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Abstract

Whether epigenetic modifications participate in the cell apoptosis after ischemic stroke remains unclear. Histone 3 tri-meth-
ylation at lysine 27 (H3K27me3) is a histone modification that leads to gene silencing and is involved in the pathogenesis
of ischemic stroke. Since the expression of many antiapoptotic genes is inhibited in the ischemic brains, here we aimed to
offer an epigenetic solution to cell apoptosis after stroke by reversing H3K27me3 levels after ischemia. GSK-126, a specific
inhibitor of enhancer of zeste homolog 2 (EZH?2), significantly decreased H3K27me3 levels and inhibited middle cerebral
artery occlusion (MCAO) induced and oxygen glucose deprivation (OGD) induced cell apoptosis. Moreover, GSK-126
attenuated the apoptosis caused by oxidative stress, excitotoxicity, and excessive inflammatory responses in vitro. The role
of H3K27me3 in regulating of the expression of the antiapoptotic molecule B cell lymphoma-2 like 1 (Bcl211) explained the
antiapoptotic effect of GSK-126. In conclusion, we found that GSK-126 could effectively protect brain cells from apoptosis
after cerebral ischemia, and this role of GSK-126 is closely related to an axis that regulates Bcl211 expression, beginning
with the regulation of EZH2-dependent H3K27me3 modification.
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Introduction

Stroke is the second leading cause of death worldwide [1],
and most cases of stroke were ischemic stroke [2]. Cur-
rently, the main approach for treating ischemic stroke was
the restoration of blood flow by intravenous thrombolysis
or intraarterial thrombectomy [3], but subsequent brain cell
apoptosis was inevitable. As a result, approximately 40% of
poststroke survivors were clinically disabled [4]. Apoptosis
was a kind of programmed cell death that occurs in response
to external damage, and it involves the regulation of gene
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expression levels [5, 6]. Histone methylation, particularly
histone 3 tri-methylation at lysine 27 (H3K27me3), which
regulates gene expression, was thought to be involved in
cellular stress responses [7]. Elucidating the mechanism by
which H3K27me3 regulates apoptosis has attracted the inter-
est of researchers. Investigation of this mechanism may be
beneficial for the clinical treatment of ischemic stroke.
H3K27me3 could silence gene expression by increas-
ing DNA methylation or altering the binding of histones to
heterochromatin [8, 9]. H3K27me3 levels were regulated
by the polycomb repressive complex 2 (PRC2), or more
precisely, by one of its components, namely, enhancer of
zeste homolog 2 (EZH2) [10]. In contrast, H3K27me3 dem-
ethylation was mediated by lysine demethylase 6 (KDM6)
family members and Jumonji domain-containing protein D3
(JMJD3) [11, 12]. Previously, reports have shown that his-
tone methylation participates in the pathogenesis of cerebral
ischemia, including oxidative stress, calcium overload, and
inflammatory responses [13]. However, until now, evidence
that histone methylation, including H3K27me3, regulates
apoptosis during ischemic brain injury has been insufficient.
GSK-126 is a potent inhibitor of EZH2 methyltransferase
activity, and it can reduce global H3K27me3 levels and
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reactivate silenced PRC2 target genes [14, 15]. In particular,
we previously found that GSK-126-mediated decreases in
H3K27me3 levels in hippocampal neurons benefited neu-
ronal survival after cerebral ischemia [13]. Previous data
also indicated that the neuroprotective role of GSK-126 was
based on its ability to inhibit cell apoptosis. However, the
underlying mechanism is still unclear. Interestingly, in the
present research, GSK-126 not only effectively attenuated
apoptosis after middle cerebral artery occlusion (MCAO)
but also practically inhibited apoptosis induced by three
ischemia-related models, including oxidative stress, exci-
totoxicity, and inflammation. This suggests that the pro-
tective effect of GSK-126 against cerebral ischemia may
act directly on genes related to apoptosis. Combined with
previous research, we assumed that the expression level of
B cell lymphoma-2 like 1 (Bcl211), a gene that negatively
regulates apoptosis, might be regulated by H3K27me3, and
we assumed that GSK-126 might attenuate postischemic
apoptosis via the EZH2-H3K27me3-Bcl211 axis.

Bcl211 is a member of the Bcl-2 family. Members of the
Bcl-2 family (Bcl2, Belw, Bel211, and Mcll) have similar
names and functions, but not similar protein structures. In
contrast to proapoptotic molecules such as Bax and Bak,
which contain three BH domains (BH1, BH2, and BH3),
Bcl2l1 has a BH4 domain [16]. The BH4 domain is nec-
essary for pro-survival activity. Bcl211 could inhibit the
binding of apoptotic protease activating factor-1 (Apaf-1)
to pro-Caspase-9, thereby preventing Caspase-9 from acti-
vation [17]. As a result, Caspase-9 may fail to interact with
Caspase-3 and activate the apoptotic program. Bcl211 plays
an essential role in preventing cell apoptosis. Therefore,
exploring the epigenetic regulatory mechanism of Bcl211
in the development of ischemic brain injury could contrib-
ute to providing novel insights into neuronal apoptosis after
ischemic stroke.

