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Summary

Recent evidences have implicated that SENP3 is a deSUMOylase which possesses neuronal damage
effects in cerebral ischemia. However, its role in microglia remains poorly understood. Here, we
found that SENP3 was upregulated in the peri-infarct areas of mice following ischemic stroke.
Furthermore, knockdown of SENP3 significantly inhibits the expression of proinflammatory
cytokines and chemokines in microglial cells. Mechanistically, SENP3 can bind and then mediated
the deSUMOylation of c-Jun, which activated its transcriptional activity, ultimately followed by the
activation of MAPK/AP-1 signaling pathway. Additionally, microglia-specific SENP3 knockdown
alleviated ischemia-induced neuronal damage, and markedly diminished infract volume,
ameliorated sensorimotor and cognitive function in animals subjected to ischemic stroke. These
results indicated SENP3 functions as a novel regulator of microglia-induced neuroinflammation by
activating the MAPK/AP-1 signaling pathway via mediating the deSUMOylation of c-Jun.
Interventions of SENP3 expression or its interaction with c-Jun would be a new and promising

therapeutic strategy for ischemic stroke.

Keywords:
SENP3, microglia, c-Jun, deSUMOylation, neuroinflammation, neuronal damage, cerebral

ischemia and reperfusion injury
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Introduction

Ischemic stroke is a major cause of disability and death around the world. The lack of specific
therapeutic targets for ischemic stroke stresses the need for developing new therapeutic regimens.!
In the past decade, researchers have focused on exploring effective protection strategies that only
target to neurons, which cannot produce better outcome post ischemic injury. Increasing evidence
has shown that excessive neuroinflammation induced by overactivated microglia is an important
factor that contributes to neuronal apoptosis and magnifies brain damage following cerebral
ischemia and reperfusion (I/R) injury.?® Stroke-induced microglial excessive activation causes the
expression and secretion of pro-inflammatory factors, such as interleukin (IL)-1p, interleukin (IL)-
6, tumor necrosis factor (TNF)-a, C-X-C motif chemokine ligand 1 (CXCL1) and C-C motif
chemokine ligand 2 (CCL2), which in turn exacerbate the neuroinflammation, and ultimately
contributes to delayed deterioration of ischemia brain tissue.* Thus, the development of novel agents
to inhibit neuroinflammation could potentially prevent neuronal death and contribute to the

treatment of ischemic brain injury.

SUMOylation is one of the reversible post-translational modifications (PTM) in which substrate
proteins are deconjugated by members of the sentrin/SUMO-specific protease (SENP) family.®
SUMOylation alters inter- and/or intra-molecular interactions of substrate proteins to change their
localization, interaction, stability, and activity, thus regulating cellular signaling activation and gene
transcription in various tissue.> Among the SENP family members, researchers have demonstrated
that the SUMO protease SENP3, which can remove SUMO2/3 conjugation from substrates
specifically, is a redox-sensitive isopeptidase.” In experimental and clinical studies, Rawlings et al
reported that SENP3-mediated deSUMOylation promoted cardiomyocyte survival after ischemic
insult.® Meanwhile, previous studies have reported that SENP3-mediated deSUMOylation
contributes to cell death during reoxygenation after ischemic insult®'® and spinal cord injury.!*
Furthermore, SENP3 promotes lipopolysaccharide (LPS)-activated inflammatory response in
macrophages.'® Although the effects of SENP3 on central nervous system (CNS) have been
introduced, whether SENP3 is a critical regulator in microglia-induced neuroinflammation after

ischemic stroke remain to be further studied.
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The mammalian family of mitogen-activated protein kinase (MAPK), including extracellular signal-
regulated kinase (ERK), p38 MAP kinases, and c-Jun NH2-terminal kinase (JNK) have regulated a
variety of important biological processes, such as cell differentiation, proliferation, migration,
apoptosis, and inflammation response.'*'® In addition, it is well known that MAPK/ activator
protein-1 (AP-1) pathways have been implicated as critical transcriptional regulators for pro-
inflammatory activation of microglia.?®'’ The transcription factors c-Jun function as one of the
important components of the inducible transcriptional complex AP-1, whose activity is regulated
by SUMOylation modification.’®! c-Jun has previously been described to be a target for
SUMOylation on lysins 229 and 257, which entails inhibit its transactivation activity.8%!
Nevertheless, the key enzymes which control the SUMOylation modification of c-Jun and its effect

on the activation of microglia after cerebral I/R injury remain poorly investigated.

In the present study, we explore the pathological role of SENP3 involved in microglial-mediated
neuroinflammation after cerebral ischemia. We provide profound evidences that SENP3 induces the
deSUMOylation of c-Jun, followed by the activation of MAPK/AP-1 signaling, thereby enhancing
the expression of proinflammatory cytokines and chemokines, ultimately leading to excessive
neuroinflammation and neuronal apoptosis after cerebral ischemia. On the contrary, SENP3
knockdown efficiently alleviated cerebral I/R injury via an anti-neuroinflammatory effect and
improves neurological function following ischemic stroke. Therefore, this study suggests that
interventions of SENP3 expression or its interaction with c-Jun might serve as potential therapeutic

strategies for the therapy of ischemic stroke.

Results

SENP3 expression level was increased in microglia after cerebral I/R injury

To study the potential effects of SENP3 on microglia-induced neuroinflammation after ischemic
stroke, we firstly determined whether SENP3 expression was altered in vivo and in vitro. Primary
microglia were challenged with OGD and reoxygenation (OGD/R) at several different time points,
the mRNA expression of Senp3 rapidly increased as early as 1 h following OGD/R, peaking at 24
h, as shown by RT-qPCR analysis (Figure 1A). Consistent with the mRNA level, the immunoblots

assay also demonstrated that SENP3 protein expression rapidly increased in a pattern that started
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after 1 h and peaked after 24 h following OGD (Figures 1B and 1C). In contrast, immunoblots
revealed that the global SUMO1 and SUMO?2/3 conjugation in primary microglia progressively
decreased with longer periods of OGD/R (Figure S1). Next, the SENP3 level was investigated in
vivo. Mice undergo MCAO operation for 1 h followed by various periods of reperfusion from 1 to
72 h. RT-qPCR analysis demonstrated that Senp3 mRNA transcription increased markedly as early
as 1 h following I/R, peaking at 24 h (Figure 1D). Meanwhile, similar changes in expression at the
protein level were confirmed by immunoblots assay (Figures 1E and 1F). Furthermore,
immunofluorescence staining of brain sections showed that SENP3 were primarily expressed in
microglia and neurons and to a lesser extent in astrocytes (Figures 1G-1K). Moreover, these results
were consistent with the RT-qPCR and immunoblots results, showing that SENP3 staining in
microglia and neurons was more intense in the mice subjected to MCAO operation (Figures 1H-
IL). Collectively, our results demonstrated that SENP3 increased dramatically in a time-dependent

manner after cerebral I/R injury.

SENP3 facilitates microglia overactivation under OGD/R conditions

Given that microglial activation has a fundamental role in the pathophysiology of ischemic
stroke??, we then sought to examine the role of SENP3 in microglial-induced neuroinflammation
after cerebral ischemia. Frist, primary microglial cells were transfected with recombinant
adenovirus carrying SENP3 coding sequence (Ad-SENP3) or shRNA sequence (Ad-sh.SENP3).
The overexpression and knockdown efficiency of these adenovirus are presented in Figure S2 and
S3, showing successful SENP3 overexpression or knockdown in primary cultured microglial cells.
Then, RT-gPCR assays were conducted to determine the mRNA expression of proinflammatory
marker genes, including 1l-18, 1I-6, Tnf-a, Cxcll and Ccl2, and anti-inflammatory marker genes,
including 1I-4, 11-10, Tgf-4, Arginase-1 and Cd206. The results showed that overexpressing SENP3
further promoted OGD/R-induced proinflammatory gene expression and inhibited anti-
inflammatory gene expression, while microglia infected with Ad-sh. SENP3 showed the opposed
effects (Figure 2A and Figure S4A). To further confirm the role of SENP3 in microglial polarization,
ELISA was performed to reveal the secretion of proinflammatory marker cytokines (IL-1p, IL-6,
TNF-a, CXCL1 and CCL2) and anti-inflammatory marker cytokines (IL-4, IL-10, TGF-B, IL-13

and IL-1ra), and the results were consistent with the mRNA expression results (Figure 2B and



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

Figure S4B). Meanwhile, immunoblot was used to examine the protein levels of proinflammatory
and anti-inflammatory mediators. The results revealed that SENP3 upregulation significantly
increased iINOS and CD16/32 expression, and decreased Arginase-1 and CD206, while SENP3
knockdown showed the opposite effect (Figures 2C and 2D, Figures S4C and S4D). Last,
immunofluorescence staining also confirmed these results. We found that the level of iNOS and
Iba-1 were dramatically increased after SENP3 overexpression, but decreased after SENP3
knockdown in microglia after OGD/R (Figures 2E and 2F). Taken together, these data indicate that

SENP3 promotes microglia-induced neuroinflammation in response to OGD/R.

