in HEK293T cells to
eliminate the impact of transcriptional regulation. We found that
overexpression of NEK7 significantly increases the cleaved form
of caspase-1, also known as cleaved caspase-1, which is used to
characterize the activation of NLRP3 inflammasome (Fig. S5C).
On the contrary, knockdown of NEK7 extremely decreases
NLRP3 inflammasome activation (Fig. S5D and S5E). These re-
sults above reveal that NEK7 is an important component of
NLRP3 inflammasome activation, which is consistent with pre-
vious research®.
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Figure 2  Proteomics analysis of PGAMS5-interacting proteins using APEX2-based proximity labeling. (A) Schematic overview of PGAMS-
FLAG-APEX2 catalyzed biotinylation in the mitochondria. (B) Streptavidin blot and streptavidin pull-down analysis of biotinylated proteins
from PGAMS-FLAG-APEX?2 proximity labeling, and the right shows CBB staining of the same samples. HEK293T cells were transfected with
PGAMS-FLAG-APEX2 fusion construct for 24 h, and then biotin phenol (0.5 mmol/L, 30 min, 37 °C) was added, followed by with or without
H,0; (1 mmol/L, 1 min, RT). Then, quickly aspirate the labeling solution and wash cells three times with quencher buffer. The biotinylated
proteins were enriched using streptavidin beads and then analyzed by silver staining (streptavidin pull-down) and streptavidin blotting analysis
(Input). Negative control is shown with omission of H,O, treatment. (C) Illustration depicting the strategy to identify PGAMS interaction partners
by dimethyl labeling and quantitative LC—MS/MS-based proteomics. The control group was labeled with light isotope-labeled HCHO and the
PGAMS5-FLAG-APEX2 group was labeled with heavy isotope-labeled D'*CDO. (D) The rank plot of streptavidin magnetic beads enriched
proteins, according to the ranking of H/L ratios. (E) The rank plot of enriched proteins related with Nod-like receptor signaling pathway based on

KEGG analysis. Similar results were obtained from three independent experiments.

Immunoblotting analysis of the elution from streptavidin
magnetic beads after PGAMS5-FLAG-APEX2 proximity labeling
suggested that NEK7 is one of the neighboring proteins of
PGAMS (Fig. 3A). To confirm the interaction between PGAMS
and NEK7, we transfected a PGAMS5-Myc fusion construct into
HEK293T for 24 h, followed by co-immunoprecipitation with
anti-Myc magnetic beads, and NEK7 was detected in the elution,
supporting that PGAMS interacts with NEK7 (Fig. 3B and
Fig. S5F). Meanwhile, an in vitro pull-down assay also suggested
that PGAMS could interact with NEK7 (Fig. S5G). Previous

reports have suggested that the C-lobe of NEK7 interacts with the
LRR domain of NLRP3 directly and further promotes NLRP3
oligomerization and NLRP3 inflammasome activation®®. There-
fore, we co-transfected the PGAMS-Myc, HA-NEK7 and FLAG-
NLRP3 fusion constructs into HEK293T cells for 24 h and then
co-immunoprecipitated the lysates using anti-Myc magnetic beads
or anti-HA magnetic beads, respectively (Fig. 3C and D). We
found that PGAMS could interact with NEK7 and NLRP3, sug-
gesting that they may exist as a protein complex in the cells. At
the same time, fluorescence imaging showed that the PGAMS
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Figure 3

NEK?7 is a new binding partner of PGAMS. (A) Verification of the PGAMS-NEK?7 interaction by streptavidin pull-down assay in

HEK293T. The Bcl-xL, KEAPI and DRPI proteins serve as positive controls for PGAMS5-FLAG-APEX2 proximity labeling. (B—D) Immu-
noprecipitation of the interaction between PGAMS and NEK?7 in the absence or presence of NLRP3 in HEK293T. (E) Immunoprecipitation
analysis of the effect of knockdown of PGAMS on the interaction between PGAMS and NEK?7, similarly between NEK7 and NLRP3 in
HEK293T. (F) Immunoprecipitation analysis of the effect of knockdown of NEK7 on the interaction between PGAMS and NEK?7, similarly
between PGAMS and NLRP3 in HEK293T. Similar results were obtained from three independent experiments (A—F).

signal overlapped with the NLRP3 signal or NEK7 signal,
respectively (Fig. SSH and S5I). When PGAMS was knocked
down in cells, the interaction between NEK7 and PGAMS or the
interaction between NEK7 and NLRP3 was impaired (Fig. 3E and
Fig. S5J). Also, knockdown of NEK7 attenuates the interaction
between PGAMS5 and NEK7, similarly between PGAMS and
NLRP3 (Fig. 3F and Fig. S5D). Given that HEK293T cells do not
express endogenous NLRP3, the above results suggest that NEK7
may act as a bridge for the interaction of PGAMS and NLRP3.

3.5.  PGAMS5—NEK?7 interaction promotes NLRP3
inflammasome activation

Previous study had reported that PGAMS could promote mito-
chondrial ROS (mtROS) production, and further promote

