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SENP6 induces microglial sl

polarization and neuroinflammation
through de-SUMOylation of Annexin-AT
after cerebral ischaemia-reperfusion injury
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Abstract

Background: Previous data have reported that Sentrin/SUMO-specific protease 6 (SENP6) is involved in ischaemic
brain injury and induces neuronal apoptosis after cerebral ischaemia, but the role of SENP6 in microglia-induced neu-
roinflammation and its underlying mechanism remain poorly understood. This research systematically explored the
function and potential mechanism of SENP6 in microglia-induced neuroinflammation after ischaemic stroke.

Results: We first identified an increased protein level of SENP6 in microglia after cerebral ischaemia. Then, we dem-
onstrated that SENP6 promoted detrimental microglial phenotype polarization. Specifically, SENP6-mediated de-
SUMOylation of ANXAT targeted the IkB kinase (IKK) complex and selectively inhibited the autophagic degradation of
IKKa in an NBR1-dependent manner, activating the NF-kB pathway and enhancing proinflammatory cytokine expres-
sion. In addition, downregulation of SENP6 in microglia effectively reduced cocultured neuronal damage induced

by ischaemic stroke. More importantly, we employed an AAV-based technique to specifically knockdown SENP6 in
microglia/macrophages, and in vivo experiments showed that SENP6 inhibition in microglia/macrophages notably
lessened brain ischaemic infarct size, decreased neurological deficit scores, and ameliorated motor and cognitive
function in mice subjected to cerebral ischaemia surgery.

Conclusion: We demonstrated a previously unidentified mechanism by which SENP6-mediated ANXAT de-
SUMOylation regulates microglial polarization and our results strongly indicated that in microglia, inhibition of SENP6
may be a crucial beneficial therapeutic strategy for ischaemic stroke.

Keywords: SENP6, Annexin-A1, SUMOylation, Microglial polarization, Neuronal damage, Cerebral ischaemia-
reperfusion injury
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Introduction

Cerebral ischaemia, which accounts for 80-85% of
all strokes, has long been recognized as the predomi-
nant cause of mortality and disability worldwide [1, 2].
In recent decades, the limited effective treatments for
acute ischaemia have been intravenous thrombolysis and
thrombectomy, which aim to restore blood flow during a
limited treatment window [3, 4]. Nevertheless, there are
no other safe and effective strategies for patients once the
optimal therapeutic time window is missed; therefore, it
is urgently needed to search for new therapeutic treat-
ments. In recent decades, a substantial number of stud-
ies have identified that the postischaemic inflammatory
response contributes significantly to the pathophysiologi-
cal development of cerebral ischaemia [5, 6]. Thus, elu-
cidating the precise mechanism of these inflammatory
responses would reveal potential targets for the treat-
ment of cerebral ischaemia.

Considerable evidence has shown that microglia, the
main resident immune cells of the central nervous sys-
tem (CNS), play essential roles in CNS development,
maintenance and repair after many types of brain dam-
age, including ischaemic stroke [7]. They act as guard-
ians regulating immune and inflammatory responses
and are activated under conditions of injury or infection.
Activated microglia can be divided into two phenotypes,
defined as the classically activated proinflammatory
phenotype named M1 and the alternatively activated

anti-inflammatory phenotype named M2 [8]. Classical
M1-type microglia tend to express and release inflam-
matory cytokines, such as IL-1, iNOS, and TNF-a, which
aggravate tissue damage after cerebral ischaemia. In
contrast, M2-type microglia exhibit a neuroprotective
effect by secreting anti-inflammatory cytokines, such as
IL-4, IL-10, and TGF-B, which alleviate inflammatory
responses and promote tissue repair [9]. On the basis of
different phenotypic polarizations, activated microglia
function as a ‘double-edged sword’ in ischaemic injury by
displaying neurotoxic or neuroprotective effects [10, 11].
Therefore, identifying the potential mechanism of micro-
glial polarization from a proinflammatory phenotype to
an anti-inflammatory phenotype after cerebral ischaemia
may be an effective therapeutic strategy for ischaemic
stroke.

SENP6 is a member of the sentrin/SUMO-specific pro-
tease (SENP) family, including six members (SENP1-3,
5-7) that deconjugate SUMOs from substrates during the
SUMOylation modification process [12, 13]. Numerous
studies have shown that SENP6, by specifically depolym-
erizing SUMO chains, plays a pivotal role in regulating
cellular protein function, expression, activity, localization,
and stability [14, 15]. Studies have identified that SENP6
has a large effect on tumorigenesis, such as lymphom-
agenesis [16]. In addition, it was also proven that SENP6
played an important role in inflammatory responses.
For example, SENP6-mediated de-SUMOylation of NF



Mao et al. Cell & Bioscience (2022) 12:113

kappa-B essential modulator (NEMO) dampened NF-«kB
activation, further restraining neuroinflammation [17].
Additionally, our previous study found that SENP6 in
neurons promoted neuronal apoptosis by mediating
the de-SUMOylation of Annexin-Al (ANXA1) after
ischaemic stroke [18]. On the other hand, we also con-
firmed that the SUMOylation of ANXA1 could regulate
microglial polarization after cerebral ischaemia. Briefly,
SUMOylated ANXA1 acts as an adaptor to increase the
interaction between IKKa and NBR1, thereby forming a
complex to promote the selective autophagic degrada-
tion of IKKa and inhibiting NF-kB signalling pathway
activation, eventually leading to anti-inflammatory phe-
notype polarization of microglia [19]. However, the role
of SENP6 in microglial polarization induced by cerebral
ischaemia has not been elucidated.

In this study, we attempted to investigate the role of
SENP6 in microglial polarization and explore its under-
lying mechanism. Cerebral ischaemia induced the upreg-
ulation of SENP6 and enhanced the de-SUMOylation
of ANXA1 mediated by SENP6. Further experiments
showed that SENP6 induced microglial polarization to
a proinflammatory phenotype and aggravated neuronal
damage by promoting NF-kB signalling pathway activa-
tion via the de-SUMOylation of ANXAI. Specific inter-
vention of SENP6 activity in microglia could reduce
neurological injury after cerebral ischaemia, suggesting
that intervention with SENP6 may be a new and promis-
ing strategy for ischaemic stroke treatment.