SENP3 deficiency restrains the activation of MAPK/AP-1 signaling in microglia following
OGD/R

To explore the potential mechanism by which SENP3 mediates microglia-induced
neuroinflammation, we detected the activation of the NF-xB and MAPK/AP-1 signaling pathways,
which play critical roles in microglial activation, as previously reported.'*!* First, primary cultured
microglia were infected with Ad-SENP3 or Ad-sh.SENP3, and then challenged with OGD/R. The
results revealed that the phosphorylation level of p65, ERK1/2, JNK1/2, p38 MAPK, and c-Jun
markedly increased in response to OGD/R stimulation, whereas OGD/R-induced phosphorylation
of c-Jun were further increased by SENP3 overexpression. On the contrary, SENP3 deficiency
showed the oppose effects. However, the phosphorylation levels of p65, ERK1/2, INK1/2, and p38
MAPK were both unaffected with either up-regulation or down-regulation of SENP3 (Figures 3A-
3F). Next, dual-luciferase reporter assay revealed that the transcriptional activity of p65 and AP-1
was significantly increased after OGD/R. Interestingly, either upregulation or downregulation of
SENP3 had little impact on the transcriptional activity of p65 (Figure 3G). However, SENP3
overexpression significantly increased AP-1 transcriptional activity, and SENP3 deficiency showed
the opposite effect (Figure 3H). Meanwhile, we determined the DNA binding activity of AP-1. The
results revealed that SENP3 deficiency robustly reversed the OGD/R-induced increase of AP-1
DNA binding activity (Figure 31). Finally, we attempted to examine the subcellular distribution of
c-Jun. We found that SENP3 overexpression further promoted OGD/R-induced nuclear transport of
c-Jun. However, SENP3 downregulation robustly decreased the nuclear accumulation of c-Jun

(Figures 3J-3L). Consistently, the immunofluorescence assay demonstrated that SENP3 knockdown
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significantly inhibited OGD/R-induced c-Jun nuclear translocation in microglial cells (Figures S5A
and S5B). Altogether, these results suggest that a selective role of SENP3 functions as a positive
regulator to potentiate the activation of MAPK/AP-1 pathways, thereby enhancing the production

of proinflammatory factors in OGD/R-treated microglia.

SENP3 mediated deSUMOylation of c-Jun after OGD/R

It has been reported that c-Jun can be modified by SUMOylation, which inhibits its transcriptional
activity.'** As SENP3 functions as a deSUMOylation enzyme, we investigated whether SENP3
affects the transcriptional activation of c-Jun through regulating its SUMOylation level. To this end,
we firstly confirmed whether c-Jun could be modified by SUMOylation. The Ni**-NTA agarose
affinity pull-down assay demonstrated that c-Jun can be conjugated by all three SUMO proteins.
Among these, SUMO2 modification was much stronger than the other two (Figure 4A). Thus, we
concentrate on the SUMO2 conjugation of c-Jun in following studies. Next, co-IP assays
demonstrated that the SUMOylation of c-Jun was obviously decreased in primary microglia after
OGD/R (Figure 4B). Next, HEK293T cells were transduced with plasmids expressing wild-type
(WT) or a catalytic mutant SENP3 (C532A, Cysteine-to Alanine mutation at residue 532)**. We
found that SENP3-WT markedly decreased the SUMOylation of c-Jun, while the catalytic-domain-
null SENP3-C532A mutant had little effect (Figure 4C). Meanwhile, we found that SENP3
knockdown by specific shRNA in HEK293T cells increased the SUMOylation level of c-Jun (Figure
4D, Figure S6 and Figure S7). Last, we examined whether SENP3 interacts with c-Jun. HEK293T
cells were transient transduced with Myc-SENP3 and HA-c-Jun. As expected, co-IP assays revealed
that ectopically expressed SENP3 could bind with c-Jun (Figures 4E and 4F). Meanwhile, co-IP
assay also demonstrated that the endogenous binding of SENP3 with c-Jun was obviously enhanced
in primary microglia after OGD/R (Figure 4G and 4H). Collectively, these data suggest that SENP3

bind with c-Jun and mediated deSUMOylation of c-Jun after cerebral I/R injury.

Microglial SENP3 deficiency attenuates damage of neuron co-cultured with microglia after
OGD/R
In the above experimental results, we concluded that SENP3 mediated deSUMOylation of c-Jun,

and activated AP-1 signaling, resulting in increased levels of proinflammatory factors in microglia
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after OGD/R treatment. We then sought to investigated the effect of SENP3 on neuronal damage in
vitro. To this end, a microglia-neuron transwell system was applied (Figure 5A). We transfected
primary cultured microglia with recombinant adenovirus carrying SENP3 coding sequence or
shRNA sequence. The results showed that SENP3 upregulation in microglia greatly increased
neuronal apoptosis induced by OGD/R, while SENP3 downregulation obviously decreased neuronal
apoptosis (Figures 5B and 5C). Furthermore, lactate dehydrogenase (LDH) assay assays showed
that SENP3 upregulation in microglia greatly increased LDH release, while SENP3 knockdown
significantly decreased LDH release (Figure 5D). Meanwhile, we performed CCK-8 assay to detect
neuronal viability, the results demonstrated that SENP3 upregulation in microglia greatly reduced
neuronal viability, but SENP3 downregulation showed the oppose effect (Figure SE). Last,
immunoblot assays revealed that SENP3 upregulation in microglia greatly decreased the level of
antiapoptotic gene, such as Bcl-xl, but promoted the production of proapoptotic molecules in
neurons, including Bax, cleaved caspase-3, cleaved caspase-9 and cleaved PARP. However, SENP3
downregulation represented opposite regulation (Figures 5F-5K). Based on these results, we
conclude that microglial SENP3 deficiency relieves the neurotoxic effects of ischemic neuronal

damage induced by a microglial overactivation.

Microglial SENP3 deficiency alleviates ischemia-induced neuronal apoptosis, diminish infarct
volume, and ameliorates neurological functions in mice.