Materials and Methods
Animals and Ethics

Male Sprague-Dawley rats weighing 220-250 g were pur-
chased from the experimental animal center of Xuzhou
Medical University (2022095066). The rats were housed in
an environment of 12 light/12 dark cycles with free access
to food and water at 23 °C. All experimental protocols were
approved by the Ethics Committee of Xuzhou Medical Uni-
versity (date 06, 2022/No. 2022095066).

Establishment of the MCAO Model

The MCAO model was established as described previously
[18]. Briefly, after anesthetizing the rats with 4% isoflurane

@ Springer

and then maintaining anesthesia with 2% isoflurane, the
neck skin was cut to expose the left carotid sheath, common
carotid artery, and external and internal carotid arteries. The
thread embolism (Cinontech, catalog no. 2634A4, Beijing,
China) was inserted from the common carotid artery to the
internal carotid artery (insertion depth: approximately 20
mm), and the thread embolism will be withdrawn to the
common carotid artery after 2 h. The animals in the sham
operation control group were subjected to the same proce-
dure, but the carotid artery was not occluded. During the
operation, a laser speckle flow imaging system (RFSLI ZW/
RFLSI III, RWD Life Science Co., Shenzhen, China) was
used to measure cerebral blood flow in real time. Subsequent
experiments were performed after 24 h of reinfusion.

Drugs and Administration

For surgery, rats were anesthetized with isoflurane and
placed on a stereotaxic table, and anesthesia was maintained
with isoflurane using the gas delivery system of the local-
izer. The scalp was incised longitudinally to expose the fon-
tanelle, and a small hole was drilled in the skull using the
fontanelle as a reference (stereotaxic zero) with the follow-
ing stereotaxic coordinates: medio-lateral (ML): 1.0 mm left
of the midline of the skull and anterior-posterior (AP): 1.5
mm posterior to the bregma, which corresponds to the lateral
ventricular region. A catheter was inserted into the small
hole at a depth of 4 mm from the skull and then secured
with dental cement. The rats were returned to their cages
after surgery and allowed to rest for 3 days with adequate
food and water to eliminate surgery-induced inflammatory
reactions and repair the blood-brain barrier. On the fourth
day, the rats were anesthetized with isoflurane and injected
with the drug via intracerebroventricular injection (ICV).
GSK-126 was purchased from Vicmed Biotech (Xuzhou,
China) and stored at — 20 °C. GSK-126 was dissolved in
20% B-cyclodextrin to a final concentration of 5 mg/ml and
injected into the lateral ventricle daily for seven consecutive
days (20 pl/day) before the MCAO model was established.

2,3,5-Triphenyl Tetrazolium Chloride Staining
and Neurobehavioral Scores

Triphenyl tetrazolium chloride (TTC) reacts with succinate
dehydrogenase in the mitochondria to produce red formazan,
but in ischemic tissues, the activity of dehydrogenase is
reduced, resulting in a pale white block. Rats were decapi-
tated after anesthesia, and the brains were washed once
with PBS. The brains were then cut into 2-mm consecutive
sections and stained with 2% TTC in the dark for 30 min
at 37 °C. Subsequently, brain sections were fixed with 4%
paraformaldehyde at room temperature for 24 h and photo-
graphed. After TTC staining, we recorded with photos and
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calculated the volume of cerebral infarction by Imagel. The
modified neurological severity score (mNSS) was used to
evaluate the neurological function of rats, with a maximum
score of 18 [19, 20]. The test included motor, sensory, reflex,
and balance tests, and a higher score indicated more severe
injury.

TUNEL Assay

Cortical neuronal apoptosis was analyzed by TUNEL stain-
ing (Keygen Biotech, Nanjing, China). The experiments
were performed according to the manufacturer’s instruc-
tions. Briefly, the rat brains were washed with PBS and
then permeabilized with 1% Triton X-100 for 15 min at
room temperature. Subsequently, they were incubated with
TUNEL staining solution for 1 h in the dark and then washed
with PBS. Finally, each sample was incubated with DAPI
staining solution for 5 min at room temperature in the dark
and observed by fluorescence microscopy (Olympus, Japan).
Images were captured at 450 nm and 520 nm. Fluorescence
intensity was analyzed using ImagelJ, and the data were ana-
lyzed using GraphPad Prism 5.