Materials and methods

Animals

C57BL/6] male mice (weighting 22-25 g, 8 weeks old) were
purchased from Beijing River Laboratory Animal Corp.
Ltd. The mice were raised in specialized boxes that were
placed in a quiet room with a light—dark cycle of 12-12 h,
a temperature controlled at approximately 22 °C, and free
water and food. The animal experiments were approved
by the Ethics Committee for Animal Experimentation of
Zhengzhou Central Hospital Affiliated to Zhengzhou Uni-
versity (Zhenzhou, China) in accordance with the Animal
Research: In vivo Reporting of Experiments (ARRIVE)
guidelines. The data were analysed to detect significant
differences with PASS (power analysis & sample size) soft-
ware using a significance level of a=0.05 with 80% power.
All experiments were randomized, and the operator was
blinded to the data analysis and experiment.

Reagents and antibodies

Primary antibody: anti-p-actin (sc-47778, 1:1000), anti-
HA (sc-7392, 1:1000) and anti-GFAP (sc-33673, 1:200)
were obtained from Santa Cruz Biotechnology (Dal-
las, TX, USA); Anti-iINOS (18,985-1-AP, 1:500) was
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purchased from Proteintech Group (Wuhan, China); anti-
CD16/32 (AF1460, 1:500) was purchased from R&D sys-
tems (Minneapolis, MN, USA); anti-NF-kB p65 (#8242,
1:1000), anti-IKKa (#11,930, 1:1000), anti-Phospho-
NE-«kB p65 (#3033, 1:1000), anti-Phospho-IKKa/p (#2697,
1:1000), anti-Phospho-IxkBa (#2859, 1:1000), anti-IkBa
(#4814, 1:1000), anti-NBR1(#9891, 1:1000), anti-cleaved
PARP (5625, 1:1000), anti-cleaved caspase-3 (9664,
1:1000) and anti-cleaved caspase-9 (#20,750, 1:1000)
were obtained from Cell Signaling Technology (Dan-
vers, MA, USA); anti-SENP6 (HPA024376, 1:1000) were
purchased from Sigma-Aldrich (St. Louis, MO, USA);
anti-Ibal (ab283319, 1:100) was obtained from Abcam
(Boston, MA, USA) and anti-NeuN (MAB377, 1:200) was
purchased from Millipore Biotechnology (Schwalbach,
Germany). Protein A+ G agarose beads were obtained
from Beyotime Biotechnology (Shanghai, China), and
Ni*"-NTA agarose was purchased from QIAGEN (Dus-
seldorf, Germany). CHX was obtained from Calbiochem
(508,739; Darmstadt, Germany).

Transient focal cerebral ischaemia

The intraluminal filament technique was used to induce
focal cerebral ischaemia through the transient occlu-
sion of the middle cerebral artery as we reported previ-
ously [20]. In brief, mice were anaesthetized using chloral
hydrate (350 mg/kg, i.p.). To maintain the rectal tempera-
ture at approximately 37+0.5 °C, the mice were placed
on a thermostatic blanket (Harvard instrument, Hollis-
ton, MA, USA). The left common carotid artery (CCA),
external carotid artery (ECA) and internal carotid artery
(ICA) were exposed. Ligation of the CCA was performed
with surgical nylon monofilament near the distal end of
the CCA and ligation of the ECA was conducted at two
positions at the end of ECA and near ICA and ECA bifur-
cations. Then, using ophthalmic scissors, a small incision
was made between the nylon filament (0.22 to 0.23 mm
in diameter), and the two ECA ligatures of double diam-
eter lengths were gently inserted into the ICA from the
ECA stump and advanced to the anterior cerebral artery
(ACA) until slight resistance was felt. Successful occlusion
was verified by laser Doppler flowmetry (PeriFlux System
5000, PERIMED, Sweden). After 60 min, the fillament was
withdrawn softly. The sham mice underwent the same
surgical operation, but no embolus was inserted.

Cell culture, transfection and OGD/R procedure

Primary microglia were cultured according to our previ-
ously reported method [19]. Briefly, mixed glial cells were
isolated from the whole brains of C57BL/6 neonatal mice
at postnatal days P1 and P2 and then cultured in high-
glucose DMEM (Gibco, Gaithersburg, MD, USA) with
1% penicillin—streptomycin and 20% foetal bovine serum
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(FBS; Gibco) in a 5% CO, incubator at 37 °C for 7 days.
After 7 days, fresh complete medium was used to replace
the old medium every 3 days. After 10-14 days post-dis-
section, primary microglia were gathered from the mixed
glial cultures by shaking at 400 rpm for 4 to 6 h at 37 °C
in a rotary shaker and seeded into poly-d-lysine (Sigma-
Aldrich)-coated six-well plates at a density of 1 x 10° per
well for 24 h attachment before further treatment.
HEK293T cells were purchased from the American
Type Culture Collection and grown in DMEM supple-
mented with 1% penicillin—streptomycin and 10% FBS
at 37 °C in a 5% CO,-containing atmosphere. Following
the manufacturer’s instructions, approximately 80%-
90% confluent cell layers were transfected with plasmids
by using Lipofectamine 3000 (Invitrogen, NY, USA).
OGD/R was carried out as we described before. Typi-
cally, primary microglial cells and HEK293T cells were
taken from a CO, incubator, and glucose-free DMEM
(Gibco) preheated to 37 ‘C was used to replace the cell
culture medium. Next, the cells were placed in an oxy-
gen-deprived (94%N,/5%CO,/1%0,) incubator at 37 °C
for 1 h to establish OGD conditions. Finally, glucose-free
DMEM was discarded, and then high-glucose DMEM
was added to the cell plates to reoxygenate the cells under
normoxic conditions for 24 h for subsequent assays.