inflammasome activation in a complex way of signal trans-
duction®. Our confocal images suggested that Pgam5 deficiency
attenuated the production of mtROS (Supporting Information
Fig. S6A). Moreover, the interaction between PGAMS and NEK7
was not affected after pre-treated with antioxidant NAC
(Fig. S6B), suggesting that mtROS may not directly participate in
the interaction between PGAMS and NEK7. Meanwhile, efflux of
potassium and leakage of cathepsins plays a crucial role as an
upstream event in the activation of NLRP3 inflammasome, and
previous study had reported that NEK7 is an essential mediator of
NLRP3 activation downstream of potassium efflux*’, suggesting
that efflux of potassium or leakage of cathepsins may affect the
interaction between PGAMS5 and NEK7. However, our confocal
images indicate that the interaction between PGAMS and NEK7
was not affected after pre-treated with potassium inhibitor PAP-1
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or lysosomal inhibitor HCQ (Fig. S6C and S6D), suggesting that
efflux of potassium and leakage of cathepsins may not directly
participate in the interaction between PGAMS and NEK7. More
importantly, in this study, to determine the effect of PGAMS on
NLRP3 inflammasome activation at the post-translation level,
NLRP3 inflammasome system in HEK293T cells was recon-
structed to eliminate the regulation of transcriptional modifica-
tions according to the previous researches’'”2. In line with
previous reports, NEK7 is necessary for NLRP3 inflammasome
activation at the post-translation level (Fig. SSC—SSE). Intrigu-
ingly, knockdown of PGAMS could decrease the expression of
cleaved caspase-1, which suggested that the activation of NLRP3
inflammasome was inhibited (Fig. 4A), while PGAMS over-
expression could promote NLRP3 inflammasome activation
(Fig. 4B). These results indicate that PGAMS5—NEK?7 interaction
promotes NLRP3 inflammasome activation. PGAMS5 is a mito-
chondrial Ser/Thr phosphatase and regulates multiple biological
functions, such as mitochondria dynamics, mitophagy, cell death,
organelle homeostasis and immune response, in a phosphatase
activity-dependent or independent manner®’. We therefore exam-
ined whether the phosphatase activity of PGAMS5 was involved in
regulating NLRP3 inflammasome activation. We genetically
constructed a PGAMS-Myc with mutation of histidine to alanine
at position 105 of PGAMS fusion construct, abbreviated as
PGAMS (H105A)-Myc (Supporting Information Fig. S7). H105 is
required for phosphatase activity of PGAMS and substitution of an
alanine residue for H105 completely abolishes its catalytic ac-
tivity53’54. However, this mutation of PGAMS did not affect the
protein conformation®. Compared to overexpression of PGAMS3,
overexpression of PGAMS (H105A) or treatment with PGAMS
phosphatase inhibitor LFHP-1¢*®* could not inhibit NLRP3
inflammasome activation (Fig. 4C). Further studies showed that
overexpression of PGAMS (H105A) or LFHP-1c¢ treatment did not
affect the interaction between PGAMS and NEK7, and similarly
did not affect the interaction between NEK7 and NLRP3
(Fig. 4D), suggesting that PGAMS phosphatase activity-
independent interaction of PGAMS and NEK?7 is responsible for
NLRP3 inflammasome activation.

3.6.  Natural product punicalagin directly binds to PGAMS and
blocks PGAM5—NEK? interaction

Due to the significant role of PGAMS in promoting NLRP3
inflammasome activation independent of its phosphatase activity,
we were intrigued by whether there are compounds that could
pharmacologically block this process and thus inhibit NLRP3
inflammasome activation. In comparison with synthetic chemical
small molecule drugs, natural products have been naturally
selected and optimized during the long-term evolution process,
and exert obvious advantages in the novelty of structure,
biocompatibility and functional diversity. Besides, statistics show
that more than 50% of the drugs approved by FDA between 1936
and 2019 contain molecular fragments of natural products, and
some of them are even derived directly from natural products®.
All of this suggests that natural products play an important role in
disease treatment. Therefore, we first screened compounds from
the natural compound library (TargetMol, Shanghai) with clear
binding to PGAMS5 by SPR and then detected whether these
compounds could inhibit the activation of NLRP3 inflammasome.
We finally screened and obtained the compound punicalagin,
which not only binds to PGAMS, but also inhibits the activation of
NLRP3 inflammasome (Supporting Information Fig. S8A and

S8B). Western blotting data show that treatment of LPS-primed
BMDMs with punicalagin prior to activation of NLRP3 with
ATP, nigericin or MSU resulted in concentration-dependent
reduction in cleaved caspase-1 in whole cell lysates, as well as
IL-18 and caspase-1 p20 in cell supernatant (Fig. 5A and B, and
Supporting Information Fig. S9A—S9C), which is used as a
measure marker for NLRP3 inflammasome activation. CCK-8
assay showed that punicalagin protected BMDMs against cell
damage caused by LPS plus ATP (Fig. 5C). In addition, we found
that punicalagin also inhibited the activation of AIM2 inflamma-
some and non-canonical inflammasome, but had no effect on
NLRP1 inflammasome activation (Fig. S9D—S9F). Also, to
exclude the regulation effect of punicalagin on the assembly and
activation of NLRP3 inflammasome at the post-translation level,
we evaluated the effect of punicalagin on NLRP3 inflammasome
activation in the NLRP3 inflammasome system-reconstructed
HEK293T cells. As expected, treatment with punicalagin after
reconstruction of NLRP3 inflammasome system in HEK293T cells
could effectively decrease the expression of cleaved caspase-1,
suggesting that punicalagin blocks the assembly and activation of
NLRP3 inflammasome in cells (Fig. 5D). Also, immunofluores-
cence staining experiments of phalloidin showed that punicalagin
treatment ameliorated the morphological damage of LPS-primed
BMDMs which further stimulated with ATP (Fig. S9G).
The immunoprecipitation assay further revealed that punicalagin
could block the interaction between PGAMS5 and NEK7, and
thus decrease the interaction between NEK7 and NLRP3 in
BMDMs (Fig. SE), ultimately inhibiting the activation of NLRP3
inflammasome, which is similar to Pgam5 deficiency in BMDMs
(Fig. SF; and Fig. SIA—S1C). More importantly, the further
SPR assay results confirmed that there was a strong direct
covalent binding between punicalagin and AN21 PGAMS or AN90
PGAMS with the Kp value of about 0.3 nmol/L or 9.5 nmol/L
(Fig. 5G and H), respectively. To further validate the interaction
of punicalagin with PGAMS, we performed DARTS, CETSA and
SIP experiments in BMDMs. The results suggest that punicalagin
significantly restrained the proteolysis of PGAMS by pronase,
further supporting that punicalagin could bind to PGAMS
in BMDMs (Fig. 5I). Meanwhile, the protein stability of PGAMS
was also increased after treatment with punicalagin in CETSA
and SIP assay, supporting the binding of punicalagin with
PGAMS (Fig. 5J and K). Subsequently, we performed RNA-
sequencing experiment and differential expression analysis.
Compared to the cells treated with negative control DMSO,
a number of genes related to TNF signaling pathway, which is
the main signaling pathway regulated by PGAMS5, were regulated
by punicalagin (Fig. SOH—S9]J). Besides, KEGG pathway analysis
showed that NOD-like receptor signaling pathway was also
significantly enriched among the downregulated genes by punica-
lagin treatment in cells (Fig. S9I), and the downregulated genes
are shown in Fig. S9K. In addition to inflammation-related
signaling pathways, a great number of virus- and infection-
associated signaling pathways were all significantly enriched
after punicalagin treatment, which suggested that regulation of
NLRP3 inflammasome activation by PGAMS5 or by blocking the
interaction between PGAMS and NEK7 may play a significant
role in viral infections. Collectively, all these results reveal
that natural product punicalagin directly binds to PGAMS5 and
blocks PGAMS5—NEK?7 interaction. Moreover, punicalin and
urolithin A are the metabolites of punicalagin®. Interestingly,
we found that there was a similar direct interaction between
punicalin and AN21 PGAMS or AN90 PGAMS5 compared with
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Figure 4