The above studies suggested that SENP3 deficiency decreased the expression of proinflammatory
factors induced by microglia and protected against ischemia-damaged neurons, then we detected the
protective effects of SENP3 inhibition against ischemic stroke in vivo. To this end, we employed a
method to knockdown the expression of SENP3 in microglia of mouse brain.>>2” We generated an
adeno-associated virus (AAV) type 2/6 construct expressing SENP3 shRNA only in cells expressing
Cre recombinase driven by the Cx3crl promoter (Figure 6A). Each AAV vector was stereotactically
injected into the hippocampus CAL region, cerebral cortex, and striatum of Cx3cr1-Cre mice. Four
weeks after virus injection, animals were conducted with MCAO operation. Next, we conducted
serious of histological and behavioral experiments at different time points (Figure 6B). We
evaluated the silencing efficiency of AAV-sh-SENP3 by immunoblot and the result revealed reduced

SENP3 expression in isolated microglia, showing successful SENP3 knockdown (Figures 6C and
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6D). Furthermore, the sh.NC and sh.SENP3-treated mice exhibited comparable regional cortical blood
flow (CBF) during MCAO and reperfusion (Figures 6E and 6F). We then conducted morphometric
microglial cell analysis to examine the activation state of microglia in the penumbra of mice. Labeled
microglia were performed detailed quantitative morphometric analysis to determine cell body size,
number and length of branches. As shown in Figure S8, microglia from sh.SENP3-treated mice had
smaller cell bodies, but more and longer branch length than sh.NC-treated mice, indicating a less
activated morphological profile. Next, TUNEL staining was utilized to detect the apoptotic cells, and
the results demonstrated that SENP3 knockdown significantly decreased the number of apoptosis
cells in the hippocampus and cerebral cortex regions under cerebral I/R injury (Figure 6G). Next,
we conducted TTC staining to evaluate the cerebral infarct size. The data revealed that SENP3
knockdown obviously reduced ischemic infarct volume after cerebral ischemia (Figure 6H and 61).
Last, the neurological dysfunction of animals was scored at five time points by mNSS. The data
revealed that SENP3 knockdown significantly alleviated the neurological deficits (Figure 6J). These
data collectively demonstrate that microglial SENP3 knockdown protects against neuronal
apoptosis, diminish infarct volume, and ameliorates neurological functions following ischemic

stroke.

Microglial SENP3 knockdown improves neurobehavioral function following ischemic stroke

To further investigated the neuroprotective effects of SENP3 deficiency against ischemic stroke, a
battery of the indicated behavioral tests was performed on mice before and up to 28 d after cerebral
ischemia. As shown in Figures 7A-7D, cerebral ischemia induced severe damage of sensorimotor
functions in scramble mice as shown by increased time to touch and tear, increased asymmetric rate,
and decreased latency to fall, but SENP3 knockdown treatment caused a superior neurological
functional recovery. Next, the MWM test was conducted to ascertain the spatial learning and
memory function. Representative tracings showing sample paths of the animals from the latency
trials and probe trials are shown in Figures 7E and 7F, respectively. As expected, the mice subjected
to MCAO operation represented a significant increase in the time to reach the hidden platform and
decreased the time spent in the targeting quadrant, as compared to the scramble control. However,
SENP3 knockdown significantly represented cognitive improvement; SENP3 deficient animals

spent less time to reach the hidden platform than the scramble control animals (Figures 7G and 7H).
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Meanwhile, SENP3 deficient animals also spent more time in the targeting quadrant and crossed the
platform location more times during the probe trials (Figures 71 and 7J). Collectively, these data

revealed that microglial SENP3 knockdown offered protection against ischemic infarct.

Discussion

Excessive neuroinflammation induced by overactivated microglia plays a critical role in the brain
injury following cerebral ischemia?®, but little is understood about what brain factors control
neuroinflammation resolution and the potential mechanisms. The current research was performed
to clarify the pro-inflammatory effects of SENP3 and the molecular mechanisms. We confirmed that
SENP3 functioned as an important positive regulator of neuroinflammation after ischemia stroke.
Specifically, cerebral I/R injury upregulated the level of SENP3 in microglia in vitro and in vivo.
Accordingly, suppressing SENP3 significantly reduces the pro-inflammatory factors expression in
OGD/R-stimulated microglia. We also found that the biological actions of SENP3 were correlated
with the activation of the MAPK/AP-1 signaling via deSUMOylation of c-Jun. In the in vivo study,
microglia-selective knockdown of SENP3 resulted in dramatically reduced infarct volumes and
ameliorated neurological outcomes after cerebral ischemia, possibly due to the suppression of the

production of pro-inflammatory mediators.

SUMOylation modification have been reported to restrained inflammation in various types of cells,
exemplified by SUMOylation of Annexin-Al, MKK7, NLRP3 and so on.'*?72° SENP3 has been
found to participate in inflammatory response. Karin et al have reported that SENP3 potentiates the
activation of TLR4 signaling pathway and enhances expression of inflammatory cytokines in
macrophages subjected to LPS via mediating the de-SUMOylation of MKK7.%® Similarly, SENP3
also participates in fine-tuning macrophage polarization via deSUMOylation of Akt1.%° Consistent
with these reports, we found that SENP3 also play a crucial role in microglia-induced
neuroinflammation response after cerebral ischemia. Intriguingly, our data suggest the SENP3
facilitates microglia overactivation and enhances the production of proinflammatory mediators,
including TNF-a,, IL-6, IL-1B, CCL2 and CXCL1 under OGD/R conditions. On the other hand,
there are also considerable evidences showing that microglia phagocytosis playing important roles

in neurological recuperation after cerebral ischemia.3! As microglial phagocytosis involves in the
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removal of massive damage cells and debris induced by cerebral I/R injury.®? This study only
determined the impact of SENP3 on inflammatory cytokines production. It is not clear whether
SENP3 participates in the regulation of microglia phagocytosis after ischemic stroke, which will be

investigated in the future.

Growing evidence has demonstrated that NF-xB and MAPK/AP-1 pathway are the crucial signaling
pathways that controls the production of multiple proinflammatory factors, and it is also important
for microglial activation.*% Evidences from this study revealed that SENP3 knockdown
dramatically restricted the activation of the MAPK/AP-1 pathway triggered by OGD/R treatment,
but had little effect on the activation of the NF-xB pathway. Interestingly, Lao et al also found that
SENP3 selectively increases the activation of MAPK/AP-1 signaling, while it confers no effect on
NF-«xB signaling in the LPS-induced inflammatory responses in macrophages.®® Unlike SENPS,
which has been reported to negatively control TLR inflammatory signaling pathway by mediating
the deSUMOylation of IkB kinase y (IKKy), thus inhibiting LPS activated NF-xB signaling in
macrophages.® These findings indicate that SENP family members play different roles via different

substrates even in a similar inflammatory context.

Previous studies have shown that JNK activation induces direct phosphorylation of its substrate c-
Jun 3738 Following phosphorylation, c-Jun forms homo or heterodimers with other AP-1 family
members to form an active transcription complex.® In the current study, we found that SENP3 in
microglia activates the AP-1 transcriptional activity in cerebral ischemia-induced inflammatory
responses through selectively catalyzing deSUMOylation of c-Jun. As we known, PTMs play
critical roles in regulating the functions of substrate proteins.*® SUMOylation, one of the reversible
PTMs, which function in regulating protein stability, localization and interaction with other
molecules.*! It has been demonstrated that c-Jun can be SUMOylated at lysine residues 229 and 257,
and SUMOylation of c-Jun can attenuate the transcriptional activity of AP-1.182! In the present
study, we found the deSUMOylating enzyme SENP3 functions as a negative regulator of c-Jun
SUMOylation and enhances its transactivation capacity. Many PTM sites from the same (intra) or
different (inter) substrates often cooperate with each other to serve a function, which is described as

PTM cross-talk.*? Previous study showed that inhibition of SENP3-mediated deSUMOylation of
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Aktl can result in the hyperphosphorylation and activation of Akt1.*® As JNK-mediated
phosphorylation of c-Jun is critical for its transcriptional activity.*> Therefore, whether cross-talk

exists between c-Jun phosphorylation and SUMOylation remains to be systematically characterized.

Neuronal apoptosis is a leading cause in the occurrence and development of cerebral ischemia.
Neuronal apoptosis after ischemic stroke seems to be induced by several mechanisms, including
inflammatory reactions, energy deficiency, intracellular calcium overload, glutamate excitotoxicity,
electrogenic pump failure, and excessive generation of free radicals.***® In addition, correlation
between SENP3 and neuronal apoptosis has been reported in several studies. Guo and colleagues
found that SENP3-mediated deSUMOylation of Drpl1 could enhance its interaction with Mff, thus
promoting Drpl mitochondrial localization and ultimately resulting in neuronal apoptosis induced
by OGD/R.*®4" Furthermore, it is demonstrated that there was a positive regulation among SENP3
and cleaved caspase-3 in the cerebral cortex after subarachnoid hemorrhage.®® In the present
research, the expression of cleaved caspase-3 and other pro-apoptotic molecules was dramatically
elevated upon SENP3 was overexpressed in microglia. Our further work claimed that microglia-
specific SENP3 knockdown decreased cleaved caspase-3 expression, thereby markedly decreasing
neuronal apoptosis after cerebral ischemia. This study confirmed that SENP3 aggravated neuronal

apoptosis triggered by cerebral I/R injury.

