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KDM2B regulates stroke injury
by modulating OGT-mediated
0-GlcNAcylation of SLC7A11
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Ischemic stroke poses a significant global health risk. Currently, recanalization of blood flow through
surgery or medication is the only effective means to control ischemia-reperfusion injury. This study
aims to explore the role and molecular mechanism of OGT in regulating neuronal injury and motor
deficits following a stroke. The MCAO and OGD/R models were established to validate the therapeutic
efficacy of OGT in mitigating neuronal injury and motor dysfunction following stroke. Molecular
biological techniques were employed to assess ferroptosis levels, OGT ubiquitination, and SLC7A11
O-GlcNAcylation. OGT has a therapeutic effect on motor deficits and neuronal damage after stroke by
regulating SLC7A11 O-GlcNacylation-mediated ferroptosis, while the KDM2B-mediated
ubiquitination pathway is responsible for changes in OGT levels. These findings are crucial for target

selection and biomarker identification in stroke treatment.

Stroke, a prevalent and frequently occurring disease of the nervous system, is
characterized by high morbidity, disability rate, and mortality worldwide.
There are two types of stroke: hemorrhagic stroke and ischemic stroke, with
the latter being the most common (accounting for approximately 85%)'.
Currently, available treatments for ischemic stroke include thrombolytic
therapy, anticoagulant therapy, and antiplatelet therapy'. Recent studies
have shed light on the mechanisms underlying secondary injury after stroke;
nerve cell damage is a major contributor to serious harm to the body".
Traditional pathways leading to nerve cell damage after stroke include
apoptosis, autophagy, oxidative stress, etc., but inhibiting these pathways
alone may not be sufficient to fully restore damaged brain tissue or nerve
cells*. Therefore, it is suggested that there might be other ways in which
nerve cells die following a stroke.

Ferroptosis is a novel form of cell death that relies on lipid peroxidation,
distinguishing it from apoptosis and autophagy’. Given the iron-dependent
accumulation of lipid peroxides, investigating the interplay between iron
and lipid peroxides in this process becomes crucial’. Iron plays an indis-
pensable role in maintaining environmental stability and physiological
functions within the body, being widely distributed in brain tissue where it
serves important functions such as oxygen transport, ATP synthesis, and
DNA synthesis. In mice, cerebral ischemia was induced by occluding the
right middle cerebral artery and the right common carotid artery for 1 h”.
Consequently, a significant increase in iron (Fe") content (iron overload)
was observed in the cerebral cortex, accompanied by a notable reduction in

antioxidant activities of superoxide dismutase and catalase caused by
ischemia. Similar findings were reported by Park et al. and Ding et al.””.
However, it has been demonstrated that the administration of iron chela-
tors, free radical scavengers, or antioxidants effectively prevents such
damage, providing robust evidence to support these experiments. In con-
clusion, during ischemic stroke occurrence, diminished levels of antioxidant
factors (e.g., glutathione (GSH) and Glutathione Peroxidase 4 (GPX4))
within nerve cells along with accumulation of lipid hydroperoxide (LPO)
content in ischemic brain tissue accelerate toxic reactions to nerve cells and
exacerbate brain tissue damage®'’. Multiple lines of evidence have con-
sistently highlighted the crucial role of ferroptosis in subsequent stroke
progression; therefore, inhibiting ferroptosis represents an effective
approach to mitigate neurological damage and improve prognosis for post-
stroke sequelae®™"".

Ferroptosis is closely associated with amino acid metabolism and reg-
ulates the antioxidant system of amino acids through the System XC- axis'".
System Xc- is a specific antiporter protein located on the cell membrane
surface between glutathione and cysteine. XCT (SLC7A11) and SLC3A2 are
linked by disulfide bonds®"*. This transport channel simultaneously imports
cystine while exporting glutamate. By taking advantage of high concentration
differences without requiring ATP energy input, this transport channel is
susceptible to inhibition by external high concentrations of valley rock com-
pounds. Research evidence indicates that brain tissue damage following
ischemic stroke increases extracellular glutamate levels which directly inhibit
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cysteine absorption. After cellular entry, cysteine undergoes a series of catalytic
reactions and is rapidly reduced to caspases, which are ultimately synthesized
into GSH through the intricate processes of caspase-glutamine synthesis,
glutathione-semicitromalondialdehyde synthesis, and ATP metabolism".
Consequently, we infer that modulation of any component within the System
Xc- axis can directly or indirectly regulate mobile GPX4 activity and effectively
impact ferroptosis progression, thereby identifying potential therapeutic tar-
gets for stroke'.

O-GlcNAcylation is a specific form of glycosylation modification that
involves the attachment of N-acetylglucosamine (GlcNAc) to the hydroxyl
group of serine (Ser) or threonine (Thr) residues in proteins through an
O-glycosidic bond. This post-translational modification is widely dis-
tributed within cells and primarily governs protein functionality, stability, as
well as intracellular metabolism and signaling pathways'. This mono-
saccharide alteration has been identified as a pivotal regulator in numerous
vital biological and pathological processes, including signal transduction,
protein interactions, and enzyme activity'. Unlike most other PTMs (post-
translational modifications), O-GlcNAc acylation is catalyzed by only two
conserved enzymes: O-GIcNAc transferase (OGT) and O-GlcNAcase
(OGA), which mediate the addition and removal of O-GIcNAc groups
respectively'®. Previous studies have demonstrated that aberrant
O-GlcNAcylation is associated with malignant properties in cancer cells. A
recent study revealed that inhibition of O-GlcNAcylation leads to mito-
chondrial fragmentation while enhancing mitophagy, thereby providing an
additional source of labile iron and rendering cells more susceptible to
ferroptosis. Although some studies suggest that targeting OGT may hold
promise for stroke treatment, reliable data validating its therapeutic value
are still lacking; furthermore, no comprehensive investigations have
explored its underlying mechanism'*™".

In summary, the present study aims to establish an OGT intervention
model in order to validate its therapeutic efficacy on neuronal injury in vivo
model of ischemia-reperfusion and gain further insights into its altered
expression and molecular mechanism from the perspective of ferroptosis.
This investigation will provide a crucial foundation for selecting targets for
targeted stroke therapy.

