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Abstract
Loss of E3 ubiquitin ligase RING finger protein 8 (RNF8) may lead to neuronal DNA damage and apoptosis. In order to 
expand on our knowledge on the mechanistic basis underlying neuronal death in ischemic stroke, the present study sought 
to investigate the potential role of E3 ubiquitin ligase RNF8 on ischemic stroke and explore the underlying downstream 
mechanism. Middle cerebral artery occlusion (MCAO) in mice and oxygen–glucose deprivation/reoxygenation (OGD/R) 
in neurons were induced to simulate an ischemic stroke environment. It was found that downregulation of RNF8 and Reelin 
occurred in MCAO mice and OGD/R-exposed neurons. Silencing of RNF8 enhanced the MCAO-induced neuronal apop-
tosis and oxidative stress. Mechanistically, RNF8 enhanced the ubiquitination and degradation of HDAC2, thus attenuating 
OGD/R-induced neuronal apoptosis and oxidative stress. Moreover, HDAC2 inhibited Reelin expression through deacetyla-
tion of H3K27me3 in its promoter, causing reduced glycogen synthase kinase-3beta (GSK3β)-Ser9 phosphorylation and the 
resultant elevated GSK3β activity. By this mechanism, RNF8 alleviated ischemic stroke. Coherently, this study suggests that 
RNF8 plays a neuroprotective effect against ischemic stroke by downregulating HDAC2 expression and inducing Reelin-
induced GSK3β inhibition.
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Introduction

Stroke is the leading cause of mortality and disability 
worldwide, with ischemic stroke being the most prevalent 
form of stroke [1]. Patients affected by the coronavirus 
disease 2019 (COVID-19) may develop coagulopathy 
with thromboembolic complications, including ischemic 
stroke [2]. SARS-CoV-2 infection can increase the risk 
of ischemic stroke since it may induce an inflammatory 
response and trigger a hypercoagulation state [3]. Nowa-
days, treatment approaches comprise of medical, endovas-
cular, and surgical strategies [4], but the vast majority of 
survivors succumb to the risk of recurrence and adverse 
symptoms like neurocognitive [5] and somatosensory defi-
cits [6, 7]. The understanding of the molecular mecha-
nisms underlying neurophysiological processes following 
the stroke is pivotal for the development of new therapies 
and treatments to improve neuronal recovery [8].

RING finger protein 8 (RNF8) is known as an E3 ubiq-
uitin ligase, with recognized participation in the allevia-
tion of ischemic stroke [9–11]. Meanwhile, the loss of 
RNF8 contributes to neuronal pathology and cognitive 
decline, accelerating the resultant degeneration of neu-
rons [12]. Prediction results from the UbiBrowser indi-
cated that histone deacetylase 2 (HDAC2) can be used 
as the substrate of RNF8. Histone deacetylases (HDACs) 
are widely known as a family of enzymes, that possess the 
ability to catalyze the removal of acetyl groups from the 
acetyl-lysine residues in histone and non-histone proteins 
[13], and often function as epigenetic regulators involved 
in the pathological processes of malignancies, neurologi-
cal diseases, and immune disorders [14]. Recent data has 
further identified HDAC2 to serve as a potential target for 
anti-stroke therapy, owing to the fact that HDAC2 inhibi-
tion restricted neuronal apoptosis in the penumbra tissue 
after ischemic stroke [15]. Furthermore, treatment with 
HDAC inhibitors (valproic acid [VPA] and suberoylanilide 
hydroxamic acid) can restore the expression of Reelin in 
pancreatic cancer cells [16].

Reelin is an extracellular matrix protein secreted in 
embryonic and adult brain, and known to be essential 
for critical processes like neuron migration and neuronal 
plasticity [17]. Interestingly, Reelin upregulation can also 
confer protection against stroke-induced brain injury, 
attributed to its ability to increase cell survival following 
oxidative injury and reduce infarct volume and neurologi-
cal deficit [18].

Of note, a previous study has also demonstrated that the 
augmentation of glycogen synthase kinase-3beta (GSK3β) 
activity upon Reelin knockout in mouse models of Alzhei-
mer’s disease [19]. This is particularly important as the 
inhibition of GSK3β is known to delay ischemic stroke by 

reducing autophagy and increasing the expression of phos-
phorylated (p)-mammalian target of rapamycin, p-GSK3β, 
and β-catenin in oxygen–glucose deprivation/reoxygena-
tion (OGD/R) neurons [20]. Of note, Wang et al. recently 
reported that suppression of GSK3β activity can aggravate 
cerebral ischemia/reperfusion-induced injury by enhanc-
ing cell autophagy [21].

In light of the previous evidence, the current study aims 
to explore the potential neuroprotective role of RNF8 in 
ischemic stroke and investigate the underlying mechanism 
involving the HDAC2/Reelin/GSK3β signaling on the basis 
of middle cerebral artery occlusion (MCAO) mouse models 
and OGD/R-induced cell models.

Materials and Methods

Ethics Statement

The current study was carried out under the approval of 
the Ethics committee of the Affiliated Hospital of Guizhou 
Medical University (approval number: 2020-046A), and 
conformed to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health.

Microarray‑Based Gene Expression Profiling

Ischemic stroke-related datasets GSE23160, GSE58720, and 
GSE102541 were downloaded from the Gene Expression 
Omnibus (GEO) database. GSE23160 contains 8 brain tissue 
samples of sham-operated mice and 24 brain tissue samples 
of MCAO mouse models. GSE58720 contains 3 brain tissue 
samples of sham-operated mice and 3 brain tissue samples 
of MCAO mouse models. GSE102541 contains 3 blood 
samples from healthy controls and 6 blood samples from 
ischemic stroke patients. R “limma” package was applied for 
differential analysis to identify the differentially expressed 
genes with p value < 0.01 as the threshold. Then, 514 E3 
ubiquitin ligases (species: Homo sapiens, Mus musculus) 
were obtained from the iUUCD database and intersected 
with the differentially expressed genes.