PGAMS phosphatase activity-independent interaction of PGAMS and NEK?7 is responsible for NLRP3 inflammasome activation. (A)

Immunoblot analysis of the effect of knockdown of PGAMS on the activation of NLRP3 inflammasome in HEK293T. (B) Immunoblot analysis of
the effect of PGAMS5 overexpression on the activation of NLRP3 inflammasome in HEK293T. (C) Immunoblot analysis of the effect of the
phosphatase catalysis activity of PGAMS on the activation of NLRP3 inflammasome in HEK293T. (D) Immunoprecipitation analysis of the effect
of the phosphatase catalysis activity of PGAMS on the interaction between PGAMS and NEK7, similarly between NEK7 and NLRP3 in
HEK293T. Similar results were obtained from three independent experiments (A—D).

punicalagin (Fig. SOL and S9M). However, urolithin A neither
binds with PGAMS nor inhibits the activation of NLRP3 inflam-
masome (Fig. SON—S9P). Besides, punicalin also could decrease
IL-18 secretion in BMDMs primed with LPS and subsequently
stimulated with ATP (Fig. SOP).

3.7.  Cysteine 239 residue of PGAMS is responsible for
punicalagin activity and is necessary for the interaction between
PGAMS5 and NEK7

Given that punicalagin is a polyphenolic compound possibly
covalent binding to PGAMS, we speculated that the cysteine
residues in PGAMS might be the binding sites between punica-
lagin and PGAMS. Thus, we checked the AN21 PGAMS and
AN90 PGAMS protein amino acid sequences and identified three
cysteine residues (Supporting Information Fig. SI0A and S10B).
Besides, we performed a conserved PGAMS sequence analysis in
human beings and a multitude of model animals, such as mice,
fruit flies, rats, caenorhabditis elegans and zebrafish, which
suggested that cysteine 239 residue of human PGAMS protein is
highly conserved in human beings and a wide range of animals
(Fig. S10C). To confirm which of the cysteine residues may be
modified by punicalagin, we incubated recombinant PGAMS
protein with or without punicalagin followed by Nano LC—Q-
TOF-MS analysis. The MS analysis showed that PGAMS5 had a

1083 Da mass shift in the presence of punicalagin; however, the
shift mass was almost eliminated after treatment with DTT (Fig.
S10D and S10E). Due to the molecular weight of punicalagin
reaching 1084, and it is easy to break during the electron process
of secondary MS, therefore, it is very difficult to identify the
specific amino acid binding site or fragment that binds with
punicalagin by LC—MS/MS. However, these above results
suggest that cysteine residues of PGAMS may play important
roles in the interaction between punicalagin and PGAMS. To
further illustrate which cysteine residue is the binding site be-
tween punicalagin and PGAMS, we established a method to
detect the phosphatase activity of PGAMS and mutate each
cysteine residue of PGAMS into alanine, respectively. Interest-
ingly, punicalagin still inhibited the phosphatase activity of
PGAMS C168A or C229A protein mutant, but did not affect the
mutation of Cys239 residue into alanine of PGAMS, suggesting
that punicalagin may bind to Cys239 residue of PGAMS (Fig.
S10F—S10H). Previous report had shown that the dimer inter-
face created by (6, a4, and the neighboring $3—a3 loop are
necessary for the formation of PGAMS conformations™®.
Therefore, we genetically constructed a PGAMS—Myc with
mutation of cysteine to alanine at the position 239 of PGAMS5
fusion construct, abbreviated as PGAMS5 (C239A)—Myc, and
confirmed the overexpression of PGAMS compared with
PGAMS5—Myc fusion construct. The overexpression efficiency of
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Figure 5 Natural product punicalagin blocks PGAMS—NEK?7 interaction and inhibits NLRP3 inflammasome activation. (A) Immunoblot
analysis of the effect of punicalagin treatment on the activation of NLRP3 inflammasome in BMDMs. (B) ELISA analysis of IL-18 secretion in
supernatants of LPS-primed and ATP-activated BMDMs with punicalagin treatment. (C) Cell viability analysis of BMDMs subjected to LPS and
ATP stimulation followed by punicalagin treatment. (D) Immunoblot analysis of the effect of punicalagin treatment at the level of post-
translational modifications on the activation of NLRP3 inflammasome in HEK293T cells. (E, F) Immunoprecipitation analysis of the effect of
punicalagin treatment or PGAMS deficiency on the interaction between PGAMS and NEK?7, similarly between NEK7 and NLRP3 in BMDMs
subjected to LPS and ATP stimulation. (G, H) SPR analysis of the binding between punicalagin and PGAMS. (I—K) Immunoblot analysis of the
binding between punicalagin and PGAMS in BMDMs via DARTS (I), CETSA (J) and SIP (K). Similar results were obtained from three
independent experiments (A, D—K). All data are represented as mean £ SEM in (B, C). Statistical analysis was carried out using One-way

ANOVA followed by Tukey’s post hoc test for (B, C). ***P < 0.001; P < 0.01, and P < 0.001.