Cell Culture and Modeling

HT22 cells were cultured under 37 °C and 5% CO, in a
medium containing 10% FBS. The cells were pretreated with
GSK-126 (50 pM) for 24 h after being passaged for 24 h.
Then, the cells were administrated with H,O, (500 pM) for
12 h to construct the oxidative stress model, glutamate (20
mM) for 12 h to construct the excitotoxicity model, or LPS

(15 pg/ml) for 12 h to construct the excessive inflamma-
tory model, respectively. After pretreated with GSK-126,
the cells were modeled by oxygen and glucose deprivation
(OGD). For the OGD model, cells were cultured for 12 h
with glucose-free medium (Gibco, America) in 1.5% O,.
Cell transfections were performed according to the pro-
tocols of Engreen Entranster™ H4000 (Engreen, Beijing,
China). In brief, 2 pg of plasmids was dissolved in 100 pl
of serum-free medium and 5 pl of Engreen Entranster™
H4000 was diluted in 100 pl of serum-free medium (Key-
gen Biotech, Nanjing, China). The mixture was added to the
cell culture medium after 15 min of incubation. The coding
DNA sequence (CDS) was obtained from NCBI. Plasmids
for Bcl2l1 overexpression were cloned using the ClonEx-
press II One Step Cloning Kit (Vazyme, Nanjing, China);
cDNA from the mouse hippocampal neuronal cell line HT22
was used as a template. The CDS of Bcl211 was inserted into
the pcDNA3.1 vector by the restriction enzyme EcoRI. The
primers for pcDNA3.1-Bcl2l11 are listed in Table 1.

Western Blots

Rat cortical samples and cells were lysed with RIPA buffer
supplemented with 1% protease inhibitor. The mixture was
allowed to incubate on ice for 30 min and then centrifuged
at 12,000 rpm for 15 min. The protein concentrations were
quantified by the BCA method, and the proteins were sepa-
rated via 12% SDS-PAGE. The separated proteins were
subsequently transferred to 0.22-pm PVDF membranes and
then blocked with 5% fat-free milk for 2 h. The membranes
were incubated with primary antibodies at 4 °C overnight.

Table 1 Primers used in this
study

Primer sequence

pcDNA3.1-Bcl211-F
pcDNA3.1-Bcl211-R
ChIP-Bcl211-F
ChIP-BclI211-R

BSP- Bcl211-F

BSP- Bcl211-R
RT-PCR-Bcl211-F
RT-PCR-BcI211-R
RT-PCR-Rat-p-Actin-F
RT-PCR-Rat-p-Actin-R
RT-PCR-Mice-p-Actin-F
RT-PCR-Mice-p-Actin-R
RT-PCR-IL-1p-F
RT-PCR-IL-18-R
RT-PCR-IL-6-F
RT-PCR-IL-6-R
RT-PCR-TNF-o-F
RT-PCR-TNF-a-R

CTGGATATCTGCAGAATTATGTCTCAGAGCAACCGG
GGTCTTTGTAGTCGAATTTCACTTCCGACTGAAGAGTG
AGAAATCTGGGGCCTACTGC
GCCACTTGATTGACAGCCCT
GTTTTTTTAGGGGAAATTGAGGT
AAACCCAATAACTTCCAAACACTAA
ATGTCTCAGAGCAACCGGGAG
TCACTTCCGACTGAAGAGTGAGCC
CACGATGGAGGGGCCGGACTCATC
TAAAGACCTCTATGCCAACACAGT
GGCTGTATTCCCCTCCATCG
CCAGTTGGTAACAATGCCATGT
GTCGCTCAGGGTCACAAGAA
GTGCTGCCTAATGTCCCCTT
CTGCAAGAGACTTCCATCCAG
AGTGGTATAGACAGGTCTGTTGG
CCACCACGCTCTTCTGTCTACTG
GCCATAGAACTGATGAGAGG
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Following the primary antibody incubation, the membranes
were washed with TBST three times and then incubated
with HRP-conjugated goat anti-rabbit IgG or anti-mouse
IgG secondary antibodies for 1 h at room temperature. All
the antibodies used for western blots are listed in Table 2.
Protein bands were visualized by a chemical fluorescence
gel imaging system and analyzed by ImageJ.

Chromatin Inmunoprecipitation

The rat cortex samples were first shredded into 1-mm? size
pieces, the samples were cross-linked with 1% formaldehyde
for 5 min at room temperature, and then, glycine was added
to terminate the cross-linking reaction. The cortices were
washed three times with PBS and collected into tubes after
low-speed centrifugation. After ultrasonic fragmentation, the
chromosome will be cut into a size containing DNA frag-
ment of 150-300 bp. Approximately 10% of the supernatant
was used as input, and 1 pl of anti-H3K27me3 and 60 pl of
Protein G were added to the remaining lysate and incubated
overnight at 4 °C. The next day, the beads were washed five
times with the designated buffer, and the complexes were
eluted from beads after heating to 65 °C. The DNA cross-
linking reaction was reversed at 67 °C for 5 h, followed by
purification. The purified DNA sample was used as a tem-
plate to detect the Bcl211 promoter by real-time PCR. The
primers for Bcl211 for ChIP are listed in Table 1.

