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Abstract. Long non‑coding RNAs (lncRNA) serve an impor‑
tant role in neonatal hypoxic‑ischemic encephalopathy (HIE) 
have been reported to regulate the activity of HIE‑associated 
proteins. The present study aimed to elucidate the role of 
Hox transcript antisense intergenic RNA (HOTAIR) in 
oxygen‑glucose deprivation/reperfusion (OGD/R)‑induced 
injury in human brain microvascular endothelial cells 
(hBMVECs). The levels of HOTAIR were evaluated in 
the serum of neonatal patients with HIE, and the effects of 
HOTAIR were evaluated using in vitro assays, such as reverse 
transcription‑quantitative PCR to detect lncRNA and mRNA 
levels and western blot analysis to determine protein levels. 
Moreover, RNA immunoprecipitation assays were used to 
evaluate the association between HOTAIR and enhancer of 
zeste homolog 2 (EZH2), Cell Counting Kit‑8 was used to 
detect cell viability, an endothelial monolayer cell permeability 
assay was used to analyze cell viability, TUNEL staining was 
used to detect the levels of apoptosis, a Transwell assay was 
used to evaluate cell invasion and a tube formation assay was 
used to analyze tube formation ability. In addition, the effects 
of HOTAIR and EZH2 on cell apoptosis and the invasive and 
tube formation abilities of hBMVECs were investigated using 
TUNEL, Transwell and tube formation assays, respectively. 
The results showed that the expression levels of HOTAIR were 
markedly increased both in neonatal HIE patients and in the 
OGD/R injury in vitro model. HOTAIR knockdown reduced 
hBMVEC viability, enhanced cell permeability and apoptosis, 
in addition to decreasing the expression levels of tight junc‑
tion‑related proteins, such as zonula occludens‑1, occluden, 
Claudin5 and vascular endothelial‑cadherin. However, EZH2 

overexpression reversed the effects of HOTAIR silencing on 
hBMVECs. Additionally, HOTAIR knockdown enhanced the 
migratory and tube formation abilities of OGD/R‑induced 
hBMVECs, which were also reversed by EZH2 overexpres‑
sion. Overall, the present study revealed an association 
between the HOTAIR/EZH2 axis and brain microvascular 
endothelial cell injury and angiogenesis, which provides a 
novel insight into the molecular mechanism underlying stroke 
or the development of new pharmacotherapies.

Introduction

Neonatal hypoxic‑ischemic encephalopathy (HIE) is a 
common complication of neonatal asphyxia that may lead 
to cerebral hypoxic‑ischemic damage, cerebral palsy, intel‑
lectual retardation and epilepsy and is a leading cause of 
neonatal mortality and disability (1‑3). The pathogenesis 
of HIE is complex and has been proposed to be associated 
with abnormal hemorheology (4). Compromised integrity of 
the blood‑brain barrier (BBB) caused by ischemia/reperfu‑
sion (IR) injury may lead to secondary brain damage after 
infarction, with symptoms including brain edema and hemor‑
rhage (5). Preserving the integrity of the BBB is considered 
to be one of the most important therapeutic strategies for 
alleviating cerebral infarction injury (6). Cerebrovascular 
endothelial cells normally create the BBB between brain and 
the rest of the circulation and exhibit a variety of secretory 
functions (7). Therefore, microvascular endothelial cell injury 
is closely associated with the occurrence and development of 
cerebrovascular diseases (8,9).

A previous study revealed a significant difference either 
in the upregulation or downregulation of the expression levels 
of 255 long non‑coding RNAs (lncRNAs) in serum samples 
isolated from rats that underwent middle cerebral artery 
occlusion, compared with a sham group (10). Hox transcript 
antisense intergenic RNA (HOTAIR) is an important lncRNA 
that is encoded by the antisense chain of the HOXC11 gene 
in the 2q13.13 chromosomal region and transcribed by RNA 
polymerase (11). Emerging evidence has suggested that 
lncRNAs can serve important roles in a number of diseases, 
including atherosclerosis, stroke and aneurysm (12,13). A 
previous study demonstrated that the expression level of 
lncRNA HOTAIR was upregulated in neurons following 
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cerebral IR injury, compared with healthy neurons (1). In 
addition, lncRNA HOTAIR downregulation was found to 
promote burn‑induced angiogenesis in umbilical vein endo‑
thelial cells (14). However, to the best of our knowledge, the 
role of HOTAIR in oxygen‑glucose deprivation/reperfusion 
(OGD/R)‑induced brain endothelial cell injury has not been 
previously studied.