Result

Therapeutic effect of OGT overexpression in a mice model

of MCAO

To further investigate the regulatory role of OGT in the MCAO model, we
initially established an OGT overexpression model (Supplementary Fig. 1).
Subsequently, employing the TTC staining technique, we observed a sig-
nificant augmentation in the area of ischemic injury in the MCAO group
compared to the Sham group. However, it is encouraging to note that
overexpression of OGT led to a substantial reduction in the ischemic area
(Fig. 1A, B). In order to comprehensively evaluate the impact of OGT
overexpression on brain injury, we additionally employed nerve injury
scoring and brain edema assessment methods. The results demonstrated
that OGT overexpression significantly ameliorated neurological damage
and brain edema induced by MCAO (Fig. 1C, D). Considering NeuN and
PSD95’s pivotal role in assessing neuronal functional impairment, their
expression was specifically examined. The expression levels of these two
crucial markers were markedly restored in the OGT overexpression group
compared with the MCAO group, further confirming OGT’s important
neuroprotective role (Fig. 1E). Furthermore, behavioral improvement
resulting from OGT was also observed through Open field testing and
rotarod testing (Fig. 1F). To visually demonstrate tissue damage more
intuitively, HE and Nissl staining were utilized for brain tissue staining
purposes. The findings revealed a significant ischemic area along with
neuronal damage and reduced neuron count within the MCAO group;
however, these effects were substantially reversed by OGT overexpression
(Fig. 1G). Collectively, these data strongly indicate that OGT overexpression
can effectively restore neuronal damage caused by MCAO.

Role of ferroptosis in amelioration of neuronal injury induced by
ischemia-reperfusion by OGT

To investigate the specific role of OGT in neuronal injury, we constructed an
OGD/R model and an OGT overexpression model using HT-22 cells. Our
results demonstrate that overexpression of OGT could reverse cell death
induced by OGDV/R, as evidenced by CCK-8 and EDU staining (Fig. 2A, B).
CytoTox-Glo cytotoxicity assays showed that OGT overexpression reversed
OGD/R-induced cell death in HT-22 cells (Fig. 2C). Furthermore, exam-
ination of NeuN and PSD95 protein expression revealed that OGT could
restore the decreased expression caused by ischemia-reperfusion (Fig. 2D).
These findings provide further support for our in vivo results and confirm
the ability of OGT to mitigate neuronal damage.

To further investigate the neuroprotective effects of OGT, we down-
loaded the GSE196266 dataset from GEO and divided it into high and low-
expression groups based on median OGT expression. A heatmap was
generated to visually compare the top 10 upregulated genes in each group
(Supplementary Fig. 2A). Gene enrichment analysis revealed significant
enrichment of ubiquitination activity and aminoacyltransferase activity
among differentially expressed genes, providing insight into the mechan-
isms underlying OGT action (Supplementary Fig. 2B). Additionally, KEGG
analysis identified involvement of cystine/glutamate metabolic pathway and
lipid metabolic pathway in regulating neuronal injury (Supplementary
Fig. 2C). Given the crucial role of lipid metabolism in stroke-induced
neuronal death, particularly its association with ferroptosis regulation, this
finding provides a valuable direction for future research.

Based on the aforementioned bioinformatics analysis, we conducted a
systematic examination of the oxidative damage indicators in our model.
The results revealed a significant increase in levels of oxidative damage
products ROS and MDA in the OGD/R model, which were effectively
reversed by overexpression of OGT (Fig. 2E-G). Furthermore, restoration
of GSH content was observed in the OGT overexpression group, providing
further confirmation of the beneficial role played by OGT in protecting
against oxidative damage (Fig. 2F). To visually depict the impact of OGT
overexpression on ROS and Fe*", fluorescence labeling using DCFH-DA
and Ferrogange was employed. Remarkably, OGT overexpression exhibited
substantial inhibition of ROS and Fe’" elevation (Fig. 2H, I). Additionally,
expression levels of SOD and GSH were examined in both brain tissues from
an in vivo model as well as HT-22 cells from an in vitro model, yielding
consistent results with our bioinformatics data. Notably, ROS content was
significantly suppressed within the OGT overexpression group, thereby
further corroborating our findings (Fig. 2J). In order to confirm the reg-
ulatory effect of OGT on ferroptosis, we used RSL3 (ferroptosis inducer)
combined with OGT overexpression and inhibition groups for IC50
detection and found that overexpression of OGT reduced ferroptosis sen-
sitivity while si-OGT enhanced ferroptosis sensitivity (Supplementary
Fig. 3). Collectively, these outcomes strongly suggest that modulation of
ferroptosis pathway may underlie neuronal damage amelioration mediated
by OGT; thus offering novel directions for future research.

Regulation of inflammatory responses in microglia by OGT

Recent studies have demonstrated the impact of ferroptosis on the
inflammatory response following stroke. Our previous findings substantiate
that OGT can mitigate post-stroke neuronal damage by inhibiting ferrop-
tosis levels. Additionally, THC staining revealed that OGT overexpression
suppressed Ibal expression in mouse brain microglia (Fig. 3A). Subsequent
staining of CD86 and CD206-labeled microglia indicated a significant
inhibition of CD86 expression induced by MCAO with OGT over-
expression, while CD206 expression was significantly increased (Fig. 3B). To
further investigate the inflammatory factors in brain tissue, we assessed the
expression of pro-inflammatory cytokines IL-1a and TNF-a in MCAO
mice brains and observed that OGT overexpression attenuated the
inflammatory response (Fig. 3C). Conversely, OGT also promoted the
production of anti-inflammatory cytokines (IL-4 and IL-10) (Fig. 3D). In
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Fig. 1 | Therapeutic effect of OGT overexpression in a mice model of MCAO.
MCAO model mice overexpressing OGT were constructed. A A diagram of the
animal processing flow. B TTC staining reveals the ischemic area in different
experimental groups, # = 6. C Nerve injury scores were assessed in different
experimental groups, # = 6. D Brain water content was measured in different
experimental groups, n = 6. E Protein expression levels of NeuN and PSD95

were analyzed using Western blotting in different experimental groups, n = 6.

F The open field-testing and rotary-rod tests were conducted on mice from different
experimental group, n = 6. G HE, Nissl, and NeuN IHC staining techniques

were employed to examine rat brain samples from various experimental groups
(scale bar = 100 pm). Results are presented as group mean + standard deviation.
*p <0.05 vs. Sham group; #p < 0.05 vs. MCAO + NC group.

order to gain deeper insights into the mechanism underlying OGT’s
improvement of inflammatory response, we cultured BV2 cells with HT-22
cell culture medium treated with both OGT and OGD/R. The results
showed that the group with OGT overexpression significantly suppressed
inflammation while promoting an anti-inflammatory response in BV2 cells
(Fig. 3E, F). These data further support our in vivo findings and suggest that
understanding how OGT regulates neuronal cells may be crucial for ame-
liorating stroke.