Protein extraction and preparation, immunoprecipitation
and immunoblot analysis

Protein extraction and subcellular separation were car-
ried out using the method reported previously [21].
Whole-cell lysates were prepared in radioimmune-pre-
cipitation assay (RIPA) lysate (Beyotime Biotechnol-
ogy) supplemented with cOmplete™ protease inhibitor
cocktail tablets (5 mg/ml; Roche Diagnostics, Rotkreuz,
Switzerland). The NE-PER Nuclear and Cytoplas-
mic Extraction Reagent Kit (Thermo Fisher Scientific,
Waltham, MA, USA) was chosen to extract nuclear and
cytoplasmic fractions according to the manufacturer’s
instructions. Then, a BCA protein assay kit (Beyotime
Biotechnology) was applied to determine the protein
concentrations of the above extracts. For immunopre-
cipitation, cells were lysed in immunoprecipitation (IP)
buffer supplemented with NEM (N-ethylmaleimide,
Sigma—Aldrich) or a protease inhibitor mixture. Then,
anti-HA, anti-His, anti-NBR1 and anti-IKKa antibod-
ies were added to suitable cell lysates, followed by incu-
bation for 12 h using a shaker at 4 °C. After that, cell
lysates with antibodies were incubated for 4 h at 4 °C
with protein A/G plus agarose (Santa Cruz) and washed
three times with precooled PBS buffer. Then, 2 x SDS—
PAGE loading buffer was added to the samples followed
by boiling at 95 °C for 5 min, and immunoblot analy-
sis was performed to detect the protein expression. For
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immunoblotting, the protein samples were separated
using SDS—PAGE. Then, the proteins were transferred to
a polyvinylidene difluoride membrane (Roche Diagnos-
tics) and blocked with 5% bovine serum albumin (BSA)
for 60 min at room temperature. Finally, the membranes
were probed using primary antibodies overnight at 4 °C.
Horseradish peroxidase—conjugated secondary antibod-
ies (1:20,000) were used. A chemiluminescence substrate
kit (Thermo Pierce, Rockford, IL, USA) was used to per-
form immunodetection.

Ni2*-NTA affinity purification

As reported previously, SUMOylated ANXA1 under
the condition of denaturation was affinity-purified by
Ni?*-NTA pull down [19]. In brief, plasmids expressing
HA-tagged ANXA1, Myc-tagged SENP6 and His-tagged
SUMO2 were transfected into HEK293T cells. After
24 h, the cells were taken from the incubator, washed
twice with cold PBS buffer, and then treated with 800 mL
Ni?*-NTA denatured buffer (10 mM Tris; 20 mM NEM;
6 M Gu-HCl and 100 mM NaH,PO,, pH 8.0). The sam-
ples were treated with ultrasound (2 x 20 s) to cut the
DNA and then cleared via centrifugation (15,000xg,
10 min, 4 °C). The supernatant was mixed with 50 mL
prewashed Ni*"-NTA agarose (Qiagen, Dusseldorf, Ger-
many) and rotated at 4 °C to incubate for 3 h. Finally,
1 mL Ni*"-NTA washing buffer (0.1% Triton X-100;
100 mM NaH,PO,; 10 mM Tris/HCI, pH 6.3; 8 M urea)
was added to wash the beads, and lastly eluted by boiling
the beads in 50 uL 2 x SDS—-PAGE loading buffer mixed
with 200 mM imidazole for 5 min.

LDH release and cell survival assays

According to the manufacturer’s instructions, an LDH
Cytotoxicity Assay Kit (Beyotime Biotechnology) was
employed to determine LDH release from primary
microglial cells. For the survival assays, cells were fixed
with 4% formaldehyde for 30 min and then permeabilized
with 0.1% Triton X-100 for 15 min. Next, the primary
neurons were incubated using a 50 pL /well /24-well plate
TUNEL reaction mixture at 37 °C for 1 h and with 50 pl /
well /24-well plate 1 x DAPI for 10 min at room tempera-
ture. Finally, the cells were examined, and TUNEL-pos-
itive cells were counted using fluorescence microscopy
(IX73, Olympus, Tokyo, Japan).

RNA extraction, reverse transcription, and quantitative
real-time PCR (RT-qPCR)

Total RNA was extracted from primary microglial
cells with TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions, and the RNA concentra-
tion was measured using spectrophotometry (Thermo
Fisher Scientific). Next, the reverse transcription of the
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complementary DNA (cDNA) from 1 pg total RNA was
performed by the ReverTra Ace-a-First Strand cDNA
Synthesis Kit (Toyobo, Osaka, Japan). According to the
manufacturer’s instructions, quantitative real-time PCR
was conducted using a StepOnePlus Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) and
SYBR Green PCR Master Mix (Applied Biosystems).
The relative gene expression was normalized to B-actin
mRNA levels, and the gene expression was evaluated
using the 2722 method. The primer sequences are listed
in Additional file 5: Table S1.

Luciferase reporter assay

HEK293T cells plated in 96-well plates were transfected
with NF-«B luciferase reporter and plasmids carrying
vector, SENP6, sh. NC or sh. SENP6 with pRL-Renilla as
a control. The cell lysate was collected after transfection
for 48 h, and the Dual-Luciferase kit (Promega, Madi-
son, W1, USA) was used according to the manufacturer’s
instructions to detect the luciferase activity. Then, firefly
luciferase activity was normalized to Renilla luciferase
using the internal transfection efficiency control. The
experiments were conducted in triplicate.

Plasmid construction

Plasmids were constructed as we previously described
[20]. PCR technology was used to amplify the full-length
DNA segment ANXA1 and SUMO?2 coding sequences,
which were cloned into HA-tagged pcDNA 3.0 (HA-
ANXA1) and Myc-pcDNA 3.0 (Myc-SUMO?2), respec-
tively. Similarly, His-tagged SENP6 was constructed by
cloning the full-length DNA segment coding sequence
into His-pcDNA 3.0 (His-SENP6). Wild-type SENP6 and
shRNAs against SENP6 plasmids were purchased from
Sangon Biotechnology Company (Shanghai, China). The
plasmids were all transfected into HEK293T cells with a
Lipofectamine 3000 reagent kit according to the manu-
facturer’s instructions.