Real-Time PCR

Extraction of total mRNA was performed according to the
instruction for the RNA Isolater Total RNA Extraction Rea-
gent (Vazyme, Nanjing, China). Subsequently, mRNA was
reverse transcribed to cDNA with a of HiFiScript cDNA
Synthesis Kit (ComWin Biotech, Taizhou, China). Finally,
RT-PCR was carried out with SYBR Green Master Mix
(Vazyme, Nanjing, China) according to the user manual with

Table 2 Antibodies used in this study

Antibodies Source Identifier Dilution
H3K27me3 Abcam ab6002 1:2000
Histone H3 Abcam ab10799 1:2000
Bcl2ll Proteintech 10783-1-AP 1:2000
Bcl2 Proteintech 26593-1-AP 1:2000
Bax Proteintech 50599-2-Ig  1:8000
Caspase-3 and cleaved Cas- Proteintech 19677-1-AP  1:500
pase-3
B-Actin Proteintech 66009-1-Ig  1:8000
HRP-conjugated goat anti- Proteintech SA00001-2  1:8000
rabbit IgG
HRP-conjugated goat anti- Proteintech SA00001-1  1:8000
mouse IgG
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a real-time PCR system (Thermo Fisher Scientific, Amer-
ica). p-Actin was used for normalization. All the RT-PCR
primers used in this study are listed in Table 1.

Flow Cytometry

The percentage of apoptotic HT22 cells was evaluated using
an annexin V-FITC/PI kit (Keygen Biotech, Nanjing, China).
In brief, the cells were collected with EDTA-free trypsin
and then washed twice with PBS. The supernatant was dis-
carded, and the cell pellet was resuspended in binding buffer.
Annexin V-FITC and propidium iodide were added to the
suspensions, respectively. The suspensions are incubated at
room temperature for 15 min in the dark and then analyzed.

Detection of Intracellular Reactive Oxygen Species

The intracellular reactive oxygen species (ROS) level of each
group was measured with a ROS Assay Kit (Beyotime, Bei-
jing, China). According to the manufacturer’s instructions,
the cell culture medium was discarded, and the DCFH-DA
diluted with serum-free medium was added. Cells were
incubated at 37 °C and 5% CO, in the dark for 20 min. Sub-
sequently, cells were washed three times with serum-free
medium and then observed by a fluorescence microscope
(Olympus IX-71, Japan).

Intracellular Ca?* Staining

The intracellular calcium ion concentration was measured by
Fluo-3 AM (Beyotime, Beijing, China). Cells were cultured
with medium containing 1 pM Fluo-3AM at 37 °C and 5%
CO, in the dark for 40 min. Then, PBS was used to wash
once, and the cells were incubated under the same condi-
tions for 20 min again. Finally, the cells were observed by a
fluorescence microscope (Olympus IX-71, Japan).

Bisulfite Sequencing PCR

According to the manufacturer’s instructions, genomic DNA
was extracted from cells (Yuanpinghao Biological Technol-
ogy, Beijing, China). Then, DNA was modified using Epi-
Tect® Bisulfite Kit (QIAGEN, Germany). After the DNA
was treated with bisulfite, the fragments were amplified by
PCR. The primers for modified Bcl211 are listed in Table 1.
The PCR products were purified and ligated to the pMD18-
T Vector (TaKaRa, Japan). The products were transformed
into DH-5a; positive clones were selected, shaken, and
sent to the Nanjing Springen Biotechnology Co., Ltd for
sequencing.



Molecular Neurobiology (2024) 61:3369-3383

3373

Statistical Analysis

The statistical analysis of the data was performed using
GraphPad Prism 5. All the experiments were performed in
three replicates, and data are expressed as the mean + stand-
ard error of the mean (SEM). One-way ANOVA and the
unpaired ¢ test were used to analyze statistical significance
between the different groups.