PGAMS is the same as that of PGAMS5—Myc construct (Fig. 6A).
We found that PGAMS (C239A)—Myc could not promote the
expression of cleaved caspase-1 compared with PGAMS5—Myc
(Fig. 6B), suggesting that PGAMS5 (C239A)—Myc may not
promote NLRP3 inflammasome activation, similar to punicalagin
treatment (Fig. 5D and 6C). Interestingly, punicalagin treatment
still inhibited the expression of cleaved caspase-1 compared with
cells transfected with PGAMS (C239A) construct (Fig. 6C),
which may be due to the fact that punicalagin could also bind
with endogenous PGAMS in cells. Besides, the immunoprecipi-
tation assay revels that PGAMS5 (C239A)—Myc and/or punica-
lagin treatment could block the interaction between PGAMS and
NEK?7, and then further block the interaction between NEK7 and

NLRP3 (Fig. 6D), resulting in inhibition of the activation of
NLRP3 inflammasome. Meanwhile, the DARTS assay also
showed that punicalagin binds to Cys239 residue of PGAMS
(Fig. S10I). Most importantly, overexpression of PGAMS
(H105A) in Pgam5-deficient BMDMs could promote NLRP3
inflammasome activation at similar level compared to over-
expression of PGAMS wide-type, but overexpression of PGAMS
(C239A) in Pgam5-deficient BMDMs had less effects on NLRP3
inflammasome activation compared to PGAMS wide-type (Sup-
porting Information Fig. S11A and S11B). All these results suggest
that cysteine 239 residue of PGAMS is necessary for NLRP3
inflammasome activation, but PGAMS phosphatase enzyme
activity was not involved in NLRP3 inflammasome activation.
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Figure 6

Cysteine 239 residue of PGAMS is responsible for punicalagin activity and is necessary for the interaction between PGAMS and

NEK?7. (A) Immunoblot analysis of overexpression of PGAMS5 (C239A)—Myc compared with PGAMS5—Myc in HEK293T. (B and C) Immu-
noblot analysis of the effect of PGAMS5 (C239A)-Myc or punicalagin treatment compared with or without PGAM5—Myc on the activation of
NLRP3 inflammasome at the level of post-translational modifications in HEK293T. (D) Immunoprecipitation analysis of the effect of PGAMS
(C239A)—Myc or punicalagin treatment compared with or without PGAMS5—Myc on the interaction between PGAMS and NEK7, similarly
between NEK7 and NLRP3 in HEK293T. Similar results were obtained from three independent experiments (A—D).

In this study, we conducted global protein—protein docking
using Cluspro combined with local ensemble docking using
RosettaDock4.0 to obtain a visible binding model of PGAMS with
NEK7*° The algorithm predicts that PGAMS5 binds to the
N-terminal lobe of NEK7 in a dimer form, and six hydrogen bonds
(Tyr224, Gly139, Arg273, Hisl09, Asplll and Arg288 of
PGAMS with Arg76, Ala73, Asp69, Alal92, Lys39 and Asp69,
respectively) and two electrostatic interactions (Arg273 and
Arg288 of PGAMS with Asp69 of NEK7) occur at this interface
(Supporting Information Fig. S12A). Furthermore, when we
superimposed and relaxed this model with the known complex
crystals of NEK7 and NLRP3, no steric conflicts were found,
indicating that the ternary complex is also plausible. Besides, by
performing molecular dynamics simulations on PGAMS, it was
found that the cysteine 239 of PGAMS protein located in the o4
helix of the structure of PGAMS, and the destabilization of the
a4—p5-Loop would expose the cysteine 239 of PGAMS as a
possible covalent binding site. Further molecular docking results
showed that punicalagin may occupy this pocket, thereby hin-
dering the dimerization of PGAMS, which is necessary for its
interaction with NEK7 (Fig. S12B). In addition, the dimer inter-
face was created by (6, a4, and the neighboring $3—a3 loop,
which is necessary for the formation of PGAMS5 structures™.
Meanwhile, the protein thermal shift assay suggested that puni-
calagin could bind with the hydrophobic residues and then
destabilize PGAMS (Fig. S12C), suggesting that punicalagin

binding to PGAMS would affect the natural physiological struc-
ture of PGAMS.