Viral vector production and transduction

Adenoviruses encompassing vector, wild-type SENP6,
scramble control and shRNAs against SENP6 purchased
from Vigene Biosciences (Jinan, China) were employed
to infect primary cultured microglia. The sequences of
shRNA were designed and verified as follows: mSENPS6,
5-GGG CAA ATC TAC TCA GTG TAG-3'. Primary
cells were infected using diluted recombinant adenovirus
at an optimal multiplicity of infection of approximately
50:1 to 100:1 according to our preliminary tests. After
48 h of transfection, the cells were subjected to subse-
quent experiments.
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The adeno-associated virus expressing SENP6 shRNA
(AAV2/6-CMV-sh. SENP6) and control adeno-associ-
ated virus (AAV2/6-CMV-sh. NC) were purchased from
Genechem (Shanghai, China). As we performed previ-
ously, mice were anaesthetized with an intraperitoneal
injection of 5% 350 mg/kg chloral hydrate and then fixed
on a stereotaxic apparatus. A drill was used to perfo-
rate burr holes into the skull, and a stepper-motorized
microsyringe (Hamilton, Reno, NV, USA) was used to
inject 500 nl of virus solution into the injection sites in
the area of the hippocampal CA1l region, cerebral cor-
tex and striatum of the left hemisphere. After injection,
the needle was kept in place for 5 min and then removed
slowly. Four weeks later, mice that underwent virus injec-
tion were subjected to MCAO/R surgery for subsequent
experiments. Injection into the hippocampus CA1, cere-
bral cortex and striatum were, respectively at coordinates
anteroposterior (AP) —2.00 mm, lateral (L) —1.55 mm
and dorsoventral (DV) — 1.55 mm; anteroposterior (AP)
0.00 mm, lateral (L) —2.05 mm and dorsoventral (DV)
—1.50 mm; anteroposterior (AP) 0.14 mm, lateral (L)
—2.28 mm and dorsoventral (DV) — 3.50 mm.

Neurological score

The neurological score was determined as we have previ-
ously described [22]. After 24 h of MCAO and reperfu-
sion, the modified neurological severity score (mNSS)
was selected to assess neurological dysfunction, which
includes beam balance tests (scored 0 to 6), reflexes absent
& abnormal movements (scored 0 to 2) and motor tests
(including flexion of forelimb, flexion of hindlimb and
head movement, scored 0 to 6). Accumulative scores of 1
to 4, 5 to 9, and 10 to 14 indicated slight, moderate, and
serious damage, respectively. Neurological performance
was evaluated by independent blinded researchers.

TTC (2,3,5-triphenyltetrazolium chloride) staining
Approximately 24 h after MCAO surgery, the mice were
euthanized. Their brains were extracted carefully and
then frozen for 5 min at — 20 °C. The whole brain was cut
into 6 consecutive approximately 2-mm-thick coronal
slices from the frontal tips using a mouse brain matrix.
Then, the cells were dyed using 2% TTC (Sigma—Aldrich).
The brain slices were fixed using 4% paraformaldehyde
after incubating for 20 min at 37 °C. Image] analysis soft-
ware (NIH, Baltimore, MD, USA) was selected to meas-
ure the infarct area, which was the white region, and the
normal tissue, which was the dark red region. The infarct
size (%) was calculated using the equation: infarct size
(%) = (contralateral area—ipsilateral noninfarct area)/
contralateral area x 100%.
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Adhesive-removal somatosensory test

Mice were subjected to the adhesive removal test to
evaluate somatosensory and motor deficits. In the pro-
cess of the experiment, sensory deficits were detected
in the latency for animals to become aware of the sticker
on their paws, while motor deficits were detected in the
latency for animals to remove the stickers. Briefly, ani-
mals in the experiment were placed in an empty cage and
given 1 min to adjust to the tests. Adhesive tape was cut
into small squares and then pasted on the animals’ paws.
Next, the time of the mouse to first notice the stickers
or remove the stickers was observed and recorded. A
time limit of 120 s was enforced. The experiments were
repeated continuously four times with a 10-min break
after each trial, and the data were statistically analysed.

Morris Water Maze (MWM) test

During this study, we conducted MWM tests to meas-
ure spatial learning and memory as reported previously
[23]. Briefly, the water maze contained a circular pool
60 cm high and 120 cm in diameter and a round platform
6 cm in diameter and was filled with water submerging
the platform 1 cm at 22 42 °C. Different shapes as spatial
reference clues were placed around the tank. Above the
maze, a digital tracking device was used to record mouse
swimming traces. Before the tests started, the mice were
habituated to the testing room for 24 h. In the first 6 con-
secutive days, each group performed four sessions in
turn to search for the submerged platform within 60 s. In
the condition of a mouse not finding the platform in the
allowed time, we guided it to the platform and allowed it
to stay there for 10 s. Finally, the platform was removed
after completing the training on the seventh day, and the
animal traces in 60 s were recorded by a digital track-
ing device (Xinruan Information Technology, Shanghai,
China), which automatically analysed the time to cross
the platform area, the time the mice spent in the target
quadrant and the latency time to reach the platform.

The rotarod test

To evaluate motor function, a rotarod containing a
6-cm-diameter rotating cylinder with a coarse surface
was used. Beforehand, the mice were placed in the test-
ing environment for 30 min to acclimate. Then, the mice
were placed in the centre and subjected to a training
session at a speed of 5 to 10 rpm on the rotarod. Next,
the speed of the rotarod was increased to 40 rpm within
5 min, during which time the mice fell off the rotarod.
The experiments were repeated continuously four times
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with a break of 30 min after each trial, and the data were
analysed statistically.