Results

GSK-126 Attenuates MCAO-Induced Injury
by Reducing H3K27me3 Levels

In our previous study, we found that GSK-126 exerted a pro-
tective effect by inhibiting H3K27me3 levels in a transient
global cerebral ischemia model. In this study, the effects of
GSK-126 in a MCAO model were first examined in rats. The
flowchart of the experimental operation and the results are
shown in Fig. 1. The results showed that GSK-126 signifi-
cantly reduced the cerebral infarct area (P < 0.05; Fig. 1B, C
and Fig. S1) and neurobehavioral scores (P < 0.01; Fig. 1D)
after MCAO. This protective effect was mediated out by
inhibiting H3K27me3 levels (P < 0.05; Fig. 1E, F). In addi-
tion, GSK-126 may exert its neuroprotective effect by reduc-
ing the level of brain cell apoptosis (P < 0.001; Fig. 1G,
H). In conclusion, the results suggest that pretreatment with
GSK-126 can effectively reduce H3K27me3 levels in the
postischemic brain as well as ischemic brain injury caused
by MCAO.

GSK-126 Attenuates Damage Caused by Oxidative
Stress

The main factors that influence apoptosis under postisch-
emic conditions are (1) increased oxygen radical produc-
tion, (2) intracellular calcium overload, and (3) excessive
activation of inflammatory responses. To explore the mecha-
nism underlying the anti-apoptotic effects of GSK-126, we
investigated the effect of GSK-126 (50 uM) pretreatment
for 24 h in three apoptosis models in vitro (Fig. S2). The
first is the oxidative stress model, characterized by excessive
production or reduced degradation of ROS. We used hydro-
gen peroxide (H,0,) to establish the oxidative stress model.
Flow cytometry analysis of apoptosis showed that GSK-126
reduced apoptosis induced by H,0, (P < 0.05; Fig. 2A, B).
In addition, we found that GSK-126 decreased the levels
of intracellular ROS (P < 0.001; Fig. 2C, D). The results
of western blots showed that GSK-126 inhibited Caspase-3
activation by rescuing the expression of Bcl2/Bax (P < 0.05;
Fig. 2E, F and Fig. S3A). In summary, GSK-126 could main-
tain normal cellular status via inhibiting intracellular ROS

production and resist apoptosis caused by oxidative stress
through increasing the Bcl2/Bax levels.

GSK-126 Attenuates Excitotoxic-Induced Apoptosis
via Bcl2/Bax Pathways

Excitotoxicity induced by glutamate is also one of the
most important pathogenic mechanisms in ischemic stroke,
and it mainly functions through the activation of calcium-
dependent death pathways. We established a cellular excito-
toxicity model using glutamate treatment. Flow cytometry
analysis revealed that GSK-126 reduced glutamate-induced
apoptosis (P < 0.001; Fig. 3A, B). Using the Fluo-3AM
probe to measure intracellular Ca>* concentration, we found
that GSK-126 significantly reversed the glutamate-induced
increase in intracellular Ca** concentrations (P < 0.05;
Fig. 3C). Consistent with previous results, GSK-126 also
restored Bcl2/Bax levels and prevented Caspase-3 activa-
tion (P < 0.01; Fig. 3D, E and Fig. S3B). That is, GSK-126
may exert anti-apoptotic effects by altering the intracellular
Ca** concentration.

GSK-126 Protects Cells from Inflammatory Damage

Cerebral ischemia is accompanied by severe inflammatory
response, which in turn further aggravates cerebral ischemia.
Therefore, we first examined the degree of LPS-induced
apoptosis and apoptosis in the inflammation model after pre-
treatment with GSK-126 by flow cytometry. GSK-126 effec-
tively reduced LPS-induced apoptosis (P < 0.05; Fig. 4A,
B). Furthermore, GSK-126 could still increase Bcl2/Bax
ratio to minimize Caspase-3 activation (P < 0.05; Fig. 4D, E
and Fig. S3C). The RT-qPCR assay revealed that the mRNA
levels of IL-1p, IL-6, and TNF-«a increased after stimulation
with LPS (P < 0.05; Fig. 4C). When cells were pretreated
with GSK-126, the mRNA levels of IL-1p, IL-6, and TNF-a
were not elevated by LPS stimulation (P < 0.001; Fig. 4C).

GSK-126 Upregulates Bcl211 by Inhibiting
H3K27me3 Enrichment Levels in the Bcl2l1
Promoter

These above results confirm that GSK-126 has a good pro-
tective effect on all three major factors that lead to apopto-
sis during ischemic brain injury. The mechanism underly-
ing its effect on apoptosis may be direct targeting of the
apoptotic signaling pathway. We previously found that the
anti-apoptotic role of GSK-126 may be related to the regula-
tion of H3K27me3 in genes that negatively regulate of the
execution phase of apoptosis, including Dffa, Fzd3, Bcl2ll,
Paml6, and Nmnatl [13]. Further analysis showed that the
expression level of Bcl211 was regulated by GSK-126 (P <
0.01; Fig. S4A). Therefore, we next examined the expression
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logical severity score (mNSS). E The expression of H3K27me3 in the