3.8.  Punicalagin inhibits the activation of the NLRP3
inflammasome in vivo and protects against DSS-induced colitis
depending on PGAM5—NEK7—NLRP3 complex

Due to punicalagin binding with PGAMS blocks the interaction
between PGAMS and NEK7 and further inhibits the activation of
NLRP3 inflammasome. Therefore, we evaluated the effect of the
pharmacological intervention of PGAMS5 and NEK?7 interaction by
punicalagin on DSS-induced ulcerative colitis. To evaluate the
therapeutic effect of punicalagin on ulcerative colitis, the C57BL/6J
mice were subjected to 3% DSS for 7 days, punicalagin (10, 20,
and 50 mg/kg) and mesalazine (200 mg/kg) were orally adminis-
trated daily for 7 days, and the body weight and DAI were
monitored every day (Supporting Information Fig. S13A). Puni-
calagin administration markedly ameliorated the body weight loss
and decreased the DAI scores in a dose-dependent manner during
DSS-induced ulcerative colitis (Fig. 7A and B). Besides, colon
shortening, which is the macroscopic pathological feature of colitis,
was also ameliorated by punicalagin administration (Fig. 7C and
D). Moreover, the colon histological analysis showed that punica-
lagin administration decreased the colon damage, the infiltration
of immune cells and destruction of the intestinal epithelium
(Fig. 7E and F). Moreover, the F4/80 immunohistochemistry assay
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Figure 7  Punicalagin inhibits the activation of NLRP3 inflammasome in vivo and protects against DSS-induced colitis. (A, B) The change of
body weight and DAI of mice administrated with or without punicalagin in DSS-induced ulcerative colitis. The DAI value was calculated as
described in the Methods (n = 6). (C, D) Colon length of mice administrated with or without punicalagin was measured after induced by DSS for
7 days (n = 6). (E, F) H&E staining and histological score of colons from DSS-induced mice administrated with or without punicalagin on Day 7
(n = 6 for E and n = 3 for F). (G, H) Immunoblot analysis and statistical analysis of PGAM5, NEK7, NLRP3 and Cleaved caspase-1 protein
expression of mouse colon from mice administrated with or without punicalagin and subjected to DSS for 7 days (n = 6). (I, J) ELISA analysis of
IL-18 protein in serum and colon from DSS-induced mice administrated with or without punicalagin for 7 days (n = 6). (K) Immunoprecipitation
analysis of the effect of punicalagin on the interaction between PGAMS and NEK?7, similarly between NEK7 and NLRP3 in colon of mice
subjected to DSS. All data are represented as mean = SEM in (D, F and H—J). Statistical analysis was carried out using One-way ANOVA
followed by Tukey’s post hoc test for (D, F and H=J). **P < 0.01, and ***P < 0.001; *P < 0.05, ¥P < 0.01, and "P < 0.001;
&&p < 0.01, and “““P < 0.001; 3°P < 0.001.
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suggested that punicalagin treatment could improve macrophage
infiltration in mouse colon tissue with ulcerative colitis (Fig. S13B).
The immunoblotting assay data indicated that punicalagin admin-
istration could decrease the expression of NLRP3 and cleaved
caspase-1 proteins in a dose-dependent manner in colons of mice
induced by DSS (Fig. 7G and H). Besides, the levels of IL-18
protein in colon and serum were also decreased after punicalagin
administration (Fig. 71 and J). Moreover, the immunoprecipitation
experiments data reveal that punicalagin could block the interaction
between PGAMS and NEK?7, then block the interaction between
NEK?7 and NLRP3 (Fig. 7K), and finally inhibit the activation of
NLRP3 inflammasome in colon.

Moreover, to determine whether punicalagin improving DSS-
induced colitis depends on PGAMS5—NEK7—NLRP3 complex, we
firstly evaluated the therapeutic effect of punicalagin on Pgam5
knockout mice or Nirp3 knockout mice. The data showed that
knockout of Pgam5 improved ulcerative colitis; however, puni-
calagin treatment did not further ameliorate the body weight loss
and decrease the DAI scores in Pgam5 knockout mice (Supporting
Information Fig. S14A and S14B), and punicalagin also did not
further increase colon length and ameliorate colonic tissue dam-
age in Pgam5 knockout mice (Fig. 8A—D). The roles of NLRP3
inflammasome in the pathogenesis of ulcerative colitis have
been extensively studied, with some results showing that loss of
epithelial integrity and massive leukocyte infiltration appear to
associate with N/rp3 knockout mice for developing more severe
colitis”, but other studies showed that knockout of Nirp3 could
ameliorate ulcerative colitis®®. The researchers attribute this dif-
ference to the experimental environment and the genetic back-
ground of the mice. In our study, we found that knockout of Nlrp3
could ameliorate the body weight loss and decrease the DAI
scores (Fig. S14C and S14D), as well as increase colon length and
ameliorate colonic tissue damage (Fig. 8E—H). In addition,
punicalagin treatment could not further improve ulcerative colitis
in Nlrp3 knockout mice (Fig. 8E—H; Fig. S14C and S14D). These
results reveal that punicalagin treatment improves ulcerative co-
litis mainly through PGAMS and NLRP3. In addition, the deple-
tion and reconstitution of Nek7 knockdown macrophages
experiments in mice were performed to reveal the role of NEK7 in
ulcerative colitis. Colon macrophages were depleted about 70%
after injection with clodronate-containing liposomes compared to
injection with control liposomes (Fig. S14E and S14F), and the
NEK?7 expression in macrophages isolated from the colon of mice
deprived of their macrophages and reconstituted of Nek7 knock-
down macrophages was decreased than that of isolated from colon
of mice deprived of their macrophages and reconstituted of normal
control macrophages (Fig. S14G), which suggested that NEK7
was knocked down in the macrophages of colon in mice. The data
show that the WT mice deprived of their macrophages and
reconstituted of Nek7 knockdown macrophages could protect
against ulcerative colitis induced by DSS, which indicated that
Neh7 deficiency could improve the symptoms of ulcerative colitis
induced by DSS, such as weight loss, DAI scores (Fig. S14H and
S14I), colon length and colon histological damage with the
decreased loss of goblet cells and crypts and inflammatory cells
infiltration (Fig. 81—L) in the colon compared with WT mice
reconstituted of normal control macrophages. Moreover, we found
that mice deprived of their macrophages and reconstituted of Nek7
knockdown macrophages, followed by treatment with punicalagin,
simultaneously did not exert significant improvements effect
compared with the mice that were only deprived of their macro-
phages and reconstitution of Nek7 knockdown macrophages, but

with an improving tendency to ameliorate colitis between these
two groups (Fig. S14H and S14I, Fig. 8I—L). Altogether, puni-
calagin could inhibit the NLRP3 inflammasome activation through
blocking the PGAMS interaction with NEK7, and effectively
improve DSS-induced colitis in mice, indicating that punicalagin
exerts a potential clinical application as a lead compound for the
treatment of ulcerative colitis.