We observed that microglia-specific SENP3 knockdown protected against neuronal damage,
indicating that SENP3 plays a role in microglia function. However, many studies have demonstrated
SENP3 is also expressed in endothelial cells, neurons and astrocytes.***® We cannot rule out that
the effect of SENP3 on cerebral ischemia may be due to the synergistic effect of multiple cells in
ischemic tissue. In this study, we demonstrated that SENP3 induces excessive neuroinflammation
and neuronal apoptosis after cerebral ischemia via mediating the deSUMOylation of c-Jun.
Consistently, Guo et al also reported that SENP3-mediated deSUMOylation of Drpl promotes
neuronal cell death following cerebral ischemia.>! Nevertheless, the role of SENP3 in endothelial
cells and astrocytes remains unknown after ischemia stroke, and need to be further studied. In
addition, Cx3crl-Cre mice expressed Cre recombinases under the Cx3crl promoter in the

mononuclear phagocyte system, including monocyte and macrophage chambers and microglia.>?
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Thus, the AAV particles may also infect macrophages and infiltrating monocytes, and the effects of
injecting AAV particles on infiltrating macrophages and infiltrating monocytes need to be further
studied. Furthermore, AAV-mediated gene expression requires a certain amount of time in vivo. In
this study, mice were pretreated with AAV injection four weeks before MCAO surgery. Therefore,
more detailed work is needed to confirm the efficacy with a post treatment. Nevertheless, whether
there are alternative approaches that rapidly reduce endogenous SENP3 activity or inhibit its binding
with c-Jun, which may be a promising approach for post-stroke therapy, and these remains to be

investigated in future studies.

In conclusion, this study recognized an uncovered mechanism by which SENP3 participates in
microglia-induced neuroinflammation following ischemic stroke. We have provided compelling
evidence demonstrating that SENP3 interacts with and mediates the deSUMOylation of c-Jun,
thereby upregulating its transcriptional activity, activating MAPK/AP-1 signaling pathway and
aggravating microglia-induced neuroinflammation after cerebral I/R injury, while specifically
knockdown of SENP3 in microglia markedly decreased pro-inflammatory proinflammatory
cytokines and chemokines expression, thereby exhibiting profound neuroprotective and cognitive-
preserving effects against cerebral ischemia in experimental animals. Overall, our findings clarified
a previously undiscovered role of SENP3 and showed that blocking the expression of SENP3 or its
interaction with c-Jun would be a new and promising therapeutic approach for ischemic stroke and

probably other neuroinflammatory disorders.

Limitations of Study

Limitations of this study include the absence of in vivo experiments on microglial-specific SENP3-
knockout mice. This was mostly due to time constraints and resource scarcity in terms of mice breed
featuring microglia-specific SENP3 deleted, and we alternatively adopted the method of using shRNA
to silence SENP3 expression specific in microglia in vivo. We plan to study this area in the near future

by breeding mice with specific gene types to ensure a rigorous experimental design.

Supplementary Material

Supplemental information can be found online at iScience’ website.



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

Acknowledgements

This study was supported by funding from the National Natural Science Foundation of China
(No0.32271037, No.82201472, No0.31800896), China Postdoctoral Science Foundation (No.
2018T110752 and No. 2017M620310) and Tongji Hospital (HUST) Foundation for Excellent

Young Scientist (No. 2020YQ17).

Author contributions

X.L. and Q.X. conceived the study, obtained financial support, and performed the laboratory
experiments. M.M. and G.F.Z. conducted the data processing and statistical analysis. Z.Z.L., Z.Y.
provided helpful discussions. The manuscript was written by Q.X. with approval from all of the

authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Figure Legends

Figure 1. Microglial SENP3 is upregulated after cerebral ischemia. (A) Primary cultured
microglia were treated with OGD and reoxygenation at the indicated time points. RT-gPCR analysis
for determining mMRNA levels of Senp3. n = 3 per time point. (B, C) Immunoblot analysis for
determining the protein expression of SENP3 in primary cultured microglia. The representative
images of immunoblot bands (B) and analysis of relative band intensity (C) are depicted. n = 3. (D)
Mouse brain homogenates were extracted after MCAO operation for 1 h and reperfusion at different
time as indicated. RT-qPCR analysis for determining mRNA transcription of Senp3 in cerebral
tissues. n = 4 per time point. (E, F) Immunoblots for determining the protein level of SENP3 in
cerebral tissues. The representative images of immunoblot bands (E) and analysis of relative band

intensity (F) are depicted. n = 4 per time point. (G, I, K) Representative double immunostaining of
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SENP3 (red) with Iba-1 (a microglial marker, green), GFAP (an astrocyte glial marker, green) and
NeuN (a neuronal marker, green) from ischemic penumbra of brain tissue after MCAO operation.
(H, J, L) Quantification of Iba-1"/SENP3", NeuN*/ SENP3", and GFAP'/ SENP3" fluorescence
intensity was quantified using ImageJ. Scale bars, 20 um. Data are presented as means £ SEM and
quantified by one-way ANOVA followed by Dunnett’s post hoc test or unpaired Student's t test (H,

J,L) *P <0.05, **P < 0.01, and ****P < 0.0001.

Figure 2. SENP3 promotes the expression of proinflammatory factors in microglia after
cerebral I/R injury. (A) Primary cultured microglia were transduced with adenovirus expressing
empty vector (Ad-vector), SENP3 coding sequence (Ad-SENP3), scramble (Ad-sh.NC) or SENP3
shRNA sequence (Ad-sh.SENP3), and then treated with OGD/R. The mRNA level of 1i-g, Il-6, Tnf-
a, Cxcll and Cc/2 in microglial cells was quantified by RT-gPCR assay. (B) The secretion level for
IL-B, IL-6, TNF-a,, CXCL1 and CCL2 in primary microglia supernatants was detected by ELISA
analysis. (C, D) The protein expression of iNOS and CD16/32 was detected by immunaoblots assay
(C) and the analysis of relative band intensity was depicted (D). n = 3 per group. (E) The intensity
of INOS (Green) and Iba-1 (Red) in primary cultured microglia was determined by
immunofluorescence assays. Scale bars: 20 um. (F) The fluorescence intensity of iNOS and Iba-1
was analyzed via ImageJ software. Data are presented as means + SEM and analyzed by one-way
ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <

0.0001.

Figure 3. SENP3 enhances the activation of MAPK/AP-1 signaling in microglia after OGD/R.
(A-F) Primary microglia were transfected with Ad-vector, Ad-SENP3, Ad-sh.NC or Ad-sh.SENP3,
and then treated with OGD/R, respectively. Effects of SENP3 on the activation of NF-xB and
MAPK/AP-1 signaling was determined. Total protein expression and the phosphorylation levels of
p65, ERK1/2, INK1/2, p38 MAPK, and c-Jun were examined by immunoblot (A) and analysis of
relative band intensity (B-F) was depicted. (G, H) The transcriptional activity of p65 (G) and AP-1
(H) in HEK293 cells was examined by dual-luciferase reporter assay. (1) The DNA binding activity
of AP-1 in primary microglia was examined by an ELISA-based (Trans-AM) method. (J-L) Effects

of intervention of SENP3 expression on c-Jun nuclear translocation was determined by
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immunoblotting (J) and the analysis of relative band intensity was depicted (K, L). Data are
presented as means + SEM from at least three independent experiments. Quantitative analysis was
conducted by one-way ANOVA (K and L), and all others were analyzed by two-way ANOVA
followed by Tukey’s post hoc test. ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001, and

****p < 0.0001.

Figure 4. SENP3 induced the deSUMOylation of c-Jun. (A) The SUMOylation level of c-Jun
was determined by Ni?*-NTA pull down. HA-c-Jun, His-SUMO1/2/3, and Flag-Ubc9 were co-
transduced into HEK293T cells. Cell lysates were used for Ni?*-NTA resin pull down and
determined by immunoblot analysis. (B) The SUMOylation of endogenous c-Jun in primary
microglia treated with OGD/R or not was examined by co-immunoprecipitation (co-IP) assay. (C)
SENP3 downregulates the SUMOylation level of c-Jun. HA-c-Jun, His-SUMO2, and Flag-Ubc9
were co-transduced into HEK293T cells along with Myc-SENP3 or Myc-SENP3 C532A mutant.
The SUMOylation level of c-Jun was examined by Ni**-NTA pull down and analyzed by
immunoblot. (D) Representative Ni?*-NTA pull-down results demonstrating the SUMOylation level
of c-Jun in HEK293T cells when SENP3 is knocked down by specific ShRNA. (E, F) The interaction
of ectopically expressed c-Jun with SENP3 was determined by co-IP. Flag-SENP3 and HA-c-Jun
were co-transduced into HEK293T cells, and cell lysates were subjected to co-IP. (G, H) The
binding of endogenous SENP3 with c-Jun in primary microglia subjected to OGD/R or not was

detected by co-IP. All the experiments were repeated three times.