of Bcl211 in the MCAO model. The results showed that
GSK-126 increased the protein levels of Bel211 (P < 0.05;
Fig. 5A, B). GSK-126 also reversed the reduction in Bcl2/
Bax caused by MCAO, which reduced Caspase-3 activation
(P < 0.001; Fig. 5A, B). Furthermore, regional IHC analy-
sis revealed that GSK-126 could also reverse the MCAO-
induced decrease in Bcl211 expression in the frontal parietal
cortex, striatum, and hypothalamus (Fig. S5A). Conversely,
in areas where blood supply was not provided by the middle
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MCAO model was detected by western blots. F Gray intensity analy-
sis of western blots results. The results were normalized by histone
H3. G Apoptosis was detected using TUNEL staining. Scale bar =
20 pm. H Quantitative analysis of TUNEL-positive cells. *P < 0.05,
**P <0.01, #*P < 0.001.N=3

cerebral artery, such as the hippocampus and SVZ, the
expression levels of Bcl211 remained unaffected by MCAO
modeling. GSK-126 also did not elevate Bcl211 expression
levels in these regions following MCAO (Fig. S5B).

As expected, Bcl211 showed the same trend in models of
oxygen glucose deprivation (OGD), oxidative stress, exci-
totoxicity, and excessive inflammatory response (Fig. S4).
ChIP analysis revealed that H3K27me3 enrichment in the
Bcl2l1 promoter region was significantly elevated after



Molecular Neurobiology (2024) 61:3369-3383

3375
101 Q1 Q2| 401 Q2| 4gs.01 Q2| 405l Q1 Q2
485 3.83 5.16 252 575 6.49 8.99 4.09
< 10 < 10 < 10° < 10
w 1 w w w
a8 8 a. a.
Q Q Q Q
£10° £ 10°4 £ 10° £ 10°
o o (8] o
01 01 01 01
{ Q4 Q3 Q4 Q3 Q4 Q3 Q4 Q3
1903 0.99 io16 0.74 86.0 1.80 85.0 1.89
T 100 10t 108 0 10° 100100 0 10° 100 10° 0 10° 100 10°
Comp-FITC-A Comp-FITC-A Comp-FITC-A Comp-FITC-A
Control GSK-126 H,0, GSK-126+H,0,
B C GSK-126 D
15- 40 ok
ok —_—
— =
e . * ok g T
0" L) " 1 o
2 40 - ' £
g T
o (]
o) A o) 2 20
8 2 3
‘.5. 5‘ % [ ] I g
o =
o
< ¥ + E
o
c T ] L} L} 0-
> © AN
S N AN ¢ o o o
S N $
00& 6{: \?J» 6& i 000\ %{:\ qu’ Q’xq'
(<5 I{L (<] NV
¥ oF
(<] (<]
Cleaved Caspase-3 .‘ . - - 29 WEH Control @@ GSK-126 [l H:0; GSK-126+H,0,
*%
. —_—
Bol2 el N v wmm gy
% *%
% *% *
o) ¢ it 1
Bax . -— T T S
o
2
; ®
P-actin cummw wme w—— a— E
- - + +
HZOZ 0
GSK-126 - + - + Cleaved Caspase-3 Bcl2/Bax

Fig.2 GSK-126 alleviates H,0O,-induced apoptosis. HT22 cells were
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H,0, (500 pM) for 12 h. A H,0,-induced apoptosis was detected by
flow cytometry. B Analysis of H,O,-induced apoptosis ratio. C The
expression of ROS was detected by DCFH-DA probe. Scale bar =

MCADO but decreased after pretreatment with GSK-126 (P
< 0.01; Fig. 5C). However, the alteration of H3K27me3
enrichment levels in each group did not affect the DNA

100 pm. D Quantitative analysis of ROS level. E The expression of
cleaved Caspase-3, Bcl2, and Bax in the oxidative stress model was
detected by western blots. F Gray intensity analysis of western blots
results. The results were normalized by f-actin. *P < 0.05, **P <
0.01, ***P < 0.001. N=3

methylation levels in their promoter (Fig. 5D). These results
suggested that H3K27me3 regulates the expression level of
Bcl211 but not through DNA methylation.
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Bcl2I1 Protects Cells from OGD-Induced Apoptosis postischemic apoptosis, we constructed plasmids to over-

express Bcl211. Bcl2l1 expression was increased signifi-
GSK-126/H3K27me3 can regulate the expression levels of ~ cantly after transfection (P < 0.05; Fig. 6A, B). In addition,
many genes, and to identify the crucial role of Bcl211 in  according to the results of the flow cytometric assay, it was
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C The enrichment of H3K27me3 in the Bcl2ll promoter region

found that the apoptosis ratio was significantly reduced after
increased Bcl211 expression compared with OGD (P < 0.05;
Fig. 6C, D). It could also be observed that increased Bcl211
expression led to a decrease in the OGD-induced levels of
cleaved Caspase-3 induced by OGD (P < 0.05; Fig. 6E, F).
In conclusion, the experimental results suggest that Bcl211 is
directly linked to the apoptosis levels, and the anti-apoptotic
effect of GSK-126 may greatly depend on the regulation of
Bcl2l1 expression.