Statistical analysis

Data from at least three repeated experiments are
shown as the mean+S.E.M. and the corresponding
analysis was conducted using GraphPad Prism software
(version 8.0.1, GraphPad Software, Inc.). The compari-
sons for more than two groups were performed using
one-way or two-way analysis of variance (ANOVA) and
repeated-measures ANOVA tests, which are shown
in the figure legends. In addition, as indicated, Dun-
nett’s or Tukey’s post-hoc multiple comparison meas-
urements were used for significant effects in variance
analysis. The number of mice crossing over the plat-
form location on Day 7 in the MWM test was analysed
using the Kruskal-Wallis nonparametric test, followed
by Dunnett’s post-hoc test. A P value lower than 0.05
was considered statistically significant.

Results

Microglial SENP6 expression was enhanced after cerebral
ischaemia

To clarify the role of SENP6 in microglia after cerebral
ischaemia, we first detected the mRNA levels of SENP6
after OGD treatment in primary microglial cells and
reoxygenation at 3 h, 6 h, 12 h, 24 h and 48 h. The RT-
qPCR results revealed that the mRNA levels of Senp6
increased at 3 h and peaked at 24 h after OGD treat-
ment (Fig. 1A). Consistent with the mRNA results,
immunoblot assays also indicated gradually increasing
protein levels of SENP6, and the protein level peaked
at 24 h after OGD treatment (Fig. 1B, C). To further
explore the influence of ischaemia on SENP6 expres-
sion, we next measured SENP6 mRNA and protein
levels in the brains of mice subjected to MCAO/R
surgery. In accordance with the in vitro observations,
RT-qPCR analysis and immunoblot assays also dem-
onstrated that the mRNA and protein levels of SENP6
were progressively increased with longer periods of
reperfusion (Fig. 1D-F). Furthermore, immunofluores-
cence staining of brain sections showed that SENP6
were primarily expressed in microglia and neurons
and to a lesser extent in astrocytes (Fig. 1G). Moreo-
ver, these results were corroborated the RT-qPCR and
immunoblots results, showing that SENP6 staining in
microglia and neurons was more intense in the mice
subjected to MCAO/R surgery (Fig. 1H). These results
were also consistent with the data showed in our previ-
ous study that cerebral ischaemia induces the expres-
sion of SENP6 in neurons [18]. Taken together, these
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Fig. 1 SENP6 is upregulated in microglia after cerebral ischaemia-reperfusion injury. A Primary microglia were challenged with OGD for 1 h and
then reperfusion for 3 h, 6 h, 12 h, 24 h and 48 h. RT-qPCR confirmed the mRNA levels of Senp6. B The protein levels of SENP6 in primary microglia
subjected to OGD treatment and reperfusion at the indicated times. C Quantitative analysis of the protein levels of SENP6 in B. D Density gradient
centrifugation collected microglia around the ischaemic penumbra from mice for 3 h, 6 h, 12 h, 24 h and 72 h after MCAO surgery. RT-gPCR
detected mRNA levels of Senp6. E The protein expression analysis of collected microglia by western blot assay. F Quantification of the protein levels
of SENP6 in E. G Representative double immunostaining of SENP6 (red) with Iba-1 (a microglial marker, green), GFAP (an astrocyte glial marker,
green) and NeuN (a neuronal marker, green) from ischaemic penumbra of brain tissue after MCAO surgery. H Quantification of Iba-11/SENP6,
NeuN™/SENP6™, and GFAP*/SENP6™ fluorescence intensity was quantified using ImageJ. Scale bars, 40 um. Data are presented as the mean & S.E.M.
from at least three dependent experiments and analysed by one-way ANOVA followed by Dunnett’s post-hoc test (A, C, D, F) or unpaired Student’s
ttest (H). ns for P>0.05, *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001
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data demonstrated that microglial SENP6 expression
was upregulated after brain ischaemia.

Inhibition of SENP6 induces microglial polarization

to an anti-inflammatory phenotype after OGD/R treatment
We then sought to explore the role of SENP6 in the CNS,
especially its biological function in cerebral ischaemia-
induced microglial polarization and neuroinflammation.
Recombinant adenoviruses encoding vector (Ad-vector),
wild-type SENP6 (Ad-SENP6), scramble control (Ad-
sh. NC) or shRNA against SENP6 (Ad-sh. SENP6) were
used to infect primary microglial cells to upregulate or
downregulate SENP6 levels. The knockdown efficiency
of Ad-sh. SENP6 is shown in Additional file 1: Figure
S1. Then, we detected the functional mechanism of the
effect of SENP6 on microglial polarization. First, we used
an RT-qPCR assay to quantify proinflammatory marker
genes, including /I-1§, Il-6, Tuf-a, iNos, and Cd16/32, and
anti-inflammatory marker genes, including /-4, II-10,
Tgf-f3, Arginase-1 and Cd206. The results demonstrated
that proinflammatory genes in the OGD/R treatment
group were significantly increased, while anti-inflam-
matory genes were markedly suppressed compared with
the control group. In addition, overexpressing SENP6
further promoted OGD/R-induced proinflammatory
gene expression and inhibited anti-inflammatory gene
expression, while microglia infected with Ad-sh. SENP6
showed the opposite effects (Fig. 2A, B). These results
were identified again by immunoblots that showed the
protein expression levels of proinflammatory mediators
(iNOS and CD16/32) and anti-inflammatory mediators
(Arginase-1 and CD206) (Fig. 2C-G). To further confirm
the role of SENP6 in microglial polarization, ELISA was
performed to reveal the secretion of proinflammatory
marker cytokines (IL-1(, IL-6, and TNF-a) and anti-
inflammatory marker cytokines (IL-4, IL-10, and TGF-p),
and the results were consistent with the mRNA expres-
sion results (Fig. 2H-M). Collectively, these results indi-
cated that SENP6 plays a significant role in regulating the
OGD/R-induced phenotypic polarization of microglial
cells.