Together, in this work, we characterized a critical role for
PGAMS and its novel binding partner, NEK7, in NLRP3 inflam-
masome activation and ulcerative colitis. Our study for the first
time showed that PGAMS may act as a bracket to recruit NEK7
and NLRP3, then enhance the interaction between NEK7 and
NLRP3, and further facilitate the assembly and overactivation of
NLRP3 inflammasome. In addition, we for the first time discov-
ered a natural product punicalagin as the blocker of the PGAMS
interaction with NEK7. We found that the activation of NLRP3
inflammasome could be mitigated by PGAMS depletion or phar-
macological intervention of the interaction between PGAMS and
NEK7 by punicalagin, and PGAMS deficiency or punicalagin
treatment could ameliorate NLRP3 inflammasome activation-
driven ulcerative colitis (Fig. 8M). Our study first pointed out a
new potential therapeutic target of PGAMS interaction with NEK7
and a lead compound targeting PGAMS for the treatment of ul-
cerative colitis. Moreover, our research reveals that the confor-
mational structure of PGAMS, rather than its phosphatase activity,
is necessary for the interaction between PGAMS and NEK7 and
further formation of PGAMS/NEK7/NLRP3 complex, resulting in
NLRP3 inflammasome hyperactivation.

3.9.  Gut microbiota is not involved in the regulation of PGAMS5
on DSS-induced ulcerative colitis

A recent study revealed that Pgam5 deficiency alters the gut
microbiota in mice®', and gut microbiota plays an extremely
intricate role in colitis®*“. Therefore, we collected the fecal
microbiota from WT and Pgam5 deficiency mice, respectively,
and then transplanted them to WT mice subjected to 3% DSS
treatment. The data of FMT experiments indicated that the mice
transplanted the fecal microbiota from Pgam5 deficiency mice,
did not improve the symptoms of ulcerative colitis induced by
DSS, such as weight loss, DAI scores (Supporting Information
Fig. S15A and S15B), colon length (Fig. S15C and S15D), colon
histological damage with the decreased loss of goblet cells and
crypts and inflammatory cells infiltration in colon (Fig. S15E and
S15F) compared with that transplanted the fecal microbiota from
WT mice. Besides, we also collected the fecal microbiota from
WT and Pgam5 deficiency mice, respectively, and then trans-
planted them to Pgam5 deficiency mice subjected to 3% DSS
treatment. The results show that there was no difference between
the Pgam5 deficiency mice transplanted with fecal microbiota
from WT mice or Pgam5 deficiency mice, mainly in terms of
weight loss, DAI scores (Fig. S15G and S15H), colon length (Fig.
S15I and S15J) and colon histological damage (Fig. S15K and
S15L). These results suggest that gut microbiota is not involved
in the regulation of PGAMS on DSS-induced ulcerative colitis.

4. Discussion

NLRP3 is an intracellular pattern recognition receptor, that rec-
ognizes a broad range of PAMPs and DAMPs®. The sensor
NLRP3, the adapter ASC, and the effector caspase-1 are all the
components of the NLRP3 inflammasome, and the formation of
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Figure 8  Punicalagin improves DSS-induced ulcerative colitis depending on PGAMS5—NEK7—NLRP3 complex. (A, B) Colon length of
Pgam5 knockout or WT mice administrated with or without punicalagin was measured after induced by DSS for 7 days (n = 6). (C, D) H&E
staining and histological score of colons from DSS-induced Pgam5 knockout or WT mice administrated with or without punicalagin on Day 7
(n = 6). (E, F) Colon length of Nirp3 knockout or WT mice administrated with or without punicalagin was measured after induced by DSS for 7
days (n = 6—8). (G, H) H&E staining and histological score of colons from DSS-induced Nlrp3 knockout or WT mice administrated with or
without punicalagin on Day 7 (n = 6—38). (I, J) Colon length of mice reconstituted of Nek7 knockdown macrophages in the presence or absence of
punicalagin treatment was measured after DSS administration for 7 days (n = 5—6). (K, L) H&E staining and histological score of colons from
mice reconstituted of Nek7 knockdown macrophages in the presence or absence of punicalagin treatment (n = 5—6). (M) Schematic diagram for
the PGAMS-NEK?7 interaction playing a critical role for the NLRP3 inflammasome activation in colitis. All data are represented as mean £ SEM
in (B, D, F, H, J and L). Statistical analysis was carried out using Two-way ANOVA followed by Bonferroni’s post hoc test for (B, D, F and H).
Statistical analysis was carried out using unpaired 7-test between mice reconstituted of normal control macrophages group and mice reconstituted
of Nek7 knockdown macrophages group, or mice reconstituted of Nek7 knockdown macrophages group and mice reconstituted of Nek7
knockdown macrophages followed by treatment with punicalagin (50 mg/kg) group, respectively for (J, L). *P < 0.05, **P < 0.01, and

%P < 0.001; ns, no significance.