Role and site of SLC7A11 O-GIcNAcylation in OGT
overexpression

Our results show that OGT has a significant effect on cystine uptake in HT-
22 cells (Fig. 4A), a finding strongly supported by bioinformatics data
(Supplementary Fig. 2C). Given that cystine is mainly imported from the
extracellular environment through the cystine/glutamate antiporter system
xc- (Fig. 4B), we further investigated whether SLC7A11, a key and func-
tional subunit of this system, is regulated by OGT. The results showed that
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Fig. 2 | Role of ferroptosis in amelioration of neuronal injury induced by
ischemia-reperfusion by OGT. Constructed an OGD/R model and an OGT over-
expression model using HT-22 cells. A CCK-8 assay was used to detect the pro-
liferation of HT-22 cells in different groups. B EDU staining was used to detect the
proliferation of HT-22 cells in different groups, n = 3. C CytoTox-Glo cytotoxicity
assays were used to detect the cell death rate of each treatment group. D Western
blotting method was used to detect the protein expression levels of NenN and
PSD95. E-G ROS, GSH, and MDA contents were measured in different groups of

cells. n = 3. H Fluorescent labeling of ROS in different groups of cells using DCF-HA,
n = 3. I Ferrorange was used for fluorescent labeling of Fe in cells, n = 3. Results are
expressed as group mean + standard deviation. *p < 0.05 vs. Con group #p < 0.05 vs.
OGD/R + NC group. J Determination of SOD, GSH, and ROS content in brain
tissue of the in vivo model. n = 3. (scale bar = 20 um) Results are expressed as group
mean + standard deviation. *p < 0.05 vs. Sham group; #p < 0.05 vs.

MCAO + NC group.

OGT overexpression could significantly restore SLC7A11 expression level
(Fig. 4C). Given the properties of OGT as an O-GIcNAc transferase, we
hypothesized that O-GlcNAc might be involved in the process of OGT
regulating the stability of SLC7A11 protein. To test this hypothesis, we first
examined the interaction between OGT and SLC7A11 under physiological

conditions using the Co-Ip. Subsequently, we used an anti-O-glcnAc anti-
body to detect the immunoprecipitated SLC7A11 (Fig. 4D, E). Excitantly,
we found that O-GlcNAc modification was indeed present in immuno-
precipitated SLC7A11 and that depletion of OGT resulted in reduced
O-GlcNAc modification levels of SLC7A11 (Fig. 4F). Furthermore, we
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Fig. 3 | Regulation of inflammatory responses in microglia by OGT.

A Immunohistochemical method was used to detect the protein level of Ibal in brain
microglia of MACO mice (scale bar = 20 pm). B Immunofluorescence detection of
the expression of CD86 and CD206 in the brain of MACO mice (scale bar = 20 um).
C ELISA was used to detect the expression of pro-inflammatory cytokines IL-1a and
THF-a in the brain tissue of MACO mice, n = 6. D ELISA was used to detect the
expression of anti-inflammatory cytokines IL-4 and IL-10 in the brain tissue of
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*p <0.05 vs. Sham group; #p < 0.05 vs. MCAO + NC group. OGD/R and OGT-
treated HT-22 medium were used to culture BV2 cells. E The contents of IL-1p and
THF-a in the different groups were determined » = 3. F The contents of TGF-p and
IL-10 in the different groups were determined n = 3. Results are expressed as group
mean + standard deviation. *p < 0.05 vs. Con group #p < 0.05 vs. OGD/

R + NC group.
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observed increase in the global O-GlcNAc modification level in cells treated
with TMG, an OGA inhibitor, which resulted in an increase in the
O-GlcNAc modification level of SLC7A11. In contrast, we observed the

opposite phenomenon in cells treated with OSMI-1, an OGT inhibitor
(Fig. 4G). These results further support our hypothesis that O-GlcNAc
modification plays a critical role in OGT regulation of SLC7A11. These
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Fig. 4 | Role and site of SLC7A11 O-GlcNAcylation in OGT overexpression.

A Cystine uptake assay in HT-22 cells under OGD/R and OGT treatment. n = 3.
Results are expressed as group mean + standard deviation. *p < 0.05 vs. Con group
#p <0.05vs. OGD/R 4 NC group. B Mechanistic diagram of the intracellular system
xc-. C Expression levels of SLC7A11 in HT-22 treated with OGD/R and OGT by
qRT-PCR, n = 3. Results are expressed as group mean + standard deviation.

*p <0.05 vs. Con group #p < 0.05 vs. OGD/R + NC group. D WB measurement of
O-GlcNAcylation and OGT levels in HT-22 treated with OGD/R and OGT. E The
Co-IP assay to determine the association of endogenous SLC7A11 and OGT in HT-
22 cells. F SLC7A11 protein and its O-GlcNAcylation levels were determined by Co-
IP. Sh-OGT and sh-NC were transfected into HT-22 cells, and SLC7A11 was

precipitated with anti-SLC7A11 antibody. O-glycosylated SLC7A11 was immuno-
precipitated with an anti-O-GlcNAc antibody. G HT-22 cells were treated with
TMG (10 uM, 24 h) and OSMI-1 (50 uM, 24 h), and the protein levels of SLC7A11
and its O-GlcNAcylation were determined by Co-IP. H Map of predicted SLC7A11
O-GlcNAcylation sites by DictyOGlyc 1.1. I Alanine mutation at SLC7A11S8, T9,
$36, and T218 sites was performed according to the predicted results, and HT-22
cells were transfected with a plasmid expressing the Flag tag. Co-IP was used to
measure the O-GlcNAcylation level of SLC7A11. J Recombinant plasmids expres-
sing FLAG-tagged SLC7A11 wild-type and SLC7A11-S26A mutant were transfected
into HT-22 cells, and the O-O-GlcNAcylation levels of WT and mutant were
determined by Co-IP.
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Fig. 5| OGT regulates neuronal ferroptosis through SLC7A11 to improve HT-22
injury. OGT and si-SCL7A11 were transfected into OGD/ R-induced HT-22 cells or
treated with OSMI-1 (50 uM, 24 h) in combination and divided into OGT over-
expression group, OSIM1-1 group, and OGT + si-SLC7A11 group. A The cell
viability of different groups was measured by CCK-8 assay, n = 3. B EDU staining
was used to determine cell proliferation ability in different groups. Scale bar: 20 uM,

OGD/R

n =3. C CytoTox-Glo cytotoxicity assays were used to detect the cell death rate of
each treatment group. D ELISA assay was used to detect ROS content in different
groups, n = 3. E Immunofluorescence staining of different groups of ROS using
DCFH-DA, scale bar: 20 pM. F The activity of GSH in different groups was mea-
sured, n = 3. Results are expressed as group mean * standard deviation. *p < 0.05 vs.
NC group; #p < 0.05 vs. OGT group.

results suggest that OGD/R is able to modulate O-GIcNAc acylation of
SLC7A11 via OGT, which may affect its function and stability.