Establishment of MCAO‑Induced Mouse Ischemic 
Stroke Models

RNF8floxed/floxed C57BL/6 and Nestin-CRE+/− C57BL/6 
mice (purchased from Jackson Laboratory) were housed 
in a specific pathogen-free environment. RNF8 conditional 
knockout (RNF8−/−) mice were constructed as follows: male 
RNF8floxed/+ CRE+ and female RNF8floxed/+ CRE− mice were 
obtained by hybridizing male Nestin-CRE+/− and female 
RNF8floxed/floxed mice. These two mice were hybridized to 
generate the experimental cohort: male RNF8floxed/Δcre+ mice 
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were RNF8−/− mice in the nervous system, and male wild-
type (WT) mice (+ / + cre + , + / + cre − , or floxed/ + cre −). 
Genotyping was determined by the DNA isolated from 
mouse tail-cutting and PCR analysis for WT, floxed, and 
deletion alleles [22]. RNF8 flox alleles were genotyped 
using the following PCR primers: RNF8 forward sequence 
of 5′-GGT​TAC​CAC​TCC​ATA​ACC​ATC​TGT​ACG-3′ and 
reverse sequence of 5′-CAG​AAG​GTA​GCA​ACA​GAA​CAC​
GAC​G-3′ [23].

Six-to-eight-week-old male WT mice (weighing 18–22 g) 
or RNF8−/− mice (weighing 18–22 g) were housed at 22 °C 
with 70% humidity, under a 12-h light/dark cycle and given 
ad libitum access to food and water. Prior to MCAO, the 
mice were anesthetized using an isoflurane respiratory anes-
thesia machine (80% N2O, 20% O2 containing 2% isoflu-
rane for induction of anesthesia, 1.5% isoflurane used for 
maintaining anesthesia). The intraluminal filament method 
was applied for MCAO establishment. The common carotid 
artery, internal carotid artery, and external carotid artery 
were separated, and a silicone-coated 6–0 nylon suture was 
inserted from the external carotid artery, through the inter-
nal carotid artery, and then gently inserted into the middle 
cerebral artery. The success of occlusion was determined 
by monitoring the decrease in surface cerebral blood flow 
(CBF) to 10% of baseline CBF using a laser Doppler flow-
meter (Moor Instruments, Devon, UK). Following MCAO 
induction for 1 h, the suture was withdrawn and reperfusion 
was followed. A recovery of CBF to more than 70% of basal 
CBF within 10 min was indicative of successful reperfusion. 
The sham-operated mice underwent the same procedures 
except for suture insertion into the artery. Other physiologi-
cal parameters were monitored, and the body temperature 
was maintained at 37.0 ± 0.5 °C using an electric heating 
pad.

Later, WT mice (n = 24) serving as normal control and 
RNF8−/− mice following MCAO (n = 24) were both infected 
with adeno-associated viruses expressing vector and Reelin, 
with 8 mice used for each treatment. At 72 h after MCAO 
induction, evaluation was conducted by two observers inde-
pendently using neurological function scoring. Mice with 
scores 0 and 8 were excluded, and n = 8 was guaranteed.

Adeno‑Associated Virus Vector Construction 
and Transduction

Single-stranded adeno-associated viruses (ssAAV2-Reelin, 
1.5 × 109 vg/mL) were purchased from Shanghai Genechem 
Co., Ltd. (Shanghai, China). The sequence was designed 
according to mouse Reelin and finalized by Genechem. 
Briefly, clone was performed based on the mRNA sequence 
Reelin (XM_031455859) with the mouse genome as the 
template. The correct clonal products were sequenced, 
the results of which turned out to be the same with Reelin 

promoter region registered on GenBank. Next, the virus 
solution was dissolved in diethyl pyrocarbonate solution, 2 
μL of which was delivered to the infarct site (anterior–poste-
rior, 0 mm from the anterior; medial–lateral, 1.5 mm; dorsal-
abdominal, 1.3 mm) by stereotactic injection at a speed of 
2 nL/s. The needle was kept for 10 min to ensure even virus 
distribution after injection.

Neurological Deficit Scores and Cerebral Infarct 
Volume

After 72  h of MCAO, neurological deficit scores were 
assessed by two observers independently. The scoring sys-
tem was as follows: 0 point indicated absence of neurologi-
cal deficit; 1 point indicated flexion of left forelimb with 
tail suspension or incomplete extension of right forepaw; 2 
points indicated left shoulder adduction during tail suspen-
sion; 3 points indicated a reduction of resistance to left push; 
4 points indicated spontaneous movement in all directions, 
only turning left when pulled by tail; 5 points indicated 
hovering only to the left or spontaneous walking; 6 points 
indicated walking only when stimulated; 7 points indicated 
no response to stimulation; and 8 points indicated stroke-
related death.

After neurological deficit evaluation, the mice were 
euthanized by carbon dioxide inhalation for evaluation of 
mouse cerebral infarct volume. After 10 min of precooling 
in a fridge at − 20 °C, the brain was taken out and sliced into 
1-mm-thick coronal sections, which were immersed in 2% 
TTC staining solution (17,779-10X10ML-F, Sigma-Aldrich, 
St Louis, MO) at 37 °C for 15 min. Red coloration was indic-
ative to normal brain tissues, while light gray coloration 
indicated infarct tissues. The Image-Pro Plus 6.0 software 
(Media Cybernetics, Bethesda, MD) was employed for sec-
tion photograph and analysis. Infarct volume = the sum of 
infarct area × thickness of brain tissue sections.

Hematoxylin–Eosin (HE) and Nissl Staining Assays

HE staining kits (C0105S, Beyotime, Shanghai, China) and 
Nissl staining solution (G1430, Solarbio, Beijing, China) 
were used in this study. The brain tissues were fixed with 
4% paraformaldehyde and sliced into sections. Subsequently, 
the sections were stained with hematoxylin for 5–10 min 
or Nissl dyeing solution for 1 h at 56 °C. For HE stain-
ing, the sections were subsequently stained with eosin for 
30  s–2 min, while for Nissl staining, the sections were 
immersed in Nissl differentiation solution until the back-
ground was almost colorless under a microscope. The sec-
tions were observed under an inverted microscope (IX73, 
Olympus, Japan). Three sections were taken from each 
mouse brain tissue section, with three images obtained, and 
the positive cells were counted with ImageJ software.
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Primary Cortical Neuron Culture and Treatment

Primary neurons were extracted from cerebral corti-
ces of 1-day-old male C57BL/6  J mice. Brain tissues 
were sliced into sections, detached using 0.25% trypsin 
(25,200–072, Gibco, Carlsbad, CA), allowed to stand at 
37 °C for 20 min, and gently ground. Cells were spread on 
6-well plates coated with polylysine (100 μg/mL, P4707, 
Sigma-Aldrich) and cultured with nerve basic medium 
(21,103–049, Gibco) in a humidified 5% CO2 incuba-
tor at 37 °C. After 8 h of incubation, the medium was 
changed and then renewed every other day and a half. For 
OGD/R exposure, after 7–9 days of culture, neurons were 
rinsed with phosphate buffer saline (PBS) thrice, added 
with glucose-free Dulbecco’s modified Eagle’s medium 
(11,966–025, Gibco), and placed in an anaerobic chamber 
(5% CO2 and 95% N2) at 37 °C for 2 h of culture. Next, 
the medium was replaced by normal medium and further 
cultured for 12 h in a humidified 5% CO2 incubator at 
37 °C for reoxygenation. The control cells were cultured 
in complete medium under normal conditions.