Enhancer of zeste homolog 2 (EZH2) is a histone meth‑
yltransferase that has been documented to be involved in IR 
injury (15). Previous studies have demonstrated that EZH2 
knockdown conferred a neuroprotective role in ischemic 
brain injury (16‑18). Another study revealed that EZH2 
inhibition can regulate microglial activation and inflamma‑
tion following hypoxic‑ischemic brain injury, where it could 
promote autophagy through the PTEN/AKT/mTOR signaling 
pathway (19). Furthermore, following IR injury, the expres‑
sion level of EZH2 was found to be upregulated in microglia, 
compared with a sham group (16). It has also been proposed that 
the protein stability of EZH2 is regulated by several lncRNAs 
including lncRNA ANCR and lncRNA FAM83C‑AS1 (20). 
Previous studies demonstrated that the interaction between 
EZH2 and different lncRNAs, such as lncRNA ANCR and 
lncRNA HERES can suppress cancer cell invasion, including 
breast cancer and esophageal squamous cell carcinoma (21,22).

Therefore, the present study aimed to investigate the role 
of HOTAIR in neonatal HIE and its association with EZH2 in 
OGD/R‑induced human brain microvascular endothelial cells 
(hBMVECs).

Materials and methods

Clinical data. In the present study children who met the diag‑
nostic criteria of neonatal HIE as described previously (23) 
were enrolled between January 2020 and January 2021, 
including 2 males and 3 females (age, <24 h), with a gesta‑
tional age of 38‑42 weeks and a birth weight of 2.6‑3.9 kg. All 
children had a history of asphyxia, caused by umbilical cord 
prolapse and compression and around the neck. All children 
were delivered in the Huazhong University of Science and 
Technology Union Shenzhen Hospital (Shenzhen, China).

In addition, five normal‑term newborns, including two 
males and three females, who were delivered in the Huazhong 
University of Science and Technology Union Shenzhen 
Hospital (Shenzhen, China) during the same time period, 
were also enrolled. In the five HIE cases aforementioned, the 
respective mothers did not experience intrauterine infections 
or intrauterine or postpartum asphyxia, and did not receive 
immune agents or blood products, including various human 
plasma protein products during gestation.

A total of 3 ml venous blood was collected from neonates in 
both groups after birth. Following centrifugation at 400 x g for 
40 min at 25˚C, the serum was collected and stored in a ‑70˚C 
refrigerator for subsequent experiments. The present study was 
approved by the Ethics Committee of Huazhong University of 
Science and Technology Union Shenzhen Hospital. Written 
informed consent for blood collection was obtained from the 
legal guardians of each child.

Cell culture. Human brain microvascular endothelial cells 
(hBMVECs; cat. no. CP‑H124; Procell Life Science & 

Technology Co., Ltd.) were cultured in Procell Life Science 
& Technology Co., Ltd. medium supplemented with 10% 
FBS and 100 µl/ml penicillin/streptomycin (all Procell Life 
Science & Technology Co., Ltd.) at 37˚C in a water‑saturated 
atmosphere of 5% CO2 and 95% air. The cells were dispersed 
with 0.25% trypsin and were then sub‑cultured. Cells in 
the logarithmic growth phase were selected for subsequent 
experiments.