We next aim to explore the contribution of de-
SUMOylated ANXAL1 in the detrimental roles of SENP6
in microglia-related neuroinflammation after ischaemic
brain injury. To block the de-SUMOylation of ANXA1
mediated by SENP6, we used a SUMO2 fusion-directed
SUMO modification system to allow for the efficient
and selective in vivo SUMOylation of ANXA1 for fur-
ther investigation. To this end, SUMO2 was fused to the
C terminus of wild-type ANXA1 (a construct named
ANXA1-SUMO2) as we previously reported [18, 19].
Primary cultured microglia were infected with recom-
binant adenoviruses encoding SENP6 or together with
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ANXA1-SUMO?2, and then subjected to OGD/R. The
ELISA assay results showed that overexpressing SENP6
enhanced OGD/R-induced pro-inflammatory marker
cytokines secretion, but inhibited anti-inflammatory
marker cytokines secretion. However, these effects were
significantly reversed by ANXA1-SUMO2 overexpres-
sion (Additional file 2: Figure S2). These data indicated
that SENP6-dependent neuroinflammation after ischae-
mic brain injury may depend on its enzymatic activity to
mediate the de-SUMOylation of ANXAL.

SENP6 promotes the activation of the NF-kB signalling
pathway in microglial cells after OGD/R

Our previous studies demonstrated that SUMOylated
ANXA1 promoted microglial polarization towards an
anti-inflammatory phenotype by suppressing NF-«xB
pathway activation after ischaemic stroke, and moreo-
ver, in a recent study, we provided experimental evidence
that SENP6 could mediate ANXA1 de-SUMOylation [18,
19]. Therefore, we hypothesized that in microglial cells,
SENP6 could promote de-SUMOylation of ANXAI,
which would activate the NF-«B signalling pathway and
eventually lead to microglial polarization towards a pro-
inflammatory phenotype. To this end, we next explored
the role of SENP6 in NF-«B signalling pathway activa-
tion. Here, we first employed immunoblots to detect the
protein level of total IxkBa and the phosphorylation of
IKKa/p, IkBa and p65. The results suggested increased
phosphorylation levels of IKK«/B, IkBa and p65 and
reduced total IkBa protein expression after OGD/R
stimulation. In addition, SENP6 overexpression notably
enhanced the phosphorylation of IKKa/p, IxkBa and p65
and the subsequent degradation of IkBa compared with
the vector group under OGD/R conditions, while SENP6
knockdown showed the opposite effects (Fig. 3A-E).
These results suggest that SENP6 promotes NF-«kB sig-
nalling pathway activation.

Next, we further explored the nuclear translocation of
p65. The immunoblot results showed that SENP6 over-
expression improved the accumulation of p65 in the
nucleus and reduced it in the cytoplasm after OGD/R.
Conversely, knockdown of SENP6 significantly sup-
pressed the nuclear translocation of p65 and led to its
accumulation in the cytoplasm (Fig. 3F-H). Then, we
measured the transcriptional activity of p65 via the
Dual-Luciferase reporter assay. The results indicated
that OGD/R treatment upregulated p65 transcriptional
activity. Meanwhile, SENP6 overexpression enhanced the
OGD/R-induced transcriptional activity of p65, and there
was a dose-dependent activation effect of SENP6 on the
transcriptional activity of p65. However, endogenous
downregulation of SENP6 weakened its transcriptional
activity under OGD/R stimulation (Fig. 31, J). Finally,
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we conducted an immunofluorescence assay to deter-
mine the location of p65 in primary microglial cells. The
results also confirmed that SENP6 promoted p65 nuclear
translocation (Fig. 3K, L). Together, these data suggested
that SENP6 in microglia aggravated the activation of the
NF-kB pathway after cerebral ischaemia.

SENP6-mediated de-SUMOylation of ANXAT1 inhibited IKKa
protein degradation

In our previous study, we identified that SUMOylated
ANXAI1 could act as an adaptor to enhance the bind-
ing of IKKa with the autophagy receptor NBR1, thereby
promoting the degradation of IKKa through selective
autophagy and ultimately inhibiting the NF-«B signalling
pathway [19]. Considering the above, we hypothesize that
SENP6 activation of the NF-«B signalling pathway may
be dependent on its effect on IKKa degradation. To verify
this, we first transfected HA-tagged ANXA1 and His-
tagged SUMO?2, along with Myc-tagged SENP6 or SENP6
shRNA, into HEK293T cells. The knockdown efficiency
of SENP6 shRNA is shown in Additional file 3: Figure S3.
Then, the Ni>*-NTA (nickel—nitrilotriacetic acid) agarose
precipitation results showed that SENP6 overexpression
reduced the SUMOylation level of ANXA1 (Fig. 4A).
Next, primary cultured microglia were transduced with
recombinant adenovirus encoding SENP6 or shRNA
against SENP6. Coimmunoprecipitation (Co-IP) assay
results revealed that SENP6 obviously inhibited the inter-
action between ANXA1, IKKa and NBR1, while SENP6
shRNA enhanced this interaction (Fig. 4B, C). To further
confirm this result, we examined the effect of SENP6 on
the interaction between IKKa and NBRI1. As expected,
SENP6 reduced the interaction between IKKa and NBR1,
and SENP6 shRNA showed the opposite effect (Fig. 4D,
E). In addition, RT-qPCR results revealed that both the
overexpression and downregulation of SENP6 did not
change the mRNA level of Chuk, which encodes the
IKKa protein (Fig. 4F, G). Next, a cycloheximide (CHX)
“chase” assay was conducted to detect the time course of
SENP6-induced IKKa protein degradation. The results
showed that SENP6 shRNA quickened the turnover of
IKKa (Fig. 4H, I). Furthermore, there is a dose-dependent
relationship between SENP6 and IKKa. The protein level
of IKKa increased gradually with increasing SENP6 over-
expression (Fig. 4]). Collectively, these results indicated
that SENP6 blocks IKKa protein degradation.