Short hairpin RNA (shRNA) (shNC), shRNA-1 against 
RNF8 (shRNF8-1), shRNF8-2, shHDAC2-1, shHDAC2-2, 
vector (control for over-expressed lentivirus), RNF8 
(NM_003958), HDAC2, and Reelin plasmids were con-
structed, with shRNA sequences listed in Table S1. Briefly, 
the mRNA sequences of RNF8 (NM_003958), HDAC2 
(NM_001527), and Reelin (XM_031455859) were first 
determined, and plasmid design was performed by Gene-
chem. pLKD-Ubc-eGFP-U6 was used as the interference 
vector, and pLenti-Ubc-EGFP was selected as the over-
expression vector, both of which were purchased from Gene-
chem Co., Ltd. (Shanghai, China). According to the mouse 
gene sequence, the transduction sequences were cloned into 
the corresponding vectors to obtain corresponding lentivi-
rus. Next, the cells were seeded at a density of 1 × 105 cells/
well [26], and when cell confluence reached approximately 
50–70%, cells were transduced with the virus harboring 
shNC, shRNF8-1, shRNF8-2, shHDAC2-1, shHDAC2-2, 
vector, RNF8, HDAC2, and Reelin. The culture solution in 
the plate was removed and then renewed with solution har-
boring virus. Following 2-h incubation in an incubator, the 
cell culture solution was renewed with normal cell culture 
solution for further incubation in an incubator for another 
48 h.

Protein synthesis inhibitor cycloheximide (CHX) 
(SC0353) and proteasome inhibitor MG132 (SC0353) were 
both purchased from Beyotime. The mouse primary cortical 
neurons were treated with shNC or shRNF8 for 48 h, and 
then with CHX (50 μg/mL). Cells were collected at 0, 3, 6, 
and 9 h after administration and HDAC2 protein expres-
sion was detected. The mouse primary cortical neurons were 
treated with vector or RNF8 for 36 h, and then with 10 μM 

MG132 for 8 h. The cells were then collected and the protein 
expression of RNF8 and HDAC2 was detected [24–26].

Immunofluorescence Staining

The brain tissues of mice were fixed with 4% paraformalde-
hyde, and then sliced into 40-μm-thick sections. Following 
antigen retrieval with sodium citrate buffer, the sections were 
blocked with 10% normal donkey serum and immunostained 
with primary rabbit antibody to HDAC2 (ab32117, 1:250, 
Abcam Inc., Cambridge, UK) overnight at 4 °C. The follow-
ing day, the sections were incubated with secondary anti-
body goat anti-rabbit immunoglobulin G (IgG) (ab150078, 
1:100, Abcam) coupled with Alexa Fluor 555 at room tem-
perature for 1 h. The cells were stained using DAPI (C1006, 
Beyotime) and observed under a fluorescence microscope 
(BX63, Olympus). Three sections were taken from each 
mouse brain tissue section, with three images obtained, and 
the positive cells counted with ImageJ software.

Co‑immunoprecipitation (Co‑IP) Assay

The cells were incubated with 0.5 mL of precooled IP lysis 
buffer (P0013, Beyotime) on ice for 5 min. Next, the cells 
were ultrasonicated and then centrifuged at 14,000 × g and 
4 °C for 10 min. Thereafter, the supernatant (cell lysate) 
was incubated overnight at 4 °C with anti-RNF8 antibody 
(14,112–1-AP, 1:50, ProteinTech, Chicago, IL) or anti-
HDAC2 antibody (ab32117, 1:50, Abcam), with non-specific 
IgG antibody (ab172730, 1:50, Abcam) serving as NC. The 
cell lysate was then supplemented with 5 μL protein A/G 
magnetic beads (78,610, Pierce, Rockford, IL). The obtained 
precipitate was then rinsed with 0.5 mL Tris-buffered saline 
(TBS) solution and centrifuged at 12,000 × g for 1 min. The 
sample was finally analyzed by western blot analysis.

TUNEL Assay

According to the instructions of red fluorescent TUNEL Kit 
(C1089, Beyotime), tissues were fixed with 4% paraformal-
dehyde and incubated with 0.5% Triton X-100 PBS at room 
temperature for 5 min. Next, 50 μL TUNEL detection solu-
tion was added to the tissue sections and incubated at 37 °C 
for 60 min in dark conditions. Next, the tissues were sealed 
with anti-fade mounting medium (P0126, Beyotime) and 
observed under a FV-1000/ES confocal microscope in five 
randomly selected visual fields.

For cell treatment, cells were fixed with 4% paraform-
aldehyde for 30 min and incubated with PBS containing 
0.3% Triton X-100 for 5 min at room temperature. Then, 
50 μL TUNEL detection solution was added to the cells and 
incubated at 37 °C for 60 min under dark conditions. Next, 
the cells were sealed with anti-fade mounting medium and 
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observed under a FV-1000/ES confocal microscope in five 
randomly selected visual fields. For animal experiments, 
three sections were taken from each mouse brain tissue sec-
tion, with three images obtained. For in vitro cell culture 
experiments, each experiment was repeated three times to 
obtain three images and the positive cells were counted with 
ImageJ software.