the NLRP3 inflammasome results in the cleavage and subsequent
release of pro-inflammatory cytokines IL-16 and IL-18. As a key
component of innate immunity, the NLRP3 inflammasome plays
an important role in inflammatory diseases, such as ulcerative
colitis. Although the NLRP3 inflammasome is essential for host
defense against pathogenic infection, increasing evidence has
suggested that its hyperactivation contributes to a variety of in-
flammatory and autoimmune diseases, such as AD, PD, ulcerative
colitis, etc'>®>. The NLRP3 inflammasome has been shown to
affect the pathogenesis of DSS-induced ulcerative colitis'>®°,
Several studies have indicated that the NLRP3 inflammasome, as
well as downstream IL-18 and IL-18 cytokines, may have various,
even double-side effects on experimental colitis in mice''*¢7,
The role of NLRP3 inflammasome involved in the pathophysi-
ology of DSS-induced colitis has also been widely examined, with
the findings suggesting that loss of epithelial integrity and massive
leukocyte infiltration appear to be associated with NLRP3 or

caspase-1 deficiency in mice for developing more severe coli-
tis' >, Possibly it was because the NLRP3 inflammasome and
downstream IL-18 and IL-18 cytokines are also required for the
proliferation of epithelial cells, the functions of T-cell develop-
ment, the survival of macrophage and dendritic cells, and the
development of gut barrier'>'*. However, upon NLRP3 inflam-
masome hyperactivation, it would promote the massive maturation
and secretion of IL-18 and IL-1869, and then further exacerbate
the colon inflammatory response and damage. Recently, the roles
of NLRP3 inflammasome in the pathogenesis of ulcerative colitis
have been extensively studied, with some results showing that loss
of epithelial integrity and massive leukocyte infiltration appear to
associate with N/rp3 knockout mice for developing more severe
colitis'®, but other studies showed that knockout of Nirp3 could
ameliorate ulcerative colitis. In addition to differences in experi-
mental design, the inherent characteristics of the knockout mouse
model are possible reasons for the differences in results between
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laboratories. The knockout mice are susceptible to the genetic
background of the mice and the gut microbiota’. In addition to
the influence of external factors, the complex physiological effects
of the NLRP3 inflammasome itself are also responsible for the
contradictory experimental results. It is now believed that acti-
vation of NLRP3 inflammasomes at different states may produce
opposite effects. In a healthy state, intestinal epithelial cells sense
intestinal commensal bacteria through NLRP3 inflammasomes,
produce appropriate amounts of IL-18 and IL-18, promote
epithelial cell proliferation, and maintain the integrity of the in-
testinal barrier. When the epithelial barrier is disrupted, microor-
ganisms enter the lamina propria and activate the NLRP3
inflammasome of macrophages, dendritic cells, and neutrophils,
which produce a large number of cytokines and chemokines and
exacerbate the inflammatory response’®’!. The current opinion is
that normal NLRP3 inflammasome activation appears to assist
homeostatic healing and restoration after traumatic tissue injuries,
nevertheless, its hyperactivation is often associated with the pro-
gression of inflammatory diseases, especially ulcerative colitis’>.
Recently, a study showed that depletion of PGAMS inhibited
NLRP3 inflammasome activation in BMDMs?>'. However, until
now, the exact molecular mechanism of the regulation role of
PGAMS in NLRP3 inflammation activation has not been elabo-
rated. Interestingly, previous report had shown that PGAMS pro-
motes lipid metabolism and colorectal tumorigenesis in mice’>.
However, whether PGAMS regulates the disease progression of
ulcerative colitis has not been reported so far.

In this study, we first reported that PGAMS is upregulated in
the colon of mice with colitis induced by DSS administration. We
further constructed Pgam5 knockout mice and for the first time
found that PGAMS deficiency could alleviate NLRP3 inflamma-
some activation, and the disease progression and symptoms of
ulcerative colitis. We also found that PGAMS deficiency did not
affect the mRNA expression of Nlrp3 and 1I-13 in BMDMs under
LPS stimulation. Therefore, APEX2 proximity labeling method
was used to investigate the regulation mechanism of PGAMS on
NLRP3 inflammasome activation in PPI aspect. A novel binding
partner of PGAMS, NEK7, was identified and drew attention to us.
Previous reports had reported that NEK7 is a serine/threonine
kinase that mainly regulates mitotic spindle formation and
centrosome separation during mitosis and centrosome duplication
during interphase’*”°. Besides, it was shown that NEK7 regulates
telomere DNA replication via promoting a multi-protein complex
with telomeric shelterin proteins76. Recent research has revealed
that the binding between NEK7 and NLRP3 is necessary for the
assembly and activation of NLRP3 inflammasome®®. Protein
co—crystal structure indicates that the C-lobe of NEK7 directly
interacts with the LRR domain of NLRP3, further promoting the
assembly and activation of NLRP3 inflammasome?®. In our study,
we found that PGAMS may act as a bracket to recruit NEK7 and
NLRP3, then enhance the interaction between NEK7 and NLRP3,
and further facilitate the assembly and over-activation of NLRP3
inflammasome. Furthermore, we found that this process was in-
dependent of the phosphatase activity of PGAMS. In agreement
with our study, Andreeva et al.”” showed that NLRP3 is basically
localized on membrane structure organelles and this localization
of NLRP3 could promote the formation of oligomeric double-ring
cages, and facilitate the rapid activation of NLRP3 inflammasome
under stimulation, suggesting the possibility of existence of a
PGAMS/NEK7/NLRP3 protein complex. Our results indicate that
the protein structure of PGAMS rather than the phosphatase ac-
tivity of PGAMS is necessary for the interaction between PGAMS

and NEK7. However, due to the complexity of the protein struc-
ture of PGAMS, we are currently unable to obtain a co—crystal
structure of PGAMS and NEK?7 proteins, or even a longer pro-
tein crystal structure than AN90 PGAMS. Besides, both the long
and short form of PGAMS5 could interact with NEK7 (data not
shown). Therefore, the detailed mode of action between PGAMS
and NEK7 still requires new techniques and strategies for further
investigation. Besides, our data revealed that the PPI between
PGAMS and NEK?7 is crucial for NLRP3 inflammasome over-
activation, but whether PGAMS regulates the activation of NLRP3
inflammasome in other post-translational manner still needs
further investigation. How NEK?7 is switched from cell cycle
regulator to NLRP3 inflammasome regulator during NLRP3
inflammasome activation remains elusive. Yang et al.’ thought
that LPS priming alters the structure of the centrosome and the
function of NEK7 residing inside. In our study, we found that
NLRP3 inflammasome activation promoted the interaction be-
tween PGAMS5 and NEK7, but how PGAMS recruits NEK7 into
mitochondria still needs further study. The results of our study
combined with previous report’’ indicate the presence of PGAM5/
NEK7/NLRP3 protein complexes. Besides, through virtual dock-
ing, we found that the structure of PGAMS is essential for the
formation of the PGAMS/NEK7/NLRP3 protein complexes (Fig.
S12A and S12B).