Figure 5. SENP3 deletion alleviated the neurotoxic effects of pro-inflammatory microglia in
cocultured neurons after OGD/R. (A) Primary cultured microglia were transduced with Ad-
SENP3 or Ad-sh.SENP3, then co-cultured with primary neurons via transwell system, following by
OGD/R treatment. Schematic representation as above. (B, C) The apoptotic neurons were
determined by TUNEL staining (B) and quantification analysis of TUNEL" neurons (C). (D) The
cytotoxicity was examined by LDH release assay. (E) The neuronal viability was determined by
CCK-8 assay. (F-K) (F) Immunoblot assays showed the protein expression of representative anti-
apoptosis or pro-apoptosis molecules in co-cultured neurons. (G-K) Quantitative analysis of the Bcl-

xl (G), Bax (H), cleaved PARP (I), cleaved caspase-9 (J), and cleaved caspase-3 (K) protein
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expression in (F). Scale bar: 20 pum. Data are presented as the means + SEM. from at least three
dependent experiments and analyzed by two-way ANOVA followed by Tukey’s post hoc test. *P <

0.05, **P <0.01, ***P < 0.001, and ****P < 0.0001.

Figure 6. Microglial SENP3 knockdown is neuroprotective during cerebral ischemia-
reperfusion injury. (A) Experimental design for microglia-specific knockdown of SENP3 in mice.
AAV2/6 vectors carrying SENP3 or scramble shRNA were injected into hippocampus CA1 region,
cerebral cortex and striatum of Cx3crl-Cre mice. (B) Schematic representation showing the
experimental process. (C, D) The interference efficiency of SENP3 was determined by western
blotting. (E) Cerebral blood flow monitored using 2-dimensional laser speckle imaging techniques
before, during MCAO, and reperfusion. (F) Results were expressed as percent change from baseline
(pre-MCAO). (G) The neuronal apoptosis in hippocampus CA1 region, cerebral cortex was detected
by TUNEL staining. (H, I) The infarct volume was examined by TTC staining (H) and the analysis
of infarct size was shown (I). n = 8-9 mice per group. (J) The neurological deficits scores were
evaluated by the mNSS. Data are presented as means = SEM and analyzed by unpaired Student's t
test (panel D), one-way ANOVA followed by Dunnett’s post hoc test (panel I) or RM ANOVA
followed by Tukey’s post hoc test (panel J). n.s. for P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001

and ****p < 0.0001.

Figure 7. Knockdown of SENP3 in microglia alleviated cognitive and motor function after
ischemic stroke in mice. (A-D) Sensorimotor deficits were assessed before (Pre) and up to 28 d
after cerebral I/R injury by a series of behavioral tests. (A) Adhesive touch test. (B) Adhesive
removal test. (C) Cylinder test. (D) Rotarod test. (E-J) Latency trial and probe trial results in the
Morris water maze (MWM) tests. (E) Representative path tracings on day 35 during the latency trial.
(F) Representative path tracings on day 36 during the probe trial. (G) The mean escape latency
during days 30-35 of testing. (H) Mean escape latency to the hidden platform on day 36. (I) The
percentage of time searching for the hidden platform in the target quadrant on day 36. (J) Number
of times crossing the target platform location on day 36. n = 8-10 mice per group. Data are presented
as means + SEM. Statistical difference in panel (A-D and G) was analyzed by the RM ANOVA

followed by Tukey’s post hoc test. Data in panel (J) was determined by Kruskal-Wallis non-



489  parametric test, and all others were used one-way ANOVA followed by Tukey’s post hoc test. *P <
490  0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

491

492  STAR METHODS

493  Detailed methods are provided in the online version of this paper and include the following:

494 @ KEY RESOURCES TABLE

495 ® RESOURCE AVAILABILITY

496 O Lead contact
497 O Materials availability
498 O Data and code availability

499 ® EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

500 O Ethics statement

501 O Animals

502 O Transient focal cerebral ischemia

503 O Cell culture and oxygen-glucose deprivation/reperfusion (OGD/R) procedure
504 O Co-culture of neuron and microglia

505 O Viral vectors transduction in mice

506 ® METHODS DETAILS

507 O TdT-mediated dUTP-X nick end labeling (TUNEL) staining
508 O SUMOylation assay

509 O Co-Immunoprecipitation (Co-IP)

510 O  Plasmids construction

511 O Real-time quantitative PCR (RT-qPCR)

512 O Enzyme-linked immunosorbent assay (ELISA)
513 O TTC (2,3,5-triphenyl-tetrazolium chloride) staining
514 O Neurological deficit evaluation

515 O Morris water maze (MWM) test

516 O Rotarod Test

517 O Adhesive Test

518 O Cylinder Test



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

® QUANTIFICATION AND STATISTICAL ANALYSIS

STAR METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Xing Li (lixing88@hust.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

®  All data reported in this paper will be shared by the lead contact upon reasonable request.

®  This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement

All experiments were approved by the Experimental Animal Care and Use Committee of Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technology, and were in
agreement with the National Institutes of Health Guidelines for the Care and Use of Laboratory

Animals.

Animals

C57BL/6J male mice obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd.
were used for experiments. The mice were maintained under pathogen-free conditions in a barrier-
sustained facility and provided with a normal diet and free water intake. Cx3crl-Cre mice

(C57BL/6J background) were generated from Jackson Laboratory (JAX stock 000664). A total of
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46 wild-type C57BL/6J male mice and 104 Cx3cr1-Cre mice male mice were used in this study. 13
mice were excluded because of death (5 mice), cerebral hemorrhage (3 mice), disturbance of
consciousness (3 mice), or failure of ischemia induction (2 mice) (as shown in Figure S9). Animals
were monitored after surgery according to the IMPROVE guidelines and the experiments have been
reported following the ARRIVE guidelines.>* All mice were randomized for the experiment. The

operator was blinded to the experimental procedures and data analysis.

Transient focal cerebral ischemia

We induced the ischemic stroke model with left middle cerebral artery occlusion (MCAQ) as
previously described.>® First, the animals were anesthetized with 2.5% isoflurane, and the entire
procedure was conducted at 37.0 = 0.5 °C by maintaining the mice on a homeothermic blanket
(Harvard Apparatus, Holliston, MA, USA). The left common carotid artery (CCA), external carotid
artery (ECA) and internal carotid artery (ICA) was exposed through an incision in front of the
midline of the neck. Then, CCA and ECA were ligated. Subsequently, blocked ICA with artery clip,
and sheared at the place where ECA 5 mm from bifurcation with a small 0.2 mm wide opening.
Then, inserted the suture to the ICA through ECA until there was resistance. After 1 h, the suture
was withdrawn lightly. The cerebral blood flow was monitored using a Laser Speckle Imaging System
(RFLSI I1l, RWD Life Science, Shenzhen, China). For sham surgery, surgical procedure was

conducted without suture inserting treatment.