SENP6 exacerbates OGD/R-induced neuronal damage

We next examined the function of SENP6 inhibition in
microglial hyperactivation-induced neuronal damage.
Here, primary microglia and neurons were cocultured.
Primary microglial cells were transduced with recom-
binant adenovirus carrying the SENP6 coding sequence
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or shRNA sequence (Fig. 5A). First, TUNEL staining
showed that SENP6 upregulation in microglia aggra-
vated neuronal apoptosis, and conversely, the apoptosis
level of neurons was reduced when SENP6 was inhib-
ited in cocultured primary microglia (Fig. 5B, C). The
LDH release assay revealed that SENP6 overexpres-
sion increased LDH release, while SENP6 knockdown
reversed it, which is consistent with the apoptosis results
(Fig. 5D). Meanwhile, the cell-counting-kit-8 (CCKS8)
assay also indicated high cell viability of neurons after
SENP6 inhibition in microglial cells (Fig. 5E). Finally, we
detected the protein expression of several cell apoptotic
markers, including cleaved caspase-3, cleaved caspase-9,
and cleaved PARP. Immunoblots indicated that apoptotic
marker protein expression was significantly increased
in the Ad-SENP6 group under OGD/R treatment, while
apoptotic proteins in the SENP6 knockdown group
showed the opposite tendency (Fig. 5F-I). These results
indicated that knockdown of SENP6 in primary mac-
roglia obviously attenuated OGD/R-induced neuronal
damage.

SENP6 inhibition in microglia lessened infarct volume

and ameliorated neurological functions after focal
ischaemic injury

In vitro, we demonstrated that inhibition of SENP6
could induce microglial polarization towards an anti-
inflammatory phenotype, suppressing the secretion of
inflammatory cytokines from microglia and alleviating
the damage to cocultured neurons. Then, we investigated
the protective effects of SENP6 knockdown on cerebral
ischaemia in vivo. First, we applied an adeno-associated
virus type 2/6 (AAV2/6)-mediated approach to knock-
down SENP6 in microglia in the brains of ischaemic mice
[19, 20, 24]. For this, we constructed AAV2/6, which
expresses shRNA only in cells expressing Cre recom-
binase (Fig. 6A). Figure 6B displays the whole process
of animal experiments. As indicated, AAV2/6 virus was
injected into specific brain areas of Cx3crl-Cre mice,
including the hippocampal CA1 region, cerebral cortex,
and striatum. Four weeks later, the mice that underwent
MCAO surgery were employed to establish a tran-
sient focal ischaemia-reperfusion injury model. Then,
according to the indicated time points, histological and
behavioural studies were performed. We first examined
whether AAV-mediated knockdown of SENP6 altered
the phenotype polarization of microglia in ischaemic
stroke mice. Microglia were isolated from ischaemic
stroke animal model mice, and RT-qPCR was used to
examine the mRNA level of phenotype marker genes. As
shown in Additional file 4: Figure S4, the pro-inflamma-
tory phenotype marker genes were markedly reduced,
while the anti-inflammatory phenotype marker genes
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were significantly increased in SENP6 knockdown mice.
These results indicated that SENP6 induce microglial
pro-inflammatory polarization and neuroinflammation
after MCAO in mice. We then detected and counted the
infarct volume at 24 h after reperfusion via TTC staining.
The results showed that the infarct volume of SENP6-
knockdown mice was much smaller than that of negative
control mice (Fig. 6C, D). Furthermore, we assessed neu-
rological deficits using the modified neurological sever-
ity score (mNSS) and discovered that SENP6 knockdown
effectively lowered the scores of mice (Fig. 6E).

SENP6 inhibition in microglia improved neurobehavioral
function after focal ischaemic injury

We then performed the adhesive removal test and cyl-
inder test to evaluate the sensorimotor functions of
the experimental animals. The time that animals in the
SENP6 inhibition group spent removing adhesive tape
from their forepaws and their asymmetric rate in the cyl-
inder test were evidently reduced (Fig. 7A, B). Moreover,
we carried out rotarod tests to estimate animal motor
function and found that inhibiting SENP6 in the brains

of mice increased the time to fall (Fig. 7C). Finally, we
detected the spatial learning and memory functions of
mice after MCAO via the Morris water maze (MWM)
test. The data revealed that mice that underwent MCAO
surgery exhibited significant cognitive deficits, whereas
SENP6-knockdown mice displayed significant cogni-
tive improvement, including the latency to find the sub-
merged platform, the time spent in the target quadrant,
and the number of platform crossovers (Fig. 7D—G). Rep-
resentative swimming tracings of the mice for the probe
trials are presented in Fig. 7H. In contrast to the MCAO
group, the search traces of the mice in the SENP6 knock-
down group were more concentrated in the target quad-
rant or adjacent quadrants. Collectively, these results
showed that SENP6 inhibition remarkably ameliorated
MCAO-induced cognitive dysfunction.

Discussion

Here, we investigated the role of SENP6 in microglial
polarization after cerebral ischaemia and its underlying
mechanism. First, we confirmed that cerebral ischaemia
upregulated the level of SENP6 in microglia in vitro and
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ex vivo. Downregulating SENP6 in microglia could lead
to microglial polarization from a proinflammatory phe-
notype induced by cerebral ischaemia to an anti-inflam-
matory phenotype. Importantly, our previous studies
have identified that the SUMOylation of ANXA1 pro-
motes microglial polarization and that SENP6 mediates
the de-SUMOylation of ANXA1 [18, 19]. Based on these
previous data, we then analysed the mechanism by which
SENP6 affected microglial polarization and found that
SENP6-mediated de-SUMOylation of ANXA1 blocked
the degradation of IKKa, thereby promoting the activ-
ity of the NF-«B signalling pathway under ischaemia,

eventually aggravating the apoptosis of neurons cocul-
tured with microglia. In addition, this study also revealed
that downregulation of SENP6 in microglia alleviated the
neurological functional outcomes of mice subjected to
cerebral ischaemic injury.