Discussion
Stroke is one of the most important fatal diseases in the
world, and it can seriously affect human health; stroke is

associated with a rapid onset and serious sequelae. Neu-
ronal apoptosis is the leading cause of sequelae (death and
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after MCAO was determined by ChIP assay. D The methylation
level of Bcl2ll promoter region in the OGD model was determined
by bisulfite sequencing PCR (BSP). *P < 0.05, **P < 0.01, ***P <
0.001.N=3

disability) in ischemic stroke patients, and its mechanism is
very complicated. Currently, the known causes of neuronal
apoptosis after ischemia include oxidative stress [21], exci-
totoxicity [22], and overreactive inflammation [23]. After
local ischemia in the brain, mitochondrial oxidative phos-
phorylation was inhibited or reduced, leading to an accu-
mulation of superoxide radicals and ROS with decreased
ATP [24]. During ischemic/hypoxic injury, the production
of ROS overwhelms the antioxidant capacity. ROS can dam-
age the plasma membrane and break DNA strands [25, 26].
Oxidative stress is often accompanied by reverse activation
of the Na®/Ca®* exchanger [27]. Once the ionic gradient
was disrupted, neuronal depolarization was exacerbated and
large amounts of excitatory neurotransmitters, especially
glutamate, were released [28]. The binding of glutamate to
NMDARS activates calcium channels, which leads to intra-
cellular Ca®* overload [29, 30]. The conjunction of oxidative
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Fig.6 Bcl2ll overexpression alleviates OGD-induced damage. A
The expression of Bcl2l1 after Bcl211 overexpression was detected by
western blots. B Gray intensity analysis of western blots results. The
results were normalized by B-actin. C OGD-induced apoptosis after
Bcl211 overexpression determined by flow cytometry. D Analysis of

stress and calcium overload leads to increased permeability
of the inner mitochondrial membrane and loss of mitochon-
drial membrane potential, resulting in a caspase cascade
reaction [31, 32]. In addition, ischemic brain injury leads
to a massive release of inflammatory factors and disrup-
tion of the blood-brain barrier. These inflammatory factors
promote thrombosis and remain elevated in the late stages
of stroke [33]. After cerebral ischemia, NADPH oxidase

Bcl2l1

Comp-FITC-A

apoptosis ratio. E The protein levels of Bcl211 and cleaved Caspase-3
were detected by western blots. F Gray intensity analysis of western
blots results. The results were normalized by p-actin. *P < 0.05, **P
<001.N=3

and xanthine oxidase production were increased, leading to
accumulation of ROS [34]. Additionally, glutamate binding
to extra-synaptic NMDARs exacerbates neuronal damage
by activating the phosphatase and tensin homolog (PTEN)
and death-associated protein kinase 1 (DAPK1) signaling
pathways [1]. During ischemia, oxidative stress and exces-
sive Ca" levels promote the release of inflammatory factors.
Once those factors are recognized by the pattern recognition
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receptors (PRRs), downstream signaling pathways, such
as the nuclear factor (NF)-xB, mitogen activated protein
kinase (MAPK), interferon regulatory factors (IRF), or the
inflammasome signaling pathways, were activated [33]. The
expression levels of many genes are altered during these
processes and ultimately determine the survival of brain
cells after ischemia. Therefore, studying how to regulate the
expression of these genes will be helpful for exploring the
antiapoptotic mechanism after stroke.

