
Original Article
Silencing of lncRNA XIST impairs
angiogenesis and exacerbates cerebral
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The aim of this study was to investigate the function and reg-
ulatory mechanism of long non-coding RNA (lncRNA)
X-inactive-specific transcript (XIST) in cerebral ischemic
stroke (CIS). The impact of lncRNA XIST on CIS was evalu-
ated in acute CIS patients, middle cerebral artery occlusion
(MCAO) mice, and oxygen-glucose deprivation and restora-
tion brain endothelial cells. Our results demonstrated that
the expression of lncRNA XIST decreased during the early
stages of CIS but then increased in the later stages in CIS pa-
tients and ischemic models in vivo and in vitro. In addition,
the serum levels of lncRNA XIST negatively correlated with
severity of neurological impairment of CIS patients. Further
studies exhibited that lncRNA XIST regulated the expression
of proangiogenic factor-integrin a5 (Itga5) and anti-inflam-
mation factor-Kruppel-like transcription factor 4 (KLF4) by
targeting microRNA-92a (miR-92a). Silencing of lncRNA
XIST impaired angiogenesis and exacerbated cerebral
vascular injury following CIS, leading to larger infarcts and
worse neurological deficits in transient MCAO mice. Mecha-
nistic analysis revealed that lncRNA XIST modulated angio-
genesis and alleviated cerebral vascular injury following CIS
through mediating the miR-92a/Itga5 or KLF4 axis, respec-
tively. These data indicate that lncRNA XIST confers
protection against CIS, providing a valuable target for future
prevention and treatment of CIS.
Received 3 March 2021; accepted 30 June 2021;
https://doi.org/10.1016/j.omtn.2021.06.025.
7These authors contributed equally

Correspondence: Longxuan Li, Department of Neurology, Gongli Hospital, The
Second Military Medical University, 219 Miaopu Road, Pudong New Area,
Shanghai 200135, PR China.
E-mail: longxuanlee2006@yahoo.com
INTRODUCTION
Angiogenesis has been shown to be critical in improving neurological
functional recovery after cerebral ischemic stroke (CIS);1,2 therefore,
induction of angiogenesis is considered as a promising therapeutic
strategy for CIS.

We and others have shown that extracellular matrix (ECM) protein
fibronectin and its integrin receptors a5b1 and avb3 are strongly up-
regulated on angiogenic vessels in the ischemic penumbra and that
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the a5b1 integrin plays an essential role in promoting angiogenesis
under hypoxic or ischemic conditions.3–7 However, like other proan-
giogenic factors,8 integrin a5 (Itga5) has the potential to exaggerate
blood-brain barrier (BBB) breakdown9,10 and worsen secondary
neuronal injury, offsetting its beneficial angiogenic effects during
the early stages of CIS.10

Interesting, immediately after the ischemic insult, many sponta-
neous protective mechanisms are activated to maintain cell homeo-
stasis.11,12 The Kruppel-like transcription factor 4 (KLF4) is an
evolutionarily conserved zinc finger-containing transcription factor
involved in a variety of cellular functions by activating or repressing
the transcriptional activity of multiple genes.13 There is evidence
that KLF4 is required for the maintenance of endothelial and
vascular integrity in the adult animal.14 More recently, we found
that the serum level of KLF4 is negatively correlated with infarct
volume in the CIS patients. High expression of KLF4 is always asso-
ciated with relatively less vascular endothelial inflammation
response in the ischemic hemisphere. Moreover, KLF4 can alleviate
CIS-induced cerebral vascular injury by regulating endothelial ex-
pressions of inflammatory cell adhesion molecules (CAMs), nuclear
factor kB (NF-kB), and tight junction proteins (TJPs),11,12 indi-
cating that KLF4 confers vascular protection against cerebral
ischemic injury.

MicroRNAs (miRNAs) are small non-coding RNAs that regulate
gene expression by binding to target messenger RNAs (mRNAs),
leading to translational repression or degradation. Our previous study
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Figure 1. The expression of lncRNA XIST is

upregulated and correlates with NIHSS scores after

CIS

(A) Serum levels of lncRNA XIST in acute CIS patients and

healthy controls were measured using qRT-PCR. Results

are expressed as the mean ± standard deviation.

Note that the serum levels of lncRNA XIST in CIS patients

(n = 77) decreased at day 2 but increased at day 7 after

ischemic onset as compared to healthy controls (n = 60).

(B) The Pearson analyses revealed that serum levels of

lncRNA XIST were significantly negatively correlated with

NIHSS scores at day 7 after ischemic onset in acute CIS

patients (n = 77). (C) The expression of lncRNA XIST in the

ipsilateral ischemic cerebral cortex from sham-operated

mice (sham; S, control) or mice at days 0, 1, 2, 4, and 7

post-ischemia was examined by qRT-PCR. Results are

expressed as the mean ± standard deviation (n = 6 per

experimental group). Note that the expression of lncRNA

XIST decreased during the first 2 days post-ischemia but

then increased between 4 and 7 days post-ischemia. (D)

qRT-PCR analysis for lncRNA XIST levels after BECs

was subject to OGD/R. Results are expressed as the

mean ± standard deviation (n = 4 per experimental group).

Note that within the first 6 h of OGD, lncRNA XIST levels

decreased but then by 24–72 h, lncRNA XIST levels

markedly increased compared to pre-OGD control levels.

*p < 0.05, **p < 0.01, and ***p < 0.001 compared with

control.
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demonstrated that the serum level of miRNA-92a (miR-92a) is upre-
gulated in CIS patients with poor collaterals, and miR-92a level is
negatively correlated with collateral circulation of the patients with
CIS.15 Inhibition of miR-92a was found to lead to enhanced blood
vessel growth and functional recovery in mouse models of limb
ischemia and myocardial infarction. miR-92a appears to target
mRNAs corresponding to several proangiogenic proteins, including
Itga5.16 In addition, knockdown of miR-92a in human arterial endo-
thelial cells resulted in partial rescue from cytokine-induced proin-
flammatory marker expression that was attributable to enhanced
KLF4 expression.17 Thus, miR-92a may serve as a valuable therapeu-
tic target for angiogenesis and vascular protection.