Establishment of OGD/R injury in vitro model. hBMVECs 
were first seeded into 35‑mm diameter dishes at a density 
of 1x106 cells/well. After 24 h at 37˚C, the cells adhered to 
the dish walls. Following washing with sugar‑free Earle's 
balanced salt solution (sugar‑free OGD solution; Thermo 
Fisher Scientific, Inc.), the medium was replaced with 
glucose‑free, serum‑free culture medium at 37˚C. The 
cells were then cultured in a modified closed OGD tank at 
an atmosphere of 1% O2, 5% CO2 and balanced N2 for 2 h 
at 37˚C before being incubated in Procell Life Science & 
Technology Co., Ltd. medium in a humidified incubator at 
37˚C for re‑oxygenation for 12, 24 or 48 h. The cells in the 
control were cultured in serum‑free medium at 37˚C with 
5% CO2.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
RT‑qPCR assay was performed to measure the expression 
levels of the target genes in each group after RNA extrac‑
tion using TRIzol® reagent (Thermo Fisher Scientific, 
Inc.) for 10 min, followed by centrifugation at 4˚C and 
13,514 x g (centrifugation radius, 10 cm) for 15 min. 
Subsequently, the cell‑TRIzol® mixture was transferred into 
1.5‑ml microcentrifuge tubes without RNase. The reverse 
transcription process was performed with a First Strand 
cDNA Synthesis Kit (cat. no. K1073; APExBIO Technology 
LLC) and then qPCR was performed using a qPCR kit 
(Sigma‑Aldrich; Merck KGaA). Thermocycling conditions 
were as following: Initial denaturation at 95˚C for 3 min, 
followed by 39 cycles of 95˚C for 30 sec, 55˚C for 20 sec and 
72˚C for 20 sec. GAPDH served as the internal reference 
gene and results were analyzed using the 2‑ΔΔCq method (24). 
The primers sequences used in this study are as follows: 
HOTAIR forward, 5'‑ATA GGC AAA TGT CAG AGG GTT 
‑3' and reverse, 5'‑ATT CTT AAA TTG GGC TGG GTC ‑3'; 
EZH2 forward, 5'‑AAT CAG AGT ACA TGC GAC TGA GA‑3' 
and reverse, 5'‑GCT GTA TCC TTC GCT GTT TCC ‑3'; zonula 
occludens‑1 (ZO‑1) forward, 5'‑CAA CAT ACA GTG ACG 
CTT CAC A‑3' and reverse, 5'‑CAC TAT TGA CGT TTC CCC 
ACT C‑3'; occludin forward, 5'‑ACA AGC GGT TTT ATC 
CAG AGT C‑3' and reverse, 5'‑GTC ATC CAC AGG CGA AGT 
TAA T‑3'; Claudin‑5 forward, 5'‑CTC TGC TGG TTC GCC 
AAC AT‑3' and reverse, 5'‑CAG CTC GTA CTT CTG CGA 
CA‑3'; vascular endothelial (VE)‑cadherin forward, 5'‑TTG 
GAA CCA GAT GCA CAT TGA T‑3' and reverse, 5'‑TCT TGC 
GAC TCA CGC TTG AC‑3' and GADPH forward, 5'‑AAA 
GAT GTG CTT CGA GAT GTG T‑3' and reverse, 5'‑CAC TTT 
GTC AGT TAC CAA CGT CA‑3'.

Western blot analysis. hBMVECs were lysed using RIPA 
lysis buffer (Beyotime Institute of Biotechnology). The protein 
concentration was calculated using a BCA assay and adjusted at 
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a final concentration of 0.5 mg/ml. The protein extracts (20 µg) 
were separated by 10% SDS‑PAGE and subsequently blocked 
with 5% BSA at room temperature for 1 h. The expression 
of the target proteins was detected using the corresponding 
antibodies against ZO‑1 (cat. no. ab276131; 1:1,000; Abcam), 
Occludin (cat. no. ab167161; 1:1,000; Abcam), Claudin‑5 
(cat. no. ab131259; 1:1,000; Abcam), VE‑cadherin (1:1,000; 
cat. no. ab232880, Abcam), Bcl‑2, Bax (cat. no. ab32503; 
1:1,000; Abcam), Cleaved caspase‑3 (cat. no. ab2302; 1:500; 
Abcam), cleaved poly‑ADP ribose polymerase (PARP; 
cat. no. ab32064; 1:1,000; Abcam), EZH2 (cat. no. ab191080; 
1:500; Abcam), GADPH (cat. no. ab9485; 1:1,000; Abcam) at 
4˚C overnight, followed by the use of HRP‑conjugated goat 
anti rabbit secondary antibody at room temperature for 2 h 
(cat. no. ab7090; 1:10,000; Abcam). Finally, the protein bands 
were visualized utilizing an ECL reagent (Thermo Fisher 
Scientific, Inc.). The quantitative analysis of protein levels was 
performed using ImageJ software 1.46r (National Institutes of 
Health).

RNA immunoprecipitation (RIP) assay. The potential inter‑
action between HOTAIR and EZH2 was evaluated using 
a RIP (RNA Binding Protein Immunoprecipitation Assay) 
kit (cat. no. KT102‑01; Guangzhou Saicheng Biological 
Technology Co., Ltd.) according to the manufacturer's proto‑
cols. hBMVECs were resuspended in RIP lysis buffer on 
ice for 5 min. The supernatant was collected following cell 
lysate preparation using centrifugation at 4˚C for 10 min. Part 
of the supernatant was used as the Input group. Antibodies 
against EZH2 (5 µg; cat. no. ab191250; Abcam) or IgG (5 µg; 
cat. no. ab6715; Abcam) were incubated with magnetic beads for 
2 h at room temperature. Subsequently, this antibody‑magnetic 
bead complex was incubated in the presence of the supernatant 
collected. The immunoprecipitated complexes were collected 
following centrifugation at 14,000 x g at 4˚C for 5 sec. The 
beads were re‑suspended in Proteinase K for digestion at 55˚C 
for 10 min, and RNA were extracted using TRIzol method and 
analyzed using RT‑qPCR.