The potential O-GIcNAc loci in SLC7A11 were initially pre-
dicted using bioinformatics tools available online (https://services.
healthtech.dtu.dk/) (Fig. 4H). Subsequently, four residues (S8, T9,
S26, and T218) were selected for experimental validation. Each of
these residues was mutated to alanine individually. Notably, the
mutation at residue S26 significantly attenuated the O-GlcNAcylation
signal compared to the other three mutations, indicating that
S26 serves as the primary O-GlcNAcylation site (Fig. 4L, J).

OGT regulates neuronal ferroptosis through SLC7A11 to improve
HT-22 injury

To verify the role of the OGT/SLC7AL11 axis in regulating OGD/R-induced
HT-22 damage, we constructed the OGT overexpression group, OSMI-1
group, and OGT + si-SLC7A11 group, respectively. In OGD/R-treated HT-
22 cells, the addition of si-SLC7A11 reversed the therapeutic effects of OGT
and OSMI-1 on HT-22 cell injury using CCK-8, EDU staining and
CytoTox-Glo cytotoxicity assays (Fig. 5A-C). Finally, to verify the effect of
OGT on ferroptosis, we detected ROS content and ROS level by immu-
nofluorescence and found that OGT could inhibit ferroptosis by affecting
O-GIcNAc of SLC7A11 to improve OGD/ R-induced HT-22 cell damage
(Fig. 5D-F).

KDM2B may be involved in the regulation of OGT ubiquitination

Interestingly, despite the successful construction of the OGT overexpression
model, it is surprising to find that OGT primarily functions at the protein
level in the MCAO model (Supplementary Fig. 1). Therefore, in order to
comprehensively analyze the underlying cause of OGT changes, we inte-
grated our previous GO analysis results and postulated that ubiquitination

regulation may serve as a fundamental mechanism for OGT alterations
following stroke (Supplementary Fig. 2). This mechanism has been exten-
sively supported by numerous studies in stroke research®**'. Consequently,
we initially predicted potential interactions between OGT and ubiquitin E3
ligases and identified KDM2B as a putative regulator of its ubiquitination
process (Fig. 6A). To validate this hypothesis, both KDM2B mRNA and
protein expression levels were assessed in both MCAO and OGD/R models
(Fig. 6B, C).

KDM2B was a histone demethylase™ ™, so to verify the regulatory
mechanism of KDM2B on OGT. We first constructed HEK293 cells with
stable knockdown of KDM2B. KDM2B generates multiple isoforms
through alternative splicing and differential transcription initiation.
KDM2B-1 (NM_032590) is the longest and likely full-length isoform car-
rying the histone demethylase JmjC domain, whereas KDM2B-2
(NM_013910), translated from an mRNA starting from the internal pro-
moter of the KDM2B-1 transcript, lacks the JmjC domain (Fig. 6D). We
then investigated two shRNAs targeting different regions of KDM2B. We
found that sh-KDM2B#1 only targets KDM2B-1, whereas sh-KDM2B#2
effectively targets KDM2B-2. Our results showed that OGT protein levels
were significantly increased in cells stably expressing sh-KDM2B#1 and #2
without affecting their mRNA expression, suggesting that KDM2B nega-
tively regulates OGT protein levels and that the JmjC domain-encoded
histone demethylase activity of KDM2B is not required for this function
(Fig. 6D, E). Furthermore, our Co-IP results confirmed the interaction
between OGT and KDM2B (Fig. 6F). Next, we examined whether KDM2B
controls OGT protein stability. Treatment of the cells with 26S proteasome
inhibitor MG132 effectively blocked OGT degradation, confirming that
OGT was degraded through the proteasome pathway (Fig. 6G). Impor-
tantly, the knockdown of KDM2B effectively stabilized OGT expression and
prolonged its half-life (Fig. 6H).
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The SCFKPM2B/FBXL10 o amplex functions as an OGT ubiquitinated E3
ligase to regulate OGT

In order to determine the mechanism by which KDM2B negatively reg-
ulates OGT, it has been confirmed that KDM2B can participate in the
regulation of substrate protein ubiquitination in the form of a complex. The
potential binding proteins of KDM2B were predicted by the PPI database,
and the possibility that KDM2B promoted OGT degradation through its
F-box binding to SKP1 and CULI was examined (Fig. 7A). We first
determined whether CULL1 affects OGT protein levels. We found that the
knockdown of CUL1 with two different siRNAs resulted in increased OGT
protein levels (Fig. 7B). Similarly, inhibition of KDM2B or CULL1 also
resulted in increased OGT protein expression. Furthermore, the co-deletion
of KDM2B and CULLI did not result in an additional increase in OGT
protein levels, suggesting that KDM2B and CULI1 function in the same
pathway that controls OGT (Fig. 7C). Taken together, these results suggest
that KDM2B plays a major role in targeting OGT protein degradation via
CULL1-based E3 ligases. Following the generally accepted nomenclature, we
refer to the KDM2B-CULI E3 ligase as SCF<PM2P/BXL0,

To demonstrate that KDM2B assembles the SCF<™™?* ligase complex
to target OGT ubiquitination, we examined its interaction with components
of the endogenous SCF E3 ligase complex. Co-IP assay showed that FLAG-
tagged KDM2B interacted with endogenous SKP1, CULI1, and ROCI
(Fig. 7D). Previous structural analyses have shown that the N-terminal
region of the F-box domain of SKP2 is essential for its binding to SKP1%.
Similar to SKP2, the deletion of 23 amino acids from KDM2B (residues 1056
to 1078, called AF23) in the N-terminal half of the F-box domain sig-
nificantly reduced CUL1 binding. Deletion of 48 residues (residues
1057-1105, AF48) containing the entire F-box domain completely abol-
ished its binding to CUL1 (Fig. 7E). Taken together, these results suggest
that KDM2B assembles a bona fides SCF-type E3 ubiquitin ligase complex
through its F-box domain. Deletion of the F-box from KDM2B (AF48) also
reduced the interaction between KDM2B and c-Fos (Fig. 7F). These findings
suggest that the primary interaction between KDM2B and the substrate
OGT is mediated by its LRRs domain, while the F-box domain may also play
a role in this binding. To demonstrate the ubiquitylation of OGT by the
SCF*™® £3 ligase, we carried out both in vivo and in vitro ubiquitylation
assays. We first knocked down either CUL1 or KDM2B and found that
knocking down either gene reduced the ubiquitylation of endogenous
OGT (Fig. 7G).