Recently, increasing evidence has confirmed that long non-coding
RNAs (lncRNAs) act as competing endogenous RNAs by interacting
with miRNAs and regulating the expression of the miRNA target pro-
tein.18–20 In light of this, we conducted a bioinformatics analysis,
which predicted a binding interaction between miR-92a and lncRNA
X-inactive specific transcript (XIST). As a new-found lncRNA,
lncRNA XIST has been shown to participate in the angiogenesis in
several human diseases.21–23 However, its function and regulatory
mechanism in CIS are poorly understood. The aim of the current
study was to investigate the impact of lncRNA XIST on vascular re-
modeling and repair after CIS and uncover the underlying mecha-
nisms of lncRNA XIST in modulating brain endothelial cell (BEC)
function and angiogenesis after CIS.
RESULTS
Demographic and clinical characteristics

Seventy-seven patients with CIS and sixty healthy controls were
included in this study. The patients and the controls’ clinical charac-
teristics are presented in Table S1.

The frequency rate of hypercholesterolemia, hypertension, diabetes,
and atrial fibrillation in the stroke patients was significantly higher
than that of the controls (p < 0.05 or p < 0.01). However, no signifi-
cant difference was observed between the two groups in terms of age,
gender, and nicotine/alcohol use and with regard to antiplatelet or
statin treatments before stroke (Table S1).

The expression of lncRNA XIST is upregulated after CIS, and

serum level of lncRNAXIST negatively correlateswith severity of

neurological impairment of CIS patients

To investigate the involvement of lncRNA XIST in CIS, blood sam-
ples from acute CIS patients were collected 48 h and 7 days after onset
of the acute CIS event. As shown in Figure 1A, qRT-PCR revealed that
the serum levels of lncRNA XIST in acute CIS patients decreased
markedly at day 2 (48 h) (p < 0.001) but increased significantly at
day 7 after ischemic stroke (p < 0.01) as compared to healthy controls.

To further elucidate its clinical significance as a biomarker in CIS,
lncRNA XIST levels were assessed in relation to National Institutes
of Health Stroke Scale (NIHSS) scores obtained at day 7 after onset
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Figure 2. Silencing of lncRNA XIST aggravates

cerebral ischemia-induced brain damage in vivo

(A) Efficiency of shRNA-lncRNA XIST (si-XIST) in brain

tissues of mice (n = 6). ***p < 0.001. (B) Representative

images of TTC staining from brain sections of sham or the

negative control (NC) shRNA (si-Ctl) and si-XIST-treated

mice at day 7 post-ischemic reperfusion. (C) Quantifica-

tion of infarct volume after 7 days post-ischemic re-

perfusion. Results are expressed as the mean ± standard

deviation and analyzed by one-way ANOVA (n = 6 mice

per experimental group). Note that no infarct was seen in

the control (sham) brain. Compared to the si-Ctl-treated

mice, si-XIST-treated mice exhibited significantly larger

infarct volumes at day 7 post-ischemic reperfusion. **p <

0.01. (D) The neurological functional performance was

assessed using Modified Neurological Severity Score

(mNSS) evaluation before and 2, 4, and 7 days after

MCAO (n = 12 mice per experimental group). Note that si-

XIST-treated mice had worse functional recovery than did

si-Ctl-treated mice at days 2, 4, and 7 post-ischemic re-

perfusion. *p < 0.05, **p < 0.01, and ***p < 0.001 versus

si-Ctl-treated mice.
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of the acute CIS event. The Pearson analyses displayed that serum
levels of lncRNA XIST were significantly negatively correlated with
NIHSS scores at day 7 after ischemic onset in the acute CIS patients
(r = �0.636, p < 0.001) (Figure 1B).

Animal and cell-based models demonstrated similar trends in
lncRNA XIST expression levels as those seen in human subjects (Fig-
ures 1C and 1D). As shown in Figure 1C, during the first 2 days
following the ischemic insult, the expression of lncRNA XIST in
the ipsilateral ischemic cerebral cortex decreased (p < 0.05 at day 1;
p < 0.01 at day 2) but then increased significantly between 4 and
7 days post-ischemia in comparison with controls (p < 0.05 at day
4; p < 0.001 at day 7). In a parallel in vitro approach, we also investi-
gated the influence of oxygen-glucose deprivation and restoration
(OGD/R) on lncRNA XIST expression in bEnd3 cells using qRT-
PCR. This revealed that within the first 6 h of OGD, lncRNA XIST
levels decreased immediately (p < 0.05 or p < 0.01), but then by
24–72 h, lncRNA XIST levels were remarkably elevated compared
to pre-OGD control levels (all p < 0.001) (Figure 1D).
150 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Silencing of lncRNA XIST aggravates

cerebral ischemia-induced brain damage

Based on the above findings that lncRNA
XIST negatively correlated with the severity
of neurological impairment of CIS patients,
we speculated that lncRNA XIST might be
playing a key role in alleviating ischemic brain
damage following CIS. To confirm this, intra-
ventricular injection of small hairpin RNA
(shRNA)-lncRNA XIST (si-XIST) was used
to knock down the expression of lncRNA
XIST in the brain of middle cerebral artery oc-
clusion (MCAO) mice. As shown in Figures 2A�2D, si-XIST-
treated mice showed a larger cerebral infarct volume (Figures
2B�2C) at day 7 post-ischemic reperfusion (si-XIST versus nega-
tive controlshRNA [si-Ctl]: p < 0.01) and a more severe neurolog-
ical deficit than did si-Ctl-treated mice in response to cerebral
ischemic insults (si-XIST versus si-Ctl: p < 0.001 for day 2, p <
0.01 for day 4, and p < 0.05 for day 7) (Figure 2D). These data sug-
gested that lncRNA XIST could alleviate cerebral ischemia-induced
brain damage.