Histone methylation, especially H3K27me3, is involved
in a variety of biological processes due to its role in regulat-
ing gene expression. H3K27me3 silences gene expression by
promoting DNA methylation or heterochromatin compaction
[35, 36]. And, H3K27me3 and EZH2 have been shown to be
involved in the pathogenesis of ischemic stroke [37]. Yang
et al. reported that sevoflurane could mitigate the apoptosis
of hippocampal neurons after cerebral ischemia by affect-
ing EZH?2 [38]. The enrichment of H3K27me3 in the Bax
promoter was reduced in cortical neurons with insufficient
oxygen glucose supply, and when its expression increased,
Bax bound to p53 and promoted neuronal apoptosis [39, 40].
In addition, H3K27me3 represses Reelin expression after
cerebral ischemia, which ultimately leads to neuronal apop-
tosis [41]. However, the role of H3K27me3 in regulating
the expression of antiapoptotic genes was still unclear. Due
to the specific inhibitory effect of GSK-126 on EZH2 activ-
ity [14, 42], it is possible to study the role of H3K27me3
on apoptosis after ischemia using GSK-126 (Fig. 1E, F).
We previously demonstrated that GSK-126 could effec-
tively reverse the apoptosis of CAl neurons after global
cerebral ischemia by reversing the levels of H3K27me3
[13]. Previous research also revealed that decreased lev-
els of H3K27me3 might increase the expression levels of
genes that were related to negative regulation of the execu-
tion phase of apoptosis. Therefore, in the present study, we
first determined that GSK-126 alleviated neuronal apoptosis
after local cerebral ischemia by decreasing H3K27me3 in
the brains of MCAO rats (Fig. 1), as well as alleviated apop-
tosis in three cell models including oxidative stress (Fig. 2),
excitotoxicity (Fig. 3), and excessive inflammatory response
(Fig. 4) models.

There is no doubt that H3K27me3 is associated with
oxidative stress, excitotoxicity, and excessive inflammatory
responses [43-46]. The question is whether H3K27me3
regulates the expression of antiapoptotic genes during these
processes. In fact, it has been reported that the downregu-
lation of apoptotic genes might be attributed to decreased
H3K4me3 rather than increased H3K27me3 [47]. We also
found that GSK-126 failed to regulate the expression of
Bcl2 (Fig. S4D). However, we have previously reported that
decreasing H3K27me3 may upregulate the expression levels
of several genes that participate in the “negative regulation
of the execution phase of apoptosis” [13], Bcl211 was one
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of these genes, which was confirmed by subsequent experi-
ments (Fig. S4A). Bcl211 and Bcl2 are members of the Bcl-2
family that play antiapoptotic roles, but they are different
from each other. Bcl211 closely controls the permeability of
the outer mitochondrial membrane, thereby inhibiting the
release of proapoptotic proteins, such as Cytc and AIF [48].
Moreover, Bcl2l1 is abundantly expressed in developing or
adult neurons, and Bcl211 plays an important role in the sur-
vival of mouse cerebellar granule neuron progenitors [49,
50]. Although it had been suggested that Bcl211 can exert
antiapoptotic effects in response to a variety of stresses [51,
52], it was unclear whether Bcl211 can protect neurons from
apoptosis after cerebral ischemia. In this study, we found
that the expression levels of Bcl211 were correlated with
the enrichment levels of H3K27me3 in its promotor, but
not with the levels of DNA methylation (Fig. 5). This seems
contradictory since H3K27me3 was known to cause gene
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Fig.7 Schematic illustration of the molecular mechanism by which
GSK-126 protects neuron from apoptosis. Oxidative stress, cal-
cium overload and inflammatory responses were the main causes
of ischemic stroke. The levels of H3K27me3 were increased after
ischemic stroke via EZH2, and H3K27me3 enriched in the Bcl2l1
promoter region to repress its expression, which in turn led to neu-
ronal apoptosis. In contrast, GSK-126 could suppress H3K27me3
levels by specifically inhibiting EZH2 activity. When the enrichment
of H3K27me3 in the Bcl2ll promoter region was reduced, Bel211
expression rebounded to promote neuronal survival
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silence through DNA methylation, but DNA methylation
was not the only way that H3K27me3 silenced gene expres-
sion. Margueron et al. reported that H3K27me3 may regu-
late gene expression either by altering chromatin structure
(by modulating the DNA-histone interaction) or by contrib-
uting to the recruitment of further regulatory (DNA meth-
ylase, etc.) [53]. The presence of H3K27me3 enrichment
indicates gene silencing [54]. Therefore, our data indicated
that Bcl211 is regulated by H3K27me3, but its regulatory
mechanism remained to be studied. The lower expression
levels of Bcl211 play an insufficient role in anti-apoptotic
mechanisms (Fig. 6). Once GSK-126 inhibited EZH2 activ-
ity and reversed H3K27me3 levels, Bcl211 expression levels
rebounded. This alleviated the apoptosis of brain cells after
MCADO. To this end, we believe that GSK-126 attenuates
cell apoptosis during ischemic brain injury by modulating
the EZH2-H3K27me3-Bcl211 axis (Fig. 7).

Conclusion

In conclusion, we found that GSK-126 alleviated the apop-
tosis induced by local cerebral ischemia or related condi-
tions in vivo and in vitro. Importantly, the anti-apoptotic
effect of GSK-126 was mediated by modulating the EZH2-
H3K27me3-Bcl2l1 axis. These findings provide novel
insights into the role of histone modification in ischemic
stroke and also provide a new theoretical basis for the
research and development of drugs in ischemic stroke.
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