In vitro and in vivo assays verified that KDM2B regulates
ferroptosis through OGT O-GlcNAcylation pathway to

affect neuronal injury

To investigate the potential neuroprotective and anti-inflammatory effects
of KDM2B through OGT-mediated regulation of ferroptosis, we established
three models: OGD/R, OGD/R + sh-KDM2B, and OGD/R + sh-
KDM2B + OSMI-1. Firstly, we assessed the viability of HT-22 cells in these
groups using CCK-8 assay and EDU staining. Treatment with sh-KDM2B
effectively restored cell damage induced by OGD/R, while this therapeutic
effect was reversed upon co-treatment with OSMI-1 (Fig. 8A, B). CytoTox-
Glo cytotoxicity assays showed that OSMI-1 reversed the therapeutic effect
of sh-KDM2B on OGD/R-induced cell death (Fig. 8C). Consistently, similar
trends were observed at the protein expression level of NeuN and PSD95
(Fig. 8D). Immunofluorescence analysis revealed that sh-KDM2B sig-
nificantly reduced ROS levels and increased GSH content, which were both
reversed by co-treatment with OSMI-1 (Fig. 8E, F). Furthermore, when BV2
cells were treated with culture media from the three groups, we found that
TNF-a levels decreased while IL-10 levels increased in the OGD/R + sh-
KDM2B group compared to the OGD/R group. However, these changes
were reversed upon treatment with OSMI-1 (Fig. 8G).

Similarly, our study aimed to validate the role of the KDM2B-OGT axis
in an in vivo model of MCAO (Supplementary Fig. 4). Treatment with sh-
KDM2B effectively ameliorated MCAO-induced ischemic area and nerve
damage, as evidenced by our ischemic and nerve damage scores. Notably,
these beneficial effects were reversed upon OSMI-1 treatment (Fig. 9A, B).

The results were further confirmed through brain edema assessment and
tissue staining (Fig. 9C, D). To gain deeper insights into neuronal damage,
we separately examined the expression of NeuN and PSD95 (Fig. 9E).
Interestingly, OSMI-1 treatment counteracted the significant therapeutic
effect observed after KDM2B knockdown, which was consistent with our
behavioral examination findings in mice (Fig. 9F). In order to verify the
involvement of SLC7A11-induced ferroptosis, we measured levels of GSH
and ROS. Remarkably, sh-KDM2B increased GSH levels while inhibiting
ROS production; however, this effect was reversed upon the addition of
OSMI-1 (Fig. 9G). Furthermore, TNF-a expression significantly decreased
while IL-10 expression significantly increased in the sh-KDM2B group;
however, this trend was reversed following the addition of OSMI-1
(Fig. 9H). Collectively, these results provide further confirmation that
KDM2B-regulated OGT ubiquitination can impact neuronal injury and
inflammatory response after stroke via the ferroptosis pathway both in vitro
and in vivo.

Discussion

This study provides comprehensive evidence demonstrating the efficacy of
OGT in improving ischemic area and neuronal damage in both in vitro and
in vivo models, including MCAO and OGD/R. Additionally, we conducted
the investigation into the role of OGT-mediated O-GlcNAcylation of
SCL7A11 in regulating ferroptosis for stroke treatment. Furthermore, our
findings indicate that overexpression of OGT also mitigates stroke-induced
microglial inflammation. Importantly, this study unveils a novel mechanism
involving the KDM2B complex promoting ubiquitination of OGT, eluci-
dating the underlying cause for altered expression levels observed in the
MCAO model (Fig. 91). Moreover, we identified the specific domain within
KDM2B responsible for regulating OGT ubiquitination and confirmed that
KDM2B is regulated through the ubiquitination pathway rather than his-
tone methylation pathway.

Cysteine serves as the rate-limiting precursor for glutathione bio-
synthesis. Recent investigations have substantiated that most cells can
acquire cysteine from the extracellular milieu via nutrient transporters'*'>*,
In this study, we assessed the level of cystine uptake in HT-22 cells treated
with OGT and observed that OGT reinstated the diminished cystine levels
induced by OGD/R. These findings suggest a crucial role of OGT in facil-
itating the cellular uptake of cystine from the extracellular environment,
thereby maintaining its activity. System xc- functions as a cystine/glutamate
antiporter responsible for mediating intracellular entry of cystine in
exchange for glutamate molecules”. Certain ferroptosis-inducing drugs like
sorafenib and erastin inhibit SLC7A11-mediated transport of cysteine into
cells to promote ferroptosis™. Studies have demonstrated that inhibition of
ferroptosis can ameliorate neuronal death caused by stroke”"'. Although
previous studies have reported decreased expression of OGT in MCAO
models, neither the therapeutic effects nor mechanisms underlying OGT in
MCAO have been confirmed thus far’>”. In this study, we elucidate the
mechanisms by which overexpression of OGT ameliorates motor function
deficits and neuronal damage.

The cysteine-glutamate transport system xc- is composed of a het-
erodimer comprising the light chain subunit SLC7A11 and the heavy chain
subunit SLC3A2. Extracellular cystine enters the cell through SLC7A11,
while SLC3A2 serves as an anchor for SLC7A11 on the plasma membrane
and maintains its stability (Fig. 4B). Additionally, we observed that
O-GlcNAcylation of SLC7A11 by OGT in HT-22 cells is crucial for its
cystine uptake function. This study further confirms that O-GlcNAcylation
occurs at residue S26 of SLC7A11 mediated by OGT. Furthermore, it should
be noted that O-GIcNAc is a prevalent, dynamic, and inducible post-
translational modification occurring on serine and threonine residues,
regulating various protein functions. Emerging evidence suggests alterations
in O-GlcNAcylation associated with diseases. We demonstrate reduced
overall levels of O-GIcNAc acylation as a common feature in HT-22 cells
subjected to OGD/R, which aligns with our previous findings.
O-GlcNAcylation has been reported to play diverse roles in ferroptosis; for
instance, c-Jun’s O-GlcNAc acylation stimulates glutathione synthesis and
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Fig. 8 | In vitro models verified that KDM2B regulates ferroptosis through OGT
O-GIcNAcylation pathway to affect neuronal injury. OGD/R-induced HT-22 cells
were transfected with Sh-KDM2B or treated with OSMI-1 and divided into OGD/R
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A CCK-8 was used to detect cell viability in different groups. N = 3. B EDU staining
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C CytoTox-Glo cytotoxicity assays were used to detect the cell death rate of each

treatment group. D The protein expression levels of NeuN and PSD95 in different
groups were detected by WB, n = 3. E Fluorescence staining of ROS in different
groups with DCHH-DA. Scale bar: 20 uM. F GSH content was measured in different
groups, n = 3. G The contents of THF-a and IL-10 in different groups were deter-
mined, n = 3. Results were expressed as group mean + standard deviation. *p < 0.05
vs. OGD/R group; #p < 0.05 vs. OGD/R + sh-KDM2B group.