Silencing of lncRNAXIST impairs angiogenesis and exacerbates

cerebral vascular injury following CIS by inhibiting the

expression of Itga5 or KLF4

In our previous studies, we demonstrated that fibronectin and its re-
ceptor a5b1 integrin are strongly upregulated on angiogenic vessels
in the ischemic penumbra and that the a5b1 integrin plays an
essential role in promoting angiogenesis under hypoxic or ischemic
conditions.4,5,7,10,24 We also found that KLF4 confers vascular pro-
tection against cerebral ischemic injury by ameliorating vascular



Figure 3. Silencing of lncRNA XIST inhibits

angiogenesis and increases cerebral vascular injury

following CIS in vivo

(A) Images show the IF or dual-IF staining for Itga5, KLF4,

CD31 with Ki67, three CAMs (E-selectin, VCAM-1, and

ICAM-1), Claudin-5, and ZO-1 in the ischemic hemisphere

taken from sham or the negative control shRNA (si-Ctl)

and shRNA-lncRNA XIST (si-XIST)-treated mice at day 7

post-ischemic reperfusion. Scale bar, 100 mm (insets,

30 mm). (B) Quantification of Itga5, KLF4, CD31/Ki67, E-

selectin, VCAM-1, ICAM-1, Claudin-5, and ZO-1 ex-

pressions. Results are expressed as the mean ± standard

deviation and analyzed by one-way ANOVA (n = 6 mice

per experimental group). Note that compared to si-Ctl-

treated mice, the number of Itga5-, KLF4-, Claudin-5-,

and ZO-1-positive events and CD31/Ki67 dual-positive

cells was all significantly reduced, but the number of three

CAMs, including E-selectin-, VCAM-1-, and ICAM-1-

positive events, was all remarkably induced in the si-XIST-

treated mice at day 7 post-ischemic reperfusion. ##p <

0.01 and ###p < 0.001 versus control (sham); *p < 0.05

and **p < 0.01 versus si-Ctl-treated mice.

www.moleculartherapy.org
endothelial inflammation and regulating TJP expression following
CIS.11 In the current study, we wanted to examine whether lncRNA
XIST had impacts on the expressions of Itga5 and KLF4 and conse-
quently influenced the angiogenesis and cerebral vascular injury
following CIS. To study this process, we use immunofluorescent
(IF) or dual-IF staining to evaluate the expressions of Itga5, KLF4,
CD31/Ki67, E-selectin, vascular CAM 1 (VCAM-1), inter-CAM 1
(ICAM-1), Claudin-5, and zonula occludens-1 (ZO-1) in the
ischemic hemisphere from sham-operated mice (sham) or si-Ctl
and si-XIST-treated mice at day 7 post-ischemic reperfusion. This
showed that compared to si-Ctl-treated mice, the number of
Itga5-, KLF4-, Claudin-5-, and ZO-1-positive events and CD31/
Ki67 dual-positive cells/field in the ischemic penumbra was all
significantly reduced (si-XIST versus si-Ctl: p < 0.05 for Itga5, p <
0.01 for KLF4, p < 0.05 for Claudin-5, p < 0.05 for ZO-1, and p <
0.05 for CD31/Ki67 dual-positive cells), but the number of three
Molecular Therap
CAMs, including E-selectin-, VCAM-1-, and
ICAM-1-positive events/field, was remarkably
induced in the si-XIST-treated mice after
7 days reperfusion (si-XIST versus si-Ctl: p <
0.05 for E-selectin, p < 0.05 for VCAM-1, and
p < 0.01 for ICAM-1) (Figures 3A and 3B).

Consistent with in vivo studies, in vitro studies
revealed that bEnd3 cells transfected with si-
XIST showed decreased expressions of Itga5,
KLF4, and TJPs (Claudin-5 and ZO-1) (si-
XIST versus si-Ctl: p < 0.01 for Itga5; p < 0.01
for KLF4; p < 0.01 for Claudin-5; and p <
0.001 for ZO-1) but increased expressions of
three CAMs including E-selectin, VCAM-1,
and ICAM-1 relative to the si-Ctl-treated cells
at 24 h restoration from OGD (si-XIST versus si-Ctl: all p < 0.001
for E-selectin, VCAM-1, and ICAM-1) (Figures 4A�4F, 4H, and 4I).

Induction of CAMs including E-selectin and VCAM-1 has previously
been shown to be mediated by the tumor necrosis factor a (TNF-a)-
NF-kB pathway in endothelial cells.25 In a recent study, we observed
that KLF4 inhibited TNF-a-induced activation of NF-kB to alleviate
the cerebral ischemia-induced cerebral vascular inflammation.11 As
the above findings revealed that lncRNA XIST regulated expression
of KLF4, we wondered whether lncRNA XIST had any influence on
the activation of NF-kB following CIS. As expected, small interfering
RNA (siRNA)-mediated knockdown of lncRNA XIST in bEnd3 cells
showed increased phosphorylation (p) of -NF-kB relative to the si-
Ctl-treated cells at 24 h restoration from OGD (si-XIST versus si-
Ctl: p < 0.001) (Figure 4G), suggesting lncRNA XIST modulates the
activation of NF-kB following CIS.
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Figure 4. The influence of silencing of lncRNA XIST on the migration and tube formation and the expression of Itga5, KLF4, three CAMs, phosphorylation of