Transfections. At 24 h prior to transfection, hBMVECs 
(5x104 cells/ml) were seeded into six‑well plates. When the 
cells reached 70‑90% confluence, hBMVECs were trans‑
fected with small interfering (si)RNAs (75 pmol) against 
HOTAIR (si‑HOTAIR‑1, 5'‑CAG CCC AAU UUA AGA 
AUU ATT ‑3'; si‑HOTAIR‑2, 5'‑GGA GUA CAG AGA GAA 
UAA UTT ‑3') and its negative control (5'‑CUA UGA UAC 
CCA AGU AAU ATT ‑3'), EZH2 overexpressing plasmids 
(pEGFP‑N1‑EZH2; 2500 ng/well) or with the corresponding 
control (empty plasmids, NC) vectors (Shanghai GenePharma 
Co., Ltd.) using Lipofectamine® 3000, according to manufac‑
turer's instructions (Thermo Fisher Scientific, Inc.). After 24 h, 
cells were used to perform further experiment.

Cell  Count ing Kit‑ 8 (CCK‑ 8) assay.  hBMVECs 
(3x104 cells/well) were seeded into 96‑well plates and after 
incubation at 37˚C for 24 h, 10 µl CCK‑8 solution was added 
into each well (Thermo Fisher Scientific, Inc.). Following 
incubation for an additional 2 h at 37˚C, the absorbance at 
a wavelength of 450 nm was measured in each well using a 
microplate reader (Thermo Fisher Scientific, Inc.).

Lactate dehydrogenase (LDH) activity. hBMVECs 
(3x104 cells/well) were seeded into 96 well plate. The cell 
culture plates were centrifuged for 5 min at 37˚C at 400 x g. 
Subsequently, a total of 120 µl supernatant from each well 
was added into the corresponding well of a 96‑well plate. The 
levels of LDH were measured using a LDH cytotoxicity assay 
kit (cat. no. C0017; Beyotime Institute of Biotechnology). Each 
well was supplemented with 60 µl detection solution followed 
by incubation at 37˚C for 30 min. The absorbance in each 
well was measured using a microplate reader (Thermo Fisher 
Scientific, Inc.) at a wavelength of 490 nm.

Endothelial monolayer cell permeability assay. hBMVECs 
from each treatment group were seeded into a 24‑well 
Transwell chamber (pore size, 0.4 µm; Corning, Inc.) at a 
density of 1x105 cells/well. The cells were then incubated 
in Procell Life Science & Technology Co., Ltd. medium for 
8 h in a humidified atmosphere containing 5% CO2 at 37˚C 
to form a confluent cell monolayer. The upper chamber was 
supplemented with FITC‑albumin solved in Procell Life 
Science & Technology Co., Ltd. medium containing no serum 
(0.5 mg/ml, Sigma‑Aldrich; Merck KGaA), whilst the bottom 
chamber with D‑Hank's solution (Beijing Solarbio Science 
& Technology, Co., Ltd.). The cells were then incubated at 
37˚C and 5% CO2 for 45 min before samples were aspirated 
from both chambers. The optical density was detected at 488 
nm using a fluorospectrophotometer. The membrane perme‑
ability coefficient of monolayer endothelial was calculated as 
described by a previous study (25).

TUNEL staining. hBMVECs (1x106 cells) were washed with 
PBS and fixed with 4% paraformaldehyde for 30 min at room 
temperature. Following incubation with PBS containing 
0.3% Triton X‑100 for 5 min, cells were rinsed with PBS and 
supplemented with a TUNEL solution (Beyotime Institute 
of Biotechnology) and incubated for 60 min at 37˚C. DAPI 
(0.1 ug/ml) was used to stain nuclei for 5 min at room tempera‑
ture in the dark. After Antifade Mounting Medium (Beyotime 
Institute of Biotechnology) was added to the sections, four 
random fields were chosen and the apoptotic cells were 
observed under a fluorescence microscope (magnifica‑
tion, x200; Olympus Corporation).