RNA Isolation and Quantitation

Total RNA content was extracted from tissues using the 
TRIzol reagent (16,096,020, Invitrogen, Carlsbad, CA), 
which was then reverse-transcribed into complementary 
DNA (cDNA) using a reverse transcription kit (RR047A, 
Takara, Japan). Subsequently, reverse transcription quanti-
tative PCR (RT-qPCR) was conducted in accordance to the 
instructions of TaqMan Gene Expression Assays protocol 
(Applied Biosystems, Foster City, CA) using an ABI 7500 
instrument (Applied Biosystems), with three replicates set. 
All primer sequences were designed using the NCBI and are 
listed in Table S2. The fold changes were calculated using 
the method of 2−ΔΔCt with GAPDH serving as the internal 
control.

Western Blot Analysis

Total protein content was extracted from cells lysing with 
radio-immunoprecipitation assay lysis buffer (P0013C, 
Beyotime) containing protein inhibitor. Next, the protein 
concentration was determined using a bicinchoninic acid kit 
(20201ES76, YEASEN Biotechnology Co., Ltd., Shanghai, 
China). After separation by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis, the proteins were transferred 
onto a polyvinylidene fluoride membrane (IPVH85R, Mil-
lipore, Germany). Subsequently, the membrane was blocked 
with 5% bovine serum albumin at room temperature for 1 h 
and then underwent overnight incubation at 4 °C with pri-
mary antibodies against RNF8 (ab128872, 1:1000), HDAC2 
(ab32117, 1:2000), Reelin (ab78540, 1:1000), GSK3β 
(ab32391, 1:1000), p-GSK3β-Ser9 (ab131097, 1:2000), and 
β-actin (ab8226, 1:3000). The following day, the membrane 
was re-probed with horseradish peroxidase-labeled second-
ary goat anti-rabbit IgG (ab6721, 1:10,000) or rabbit anti-
mouse IgG (ab6728, 1:10,000) at room temperature for 1 h. 
The aforementioned antibodies were purchased from Abcam. 
Afterwards, the membrane was visualized using luminescent 
liquid and the protein bands were quantified with the ImageJ 
software (National Institutes of Health, Bethesda, MD). The 
protein expressions were reflected by the ratio of the gray 
value of the target band to that of β-actin band. The protein 
synthesis inhibitor CHX (SC0353) and proteasome inhibi-
tor MG132 (SC0353) were purchased from Beyotime. The 
mouse primary cortical neurons were treated with shNC or 

shRNF8 for 48 h, and then with CHX (50 μg/mL). Cells 
were collected at 0, 3, 6, and 9 h after administration and 
HDAC2 protein expression was detected.

Co‑IP Detection of HDAC2 Protein Ubiquitination

Mouse primary cortical neurons were transfected with 
vector, HA-Ub, or Flag-RNF8 plasmids for 36 h, and then 
treated with 10 μM MG132 for 8 h. Cells were collected 
and lysed with RIPA lysis buffer (P0013C, Beyotime). Next, 
100 μL of cell lysate was incubated with anti-HDAC2 anti-
body (ab32117, 1:60, Abcam) for 2 h at 4 °C and with 10 
μL Protein A Agarose beads overnight. The protein on the 
beads was extracted, and the ubiquitination level of Ub was 
detected using anti-HA antibody. At the same time, anti-Flag 
antibody (ab205606, 1:2000, Abcam) was used to detect the 
level of Flag and anti-HDAC2 antibody (ab32117, 1:2000, 
Abcam) was used to detect the level of RNF8 and HDAC2 
proteins in cell lysate.

Chromatin Immunoprecipitation (ChIP)

ChIP was performed using EZ-Magna ChIP kits (Milli-
pore). In brief, HEK293T cells at the logarithmic phase of 
growth were treated with 1% formalin for 1 min to produce 
DNA–protein cross-linking. Next, the cells were lysed in an 
ice-water bath and subjected to ultrasonication to produce 
200–1000-bp chromatin fragments. Subsequently, 20 μL of 
the supernatant after centrifugation was taken out as input 
and the remaining was incubated with 1 μL rabbit antibody 
to Ac-H3 (07–593, Upstate Biotechnology, Lake Placid, 
NY) and 1 μL rabbit antibody to IgG (ab172730, Abcam) 
serving as NC. Each tube was added with 60 μL Protein A 
Agarose/Salmon Sperm DNA and allowed to stand 10 min, 
followed by centrifugation at 700 g for 1 min. Subsequently, 
the precipitate was eluted, after which 20 μL 5 M NaCl 
was added for de-crosslinking and the DNA was collected. 
Enriched chromatin fragments were determined by means of 
RT-qPCR. The sequence of Reelin was forward (F): 5′-CGC​
GCG​CGG​GGC​CCG​TGT​-3′ and reverse (R): 5′-AGA​GAC​
CGA​CGG​GCT​GCC​-3′.

Cell Counting Kit‑8 (CCK‑8) Assay and Lactate 
Dehydrogenase (LDH) Determination

Proliferation of cells was measured according to the instruc-
tions of CCK-8 kit (GK10001, GLPBIO). In brief, 10 μL 
CCK-8 reagent was added to each well, mixed, and incu-
bated in a cell incubator for 1 h. Next, the optical density 
values were detected at a wavelength of 450 nm. In addition, 
the release of LDH in the supernatant of cultured cells was 
measured using LDH assay kit (C0016, Beyotime) according 
to the instructions.
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Dihydroethidium (DHE) Staining Assay for Detection 
of Reactive Oxygen Species (ROS) Production 
in Brain Tissues

The staining solution (ReagentB) was molten in an ice storage 
tank. The dilution solution (ReagentC) was pre-heated at room 
temperature. Next, 500 μL ReagentB was added into a 1.5-mL 
centrifuge tube and mixed with 500 μL ReagentC under condi-
tions void of light. The mouse brain tissues were sliced into 
20-μm sections by a freezing microtome and 20 μL pre-cold 
cleaning solution (ReagentA) was applied to sections. Then, 
ReagentA was carefully removed and sections were added 
with ReagentB preheated at room temperature and incubated 
at 37 °C for 20 min. ReagentB was carefully removed and 
sections were added with 20 μL ReagentA, which was then 
removed with care, sealed, and observed under a laser confocal 
fluorescence microscope with photos taken.

Measurement of Superoxide Dismutase (SOD) 
and Malondialdehyde (MDA) Production

SOD activity and MDA production were measured in 
mouse cortical tissues and primary neurons using SOD 
Activity Assay Kit (ab65354, Abcam) and MDA Assay Kit 
(ab233471, Abcam), respectively following the manufactur-
ers’ instructions.