reduces ROS accumulation to inhibit ferroptosis'”. Moreover, inhibiting
YAP degradation via antagonizing Ser127 phosphorylation through
O-GlcNacylation leads to increased Fe2+ concentration and lipid
peroxidation™. In this study, we identify an additional pathway regulating
ferroptosis following MCAO.

To investigate the underlying mechanism of OGT changes, we
observed that its mRNA remained unchanged, indicating a potential role for
post-translational modification. Ubiquitination, achieved through the
ubiquitin-proteasome system (UPS), is a prominent cellular pathway for
protein degradation. Following stroke, an extensive loss of neurons and glial
cells occurs, necessitating the crucial role of UPS in eliminating damaged
proteins and maintaining cellular homeostasis. However, excessive UPS
activity can also result in aberrant degradation of normal proteins, exacer-
bating neuronal damage. Studies have demonstrated the close association

between ubiquitination and post-stroke inflammatory response. Certain
ubiquitinated proteins are capable of modulating the expression and release
of inflammatory factors, thereby influencing stroke progression. For
instance, investigation into USP25 (deubiquitinating protease 25) revealed
that inhibition of its activity could enhance motor recovery and cognitive
function improvement in mouse models of stroke by suppressing glia-
mediated inflammation®. Our bioinformatics analysis led us to identify
KDM2B as a plausible ubiquitinated E3 ligase involved in this process.
Interestingly, KDM2B possesses a JmjC domain responsible for histone
H3K36 demethylation, thus revealing an additional enzymatic activity of
this multidomain protein’**. Our findings highlight its ability to modulate
OGT expression through regulation of its ubiquitination status. Previous
studies have already established the role of KDM2B as an E3 ligase involved
in cognitive impairment regulation’”; Our data also suggest that KDM2B is
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staining, and the protein expression of OGT in different groups was detected by

Communications Biology | (2024)7:1530

12


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-07251-w

Article

implicated in the regulation of OGT ubiquitination in brain injury.
Numerous studies have demonstrated the involvement of KDM2B in
mechanisms related to nervous system diseases and tumors***’; however,
further extensive data are required to explore potential side effects following
KDM2B silencing. Additionally, we aim to employ network pharmacology
for screening potential therapeutic drugs targeting KDM2B in order to
expedite its clinical application feasibility. O-GlcNAcylation and ubiquiti-
nation, as crucial post-translational modifications of proteins, play distinct
roles in stroke***. While O-GlcNAcylation may mitigate cerebral ischemic
injury through its protective effect, ubiquitination might participate in the
pathophysiological process of stroke via protein degradation and signal
transduction pathways'*’. Investigating the interaction and co-regulation
between these two modifications holds significant importance for stroke
treatment and rehabilitation efforts. Future research should focus on elu-
cidating specific mechanisms and potential targets associated with these two
modifications in stroke, thereby providing novel ideas and approaches for
stroke prevention and treatment.

In conclusion, our study demonstrates the therapeutic efficacy of OGT
in ameliorating motor deficits and neuronal damage post-stroke through
the regulation of SLC7A11 O-GlcNacylation-mediated ferroptosis. Fur-
thermore, we validate that alterations in OGT levels are mediated by the
KDM2B-mediated ubiquitination pathway. These findings provide a crucial
foundation for target selection and biomarker identification in stroke
treatment.

Material and methods

Reagents and antibodies

Antibodies against FLAG (SG4110-16, Shanghai Genomics Technology), -
actin (A00702, 1:1000, GenScript), HA (sc-7392, Santa Cruz), KDM2B (09-
864, 1:500, Millipore), CULI (ab75817, 1:1000, Abcam), SKP1 (ab80586,
1:1000, Abcam), ROCI (ab221548, 1:1000, Abcam), Ubiquitin (Z045801-5,
Dako), SLC7A11 (26864-1-AP, 1:1000, Proteintech), OGT (ab96718,
1:1000, Abcam), O-GlcNAcylation (sc-59623, 1:1000, Santa Cruz), NeuN
(ab104224, 1:1000, Abcam), PSD95 (ab18258, 1:1000, Abcam), CD206
(ab64693, 1:1000, Abcam), CD86 (#91882, 1:1000, Cell Signaling Tech-
nology), Ibal (019-19741, 1:500, Wako), MG132 (C2211, Sigma-Aldrich),
CHX (94271, AMRESCO), Thiamet-G (57213, Selleck), OSMI/1 (59835,
Selleck).

Animals and transient middle cerebral artery occlusion (MCAO)
All C57BL/6 mice aged 8-10 weeks were purchased from Beijing Charles
River Laboratory Animal Company and housed in a pathogen-free facility
under a 12-h light/dark cycle with AD libitum access to food and water. All
animal studies were performed in accordance with the Ethical Guidelines for
the Use and Care of Laboratory Animals and were approved by the Animal
Ethics Committee of Sichuan Provincial People’s Hospital. We have com-
plied with all relevant ethical regulations for animal use.

All mice were fasted for 6 h but could not refrain from drinking. The
purpose of fasting the mice for 6 h was to eliminate any potential impact on
stroke progression caused by variations in blood glucose levels and simulate
human preoperative fasting while ensuring that starvation did not affect the
results™**”. MCAO model was established by the internal carotid artery
occlusion method. The mice were anesthetized by intraperitoneal injection
of 60 mg/kg pentobarbital and fixed in the prone position. The neck was
disinfected and a 1.5 cm incision was cut in the middle of the neck. The
subcutaneous tissue, glands, and muscles were separated, and the right
common carotid artery and internal carotid artery were exposed.