Accumulated data have demonstrated that SUMOyla-
tion is one of the diverse posttranscriptional modifica-
tions that regulates many protein functions [25, 26]. It has
been verified that ANXA1 can be modified by SUMO2/3
and that this modification is pivotal for its protein func-
tions [27, 28]. In our recent study, we also clarified that
ANXA1 SUMOylation promoted microglial polarization
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to an anti-inflammatory phenotype under cerebral
ischaemia [19]. SUMOylation modification is a dynamic
process and can be reversed by SUMO proteases. The
SUMO protease SENP6 is involved in deconjugating
SUMO chains from substrate proteins and has specific-
ity for SUMO2/3 [29, 30]. SENP6 is important in regulat-
ing genome stability, cell proliferation, and autoimmune
responses [31, 32]. In a previous study, we identified that
SENP6 aggravated neuronal apoptosis by de-SUMOylat-
ing ANXA1 after ischaemic stroke [18]. However,
whether and how SENP6 contributes to microglial polar-
ization remains unclear. In the present study, we discov-
ered that SENP6 overexpression in microglia enhanced
proinflammatory cytokine expression and aggravated
neuronal damage. Some studies have also verified the
proinflammatory role of SENP6. For example, Rachael
et al. demonstrated that SENP6 and SENP7 mediate the
de-SUMOylation of NLRP3 and activate inflammasomes,
thereby increasing the inflammatory response [33]. In
addition, a study also showed that SENP6 shortened the
half-life of IkBa and induced inflammation by activating
the NF-kB signalling pathway [34]. However, it was also
reported that SENP6 could negatively regulate inflam-
mation caused by lipopolysaccharide by boosting NF-«xB
activation in microglia and TLR4-induced NF-«B signal-
ling by mediating the de-SUMOylation of NEMO [35,
36]. The different functions of the SENP6 response to
inflammation might be related to different disease mod-
els or cell types.

Inflammation is significantly triggered after ischaemic
stroke and throughout the whole progression of cerebral
ischaemia-reperfusion, in which microglia function as
the main immune cells that are activated to a proinflam-
matory phenotype, typically releasing proinflammatory
cytokines and exacerbating nerve injury [37]. Therefore,
promoting microglial polarization from the noxious pro-
inflammatory type to the favourable anti-inflammatory
type may be a prospective treatment method for stroke.
Here, we further found that inhibition of SENP6 pro-
moted microglial polarization to an anti-inflammatory
phenotype. Indeed, inhibition of SENP6 in microglia
increased the SUMOylation status of ANXAI1, which
facilitated the combination of IKKa with NBR1 to medi-
ate IKKa degradation, thus inhibiting NF-«B signalling
pathway activity and ultimately restraining proinflamma-
tory cytokine expression. Moreover, the phagocytosis of
microglia also plays a crucial role in the cerebral immune
response after ischaemic stroke [38]. For instance, it was
demonstrated that microglial phagocytosis mediated by
the P2Y6 receptor could alleviate neurological damage
induced by ischaemic stroke [39]. It was also reported
that TREM2 enhanced the phagocytic activity of micro-
glia and significantly attenuated ischaemic injury in
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experimental stroke [40]. However, whether SENP6 influ-
ences microglial phagocytosis after ischaemic stroke
remains unclear and needs to be further explored.

Accumulated studies have identified that the NF-«B sig-
nalling pathway not only plays a crucial role in regulating
the expression of many proinflammatory cytokines but is
also the key signalling pathway for microglial polarization
[41, 42]. Evidence from our research demonstrated that
SENP6 deficiency obviously suppressed the activity of the
NEF-«B signalling pathway. The current study shows that
the NF-kB signalling pathway can directly regulate the
transcription of proinflammatory cytokines, including
IL-1B, iNOS, and TNF-«, while inhibiting SENP6-medi-
ated ANXA1 de-SUMOylation-regulated anti-inflamma-
tory mediators may result from its effects on the NF-xB
signalling pathway. The IKK complex is critical for NF-«xB
activation, and it contains three subunits (catalytic subu-
nits IKKa and IKKp, and regulatory subunit NEMO).
Extensive studies have verified that the phosphorylated
degradation of IkB mediated by IKKa/p plays a key role
in NF-xB signalling pathway activation, subsequently
resulting in NF-kB nuclear transport and related gene
expression [43, 44]. Our results showed that SENP6-
mediated ANXA1 de-SUMOylation specifically blocked
the degradation of IKKa and then enhanced the activity
of the NF-kB pathway and the subsequent expression of
multiple proinflammatory cytokines. There is also a study
that showed that SENP6 acting on IkBa increased NF-xB
activation induced by radiation, which is in accordance
with our results [34], but this study is the first to identify
that SENP6 could influence NF-kB activation via IKKa.

In the present study, we further verified the protective
neurological role of inhibiting SENP6 in microglia in a
mouse focal cerebral ischaemia model by developing an
AAV-based method to knockdown SENP6 in microglia/
macrophage cells in the CA1 region, cortex, and stria-
tum of the brain; nonetheless, as the insertion of AAV
was performed before animals underwent focal cerebral
ischaemia surgery for 4 weeks, postischaemic adminis-
tration to evaluate the therapeutic effect requires further
validation. Therefore, identifying SENP6-specific inhibi-
tors or active substances that specifically intervene in the
SENP6-ANXA1 interaction may be a prospective and
effective therapeutic approach. On the other hand, we
injected AAV particles into Cx3crl-Cre mice express-
ing Cre recombinase under the direction of the Cx3crl
promoter in the mononuclear phagocyte system, which
contains monocytes, macrophages, and microglia [45,
46]. Thus, the AAV particles not only infect microglia but
also infiltrating macrophages and monocytes, and the
function of AAV particle injections on macrophages and
monocytes remains unclear and needs to be explored in
the future.
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Conclusions

In summary, our research uncovered a cellular mecha-
nism by which SENP6 participates in microglial polari-
zation. We have provided profound evidence showing
that SENP6 mediates the de-SUMOylation of ANXAI,
thereby inhibiting the autophagic degradation of IKKa in
an NBR1-dependent manner, activating the NF-«B sig-
nalling pathway and inducing the microglial inflamma-
tory response after cerebral ischaemia, while specifically
inhibiting SENP6 decreased proinflammatory media-
tor expression and increased anti-inflammatory media-
tor expression, thereby protecting experimental animals
against neurological damage. Overall, this study clarified
a previously undiscovered role of SENP6 and indicated
that SENP6 inhibition promoting microglial polarization
to an anti-inflammatory phenotype may be a new and
promising therapeutic method for ischaemic stroke or
other neuroinflammatory diseases and disorders.
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**xxp <0.0001.
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