Statistical Analysis

All data were processed using GraphPad Prism software. 
Measurement data were expressed as mean ± standard devia-
tion. Data distribution and homogeneity of variance were first 
tested. Kolmogorov–Smirnov test was used to verify the nor-
mal distribution of the data. p values for all variables greater 
than 0.05 indicate that the data were normally distributed. 
Next, Levene’s test was used to test the homogeneity of vari-
ance of the data, and the p values greater than 0.05 indicate 
that the data obey the homogeneity of variance. Data meeting 
these two criteria were analyzed using parametric tests [27, 
28]. Data between two groups were analyzed using unpaired 
t-test, while multi-group data comparisons were performed by 
one-way analysis of variance (ANOVA), with Tukey’s post hoc 
test. In all statistical analysis, a value of p < 0.05 was regarded 
as statistically significant.

Results

RNF8 Is Poorly Expressed in the Brain Tissues 
of MCAO Mice and OGD/R‑Exposed Neurons

E3 ubiquitin ligase plays an important role in ischemic 
stroke [9, 29]. In order to explore the possible involvement 

of E3 ubiquitin ligases in ischemic stroke, we firstly per-
formed differential analysis of the ischemic stroke-related 
datasets GSE23160, GSE58720, and GSE102541 retrieved 
from the GEO database and the obtained differentially 
expressed genes were then intersected. A total of 30 genes 
were identified, of which, only RNF8 is an E3 ubiquitin 
ligase (Fig. S1A). Literature has reported that RNF8 dele-
tion leads to neuronal DNA damage and apoptosis, but its 
role in ischemic stroke, which is pathologically associated 
with inflammation, oxidative stress, and neuronal apopto-
sis, has not been fully elucidated [12]. RNF8 was found to 
be poorly expressed in the ischemic stroke samples in the 
three datasets (Fig. S1B).

To verify the said results, MCAO mouse models 
were established using WT mice, which presented with 
increased infarct volumes compared to the sham-operated 
mice, indicating successful establishment of the MCAO 
models (Fig. S1C). In addition, RT-qPCR and western blot 
analysis results showed that the expression of RNF8 was 
decreased in the brain tissues of MCAO mice and OGD/R-
exposed primary neurons (Fig. S1D, E, Fig. S2A, B).

These findings indicated that RNF8 was poorly 
expressed in the brain tissues of MCAO mice and OGD/R-
exposed neurons.

RNF8 Deficiency Enhances Neuronal Apoptosis 
and Oxidative Stress in MCAO Mice

To further elucidate the role of RNF8 in ischemic stroke, 
we first established RNF8−/− MCAO mouse models 
(Fig. 1A, Fig. S2C). Results from TTC staining illustrated 
an increase of infarct volume in RNF8−/− MCAO mice 
(Fig. 1B). At the same time, the neurological deficit scores 
of RNF8−/− MCAO mice were found to be increased 
(Fig. 1C). Meanwhile, HE and Nissl staining assays dem-
onstrated depicted a loose arrangement of brain tissues in 
RNF8−/− MCAO mice, and that many cells in the penum-
bra exhibited atrophy and pyknosis, along with a decrease 
in the number of intact neurons (Fig. 1D, E). Moreover, a 
great number of TUNEL-positive cells were observed in 
the brain tissues of RNF8−/− MCAO mice (Fig. S3). These 
results indicated that RNF8 may confer neuroprotective 
effects against MCAO-induced injury. In addition, ROS 
production was found to be enhanced in the brain tissues 
of RNF8−/− MCAO mice (Fig. 1F), while SOD activity 
was decreased and MDA production was augmented in 
brain tissues of RNF8−/− MCAO mice (Fig. 1G), suggest-
ing that RNF8 deficiency may promote oxidative stress 
induced by MCAO. Collectively, these results suggested 
that RNF8 deficiency could contribute to neuronal apop-
tosis and oxidative stress in MCAO mice.
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RNF8 Enhances Ubiquitination and Degradation 
of HDAC2 in OGD/R‑Exposed Neurons

Prediction results from the UbiBrowser indicated that 
HDAC2 can be used as the substrate of RNF8 (Fig. 2A). 
Therefore, we speculated that RNF8 may alleviate neu-
ronal apoptosis and oxidative stress induced by MCAO 
by mediating ubiquitination and degradation of HDAC2. 
To validate this hypothesis, immunofluorescence was first 
applied to determine the expression patterns of HDAC2 
in the hippocampus of MCAO mice, which revealed an 
elevation in HDAC2 expression, while the fluorescence of 
HDAC2 was enhanced in RNF8−/− mice following MCAO 
compared with WT mice (Fig. 2B).

Next, RNF8 was over-expressed or knocked down in 
mouse cortical neurons, and RT-qPCR confirmed the 
expression modulation efficiency. Among them, shRNF8-1 
exhibited superior silencing efficiency compared to 
shRNF8-2, which was thus selected for subsequent experi-
ments (Fig. 2C). OGD/R-exposed neurons presented with 
a decrease in RNF8 protein expression and an increase in 
HDAC2 protein expression, whereas these effects were 
reversed following RNF8 over-expression vector treatment 
(Fig. 2D, Fig. S2D). These results suggested that RNF8 neg-
atively regulated the HDAC2 expression in OGD/R-exposed 
neurons.

Moreover, the results of Co-IP analysis displayed that 
RNF8 and HDAC2 could interact with each other in mouse 
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Fig. 1   RNF8 deficiency leads to neuronal apoptosis and oxidative 
stress in MCAO mice. A Western blot analysis of RNF8 protein in 
brain tissues of WT and RNF8−/− mice following MCAO. B TTC 
staining of brain tissues of WT and RNF8−/− mice following MCAO. 
C Neurological deficit score of WT and RNF8−/− mice following 
MCAO. D HE staining of brain tissues of WT and RNF8−/− mice fol-
lowing MCAO. E Nissl staining of brain tissues of WT and RNF8−/− 

mice following MCAO. F ROS production measured in brain tissues 
of WT and RNF8−/− mice following MCAO. G SOD activity and 
MDA production in brain tissues of WT and RNF8−/.− mice follow-
ing MCAO. *p < 0.05. n = 8 for mice upon each treatment. Data are 
shown as mean ± standard deviation. Data between two groups were 
analyzed using unpaired t-test

4782 Molecular Neurobiology  (2022) 59:4776–4790

1 3



cortical neurons (Fig. 2E). Further results from Co-IP 
showed that treatment with MG132 promoted the protein 
expression and ubiquitination levels of HDAC2 (Fig. 2F), 
demonstrating that RNF8 can promote the ubiquitination 
level of HDAC2. Meanwhile, silencing of RNF8 prolonged 
the half-life of HDAC2 as revealed by Chase assay for 
detection of protein stability (Fig. 2G, Fig. S2E). Upon the 
addition of MG132, it was found that inhibition of RNF8 
on HDAC2 protein expression was significantly abolished 
(Fig. 2H, Fig. S2F), showing that MG132 could signifi-
cantly inhibit the degradation of HDAC2 protein by RNF8.