(p)-NF-kB, and TJPs of bEnd3 cells under OGD/R conditions

(A) Representative images of western blot for the expression of Itga5, KLF4, three CAMs (E-selectin, VCAM-1, and ICAM-1), p-NF-kB, and TJPs (Claudin-5 and ZO-1) in

bEnd3 cells transfected with the negative control siRNA (si-Ctl) or siRNA-lncRNA XIST (si-XIST) at 24 h restoration from OGD. The NO-OGD/R cells served as a control. (B�I)

Bar graphs show the quantitative analyses of western blots as ratios of Itga5/b-actin (B), KLF4/b-actin (C), E-selectin/b-actin (D), VCAM-1/b-actin (E), ICAM-1/b-actin (F), p-

NF-kB/total NF-kB (G), Claudin-5/b-actin (H), and ZO-1/b-actin (I) (n = 4 per experimental group). Note that the expressions of Itga5, KLF4, and TJPs (Claudin-5 and ZO-1) in

the si-XIST-treated bEnd3 cells were markedly reduced, but the expressions of three CAMs including E-selectin, VCAM-1, and ICAM-1 and the p-NF-kB were significantly

elevated relative to the si-Ctl-treated group at 24 h restoration fromOGD. *p < 0.05, **p < 0.01, and ***p < 0.001. (J) Representative images of cell migration and capillary tube

formation of bEnd3 cells transfected with si-Ctl or si-XIST after OGD/R treatment. Scale bar, 400 mm for migration; 500 mm for tube formation. (K) Quantification of cell

migration of bEnd3 cells. The relative migration distance was quantified using ImageJ software and expressed as the ratio to the values of the NO-OGD/R cells (control). (L)

Quantification of tube formation of bEnd3 cells. Data represent the mean ± standard deviation and are analyzed by one-way ANOVA (n = 4 per experimental group). Note that

the migration and capillary-like tube formation of the si-XIST-treated bEnd3 cells were both significantly induced after OGD/R relative to the NO-OGD/R control, but this effect

was significantly inhibited by silencing of lncRNA XIST in bEnd3 cells. *p < 0.05 and **p < 0.01.
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Because endothelial cell migration and tube formation constitute
an important process in blood vessel formation, we also tested
whether lncRNA XIST has any effect on migration and tube for-
mation of bEnd3 cells under OGD/R conditions. We found that
silencing of lncRNA XIST significantly decreased the migration
and tube formation of bEnd3 cells relative to the si-Ctl-treated
group after OGD/R treatment (si-XIST versus si-Ctl: p < 0.05 for
migration; p < 0.01 for tube formation) (Figures 4J�4L). To
further examine whether lncRNA XIST impaired the angiogenesis
by inhibiting the expression of Itga5, bEnd3 cells were co-trans-
fected with si-XIST and Itga5 and then were subjected to 4 h of
OGD. From the western blot results, we found that Itga5 expres-
sion in the si-XIST + a5-transfected group was significantly higher
than that in the si-XIST + mock-transfected group at 24 h restora-
tion from OGD (Figures 5A and 5B). Of interest, in this rescue
experiment, bEnd3 cells co-transfected with si-XIST and Itga5 dis-
152 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
played increased migration and tube formation than the si-XIST +
mock-transfected group under OGD/R conditions (si-XIST + a5
group versus si-XIST + mock group: p < 0.05 for migration; p <
0.01 for tube formation) (Figures 5C�5E). Similarly, bEnd3 cells
co-transfected with si-XIST and KLF4 showed significantly higher
levels of Claudin-5 and ZO-1 (si-XIST + KLF4 group versus si-
XIST + mock group: p < 0.05 for Claudin-5; p < 0.01 for ZO-1)
but markedly reduced levels of E-selectin, VCAM-1, ICAM-1,
and p-NF-kB (si-XIST + KLF4 group versus si-XIST + mock
group: p < 0.05 for E-selectin; p < 0.01 for VCAM-1, ICAM-1,
and p-NF-kB) relative to the si-XIST + mock-transfected group
at 24 h restoration from OGD (Figures 5F�5M).

Collectively, these data suggest that silencing of lncRNAXIST impairs
angiogenesis and increases the cerebral vascular injury following CIS
by inhibiting the expression of Itga5 or KLF4.



Figure 5. Overexpression of Itga5 or KLF4 reverses the effect of lncRNA XIST on the migration and tube formation and the expression of three CAMs,

p-NF-kB, and TJPs of bEnd3 cells under OGD/R conditions

(A) Representative images of western blot for the expression of Itga5 in bEnd3 cells co-transfected with si-XIST and Itga5 overexpression plasmid at 24 h restoration from

OGD. (B) Bar graphs show the quantitative analyses of western blots as ratios of Itga5/b-actin (n = 4 per experimental group). (C) Representative images of cell migration and

capillary tube formation of bEnd3 cells co-transfected with si-XIST and Itga5 overexpression plasmid after OGD/R treatment. Scale bar, 400 mm formigration; 500 mm for tube

formation. (D and E) Quantification of cell migration (D) and tube formation (E) of bEnd3 cells (n = 4 per experimental group). (F) Representative images of western blot for the

expression of KLF4, three CAMs (E-selectin, VCAM-1, and ICAM-1), p-NF-kB, and TJPs (Claudin-5 and ZO-1) in bEnd3 cells co-transfected with si-XIST and KLF4

overexpression plasmid at 24 h restoration fromOGD. (G�M) Bar graphs show the quantitative analyses of western blots as ratios of KLF4/b-actin (G), E-selectin/b-actin (H),