Cell culture and oxygen-glucose deprivation/reperfusion (OGD/R) procedure

Primary neurons were dissected from embryonic (E16—-E18) mice with the procedure as we have
previously reported.>® Briefly, after dissecting and cutting of the cerebral cortex under anatomic
microscope, we digested the neurons with 0.25% trypsin—EDTA (Sigma-Aldrich, St. Louis, MO,
USA) solution for dissociation. Next, centrifugated and gathered the cell suspensions. After
counting the cells, seeded the cells in 6-well culture plates with normal Dulbecco’s Modified
Eagle’s Minimum Essential Medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA) and
10% fetal bovine serum (FBS, Gibco, Gaithersburg, MD, USA).

Primary microglia were cultured as we have previously described.>® Briefly, mixed glia cells were

prepared from the whole brain of neonatal mice at postnatal P1-P2 and were cultured in high-
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glucose DMEM (Gibco) medium supplemented with 20% FBS (Gibco) at 37 °C in a 95% O, and
5% CO; incubator for 8-10 days, and the medium was changed every 3 days. Microglia were
isolated from the mixed glial cultures by mild agitation at 200 rpm for 6 h in a rotary shaker at 37 °C
based on the distinct adhesive features of microglia and astrocytes. The obtained microglial cells
were seeded into 6-well plates in high-glucose DMEM medium supplemented with 20% FBS at a
density of 1 x 10%well for 24 h before ready for further treatment. The purity of the adherent cells
was verified by immunocytochemical staining, which indicated more than 95% of the cells in the
cultures were positive for the microglia-specific marker Ibal. A highly enriched population of
microglia/macrophages was isolated from adult mice by Percoll density centrifugation using a
protocol described previously.’’

HEK293T cells were cultivated in high-glucose DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin (Beyotime Biotechnology, Shanghai, China) at 37 °C in a humidified 5%
CO,-containing atmosphere. Transfections were conducted using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) when the cells were 80-90% confluent. OGD/R was conducted as previously®8.
In brief, replaced the culture supernatant with glucose-free DMEM (Gibco) , then incubated in 1%
02, 5% CO3, and 94% N at 37 °C. After 1 hour of cultivation, replaced the medium to high-glucose

DMEM, then returned to the incubator in 95% O, and 5% CO; at 37 °C, and began reperfusion.

Co-culture of neuron and microglia

In brief, microglia and neurons were isolated by transwell (Corning, Tewksbury, MA, USA) co-
culture system. The cells were cultured in two chambers with a semi-permeable membrane of 0.4
pm between the two chambers, in which cytokines could be diffused. Primary cultured neurons were
cultured in the lower cavity, while microglia were in the upper cavity 0.8 mm away from the lower
cavity. After adenovirus transfected into microglia cells for 48 hours infection, the supernatants were
replaced with free fresh medium and the transwell insert was moved to the neurons. Afterward, cells

were treated with OGD/R.

Viral vectors transduction in mice
Adenoviruses encompassing vector, wild-type (WT) SENP3, scramble control and short hairpin

RNA (shRNA) against SENP3 were employed to infect primary cultured microglia. The sequences


Administrator


609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

of shRNA target SENP3 are designed and verified as follows: mouse SENP3 5'- GCT TCC GGG
TAT CCT ATA AGC-3’, human SENP3: 5'-GGA TGC TGC TCT ACT CAA A-3’', and a scramble
shRNA used as a negative control. Primary microglia were infected using diluted recombinant
adenovirus at an optimal multiplicity of infection (MOI) about 50:1 to 100:1 referring our pre-tests.
After 48h infection, cells were subjected to further experiments. For in vivo viral infection studies,
Cx3crl-Cre male mice aged 8 weeks were infected with AAV2/6 viruses (2-3 x 10'% vg/ml)
encoding CMV-DIO-Vector, CMV-DIO-His-SENP3, U6-DIO-shcontrol-EGFP, U6-DIO-
SENP3/shRNA-EGFP by stereotactic brain injection, which induced SENP3 upregulation or
downregulation in microglia specifically. Briefly, the animals were anesthetized with 2.5%
isoflurane and fixed in a stereotaxic apparatus (RWD Life Science, Shenzhen, China). 500 nL of
virus (50 nL/min) solution were injected into the hippocampal CAL area, cerebral cortex, and
striatum of the left hemisphere with a stepper motor-driven micro-injector (Hamilton, Reno, NV,

USA).

METHOD DETAILS

TdT-mediated dUTP-X nick end labeling (TUNEL) staining

Neuronal apoptosis was determined via the in situ cell death detection kit (Roche, Rotkreuz,
Switzerland) following manufacturer’s instructions. In brief, slides were washed in PBS for three
times, and exposed to immersion fixation for 20 minutes in 4% paraformaldehyde (PFA). After
washing 3 x 5min in PBS, slides were incubated with TUNEL reagent at 37°C for 1 h in a
humidified dark chamber. Then slides were then incubated with DAPI (Beyotime Biotechnology)
for 8 min. Last, mount the cells with ProLong Gold Antifade reagent (Life Technologies, Carlsbad,
CA, USA). Fluorescent images were visualized by a fluorescence microscope (BX53, Olympus,

Tokyo, Japan) with equal exposure times.

Western blotting

Briefly, brain tissues and cultured cells were lysed with RIPA buffer at 4 °C for 15 min, and then,
the extract was mixed with sample buffer and boiled for 10 min, followed by centrifuged at 14,000
x g for another 15 min. The supernatant was collected and used for immunoblot. Equal amounts of

protein extracts were separated by 10% or 12% sodium dodecyl sulfate polyacrylamide gel
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electrophoresis, and then transferred to polyvinylidene fluoride membranes. After blocked with 5%
BSA, the membranes were incubated with primary antibodies at 4 °C overnight. And then, a
secondary antibody (1:20,000; Jackson ImmunoResearch, West Grove, USA) was added to the
membranes and incubated for 1 hours. Finally, immunodetection was performed with a

chemiluminescence substrate kit (Thermo Pierce, Rockford, USA).

Immunofluorescence

Fixed brain slices were permeabilized with PBS containing 0.5% Triton X-100 for 30 min at room
temperature, followed by incubated in blocking buffer for another 30 min at 37 °C. After incubated
with primary antibodies at 4 °C for 24 h, the slices were added with the secondary antibodies and
incubated for 1 h at 37 °C. Finally, DAPI was added to the slices for 10 min at room temperature in

the dark. Images were acquired using a fluorescence microscope (BX53, Olympus).

SUMOylation assay

SUMOylation of c-Jun was determined by Ni?*-NTA pull down as our previous publication
described.?” In Brief, HEK293T cells were transduced with HA-c-Jun, Flag-Ubc9 and His-SUMO
for 48 hours. After washing 2 x 5min in cold PBS, cells were lysed in 800 ul of Ni**-NTA
denaturing buffer, concluding 20 mM N-Ethylmaleimide (NEM). Then, cells were sonicated until
the lysate became fluid. The lysates were collected by centrifugation at 15 000g for 10 min and
supplemented with 50 pl of Ni?*-NTA beads (Qiagen, Dusseldorf, Germany). Then, the beads were
washed continuously in 1 ml Ni?*-NTA washing buffer. Finally, the beads were eluted in 40 pl of 2
x loading buffer containing 200 mM imidazole and boiled at 95°C for 10 min, and followed by

western blotting analysis.

Co-Immunoprecipitation (Co-IP)

For immunoprecipitation analysis, the clarified lysate was immunoprecipitated overnight with the
indicated primary antibodies, and then mixed with 40 ul Protein A + G agarose beads (Beyotime
Biotechnology) to catch the immune complex at 4 °C for 4 h. Rabbit or mouse 1gG antibody were
utilized as the negative control. After washing 3 x 5 min in cold lysis buffer, the immune complexes

on beads were resuspended with 2 x loading buffer and boiled at 95°C for 10 min, and then analyzed
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by immunoblots assay.

Plasmids construction

The cDNA of SENP3 was obtained by PCR and cloned into indicated vectors including pMyc-
CMV2, the c-Jun or Ubc9 coding sequence was cloned into pHA-CMV?2 or pFlag-CMV?2 using
recombinase connection method. SUMO1/2/3 coding sequence was cloned into pHis-CMV2 using
recombinase connection method. For site-directed mutagenesis, SENP3 site-directed mutant
(SENP3-C532A) were produced by recombination with Trelief SoSoo Cloning Kit (TSINGKE,

Beijing, China) per the manufacturer’s protocol.