A knot was tied at both ends of the external carotid artery, a small
incision was cut between the two knots, a thread plug was inserted, and the
external carotid artery was pulled, so that the thread plug slowly entered the
internal carotid artery about 10 mm or so if slight resistance was encoun-
tered, the entry was stopped. The thread plug was fixed, the incision was
sutured layer by layer, and the thread plug was disinfected to prevent
infection. Laser Doppler flowmetry was utilized for monitoring regional
cerebral blood flow. The confirmation of interrupted blood flow in the

middle cerebral artery occurred when cerebral blood flow decreased to less
than 25% of its initial level. Following 60 min period of obstruction, the
filament was removed and restoration of cerebral blood flow to over 70% of
its baseline value confirmed reperfusion. Subsequent assays were performed
24 h after reperfusion. In the sham operation group, the operation was the
same as MCAO, but the suture plug only penetrated about 5 mm, without
causing cerebral ischemia. This study was divided into two parts according
to the purpose of the study. The first part was to verify the regulatory effect of
OGT overexpression on MCAO. The study was divided into three groups
(Sham group, MCAO + NC group, MCAO + OGT group) with 18 mice in
each group. The second part was to verify the regulatory effect of KDM2B on
MCAO, with 18 mice in three groups (MCAO group, MCAO + sh-
KDM2B group, MCAO+sh-KDM2B + OSMI-1). The testing procedure
for all animals is shown in Fig. 1A.

In this study, Longa’s method was employed to assess the neurological
deficits of experimental rats in each group 24 h post-modeling. The specific
scoring criteria were as previously described**™": (1) absence of neurological
deficit: 0; (2) incomplete extension of the paralyzed forepaw: 1 point;
(3) turning towards the paralyzed side while walking: 2 points;
(4) falling towards the paralyzed side during ambulation: 3 points; (5)
inability to walk autonomously with loss of consciousness: 4 points.
Animals with scores greater than or equal to 3 were selected for
subsequent testing.

Evaluation of motor function in mice

Open field-testing. The locomotor activity was evaluated on days 7 after
MCAO, following the same methodology as previously reported”’. The
mice were placed in a well-lit enclosure measuring 50 cm wide x 50 cm
length x 38 height and allowed to freely explore for a duration of 5 min.
Overhead recording was conducted throughout the experiment, and
subsequently, Noldus Ethovision behavior software was employed for
video analysis.

Rotarod test. Before the experiment, mice were first placed on a hor-
izontally rotating rod and given a certain amount of adaptation time.
Subsequently, the experiment began with the rotards rotating at a con-
stant speed, and the mice needed to maintain their balance and move
along with the rotards movement. During the experiment, the perfor-
mance of the mice on the rotarod was observed and recorded, including
whether they could maintain balance and the duration of continuous stay
on the rotarod.

2, 3, 5-triphenyltetrazolium Chloride (TTC) Staining

Infarct volume was determined using 2,3,5-triphenyltetrazolium chloride
(TTC) staining. Coronal brain sections (1 mm thick) were immersed ina 2%
TTC solution for 20 min at 37 °C. The infarcted and non-infarcted hemi-
spheres were analyzed using Image] software (National Institutes of
Health, USA).

Construction of an oxygen-glucose deprivation/reoxygenation
(OGD/R) model

Mouse neuronal cells HT-22 were purchased from Wuhan Procell Bio-
technology Co., LTD. HT-22 cells were cultured in DMEM medium
(PM150270, Procell, China) for 3 h at 37 °C under hypoxic conditions (1%
02, 94% N, 5% CO,), and then changed to normal oxygen supply (95% air,
5% CO,) medium containing sugar for 24 h. Normal cultured HT-22 cells
were used as control.

Cell viability assay

The Cell Counting Kit-8 (CCK-8) (Bimake Catalog number B34302) was
utilized to perform cell viability experiments, following the manufacturer’s
instructions. Cells were seeded at a density of 1 x 10* cells/well in 96-well
plates and treated with varying concentrations of compounds for specified
durations. Subsequently, each well received 10 pl of CCK-8 reagent and was
incubated for 2 h in a humidity-controlled incubator maintained at 37 °C
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and 5% CO,. The absorbance at 450 nm was measured using a microplate
reader. All experiments were conducted thrice.

CytoTox-Glo™ cytotoxicity assay

Cell viability was determined using CytoTox-Glo (G9290, Promega, Man-
nheim, Germany). This assay measures the dead-cell protease activity,
which is released from cells that have lost membrane integrity. The assay
uses a luminogenic peptide substrate (alanyl-alanyl-phenylalanyl-amino-
luciferin, AAF-Glo Substrate) to measure dead-cell protease activity. Cells
were seeded before treatment in black poly-d-lysine-coated 384-well plates.
Compounds were added to the cells in a final DMSO concentration of 0.8%
and cells were incubated for 22 h. Prewarmed CytoTox-Glo reagent was
added to the medium (1:5 dilution) and cells were incubated for 15 min at
room temperature. Prior to measurement, plates were gently shaken and cell
cytotoxicity was measured in an EnVision Multilabel Reader (PerkinElmer,
Waltham, MA). Data were analyzed using Microsoft Excel (Microsoft
Corp., Redmond, WA). Graphs were assembled using GraphPad Prism 6.0
(GraphPad Software, Inc., La Jolla, CA).

Quantitative real time-PCR (QRT-PCR)

TRIzol was employed to extract total RNA. The PrimeScript TM RT
Reagent Kit with gDNA Eraser (RR047B, Takara, Shandong, China) was
utilized for cDNA synthesis in order to eliminate genomic DNA. Quanti-
fication of RNA levels was performed using the SYBR Green qPCR Mix
(RR820B, Takara). Supplementary Table 1 was used to present the gene
primer sequences.

Plasmid construction and lentiviral infection

The plasmids were generated through the cloning of the corresponding cONA
into the respective expression vector using designed primers. For shRNA,
viruses were produced by harvesting the viral supernatant from transfected
HEK293T cells 48-72h post-transfection and subsequently used to infect
target cells at a confluence of 70%. KDM2B and CULL1 knockout (KO) cell
lines were established utilizing the lentiCRISPR method. In brief, the lentiviral
CRISPR vector was linearized with BsmBI for guide RNA (shRNA) con-
struction in the lentiviral expression vector of lentiCRISPR V2.sh-KDM2B #1:
TGAGCGTGAAAGGTTGTTT; sh-KDM2B #2: GCCTTTACAAGAAGA
CATT ; si-CULL: GGCCACUGAAUAAACAGGUAACAAA.