Taken together, these findings indicated that RNF8 inter-
acted with HDAC2 to promote ubiquitination and degrada-
tion of HDAC2 in vitro.

RNF8 Attenuates OGD/R‑Induced Apoptosis 
and Oxidative Stress in Cortical Neurons via HDAC2 
Inhibition

Next, we sought to illustrate the role of RNF8/HDAC2 axis 
in apoptosis and oxidative stress of cortical neurons. The 
results of western blot analysis showed higher expression of 

Fig. 2   RNF8 induces HDAC2 ubiquitination and degradation in 
OGD/R-exposed neurons. A E3 ubiquitin ligase of HDAC2 predicted 
by the UbiBrowser database. B HDAC2 expression in the brain tis-
sues of WT or RNF8−/.− MCAO mice determined by immunofluo-
rescence. C RNF8 mRNA expression determined by RT-qPCR in 
OGD/R-exposed neurons treated with shRNF8-1, shRNF8-2, or 
RNF8 over-expression vector. D Western blot analysis of expres-
sion of RNF8 and HDAC2 proteins in response to OGD/R alone or 
combined with RNF8. E Co-IP analysis of the interaction between 
RNF8 and HDAC2 in mouse cortical neurons. F Co-IP analysis of 
the ubiquitination level of HDAC2 in OGD/R-exposed neurons co-
treated with RNF8 and MG132 and western blot analysis of HDAC2 

and Flag-RNF8 proteins in the lysate of OGD/R-exposed neurons co-
treated with RNF8 and MG132. G Western blot analysis of expres-
sion of HDAC2 protein in OGD/R-exposed neurons co-treated with 
shRNF8 and CHX. H Western blot analysis of RNF8 and HDAC2 
proteins in OGD/R-exposed neurons treated with RNF8 and MG132 
alone or in combination (The OGD/R-exposed neurons were treated 
with vector or RNF8 for 36 h, and then with 10 μM MG132 for 8 h.). 
*p < 0.05. n = 8 for mice upon each treatment. Data are shown as 
mean ± standard deviation. Data between two groups were analyzed 
using unpaired t-test while multi-group data comparisons were per-
formed by one-way ANOVA with Tukey’s post hoc test. Cell experi-
ments were repeated three times independently
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RNF8 in cells with RNF8 over-expression vector or in com-
bination with HDAC2 over-expression vector. In addition, 
HDAC2 expression was found to be reduced upon RNF8 
treatment, while it was increased following additional treat-
ment with HDAC2 over-expression vector (Fig. 3A). As 
shown in Fig. 3B and C, OGD/R exposure decreased the 
cell viability while increasing the LDH production, and 
these results were reversed following RNF8 treatment. How-
ever, simultaneous over-expression of RNF8 and HDAC2 
resulted in a reduction in cell viability and an increase in 
LDH production. Additionally, TUNEL-positive cells were 
found to be increased following OGD/R exposure, but they 
were decreased in response to additional RNF8 treatment. 
Concomitant over-expression of RNF8 and HDAC2 was 
observed to increase the number of TUNEL-positive cells 
(Fig. 3D). These results implied the ability of RNF8 to effec-
tively reverse OGD/R-induced cytotoxicity by inhibiting 
HDAC2 expression.

Subsequent results revealed an increase in the fluores-
cence intensity of DHE upon OGD/R exposure, which was 
negated following RNF8 treatment, while additional treat-
ment with HDAC2 augmented the fluorescence intensity of 

DHE (Fig. 3E). In addition, diminished SOD activity and 
increased MDA production were observed following OGD/R 
exposure while additional RNF8 treatment counterweighed 
the results. Moreover, SOD activity was found to be reduced 
and MDA production was elevated in the presence of con-
comitant over-expression of RNF8 and HDAC2 (Fig. 3F).

The aforementioned data supported that RNF8 could 
arrest OGD/R-induced neuronal apoptosis and oxidative 
stress by inhibiting HDAC2 expression.

HDAC2 Enhances OGD/R‑Induced Neuronal Apoptosis 
and Oxidative Stress via Regulation of the Reelin/
GSK3β Axis

We then proceeded to elucidate the downstream mechanism 
of HDAC2 in OGD/R-exposed neurons. The results of RT-
qPCR demonstrated that mRNA expression of Reelin was 
elevated in primary cortical neurons in response to VPA (an 
inhibitor of HDAC2), and HDAC2 silencing also resulted in 
upregulated Reelin expression (Fig. 4A).

Meanwhile, the results of ChIP assay demonstrated that 
VPA treatment or HDAC2 silencing could promote the 
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Fig. 3   RNF8 downregulates HDAC2 expression and thus suppresses 
the OGD/R-induced apoptosis and oxidative stress in cortical neu-
rons. OGD/R-induced neurons were transduced with RNF8 or in 
combination with HDAC2. A Western blot analysis of RNF8 and 
HDAC2 proteins in OGD/R-exposed neurons. B Cell viability of 
OGD/R-exposed neurons measured by CCK-8 assay. C LDH produc-
tion measurement in OGD/R-exposed neurons. D TUNEL-positive 

OGD/R-exposed neurons. E ROS production measurement in OGD/
R-exposed neurons. F SOD activity and MDA production in OGD/
R-exposed neurons. *p < 0.05. Data are shown as mean ± standard 
deviation. Multi-group data comparisons were performed by one-way 
ANOVA with Tukey’s post hoc test. Cell experiments were repeated 
three times independently
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enrichment of H3K27me3 in the Reelin promoter region 
(Fig. 4B). As shown in Fig. 4C and D, OGD/R exposure 
increased the acetylation of H3K27me3 in the Reelin pro-
moter and decreased the mRNA expression of Reelin but 
further knockdown of HDAC2 abrogated this effect. These 
results suggested that HDAC2 inhibited the transcription of 
Reelin by inhibiting the acetylation of H3K27me3.