Transwell assay. The invasive ability of hBMVECs was 
evaluated using Transwell assays (Costar; Corning Inc.). 
Matrigel (Costar; Corning Inc.) was first melted overnight at 
4˚C and diluted in Procell Life Science & Technology Co., 
Ltd. medium with serum‑free at a ratio of 1:8. Subsequently, 
the diluted Matrigel (40 µl/well) was coated onto the upper 
chamber of the Transwell chamber. The Transwell chamber 
was then placed in an incubator at 37˚C for 60 min for 
solidification. Subsequently, 1x104 hBMVECs suspended 
in serum‑free Procell Life Science & Technology Co., Ltd. 
medium were added into the upper chamber. A total of 
600 µl Procell Life Science & Technology Co., Ltd. medium 
containing 10% FBS was added to the lower chamber. 
Following incubation for 24 h at 37˚C, the invasive cells 
were fixed with 4% paraformaldehyde for 20 min at room 
temperature followed by staining with 0.1% crystal violet 
for 15 min at room temperature. Five fields were randomly 
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selected and the invaded cells were observed under an 
inverted light microscope (magnification, x100; Olympus 
Corporation).

Tube formation assay. Matrigel was melted at 4˚C and 
subsequently used to coat 96‑well plates at 37˚C (80 µl 
Matrigel/well; 10 mg/ml). Following incubation for 30 min, 
200 µl of the cell suspension (Procell Life Science & 
Technology Co., Ltd. medium) was added into each well 
(1x104 cells/well). After 4 h at 37˚C, the formed tubes were 
observed under an inverted microscope (magnification, x40; 
Olympus Corporation). Four randomly selected fields were 
chosen and the tube quantities were calculated as the number 
of branch points in which at least 3 tubes joined.

Statistical analysis. All data were statistically analyzed using 
GraphPad Prism 7 software (GraphPad Software, Inc.). All 
experimental data are expressed as the mean ± SD. Each 
experiment was repeated at least three times. The differences 
among multiple groups were compared by one‑way ANOVA 
followed by Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

HOTAIR expression is upregulated in the plasma of patients 
with neonatal HIE and in an vitro model of OGD/R injury. 
HOTAIR expression was found to be markedly upregulated in 
the plasma of patients with neonatal HIE compared with that 
in healthy neonates (Fig. 1A), suggesting a role for HOTAIR 
in HIE.

To assess the effects of IR on HOTAIR expression, 
hBMVECs were exposed to OGD/R before the expression 
levels of HOTAIR were determined by RT‑qPCR (Fig. 1B). 
The results demonstrated that OGD/R exposure increased 
the expression level of HOTAIR in a time‑dependent manner, 
compared with control group. It has been previously reported 
that HOTAIR can interact with EZH2 (26,27). Therefore, 
the potential interaction between HOTAIR and EZH2 was 
assessed by RIP assays. The results demonstrated that 
HOTAIR was markedly enriched in the samples immuno‑
precipitated using the EZH2 antibody, compared with the 
control IgG, according to results from the RT‑qPCR assay 
(Fig. 1C). The transfection efficacy of siRNA‑HOTAIR‑1 
or ‑2 was then evaluated using RT‑qPCR. As shown in 
Fig. 1D, both siRNA‑HOTAIR‑1 and ‑2 significantly reduced 
HOTAIR expression compared with that in the siRNA‑NC 
group. However, the effects of siRNA‑HOTAIR‑1 were supe‑
rior compared with those mediated by siRNA‑HOTAIR‑2. 
To further investigate whether EZH2 could mediate the 
effects of HOTAIR on HIE, hBMVECs were transfected 
with si‑HOTAIR before the expression levels of EZH2 
were detected. RT‑qPCR and western blot assays revealed 
that EZH2 expression was significantly upregulated in 
OGD/R‑treated cells compared with that in control cells 
(Fig. 1E). However, these effects were significantly reversed 
following HOTAIR silencing.