VCAM-1/b-actin (I), ICAM-1/b-actin (J), p-NF-kB/total NF-kB (K), Claudin-5/b-actin (L), and ZO-1/b-actin (M) (n = 4 per experimental group). Note that bEnd3 cells co-

transfected with si-XIST and Itga5 displayed increased migration and tube formation than the si-XIST + mock-transfected group under OGD/R conditions, whereas

bEnd3 cells co-transfected with si-XIST and KLF4 showed significantly higher levels of Claudin-5 and ZO-1 but markedly reduced levels of E-selectin, VCAM-1, ICAM-1, and

p-NF-kB relative to the si-XIST + mock-transfected group at 24 h restoration from OGD. *p < 0.05 and **p < 0.01.
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miR-92a is involved in the process of lncRNA XIST regulating

angiogenesis and alleviating cerebral vascular injury

With the consideration of the miR-92a potential regulatory effect on
Itga5 or KLF4,16,17 we investigated whether miR-92a participates in
the process of lncRNA XIST regulating angiogenesis and alleviating
cerebral vascular injury. DIANA-LncBase version (v.) 2 was used
for identify miR-92a, which could potentially bind to lncRNA
XIST. As illustrated in Figure S1A, lncRNA XIST contains a potential
binding site for miR-92a, and miR-92a could potentially bind to 30

UTR of Itga5 or KLF4. An RNA fluorescence in situ hybridization
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 153
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(FISH) assay showed that lncRNA XIST colocalized with miR-92a,
and miR-92a had a colocalization relationship with Itga5 or KLF4
in bEnd3 cells (Figure S1B). We then determined the expression of
miR-92a in the ipsilateral ischemic cerebral cortex of MCAO mice
and found that cerebral ischemia induced a strong increase in the
expression of miR-92a in the ischemic hemisphere, reaching a peak
at day 2 and then declining at day 4 (Figure S1C). Consistent with
these findings, OGD/R induced expression of miR-92a on bEnd3 cells
in a similar manner in vitro (Figure S1D). qRT-PCR analyses showed
that upregulation or downregulation of miR-92a can be achieved by
transfection with miR-92a mimics (miR-92a-M) or inhibitors (miR-
92a-I) in bEnd3 cells in normoxia (Figure S1E) or at 24 h restoration
of OGD (Figure S1F). The dual-luciferase report assay displayed that
lncRNA XIST directly interacted with miR-92a (Figure S1G). Next,
we evaluated how the miR-92a level varied with knockdown of
lncRNA XIST by siRNA. As shown in Figure S1H, qRT-PCR analysis
revealed that in the setting of lncRNA XIST knockdown, miR-92a
levels were significantly elevated in bEnd3 cells at 24 h restoration
from OGD (si-XIST versus si-Ctl: p < 0.01), suggesting lncRNA
XIST decreased the expression of miR-92a after OGD/R. In addition,
we employed a dual-luciferase report assay to validate interaction be-
tween miR-92a and Itga5 or KLF4 and found that miR-92a-M
reduced the luciferase activity of Itga5-wild type (WT) or KLF4-
WT but not of Itga5 mutant (Mut) or KLF4 Mut (Figures S1I and
S1J). The western blot analyses demonstrated that overexpression
of miR-92a decreased, but inhibition of miR-92a increased the
expression of Itga5 and KLF4 in the bEnd3 cells at 24 h restoration
from OGD (Figures S1K�S1M). These results indicate miR-92a
directly targets Itga5 or KLF4 after OGD/R.

To examine the role of miR-92a in lncRNA XIST mediating cerebral
vascular injury following CIS, bEnd3 cells were co-transfected with
the si-Ctl or si-XIST and/or miR-92a-I for 48 h and then subjected
to 4 h of OGD followed by 24 h of restoration. The western blot anal-
ysis revealed that compare to the si-Ctl + negative control inhibitor
(NC-I)-treated group, silencing of lncRNA XIST notably reduced
the expressions of KLF4 and TJPs (Claudin-5 and ZO-1) (the si-
XIST + NC-I group versus si-Ctl + NC-I group: p < 0.001 for
KLF4; p < 0.01 for Claudin-5; p < 0.001 for ZO-1) but markedly
increased expression of three CAMs (E-selectin, VCAM-1, and
ICAM-1) and p-NF-kB (the si-XIST + NC-I group versus si-Ctl +
NC-I group: all p < 0.001 for E-selectin, VCAM-1, ICAM-1, and
p-NF-kB) in bEnd3 cells at 24 h restoration from OGD. However,
these effects were significantly rescued by inhibiting the levels of
miR-92a in the bEnd3 cells (p < 0.05 for KLF4; p < 0.05 for Clau-
din-5; p < 0.01 for ZO-1; p < 0.01 for E-selectin; p < 0.001 for
VCAM-1, ICAM-1, and p-NF-kB) (Figures 6A and 6C�6I). These
results suggest that lncRNA XIST regulates the expression of KLF4,
CAMs, NF-kB as well as TJPs in bEnd3 cells after OGD/R via nega-
tively modulating miR-92a expression.

We also found that inhibition of miR-92a led to an increased expres-
sion of Itga5 andmigration of bEnd3 cells after 24 h of wound scratch
healing and enhanced capillary-like tube formation of bEnd3 cells
154 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
after OGD/R treatment (the si-Ctl + miR-92a-I group versus si-
Ctl + NC-I group: p < 0.01 for Itga5; p < 0.05 for migration and
tube formation).When lncRNAXIST was downregulated, the expres-
sion of Itga5, the migration, and tube formation of bEnd3 cells in the
si-XIST-treated group all markedly decreased relative to the si-Ctl-
treated controls (the si-XIST + NC-I group versus si-Ctl + NC-I
group: p < 0.001 for Itga5; p < 0.01 for migration and tube formation),
whereas inhibition of miR-92a remarkably reversed the inhibitory ef-
fects of lncRNAXIST silencing on expression of Itga5, migration, and
tube formation of bEnd3 cells after OGD/R (the si-XIST + miR-92a-I
group versus si-XIST + NC-I group: all p < 0.05 for expression of
Itga5, migration, and tube formation) (Figures 6A, 6B, and 6J�6L).
These results indicate that miR-92a is involved in the role lncRNA
XIST of regulating angiogenesis via mediation of Itga5 after OGD/R.