However, whether other proteins are interacting with PGAMS
to regulate the activation of NLRP3 inflammasome directly or
indirectly needs further study. In our quantitative proteomics data,
several proteins associated with NLRP3 inflammasome activation
are identified, such as VDAC1/2/3, TXN, MAVS, etc. A recent
study has shown that mitochondrial DNA (mtDNA) can activate
NLRP3 inflammasome and interferon signaling via mPTP- and
VDAC-dependent channels*. Interestingly, PGAMS5 can promote
the release of mtDNA by dephosphorylating the pro-apoptotic
protein Bax’®. This suggests that PGAMS5 may regulate the acti-
vation of NLRP3 inflammasome by regulating mtDNA release.
Apart from that, PGAM5—MAVS interaction can regulate anti-
viral responses’”, while MAVS interacts with NLRP3 to enhance
host antiviral response. Whether PGAMS can regulate NLRP3
inflammasome activation via MAVS is also unclear and needs
further investigation.

Based on SPR screening, we screened and identified the nat-
ural product punicalagin that directly binds to PGAMS and blocks
the interaction between PGAMS and NEK7, then further inhibits
NLRP3 inflammasome activation and alleviates ulcerative colitis
for the first time. Punicalagin is an ellagitannin found in the peel
of pomegranate (Punica granatum). It is a polyphenol compound
with antioxidant, hepatoprotective, anti-atherosclerotic and che-
mopreventive activities, as well as antiproliferative activity against
tumor cells®® and is mainly extracted from pomegranate fruit
peel®!. A recent study has shown that punicalagin is a reversible
and non-competitive 3CLP™ inhibitor and inhibits SARS-CoV-2
replication in virro®*. Besides, it has been reported that P gran-
atum juice and punicalagin could inhibit the activation of NF-xB
signaling pathway in inflammatory bowel disease®®, but its protein
target and related mechanisms against ulcerative colitis are still
unknown. In our work, we found that punicalagin could directly
bind with PGAMS to block the interaction between PGAMS5 and
NEK?7, and then inhibit the interaction of NEK7 and NLRP3. In
turn, punicalagin inhibited the activation of NLRP3 inflamma-
some in the colon of mice with ulcerative colitis. However, due to
the complexity of the structure of punicalagin, it is difficult to
optimize and modify its structure and also very hard to obtain the
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co—crystal forms of punicalagin and PGAMS. But, in this study,
we found that punicalagin binding to the cysteine 239 of PGAMS
protein could affect the formation of the dimer interface created
by 86, a4, and the neighboring 33—a3 loop and further disrupt the
original structure of PGAMS, which in turn inhibited the inter-
action between PGAMS5 and NEK7. When the cysteine 239 res-
idue of human PGAMS was bound or modified by compounds, it
would affect the hydrophobic binding sites of PGAMS, and further
affect the formation of PGAMS/NEK7/NLRP3 complex, in turn
affecting the function of PGAMS. All these results would provide
insights into the development of PGAMS function-regulating
compounds. Therefore, further screening of lead compounds that
directly bind to PGAMS or targeted design of small molecular
compounds via interfering with the protein interaction of PGAMS
and NEK7 are needed, which may discover a new promising
therapeutic drug for regulating NLRP3 inflammasome activation
and provide a therapy for ulcerative colitis.

In summary, our findings identified a new binding partner of
PGAMS, NEK?7 for its regulating NLRP3 inflammasome activa-
tion. The interaction between PGAMS5 and NEK7 could promote
NLRP3 inflammasome activation, and the interference in the
interaction between PGAMS and NEK7 by punicalagin or
depletion of PGAMS could in turn attenuate the association of
NEK7 with NLRP3 and further lead to the inhibition of abnormal
hyperactivation of NLRP3 inflammasome. Our study would shed
new insight into the understanding of the mitochondria as a
platform for the assembly and activation of NLRP3 inflamma-
some, and also provide a novel potential therapeutic target and a
lead compound for the treatment of NLRP3 inflammasome-driven
inflammatory diseases, such as ulcerative colitis.

5. Conclusions

Ulcerative colitis is one of the inflammatory bowel diseases
associated with NLRP3 inflammasome overactivation, which has
few effective therapeutics. The mitochondrial phosphatase
PGAMS promotes NLRP3 inflammasome activation in macro-
phages, indicating the potential target for colitis. This work in-
vestigates whether PGAMS regulating macrophage inflammation
plays an important role in the pathogenesis of ulcerative colitis
and the molecular mechanism for PGAMS5 promoting NLRP3
inflammasome activation. The finding that mitochondrial PGAMS
is an effective target in ulcerative colitis may help address an
unmet clinical need. Most importantly, the APEX2 proximity la-
beling combined with quantitative proteomics reveals the
PGAMS—NEK?7 interaction promoting NLRP3 assembly and
activation, which provides insight into the specific mechanism of
NLRP3 activation in macrophages and an attractive target for
NLRP3 inflammasome-driven inflammatory diseases including
ulcerative colitis. Finally, the natural product punicalagin repre-
sents as a promising blocker of the PGAMS5—NEK?7 interaction,
which may have broader application for the treatment of inflam-
matory diseases associated with NLRP3 overactivation.
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