EZH2 overexpression attenuates the effects of HOTAIR 
knockdown on cell viability and LDH release. To investigate 
if EZH2 overexpression can modulate the effects of HOTAIR 
silencing, an in vitro model of OGD/R injury was established 

Figure 1. Ischemia/reperfusion conditions increases HOTAIR expression. (A) Reverse transcription‑quantitative PCR analysis of HOTAIR expression in patients 
with HIE. ***P<0.001 vs. Healthy. (B) After hBMVECs were subjected to OGD/R, HOTAIR expression was measured using RT‑qPCR. **P<0.01 vs. Control and 
###P<0.001 vs. OGD/R 12 h. (C) RNA co‑immunoprecipitation was performed to evaluate the potential interaction between HOTAIR and EZH2. ***P<0.001 vs. 
IgG. (D) The effects of siRNA‑HOTAIR transfection on HOTAIR expression were measured using RT‑qPCR. ***P<0.001 vs. siRNA‑NC. (E) The expression of 
EZH2 was measured by western blotting after siRNA‑HOTAIR transfection in hBMVECs treated with OGD/R. ***P<0.001 vs. Control. ###P<0.001 vs. OGD/R 
24 h + siRNA‑NC. HOTAIR, Hox transcript antisense intergenic RNA; EZH2, enhancer of zeste homolog 2; si, small interfering RNA; OGD/R, oxygen‑glucose 
deprivation/reperfusion; NC, negative control; hBMVECs, human brain microvascular endothelial cells; RT‑qPCR, reverse transcription‑quantitative PCR. 
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to measure the changes in endothelial cell viability and LDH 
release following the transfection and subsequent OGD/R 
induction with an EZH2 overexpression plasmid. As shown 
in Fig. 2A, EZH2 was significantly overexpressed in cells 
transfected with EZH2 overexpression plasmids compared 
with that in cells transfected with the negative control plasmid. 
Although HOTAIR knockdown significantly enhanced cell 
viability whilst also significantly attenuating the release of 
LDH from OGD/R‑treated hBMVECs, EZH2 overexpres‑
sion significantly reversed both of the effects aforementioned 
(Fig. 2B and C). These findings suggest that EZH2 overex‑
pression can regulate cell viability and LDH release from 
OGD/R‑treated hBMVECs by interacting with HOTAIR.

HOTAIR silencing maintains the integrity of BBB via EZH2. 
BBB injury and aberrant changes in its permeability are 
considered to be processes that occur during cerebral IR injury 
and one of the main causes of mortality (28). To investigate 
whether EZH2 could mediate the effects of HOTAIR, an 
in vitro model of BBB was established to detect changes in the 
endothelial barrier integrity of OGD/R‑induced hBMVECs 
following HOTAIR silencing and EZH2 overexpression. 
Subsequently, cell permeability and the expression levels 
of tight junction‑proteins were measured by RT‑qPCR and 
western blot analysis. The results demonstrated that HOTAIR 
silencing significantly reduced endothelial cell permeability 
compared with that in si‑NC‑transfected cells following 
OGD/R induction (Fig. 3A). In addition, HOTAIR silencing 
significantly increased the expression of zonula occludens‑1 
(ZO‑1), occludin, claudin‑5 and VE‑cadherin in OGD/R‑treated 

hBMVECs (Fig. 3B and C). However, all of the aforementioned 
effects were significantly reversed by EZH2 overexpression.

Since HOTAIR silencing appears to have improved the 
endothelial barrier integrity of OGD/R‑induced hBMVECs, 
the effect of HOTAIR knockdown on hBMVEC apoptosis was 
then investigated. As shown in Fig. 4, HOTAIR knockdown 
significantly attenuated cell apoptosis compared with that in 
si‑NC‑transfected cells following OGD/R induction according 
to TUNEL assay. HOTAIR knockdown also significantly 
decreased the expression levels of the apoptosis‑related 
proteins, Bax, cleaved caspase‑3 and cleaved poly (adenosine 
diphosphate‑ribose) polymerase whilst significantly increasing 
those of Bcl‑2 (Fig. 5). All of these effects aforementioned 
were significantly reversed by EZH2 overexpression.

HOTAIR knockdown attenuates the migratory and angio‑
genic abilities of OGD/R‑induced hBMVECs via EZH2. 
Since the regulatory effect of HOTAIR and EZH2 on 
OGD/R‑induced hBMVEC layer integrity and apoptosis 
was uncovered, the present study next aimed to further 
investigate the role of HOTAIR in the migratory and 
tube formation capabilities of hBMVECs. It was found 
that transfection with si‑HOTAIR significantly enhanced 
the migratory and tube formation abilities of hBMVECs 
compared with those in the si‑NC group (Fig. 6A). However, 
these effects were significantly reversed following EZH2 
overexpression (Fig. 6B). Overall, these results suggest that 
EZH2 can mediate the downstream physiological effects of 
HOTAIR on the migratory and tube formation abilities of 
hBMVECs.