Additionally, the results of RT-qPCR and western blot 
analysis revealed a decline in the Reelin protein expression 
and GSK3β-Ser9 phosphorylation levels after OGD/R expo-
sure, while opposite effects were noted upon simultaneous 
over-expression of HDAC2 and Reelin. In addition, HDAC2 
downregulated the expression of Reelin and GSK3β-Ser9 
phosphorylation levels (Fig. 4E, F). These data indicated 
that HDAC2 inhibited GSK3β-Ser9 phosphorylation by 
inhibiting the expression of Reelin.

Furthermore, Fig. 5A and B illustrate that the dimin-
ished cell viability and elevated LDH production in 

HDAC2-treated OGD/R cells could be abrogated follow-
ing simultaneous over-expression of HDAC2 and Reelin. 
In addition, the promoting effect of HDAC2 on TUNEL-
positive cells was noted to be reversed upon both HDAC2 
and Reelin treatment (Fig. 5C). These findings uncovered 
that HDAC2 facilitated OGD/R-induced cytotoxicity by 
inhibiting the Reelin expression. Furthermore, an increase 
was noted in the fluorescence intensity of DHE in OGD/R 
cells over-expressing HDAC2, while a reduction was 
observed in the presence of concomitant over-expression 
of HDAC2 and Reelin (Fig. 5D). Meanwhile, decreased 
SOD activity and enhanced MDA production were noted 
in cells over-expressing HDAC2, the effect of which could 
be abolished by simultaneous over-expression of HDAC2 
and Reelin (Fig. 5E).

Altogether, these findings indicated that HDAC2 facili-
tated the OGD/R-induced apoptosis and oxidative stress 
by regulating the Reelin/GSK3β axis.
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Fig. 4   HDAC2 inhibits GSK3β-Ser9 phosphorylation by inhibit-
ing the expression of Reelin. A Reelin mRNA expression detected 
by RT-qPCR in OGD/R-exposed neurons treated with VPA or shH-
DAC2. B Enrichment of H3K27me3 in the Reelin promoter region 
measured by ChIP assay in OGD/R-exposed neurons treated with 
VPA or shHDAC2. C Acetylation level of H3K27me3 in the Reelin 
promoter measured by ChIP assay in OGD/R-exposed neurons treated 
with shHDAC2. D Reelin mRNA expression detected by RT-qPCR 
in OGD/R-exposed neurons treated with shHDAC2. E Reelin mRNA 

expression detected by RT-qPCR in OGD/R-exposed neurons treated 
with HDAC2 alone or combined with Reelin. F Western blot analy-
sis of HDAC2 and Reelin proteins and GSK3β-Ser9 phosphoryla-
tion level in OGD/R-exposed neurons treated with HDAC2 alone or 
combined with Reelin. *p < 0.05. Data are shown as mean ± standard 
deviation. Data between two groups were analyzed using unpaired 
t-test, while multi-group data comparisons were performed by one-
way ANOVA with Tukey’s post hoc test. Cell experiments were 
repeated three times independently
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RNF8 Alleviates Ischemic Stroke Through Regulation 
of the Reelin/GSK3β Axis In Vivo

In view of the above-mentioned experimental results, we 
speculated that RNF8 may regulate the Reelin/GSK3β axis 
to alleviate ischemic stroke. Analysis of expression data in 
the brain tissue samples of MCAO mice in the GSE23160 
dataset together with Pearson’s correlation coefficient 
revealed that the expression of RNF8 was positively cor-
related with the Reelin expression in MCAO mouse brain 
tissues (Fig.  6A). Moreover, RT-qPCR results showed 
a reduction in the Reelin expression in brain tissues of 
MCAO mice or RNF8−/− mice following MCAO induc-
tion (Fig. 6B). Meanwhile, western blot analysis results 
showed that Reelin expression as well as GSK3β-Ser9 
phosphorylation levels was augmented in the brain tissues of 

Reelin-treated WT mice or RNF8−/− MCAO mice, whereas 
these levels were found to be decreased following treatment 
with RNF8−/− alone in MCAO mice (Fig. 6C, Fig. S2G). 
In addition, infarct volume and neurological deficit scores 
exhibited a decline in WT or RNF8−/− MCAO mice treated 
with Reelin (Fig. 6D, E).

Furthermore, morphological observation of neurons of 
WT or RNF8−/− mice following MCAO induction using HE 
and Nissl staining assays displayed more compact brain tis-
sues, complete and clear nuclei of cells in penumbra, and 
greater number of complete neurons in response to addi-
tional Reelin treatment (Fig. 6F, G). The TUNEL-positive 
cells were observed to be decreased in brain tissues of WT 
or RNF8−/− mice following MCAO induction in the presence 
of Reelin (Fig. 6H). These results indicated that RNF8 had 
neuroprotective effects against MCAO-induced injury through 
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Reelin upregulation. Additionally, in brain tissues of WT or 
RNF8−/− mice following MCAO induction treated with Reelin, 
ROS and MDA production was decreased while SOD activity 
was augmented (Fig. 6I, J), suggesting that RNF8 hindered 
the MCAO-induced oxidative stress through upregulation of 
Reelin.

In summary, the above data indicated that RNF8 repressed 
MCAO-induced apoptosis and oxidative stress and thus 
delayed ischemic stroke through regulation of the Reelin/
GSK3β axis in vivo.