Real-time quantitative PCR (RT-qPCR)

The PCR experiments were performed with a SYBR Premix ExTaq Quantitative PCR Kit (TaKaRa,
Tokyo, Japan) on an ABI 7900 fast real-time PCR system (Applied Biosystems, Carlsbad, CA,
USA). Total RNA was isolated using the TRIzol reagent (Invitrogen) following the manufacturer’s
instructions. To determine the mRNA expression of Senp3, 1I-14, 11-6 and Tnf-¢, Cxcll and Ccl2,
11-4, 11-10, Tgf-B, Arginase-1, Cd206, 0.5 to 2 ug of total RNA was converted to cDNA by a
ReverTra Ace-a-TM First Strand cDNA Synthesis Kit (Toyobo, Osaka, Japan). The 244t method
was performed to analysis of MRNA level. The specific primers employed in this study are present

in KEY RESOURCES TABLE.

Enzyme-linked immunosorbent assay (ELISA)

To evaluate the cytokines and chemokines secretion in the culture medium of treated and untreated
microglia, the culture medium was centrifuged at 15 000 g for 15 min at 4 °C. Then the supernatants
were gathered, and the cytokines and chemokines concentration were determined with ELISA Kits
according to the manufacturers’ protocol. The absorbance was measured at 450 nm via an

EnspireTM multilabel reader 2300 (PerkinElmer, Waltham, MA, USA).

TTC (2,3,5-triphenyl-tetrazolium chloride) staining
To detected infarct areas after MCAO surgery, mouse brain was frozen at —80 °C for 8 minutes, and

then six 2-mm thick slices were sliced using a series of histological knives assembled as a unit and
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a mouse brain matrix (RWD Life Science). The slices were incubated in 1 % solution of TTC
(Biosharp, Hefei, China) at 37 °C in dark for 20 min. Subsequently, the samples were fixed in 4%
PFA. The brain infarction volume and a total volume of brain slice were analyzed for each slide
through Image-Pro Plus (version 7.0; Media Cybernetics, Rockville, MD, USA). The infarct volume
was measured and indicated as: Infarct volume (%) = (contralateral volume — ipsilateral non-infarct

volume) / contralateral volume x 100%.

Neurological deficit evaluation

Neurological deficiency of the animals was determined by the independent blind researchers. After
24 h of MCAO and reperfusion, modified neurological severity score (mNSS) was selected to assess
the neurological dysfunction which includes beam balance tests (score 0 to 6), reflexes absent &
abnormal movements (score 0 to 2) and motor tests (scored 0 to 6). Accumulative scores of f 1 to 4,

5t0 9, or 10 to 14 respectively indicated slight, moderate, or serious brain injury.

Morris water maze (MWM) test

The spatial learning and memory of mice were examined by MWM as reported previously.* Briefly,
the MWM test was performed in a circular tank with a circular platform (6 cm in diameter). The
pool was filled with opaque water at 22 + 2°C, and the platform was submerged 1 cm beneath the
surface. During the incubation period, six consecutive days of subsea platform training were
conducted, with each phase consisting of four tests. Animals that cannot find the platform within 60
s were guided to the platform and maintained on the platform for 15 s. During the probe trial, the
animals were allowed to search for the platform for 60 s and record the animal’s performance by a

digital tracking device.

Rotarod Test

The rotarod test was conducted as described previously.®° Briefly, animals were acclimatized to the
rotarod apparatus for one day at 0 rpm and one day at a constant 2 rpm speed. Before the test,
animals were placed in the center of a rotating pole from 5-10 rpm per minute, and then trained for
30 minutes. The speed of the rotating rod then accelerated from 5-40 rpm in 5 minutes. Latency to

fall was recorded automatically.
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Adhesive Test

The adhesive test was conducted to evaluate animals’ sensorimotor function.®! In brief, adhesive-
backed paper dots (a round 6.35 mm sticker) were gently placed on the paralyzed front paw and
used as bilateral tactile stimuli on the dorsal paw. Next, the mice were returned to the cage. The
latency to touch the sticker was recorded as the touch time, and the latency to successful removal
of the sticker by the mouse was recorded as the removal time. Animals received 3 trials per day for

each forepaw with an inter-trial interval of 5 min.

Cylinder Test

The cylinder test was conducted to assess forepaw use and rotation asymmetry.®? In brief, the
animals were placed in a transparent Plexiglas cylinder (15 cm in high, 9 cm in diameter) surrounded
by mirrored panels to allow for evaluation of all movements and videotaped for 10 minutes. The
total number of contacts by forepaws (left, L; right, R; both, B) was totaled. For analysis, the

asymmetric rate was recorded as (L —R) /(L + R + B) x 100 (%).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as the means = SEM from at least three independent experiments. The
statistical analyses were performed by GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA,
USA). Student’s t test was performed to examine the significance of differences between two groups
of data. Multiple group (> 2 groups) comparisons were conducted by one- or two-way ANOVA
followed by Dunnett's or Tukey’s post-hoc test. The nonparametric Kruskal-Wallis rank-sum test
was conducted to analyze nonnormal distributions. P values were considered significant for less

than 0.05.
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Highlights

® SENP3 is increased in microglia after cerebral ischemia and reperfusion injury

® SENP3 promotes the expression of proinflammatory cytokines and chemokines in microglia
® SENP3 binds and mediates the deSUMOylation of c-Jun

®  Microglia-specific SENP3 knockdown ameliorates ischemic brain injury in mice



KEY RESOURCES TABLE

REAGENT or RESOURCE |SOURCE IDENTIFIER

Antibodies

Mouse anti-HA Santa Cruz |Cat#sc-7392; RRID:AB_627809
Biotechnology

Mouse anti-Flag Santa Cruz |Cat#sc-166355; RRID:AB_2017593
Biotechnology

Rabbit anti-Myc Proteintech |Cat#16286-1-AP; RRID:AB_11182162

Rabbit anti-His Sigma-Aldrich|Cat#SAB1306085;

Rabbit anti-SENP3 Proteintech |Cat#17659-1-AP; RRID:AB_ 2301618

Mouse anti-lbal Abcam Cat#ab283319; RRID:AB_ 2924797

Mouse anti-NeuN Millipore Cat#MAB377; RRID:AB_2298772

Mouse anti-GFAP Santa Cruz |Cat#sc-33673; RRID:AB_627673
Biotechnology

Rabbit anti-iNOS

Proteintech

Cat#18985-1-AP; RRID:AB_2782960

Mouse anti-CD16/32

R&D systems

Cat#AF1460; RRID:AB_354811

Mouse anti-B-actin Santa Cruz |Cat#sc-47778; RRID:AB_626632
Biotechnology

Rabbit anti-NF-kB p65 Cell Signaling [Cat#8242; RRID:AB_10859369
Technology

Rabbit anti-Phospho-NF-kB p65 Cell Signaling [Cat#3033; RRID:AB_331284
Technology

Rabbit anti-JNK

R&D systems

Cat#AF1387; RRID:AB_2140743

Rabbit anti-Phospho-JNK

R&D systems

Cat#MAB1205;

Mouse anti-ERK1/2

R&D systems

Cat#MAB1576; RRID:AB_2140121

Rabbit anti-Phospho-ERK1/2 R&D systems |Cat#AF1018; RRID:AB_354539

Rabbit anti-p38 MAPK Cell Signaling |Cat#8690; RRID:AB_10999090
Technology

Rabbit anti-Phospho-p38 MAPK R&D systems |Cat#AF869; RRID:AB_2141896

Mouse anti-c-Jun Santa Cruz |Cat#sc-74543; RRID:AB_1121646
Biotechnology

Rabbit anti-Phospho-c-Jun Cell Signaling |Cat#3270; RRID:AB_2129575
Technology

Mouse anti-a-tubulin Santa Cruz |Cat#sc-8035; RRID:AB_628408
Biotechnology

Rabbit anti-Histone H3 Cell Signaling |Cat#4499; RRID:AB_10544537
Technology

Mouse anti-SUMO2/3 Santa Cruz |Cat#sc-393144; RRID:AB_2905545
Biotechnology

Rabbit anti-Bcl-xL Cell Signaling [Cat#2764; RRID:AB_2228008
Technology

Rabbit anti-Bax Cell Signaling [Cat#41162; RRID:AB_2924730
Technology

Rabbit anti-cleaved caspase-3 Cell Signaling [Cat#9664; RRID:AB_2070042
Technology