Figure 2. HOTAIR silencing alleviates human brain microvascular endothelial cells injury in an EZH2‑dependent manner. (A) The expression of EZH2 after 
Ov‑EZH2 transfection was measured by western blotting. ***P<0.001 vs. Ov‑NC. (B) Analysis of cell viability using Cell Counting Kit‑8 assay. ***P<0.001 
vs. Control, ##P<0.01 vs. OGD/R 24 h + siRNA‑NC, ∆∆P<0.01 vs. OGD/R 24 h + siRNA‑HOTAIR + Ov‑NC. (C) LDH release levels. ***P<0.001 vs. Control, 
###P<0.001 vs. OGD/R 24 h + siRNA‑NC, ∆∆∆P<0.001 vs. OGD/R 24 h + siRNA‑HOTAIR + Ov‑NC.. HOTAIR, Hox transcript antisense intergenic RNA; 
EZH2, enhancer of zeste homolog 2; si, small interfering RNA; OGD/R, oxygen‑glucose deprivation/reperfusion; NC, negative control; Ov, overexpression; 
NC, negative control; LDH, lactate dehydrogenase. 
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Figure 3. HOTAIR knockdown reduces the permeability of the hBMVEC layer and increases the expression of tight function proteins. (A) Analysis of 
HBMVECs permeability using Transwell assay. The expression of tight function proteins ZO‑1, occludin, claudin‑5 and VE cadherin were measured using 
(B) Western blotting and (C) reverse transcription‑quantitative PCR. ***P<0.001 vs. Control, ###P<0.001 vs. OGD/R 24 h + siRNA‑NC, ∆P<0.05 and ∆∆∆P<0.001 
vs. OGD/R 24 h + siRNA‑HOTAIR + Ov‑NC. HOTAIR, Hox transcript antisense intergenic RNA; EZH2, enhancer of zeste homolog 2; si, small interfering 
RNA; OGD/R, oxygen‑glucose deprivation/reperfusion; NC, negative control; Ov, overexpression; NC, negative control; hBMVECs, human brain microvas‑
cular endothelial cells; ZO‑1, zonula occludens‑1; VE, vascular endothelial. 
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Discussion

Neonatal HIE is a type of cerebral hypoxic‑ischemic injury 
that is caused by perinatal and is associated with poor 

prognosis (29). Among children with HIE, the mortality rate 
is typically 15‑20% during the neonatal period in China (30). 
This relatively high mortality rate of HIE has been reported 
to be mainly due to delayed diagnosis and treatment of this 

Figure 4. Effects of HOTAIR silencing and/or EZH2 overexpression on hBMVEC apoptosis. Evaluation of HBMVECs apoptosis using TUNEL assay. 
Magnification, x200. ***P<0.001 vs. Control, ###P<0.001 vs. OGD/R 24 h + siRNA‑NC and ∆∆P<0.01 vs. OGD/R 24 h + siRNA‑HOTAIR + Ov‑NC. HOTAIR, 
Hox transcript antisense intergenic RNA; EZH2, enhancer of zeste homolog 2; si, small interfering RNA; OGD/R, oxygen‑glucose deprivation/reperfusion; 
NC, negative control; Ov, overexpression; NC, negative control; hBMVECs, human brain microvascular endothelial cells. 

Figure 5. Effects of HOTAIR silencing and/or EZH2 overexpression on the expression of proteins associated with apoptosis in hBMVECs. Evaluation of 
HBMVECs apoptosis‑related proteins Bcl‑2, Bax, cleaved caspase‑3 and cleaved PARP were measured by western blotting assay. ***P<0.001 vs. Control, 
###P<0.001 vs. OGD/R 24 h + siRNA‑NC and ∆∆∆P<0.001 vs. OGD/R 24 h + siRNA‑HOTAIR + Ov‑NC. HOTAIR, Hox transcript antisense intergenic RNA; 
EZH2, enhancer of zeste homolog 2; si, small interfering RNA; OGD/R, oxygen‑glucose deprivation/reperfusion; NC, negative control; Ov, overexpression; 
NC, negative control; hBMVECs, human brain microvascular endothelial cells; PARP, poly‑ADP ribose polymerase.
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condition (31). Therefore, early diagnosis and assessment 
of HIE severity and prognosis is of great clinical signifi‑
cance for improving the survival rate and quality of life of 
neonates. However, reperfusion is frequently accompanied 
by reperfusion injury (32). BMVECs normally maintain 
the structure of the BBB and express tight junction‑related 
proteins, including VE‑cadherin, ZO‑1 and occludin (33,34). 
The present study revealed that HOTAIR was significantly 
upregulated in patients with neonatal HIE and an in vitro 
model of IR injury, which was consistent with those from 
previous studies (35‑39), supporting a potential role of 
HOTAIR in IR injury.