Discussion

Ischemic stroke is one of the leading causes of neuronal 
injury or death and can eventually lead to severe neurologi-
cal disorders or even death in certain circumstances [30]. 
The current study indicated that RNF8 could potentially con-
fer a significant neuroprotective role against ischemic stroke 
by downregulating HDAC2 and eliciting Reelin-mediated 
GSK3β inhibition, thus alleviating ischemic stroke.
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Fig. 6   RNF8 exerts neuroprotective effects against ischemic stroke 
via regulation of the Reelin/GSK3β axis in  vivo. A Correlation of 
RNF8 expression with Reelin expression in the brain tissue sam-
ples of MCAO mice (n = 24) based on the expression data in the 
GSE23160 dataset analyzed by Pearson’s correlation coefficient 
(r2 = 0.581, p < 0.01). B Reelin mRNA expression in brain tissues of 
untreated WT or RNF8−/− mice or MCAO-induced WT or RNF8−/− 
mice determined by RT-qPCR. C Western blot analysis of RNF8, 
GSK3β, HDAC2, and Reelin proteins along with GSK3β-Ser9 phos-
phorylation level in mouse brain tissues of WT or RNF8−/− MCAO 
mice with/without Reelin treatment. D TTC staining of mouse brain 
tissues of WT or RNF8−/− MCAO mice with/without Reelin treat-
ment. E Neurological deficit scores of WT or RNF8−/− MCAO mice 

with/without Reelin treatment. F HE staining of mouse brain tis-
sues of WT or RNF8−/− MCAO mice with/without Reelin treatment. 
G Nissl staining of mouse brain tissues of WT or RNF8−/− MCAO 
mice with/without Reelin treatment. H TUNEL-positive cells in 
mouse brain tissues of WT or RNF8−/− MCAO mice with/without 
Reelin treatment. I ROS production in mouse brain tissues of WT or 
RNF8−/− MCAO mice with/without Reelin treatment measured by 
DHE staining. J SOD activity and MDA production in mouse brain 
tissues of WT or RNF8.−/− MCAO mice with/without Reelin treat-
ment. *p < 0.05. n = 8 for mice upon each treatment. Data are shown 
as mean ± standard deviation. Multi-group data comparisons were 
performed by one-way ANOVA with Tukey’s post hoc test
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The experimental data in our study demonstrated that 
RNF8 was poorly expressed in the brain tissues of MCAO 
mice and in OGD/R-exposed neurons. Moreover, we further 
uncovered that deficiency in RNF8 could lead to neuronal 
damage, apoptosis, and oxidative stress in MCAO mice, as 
evidenced by increased TUNEL-positive cells, enhanced 
ROS and MDA production, yet decreased SOD activity. 
Meanwhile, a previous study presented evidence suggest-
ing that RNF8 deficiency enhances DNA damage accu-
mulation, neuronal apoptosis, neuronal degeneration, and 
reactive astrocytosis [12]. The attenuated oxidative stress is 
accompanied by increased SOD activity and reduced ROS 
and MDA production [31].

Another significant finding made in our study was that 
RNF8 could enhance the ubiquitination and degradation 
of HDAC2. Results from the UbiBrowser database indi-
cated HDAC2 as the substrate of RNF8, which was found 
to negatively regulate the expression of HDAC2 in stroke. 
In accordance with our findings, previous evidence also 
documented that targeting the ubiquitination and degrada-
tion of HDAC2 could trigger the reduction of its expression 
[32, 33]. Meanwhile, HDAC2 was upregulated following 
ischemia stroke, whereas its suppression in the peri-infarct 
cortex of rodents could promote recovery of neurological 
deficit from stroke by epigenetically enhancing cell survival 
and neuroplasticity of surviving neurons as well as reducing 
neuroinflammation [34]. Moreover, inhibition of HDAC2 
conferred a neuroprotective role, attributed to the reduction 
in infarct volume and neuronal apoptosis in the cerebral cor-
tex of the damaged hemisphere in photothrombotic stroke 
mice [35]. More importantly, blockage of HDAC2 activity 
via microRNA-455-3p exhibits significant correlation with 
suppression of oxidative stress [36]. Consequently, it would 
plausible to suggest that RNF8 may attenuate neuronal 
apoptosis and oxidative stress following ischemic stroke via 
HDAC2 inhibition.

Furthermore, deficiency in Reelin resulted in attenua-
tion of proliferation and migration of the cerebellar neurons 
[37]. On the other hand, upregulation of Reelin and reduced 
oxidative stress is known to protect against neurodegenera-
tion and improve brain plasticity [38]. Mechanistic investi-
gations in our study showed that HDAC2 inhibited Reelin 
expression and resulted in a reduction in GSK3β-Ser9 phos-
phorylation. Prior evidence has suggested that Reelin-defi-
cient mice subjected to Alzheimer’s disease presented with 
decreased GSK3β phosphorylation, while GSK3β activ-
ity was enhanced [19]. GSK3β is known to function as an 
inhibitor to downregulate Nrf2 expression, and thus disrupts 
its protective role against oxidative stress in brain ischemia 
and reperfusion injury [39]. Besides, increased GSK3β 
phosphorylation by lemur tyrosine kinase-2 can facilitate 
the alleviation of OGD/R-induced neuronal apoptosis and 
oxidative damage [40]. The aforementioned data helped us 

infer that HDAC2 augments OGD/R-induced apoptosis and 
oxidative stress via regulation of the Reelin/GSK3β axis. 
More importantly, an inverse correlation between RNF8 and 
GSK3β was previously established during the progression of 
breast cancer [41], whereas RNF8 and Reelin are known to 
be positively correlated according to the analysis results of 
the GSE23160 dataset. Overall, our findings in conjunction 
with existing data indicate that RNF8 upregulates the Ree-
lin expression and induces the resultant GSK3β inhibition, 
contributing to the alleviation of ischemic stroke.

Altogether, our study demonstrates that RNF8 holds 
potential neuroprotective properties against ischemic stroke 
through the HDAC2/Reelin/GSK3β axis (Fig. 7). Our data 
may provide novel insights in the development of new 
therapies for the alleviation of ischemic stroke. However, 
the expression of RNF8 in different brain regions (cortex, 
striatum, thalamus, hippocampus, and subventricular regions 
of sham-operated and MCAO mice) should be measured. 
Moreover, further investigation warrants for the effect of the 
pharmacological modulation of RNF8 (inhibition and acti-
vation) on the observed neuroprotective effect. In addition, 
whether the therapeutic target is applicable to human beings 
needs to be further explored. Besides, the findings obtained 
in this study are preliminary, indicating more studies in this 
area are required in the future.
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Fig. 7   Schematic illustration of the molecular mechanism of RNF8 
in ischemic stroke. RNF8 ubiquitinates and degrades HDAC2, lead-
ing to downregulation of its protein stability, and ultimately alleviates 
ischemic stroke by regulating the Reelin/GSK3β axis
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