Western blot (WB)

Cells were harvested and lysed with SDS loading buffer. In vivo, assays were
conducted to isolate certain proteins from the peri-infarct region of mice.
The resulting proteins were separated by SDS-PAGE electrophoresis and
transferred onto a PVDF membrane, which was subsequently blocked with
5% non-fat milk. The PVDF membrane was then incubated with specific
primary antibodies. After incubation with secondary antibodies, the pro-
teins were observed by chemiluminescence. Image] software was used for
protein gray value analysis.

EdU proliferation assay

The cellular proliferation was assessed using the EAU kit (provided by
KeyGen Biotech Co., Ltd.) to quantify the EdU incorporation. After 48 h of
transfection, cells were seeded at a density of 2 x 10° cells per well in a 6-well
plate and exposed to 10 nM EdU for a duration of 12 h. Subsequently, the
cells were fixed and permeabilized with 0.5% Triton X-100 for a period of
20 min. Following this, the Click-iT reaction cocktail was introduced, and
the cells were incubated under dark conditions for approximately half an
hour. After two washes with PBS, DAPI dye was applied as a counterstain
for about ten minutes in darkness before observing them using fluorescence
microscopy.

Determination of intracellular ROS and malondialdehyde (MDA)

The CellROX™ Deep Green Reagent (Invitrogen, C10444) is employed in
the experimental procedure to observe fluorescence microscopy and detect
intracellular levels of ROS. Briefly, prior to treatment, samples are exposed

to a 5 uM solution of the reagent for a duration of 30 min. Subsequently,
after a post-treatment period lasting 0.5 h, cells are gathered for measure-
ments of fluorescence intensity. The intracellular levels of malondialdehyde
(MDA) were determined using MDA detection kits provided by Solarbio
Science & Technology Co., Ltd., Beijing, China.

GSH and cysteine assay

The Glutathione Assay Kit (Beyotime, S0053) was utilized to evaluate the
relative concentration of GSH, following the provided instructions from the
manufacturer. In brief, a kinetic assay was employed to measure GSH levels
by observing its catalytic effect on reducing 5,5'-dithiobis (2-nitrobenzoic
acid) into 5-thio-2-nitrobenzoic acid. The generated GSSG was then recy-
cled using GSR/glutathione reductase and NADPH. The reaction rate
exhibited linearity with glutathione concentrations up to 2 mM. Spectro-
photometric analysis at 412 nm allowed for quantification of the resulting
yellow product (5-thio-2-nitrobenzoic acid). To assess the relative cysteine
concentration, we followed the manufacturer’s instructions provided in the
Cysteine Assay Kit (Sigma, MAK255).

Intracellular iron assay

The concentration of ferrous ions within the cell was assessed by utilizing
FerroOrange dye (#F374, Dojindo Laboratories). Cells were cultured and
subjected to specific treatments. Subsequently, a diluted solution (1:2000, v/v)
of FerroOrange Orange dye was added to the cells and incubated at 37 °C for
30 min. Fluorescent images were captured using a confocal microscope.

Immunoprecipitation (IP)

One-fifth of the cells that underwent transfection were directly utilized for
Western blot analysis, while the remaining cells were lysed using Co-IP lysis
buffer. After a 40-min lysis period, centrifugation was performed at
12,000 rpm and 4 °C for 20 min to separate cellular debris. The resulting
supernatant was then subjected to overnight incubation with ANTI-FLAG
M2 Affinity Gel beads (Sigma, M8823) at a temperature of 4 °C. Subse-
quently, three washes were conducted before boiling the beads and ana-
lyzing the eluted proteins through WB.

In vivo ubiquitination assay

In the ubiquitination experiments, cells were transfected with the specified
plasmids for a duration of 36 h. Following this, they were treated with
MG132 at a concentration of 20 uM for an additional period of 8 h. Sub-
sequently, the cells were collected. A portion equivalent to one-fifth of the
cells was set aside for direct immunoblotting analysis, while the remaining
cells underwent denaturing co-immunoprecipitation processing. The cell
lysis was performed using denaturing buffer, and then incubated overnight
with either Myc beads (Millipore; E6654) or HA-beads (Millipore; IP0010)
at a temperature of 4 °C. Following this step, thorough washing of the beads
was carried out using buffers and Buffer C consecutively.

Hematoxylin and eosin (HE) staining

The prepared paraffin sections of brain tissue were incubated at 60 °C for
3 h, followed by hematoxylin staining for 2 min and subsequent washing.
Eosin staining was performed on the sections at room temperature for
1 min. The samples underwent dehydration using a gradient alcohol series,
were cleaned with xylene, sealed with neutral glue, and subsequently
observed under a microscope and photographed.

Immunohistochemical (IHC) staining
The immunohistochemical staining was conducted following the instruc-
tions provided with the immunohistochemistry kit. To assess the stainings,
quantitative imaging techniques were employed to record both the per-
centage and intensity of immunostaining.

Enzyme-linked immunosorbent assay (ELISA)
The levels of cytokines in the supernatants obtained from ischemic brain
tissues were quantified using ELISA array Kit (Qiagen, Duesseldorf,
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Germany) as previously described. These kits allow for the detection of 5
different cytokines including interleukin [IL]—1a, IL-1pB, IL-4, IL-10, and
tumor necrosis factor [TNF]-a. The manufacturer’s instructions were fol-
lowed to perform the assays under uniform conditions. Duplicate mea-
surements were conducted on individual mouse brains and the results were
expressed as average optical density (OD) values.

Immunofluorescence staining

The frozen coronal sections of rat brains in the ischemia penumbra were
achieved 24 h after MCAO for NeuN staining. The following antibodies
were used: mouse anti-NeuN (Abcam, ab252833, 1:100) and Alexa-488
(Abcam, ab150105, 1:200) donkey anti-mouse secondary antibody. The
total numbers of NeuN-positive neurons in the ischemic penumbra were
counted in five different fields of view for each section by a researcher who
was blinded to the groupings.

Statistical analysis

Data were obtained from at least three independent experiments. All sta-
tistical analyses were conducted using GraphPad Prism 9.0.0 software.
Unless otherwise stated, all data are presented as mean =+ standard deviation.
Statistical significance of differences was determined using two-tailed Stu-
dent’s t-tests. One-way analysis of variance (ANOVA) was used for three or
more groups, and the Tukey method was used for post-hoc pairwise
comparison. All p-values are two-sided, and a p-value < 0.05 was considered
statistically significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The datasets have been uploaded in accordance with the journal’s
requirements (Supplementary Data 1), and any data utilized and/or ana-
lyzed during this study are available from the corresponding authors upon
reasonable request.
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