Although there were statistical differences in HOTAIR 
expression between patients with neonatal HIE and healthy 
individuals, the relatively small sample size is a limitation 
of the present study. Results of a previous study demon‑
strated that HOTAIR interacts with EZH2 (40); thus, 
further experiments were performed to evaluate whether 
this interaction was also present in OGD/R‑induced 
hBMVECs. The results showed that within hours following 
OGD/R, HOTAIR silencing could attenuate hBMVEC 
injury, as evidenced by the reduced hBMVEC permeability 

and apoptosis observed, in addition to the enhanced cell 
migration and angiogenesis. In addition, results from the 
RIP assays verified the interaction between HOTAIR and 
EZH2 in hBMVECs exposed to OGD/R. However, EZH2 
overexpression reversed the effects of therapeutic effects of 
HOTAIR silencing on cell injury and tube formation ability 
of OGD/R‑stimulated hBMVECs. By silencing HOTAIR in 
hBMVECs induced by OGD/R, the expression of EZH2 was 
reduced. Furthermore, hBMVECs exhibited higher EZH2 
levels compared with control following OGD/R exposure. 
Therefore, there may possibly be a positive association 
between EZH2 and HOTAIR expression underlying the 
pathological process of patients with neonatal HIE, which 
warrants further study. HOTAIR has been documented to 
be an EZH2‑binding lncRNA (40), where it regulates EZH2 
expression and recruits EZH2 to MYC promoter sites (23). 
A previous report showed that lncRNA HERES regulates 
EZH2 protein levels through an interaction between the 
G‑rich motif on the lncRNA and the N‑terminal region 
of EZH2 (20). However, it remains unclear if there exists 
a direct site of interaction between HOTAIR and EZH2, 
which also require further study. Additionally, the effects 

Figure 6. EZH2 overexpression reverses the increased cell migration and angiogenesis induced by HOTAIR silencing. (A) Analysis of hBMVEC invasion 
using a Transwell assay. Magnification, x100. (B) Measurement of tube formation capabilities of hBMVECs. Magnification, x40. ***P<0.001 vs. Control, 
###P<0.001 vs. OGD/R 24 h + siRNA‑NC, and ∆∆P<0.01 and ∆∆∆P<0.001 vs. OGD/R 24 h + siRNA‑HOTAIR + Ov‑NC. HOTAIR, Hox transcript antisense 
intergenic RNA; EZH2, enhancer of zeste homolog 2; si, small interfering RNA; OGD/R, oxygen‑glucose deprivation/reperfusion; NC, negative control; Ov, 
overexpression; NC, negative control; hBMVECs, human brain microvascular endothelial cells. 
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of EZH2 silencing on HOTAIR overexpression in OGD/R 
induced hBMVECs remains unknown, which is another 
limitation of the present study.

It has been previously reported that HOTAIR exerts a 
regulatory role in IR injury by regulating cell apoptosis and 
oxidative stress in the ischemic myocardium of rats (41). 
Notably, miR‑130a‑3p mediated the effects of HOTAIR on IR 
injury (41). To the best of our knowledge. the present study 
was the first to demonstrate that the HOTAIR/EZH2 axis 
may be involved in OGD/R‑mediated endothelial dysfunction. 
ZO‑1 was the first tight junction adhesion protein reported 
and is an important structural protein in the tight junction 
complex that is frequently used for evaluating BBB damage 
and function (42,43). A previous study demonstrated that 
the expression levels of ZO‑1, occludin and claudin 5 medi‑
ated the tight junction, and were associated with cerebral 
IR injury in terms of BBB permeability (35). VE‑cadherin 
is an adherens junction‑associated protein that serves an 
important role in maintaining vascular integrity in vascular 
endothelial cells (44,45). The present study revealed that the 
HOTAIR/EZH2 axis could damage the structure of tight and 
adherens junctions by downregulating ZO‑1, occludin, claudin 
5 and VE‑cadherin expression. However, a lack of in vivo 
data to validate this observation further is a limitation of the 
present study.

In conclusion, the present study revealed that the lncRNA 
HOTAIR may be involved in hBMVEC injury and apoptosis 
to mediate BBB damage through EZH2.
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