DISCUSSION
In the current study, for the first time, we examined whether and how
lncRNAXIST exerts its protective role against CIS. Our main findings
were as follows: (1) the expression of lncRNA XIST is upregulated af-
ter CIS, and serum level of lncRNA XIST negatively correlates with
severity of neurological impairment of CIS patients; (2) silencing of
lncRNA XIST aggravates cerebral ischemia-induced brain damage;
(3) silencing of lncRNA XIST impairs angiogenesis and exacerbates
cerebral vascular injury following CIS by inhibiting the expression
of Itga5 and KLF4; and (4) miR-92a is involved in the process of
lncRNA XIST regulating angiogenesis and alleviating cerebral
vascular injury. Taken together, these data indicate that lncRNA
XIST induces angiogenesis as well as alleviates cerebral vascular
injury following CIS by mediating the miR-92a/Itga5 or KLF4 axis,
suggesting a novel approach for the treatment of CIS.

Silencing of lncRNAXIST impairs angiogenesis following CIS via

mediation of miR-92a/Itga5 axis

lncRNA XIST has been shown to participate in hypoxia-induced cell
proliferation, migration, and tube formation.21 There is also evidence
that knockdown of lncRNA XIST could inhibit the angiogenesis of
glioma22 and chronic compressive spinal cord injury.23 Consistent
with these reports, in the current study, we demonstrated that
silencing of lncRNA XIST impaired angiogenesis following CIS
in vitro and in vivo.

We noticed that the proangiogenic factor Itga5 in BECs was corre-
spondingly reduced after the expression of lncRNA XIST was dimin-
ished following CIS. However, of interest, in the rescue experiment,
overexpression of Itga5 in BECS could reverse the inhibiting effect
of lncRNA XIST silencing on the migration and tube formation of
bEnd3 cells under the ischemic condition. These results suggest
that lncRNA XIST regulates angiogenesis following CIS by mediating
BEC expression of Itga5.

As inhibition of miR-92a was found to lead to enhanced blood vessel
growth and functional recovery in mouse models of limb ischemia
and myocardial infarction by targeting Itga5,16 we wonder whether
miR-92a was involved in the process of lncRNA XIST regulating



Figure 6. lncRNA XIST alleviates a vascular endothelial inflammation response and regulates migration and tube formation of bEnd3 cells under OGD/R

conditions by targeting miR-92a

(A) Representative images of western blot for the expression of Itga5, KLF4, E-selectin, VCAM-1, ICAM-1, p-NF-kB, Claudin-5, and ZO-1 in bEnd3 cells co-transfected with

the si-Ctl or si-XIST and/or miR-92a inhibitor (miR-92a-I) at 24 h restoration from OGD. (B�I) Bar graphs show the quantitative analyses of western blots as ratios of Itga5/

b-actin (B), KLF4/b-actin (C), E-selectin/b-actin (D), VCAM-1/b-actin (E), ICAM-1/b-actin (F), p-NF-kB/total NF-kB (G), Claudin-5/b-actin (H), and ZO-1/b-actin (I) (n = 4 per

experimental group). Note that the expressions of Itga5, KLF4, and TJPs (Claudin-5 and ZO-1) in the si-XIST + NC inhibitor (NC-I)-treated bEnd3 cells markedly decreased,

but the expressions of three CAMs including E-selectin, VCAM-1, and ICAM-1 and the p-NF-kB were significantly elevated relative to the si-Ctl + NC-I-treated group at 24 h

restoration from OGD. However, these effects were significantly rescued by inhibiting the levels of miR-92a in the bEnd3 cells. *p < 0.05, **p < 0.01, and ***p < 0.001. (J)

Representative images of cell migration and capillary tube formation of bEnd3 cells transfected with si-Ctl or si-XIST and/or miR-92a-I after OGD/R treatment. Scale bar,

400 mm for migration; 500 mm for tube formation. (K and L) Quantification of cell migration (K) and tube formation (L) of bEnd3 cells (n = 4 per experimental group). Note that

inhibition of miR-92a led to an increased migration and capillary-like tube formation of bEnd3 cells under OGD/R conditions, and miR-92a inhibition could reverse the

inhibitory effects of XIST silencing on migration and tube formation of bEnd3 cells after OGD/R. *p < 0.05 and **p < 0.01.

www.moleculartherapy.org
angiogenesis via mediation of Itga5 after CIS. To confirm this, first,
we used RNA FISH, luciferase reporter assay, and co-transfection
of si-XIST with miR-92a-I experiments to demonstrate that lncRNA
XIST regulated the expression of Itga5 by targeting miR-92a.

Subsequently, in functional research, we found that inhibition of
miR-92a led to an increased migration as well as enhanced tube for-
mation of bEnd3 cells in response to OGD/R, and inhibition of miR-
92a remarkably reversed the inhibitory effects of lncRNA XIST
silencing on migration and tube formation of bEnd3 cells after
OGD/R. These results indicate that lncRNA XIST regulates angiogen-
esis through mediation of miR-92a following CIS.

We also noticed that the expressions of lncRNA XIST and miR-92a
were both induced in the ischemic hemisphere or BECs following
CIS, but their peak timing was different: when the expression of
lncRNA XIST reached a peak, the expression of miR-92a drastically
declined. It seems likely that the enhanced lncRNA XIST suppresses
the cerebral vascular endothelial expression of miR-92a after CIS.
This was further supported by the knockdown experiment that inhi-
bition of lncRNAXIST significantly increased the levels of miR-92a in
bEnd3 cells at 24 h restoration from OGD.