Rabbit anti-cleaved caspase-9 Cell Signaling |Cat#20750; RRID:AB_2798848

Technology




Rabbit anti-cleaved PARP Cell Signaling |Cat#5625; RRID:AB_10699459
Technology

Mouse anti-SUMO1 Santa Cruz |Cat#sc-5308; RRID:AB_628300
Biotechnology

Bacterial and Virus Strains

Ad-vector Vigene N/A
Biosciences

Ad-wild-type (WT) SENP3 Vigene N/A
Biosciences

Ad-scramble control (sh.NC) Vigene N/A
Biosciences

Ad-shRNA SENP3 (sh.SENP3) Vigene N/A
Biosciences

AAV2/6-U6-DIO-scramble control- Vigene N/A

EGFP Biosciences

AAV2/6-U6-DIO-SENP3/shRNA-EGFP |Vigene N/A
Biosciences

Chemicals, Peptides, and Recombinant Proteins

Isoflurane Baxter HDG9623

Ethanol Sinopharm  |64-17-5

TRIzol Invitrogen 15596018

RIPA Lysis buffer Boster ARO0101

Fetal bovine serum (FBS) Gibco 10099

Dulbecco’s Modified Eagle’s Minimum |Gibco 11965092

Essential Medium (DMEM)

Glucose-free DMEM Gibco 11966025

Penicillin-streptomycin Beyotime C0222
Biotechnology

0.25% trypsin—-EDTA Sigma-Aldrich|SM-2003

Lipofectamine 3000 Invitrogen L3000015

TBST CWBIO Cat #CW0043S

DAPI Beyotime C1002
Biotechnology

ProLong Gold Antifade reagent Life P36930
Technologies

N-Ethylmaleimide (NEM) Thermo 23030
Scientific

Ni?*-NTA beads Qiagen Cat. No. / ID: 30210

Protein A+G agarose beads Beyotime P2055
Biotechnology

PVDF- membranes Millipore Cat # IPVH00010

Pierce™ ECL Western Thermo 32106
Scientific

Triphenyltetrazolium chloride (TTC) Biosharp BS095

Critical Commercial Assays

SYBR Premix ExTaq Quantitative PCR|TaKaRa RR820A

Kit



Administrator


ReverTra Ace-a-TM First Strand cDNA [Toyobo Code No. FSK-100

Synthesis Kit

IL-1B ELISA kits Dakewe #1210122
Biotech

IL-6 ELISA kits Dakewe #121720
Biotech

TNF-a ELISA kits Dakewe #1210602
Biotech

CXCL1 ELISA kits Abcam ab100717

CCL2 ELISA kits Abcam ab208979

IL-4 ELISA Kits Dakewe #1210402
Biotech

IL-10 ELISA kits Dakewe #1211002
Biotech

TGF-B ELISA kits Dakewe #1217102
Biotech

IL-13 ELISA kits Abcam ab219634

IL-1ra ELISA kits Abcam ab113348

Trelief SoSoo Cloning Kit TSINGKE TSV-S1

In situ cell death detection kit Roche 12156792910

Experimental Models: Cell Lines

Human Embryonic Kidney (HEK) 293T |ATCC CBP60440

cells

Experimental Models: Organisms/Strains

C57BL/6 mice Vital River https://www.vitalriver.com
Laboratories

Cx3cr1-Cre mice Jackson JAX: stock 000664
Laboratory

Oligonucleotides

Senp3 F ACTCCCAGCGAACTCTAA |This paper primer for RT-gPCR

Senp3 R TAATACAAAGGCACCACA |This paper  |primer for RT-gPCR

II-18 F GAAAGACGGCACACCCAC [This paper [primer for RT-gPCR

II-18 R TGTGACCCTGAGCGACCT  ([This paper |primer for RT-qPCR

II-6 F TCTCTGGGAAATCGTGGAA This paper primer for RT-gPCR

II-6 R GATGGTCTTGGTCCTTAGCC (This paper primer for RT-gPCR

Tnf-a This paper  |primer for RT-gPCR

F ACGGCATGGATCTCAAAGAC

Tnf-a This paper  |primer for RT-gPCR

R AGATAGCAAATCGGCTGACG

Cxcll This paper  |primer for RT-gPCR

F GAGCTTGAAGGTGTTGCCCT

Cxcll This paper  |primer for RT-gPCR

R CGCGACCATTCTTGAGTGTG

Ccl2 F GCAGGTCCCTGTCATGCTTC |This paper  |primer for RT-gPCR

Ccl2 R GTGGGGCGTTAACTGCATCT |This paper primer for RT-gPCR

Arginase-1 This paper  |primer for RT-gPCR

F CAAGACAGGGCTCCTTTCAG



https://www.vitalriver.com/

Arginase-1
R TGGCTTATGGTTACCCTCCC

This paper

primer for RT-gPCR

lI-4 F CCCCCAGCTAGTTGTCATCC [This paper |primer for RT-gPCR

II-4 R AGGACGTTTGGCACATCCAT [This paper [primer for RT-gPCR

II-10 F CTGCCTGCTCTTACTGACTG (This paper |primer for RT-qPCR

II-10 R AAATCACTCTTCACCTGCTC (This paper |primer for RT-qPCR

Tgf-B F TGCGCTTGCAGAGATTAAAA|This paper primer for RT-gPCR

Tgf-B This paper  [primer for RT-gPCR

R CGTCAAAAGACAGCCACTCA

Cd206 This paper  |primer for RT-gPCR

F TCAGCTATTGGACGCGAGGCA

Cd206 This paper  |primer for RT-gPCR

R TCCGGGTTGCAAGTTGCCGT

B-actin This paper  |primer for RT-gPCR

F TTCGTTGCCGGTCCACACCC

B-actin This paper  |primer for RT-gPCR

R GCTTTGCACATGCCGGAGCC

Cx3crl Cre This paper  |Genotyping primers

F CAACGAGTGATGAGGTTCGCAAG

Cx3crl Cre R This paper  |Genotyping primers

ACACCAGAGACGGAAATCCATCG

Recombinant DNA

HA-c-Jun This paper N/A

Flag-Ubc9 This paper  |N/A

His-SUMO1 This paper  |N/A

His-SUMO2 This paper N/A

His-SUMO3 This paper N/A

Myc-SENP3-WT This paper  [N/A

Myc-SENP3-CA This paper  [N/A

Software and Algorithms

GraphPad Prism 8.0 GraphPad http://www.graphpad-prism.cn
Software

Image-Pro Plus software 7 Media https://mediacy.com/image-pro/
Cybernetics

Adobe lllustrator CS6 Adobe https://www.adobe.com/products/illustrator.htmi
Systems

Adobe Photoshop CS6 Adobe www.adobe.com/cn/products/photoshop.html
Systems

ImageJ National https://imagej.net/software/imagej/
Institutes of
Health

Other

Stepper motor-driven micro-injector Hamilton N/A

Laser Doppler flowmetry RWD Life RFLSI I
Science

Fluorescence microscope Olympus BX53

Enspire™ multilabel reader 2300 PerkinElmer [EnSpire



http://www.graphpad-prism.cn/
https://mediacy.com/image-pro/
https://www.adobe.com/products/illustrator.html
https://www.adobe.com/cn/products/photoshop.html
https://imagej.net/software/imagej/

ABI 7900 fast real-time PCR system  [Applied Cat N0.4364014
Biosystems

Homeothermic blanket Harvard N/A
Apparatus

Mouse brain matrix RWD Life Cat No.68707
Science