Silencing of lncRNA XIST exacerbates cerebral vascular injury

following CIS by regulating the miR-92a/KLF4 axis

Early after the onset of CIS, endothelial cells of the arterial wall lose
their tight junction and express inflammatory CAMs such as E-selec-
tin, ICAM-1, and VCAM-1.26–28 These CAMs are supposed to partic-
ipate in angiogenesis,29–31 and they are also widely believed to affect
not only vascular permeability but also the vascular responses to the
changes in the perivascular environment.32 In the current study, we
found that three of the inflammatory CAMs including E-selectin,
ICAM-1, and VCAM-1 were all elevated upon inhibition of lncRNA
XIST following CIS in vitro and in vivo. However, in the same condi-
tion, silencing of lncRNA XIST impaired angiogenesis and deterio-
rated the BBB injury, indicating that the increased CAMs do not pro-
mote angiogenesis but act to exacerbate cerebral vascular injury
following CIS.
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The CAMs such as E-selectin are known to be expressed in prolifer-
ating endothelial cells under noninflammatory conditions, but it can
also be induced by inflammatory stimuli.33,34 Induction of CAMs
including E-selectin and VCAM-1 has previously been shown to be
mediated by the TNF-a-NF-kB pathway in endothelial cells.25 In
the current study, we found that siRNA-mediated knockdown of
lncRNA XIST in bEnd3 cells led to increased p-NF-kB in response
to OGD/R, suggesting that lncRNA XIST modulates the activation
of NF-kB following CIS. These results, to some extent, explain why
the proliferated BECs (CD31/Ki67 dual-positive cells) in the ischemic
penumbra were significantly reduced, but CAMs were increased after
the expression of lncRNA XIST was diminished following CIS in vivo.

In addition, during the early stages of angiogenesis, degradation of the
ECM and separation of neighboring endothelial cells are crucial initi-
ating steps, which suggests that newly formed vessels may transiently
increase vascular permeability,35 which could result in aggravation of
BBB damage caused by CIS.

A recent study showed that endothelial cell-specific Itga5 deficiency
increases the BBB integrity in an experimental mouse model of
CIS,9 implying that inhibition of the fibronectin-a5b1 integrin
signaling axis could attenuate the BBB permeability.

With the consideration of the inhibitory effects of silencing lncRNA
XIST on Itga5 expression and angiogenesis of BECs, we investigated
whether inhibiting lncRNAXIST had any beneficial impact on the ce-
rebral vascular injury after CIS. Unexpectedly, diminishing the
expression of lncRNA XIST did not ameliorate but exacerbated the
cerebral vascular injury after CIS, as evidenced by increased expres-
sion of three CAMs and p-NF-kB and decreased expression of TJPs
including Claudin-5 and ZO-1 in vitro and in vivo. We further found
that the underlying mechanism was related to the reduced expression
of KLF4 induced by silencing of lncRNA XIST in BECs after CIS. As
reported, KLF4 alleviates cerebral vascular injury by ameliorating
vascular endothelial inflammation and regulating TJP expression
following CIS;11 therefore, the decreased expression of KLF4 in
BECs would result in the augmentation of cerebral vascular injury
following CIS. This was further supported by the findings that over-
expression of KLF4 significantly reversed the damaging effect of
silencing of lncRNA XIST on cerebral blood vessels after OGD/R.
These results suggest lncRNA XIST alleviates cerebral vascular injury
following CIS by regulating BEC expression of KLF4.

It was reported that knockdown of miR-92a in human arterial endo-
thelial cells resulted in partial rescue from cytokine-induced proin-
flammatory marker expression that was attributable to enhanced
KLF4 expression.17 As lncRNA XIST has a potential regulatory effect
on miR-92a, it is possible that lncRNA XIST suppresses the cerebral
vascular injury following CIS through inhibition of miR-92a. In the
current study, our RNA FISH assay, luciferase reporter assay, and
co-transfection of si-XIST with miR-92a-I experiments revealed
that lncRNA XIST regulated the expression of KLF4 by targeting
miR-92a. We also found that inhibition of miR-92a rescues the
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augmented cerebral vascular injury induced by silencing of lncRNA
XIST after OGD/R, indicating miR-92a is involved in the role of
lncRNA XIST alleviating cerebral vascular injury following CIS
through mediation of KLF4 expression.

Silencing of lncRNA XIST aggravates ischemia-induced brain

damage, and the levels of lncRNA XIST mirror the severity of

ischemic stroke

Evidence displayed that expression of CAMs is associated with cere-
bral infarct size.26 The activated NF-kB and increased CAMs are
essential factors involved in ischemia-induced BBB damage.36 They
promote migration of immune cells across the BBB within the cere-
bral parenchyma, which further exacerbates the brain tissue damage
and leads to brain swelling and expansion of the infarction from the
penumbra.37

Based on the above findings that silencing lncRNA XIST increased
expression of three CAMs and p-NF-kB and decreased expression
of TJPs under ischemic condition in vitro and in vivo, we speculated
that lncRNA XIST might be playing a key role in alleviating ischemic
brain damage following CIS. As expected, knockdown of lncRNA
XIST increased the cerebral infarct volume and aggravated the neuro-
logical deficit following CIS.

We also noticed that the serum levels of lncRNA XIST in CIS patients
decreased markedly at day 2 but increased significantly at day 7 after
the onset of stroke. Furthermore, lncRNA XIST expression in the
ischemic brain or BECs from an animal or cell-based model demon-
strated similar trends as those seen in human subjects. Importantly,
the Pearson analyses displayed that serum levels of lncRNA XIST
were significantly negatively correlated with NIHSS scores at day 7
after ischemic onset in acute CIS patients, indicating lncRNA XIST
exerts a protective role against cerebral ischemic injury.

In conclusion, our results demonstrate that lncRNA XIST confers
protection against cerebral ischemic injury, and it can regulate angio-
genesis and alleviate cerebral vascular injury following CIS by medi-
ating the miR-92a/Itga5 or KLF4 axis. We provide evidence that
serum levels of lncRNA XIST might be used as a potential biomarker
for predicting the prognosis of acute CIS and also provide a proof of
concept for the further translational validation of overexpression of
lncRNA XIST for the treatment of CIS patients in clinical practice
in the future.

Limitations and future directions

Our study had several limitations. First, in the current study, only
silencing experiments were performed for in vitro and in vivo study.
In the next set of experiments, overexpressing experiments should be
employed to directly investigate the impact of lncRNA XIST on the
angiogenesis and cerebral injury after CIS. Second, as stroke is a sexu-
ally dimorphic disease, with differences between males and females
observed both clinically and in the laboratory,38 the female mice
should be investigated in the future. Third, future validation of the
expression of lncRNA XIST, miR-92a, Itga5, and KLF4 in human
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tissue will be helpful to better understand their intricate relationships
following CIS.

MATERIALS AND METHODS
Patients

Seventy-seven patients with first-ever anterior circulation acute CIS
were recruited from June 1, 2019, to December 31, 2020, at the Gongli
Hospital, The Second Military Medical University, Shanghai, China.
The included patients had to be admitted within 48 h from the onset
of stroke or transient ischemic attack (TIA). Diagnosis had to be
corroborated by a neurologist’s investigation and cerebral magnetic
resonance imaging (MRI). Exclusion criteria were intracranial hem-
orrhage, pregnancy, presenting with a stroke with an undetermined
time of onset, cancer, hematological diseases, severe renal or liver fail-
ure, recent myocardial infarction (less than 3months previously), and
ongoing treatment with anti-inflammatory drugs. Stroke severity was
assessed using the NIHSS. Sixty age- and sex-matched healthy indi-
viduals were selected as the controls.

All enrolled patients provided written, informed consent. The study
was performed in accordance with the principles of the Helsinki
Declaration and was approved by the Ethics Committee of Gongli
Hospital, The Second Military Medical University, Shanghai, China.

Animal treatment

Male C57BL/6 mice weighing 20�25 g (8�10 weeks of age) at the
time of surgery were used for all experiments. Mice were housed indi-
vidually in a regulated environment of humidity and temperature
(12 h light/dark cycle, lights on at 8:00 a.m.) with standard mouse
diet and water. To evaluate the role of lncRNA XIST in cerebral
ischemia, adeno-associated virus 9 carrying the si-XIST (Genechem,
Shanghai, China) or si-Ctl (5 � 1012 vg/mL in 5 mL PBS) was intra-
ventricularly administered into the right lateral ventricle of the
mice under anesthesia as previously described.39,40

3 weeks after injection, the si-Ctl or si-XIST-treated mice were sub-
jected to intraluminal right MCAO under pentobarbital anesthesia
to induce focal cerebral ischemia as described previously.11 After
90 min of MCAO, the blood flow was restored by removing the fila-
ment. Sham animals (controls) were subjected to the same procedure
but did not receive either intraventricular administration or MCAO.
Mice were allowed to recover and were euthanized at day 7 post-
ischemia.

The animal study protocol was approved by the Animal Care and Use
Committee of Gongli Hospital, The Second Military Medical Univer-
sity, Shanghai, China.

Assessment of neurological deficit and infarct volume

Neurobehavioral tests were assessed blindly before and 2, 4, and
7 days after MCAO using the Modified Neurological Severity Score
(mNSS) (n = 12/group), as previously described.10 The severity score
was graded at a scale from 0 to 14, in which 0 represents normal, and a
higher score indicates a more severe injury.
After functional evaluation of neurological deficits, mice were eutha-
nized at day 7 post-ischemia. The brains were removed and sliced into
2 mm coronal sections, which were stained with 2% triphenyl tetra-
zolium chloride (TTC) at room temperature for 10 min. The stained
brain sections were captured with a digital camera. The infarct area of
each brain was measured in a blinded manner, using SigmaScan Pro5
image analysis software. The total volumes of both the contralateral
and ipsilateral hemisphere were measured, and the infarct percentage
was calculated as percent contralateral structure to avoid mis-mea-
surement secondary to edema.10

Cell culture and treatment

Immortalized mouse BECs of the bEnd3 cell line were obtained from
Shanghai Bioleaf Biotech. The si-XIST (50-UAUUAUAACAGUAA
GUCUGAU-30), si-Ctl, miR-92a-M, NC mimics (NC-M), miR-
92a-I, and NC-I were designed and synthesized by RiboBio (Guangz-
hou, China). As previously reported,10,11 the murine Itga5 (GenBank:
NM_010577.4) or KLF4 (GenBank: NM_010637.3) coding sequence
was cloned into a pCDNA3.1 plasmid vector (Invitrogen, Carlsbad,
CA, USA) through EcoRI and XhoI sites, and the pcDNA3.1 empty
vector acted as NC.

For cell transfection, bEnd3 cells were cultured in 6-well plates at a
density of 1 � 105 cells per well and transfected with siRNAs (si-
XIST or si-Ctl), miR-92a-M, NC-M, miR-92a-I, NC-I, or
sequencing-verified constructs alone or in combination using Lipo-
fectamine 3000 (Invitrogen) in accordance with the manufacturer’s
protocol. After 48 h of transfection, the cells were collected and
used for further analysis.

To mimic ischemia-like conditions in vitro, bEnd3 cell cultures were
exposed to OGD/R.11 In brief, 48 h after transfection, bEnd3 cell cul-
tures were subjected to ischemia-like injury through OGD for 4 h by
placing cultures in an anaerobic chamber (Forma; Thermo Scientific,
Asheville, NC, USA) with an atmosphere of 5% CO2 and 95% N2 in a
deoxygenated, glucose-free balanced salt solution (BSS0). After 4 h of
OGD, cultures were returned to control conditions (restoration) by
adding 5.5 mM glucose to the media under normoxic conditions.
Control cultures (no injury) were incubated with a BSS containing
5.5 mM glucose (BSS5.5). All cultures were maintained in a humidi-
fied 37�C incubator.

Immunohistochemistry studies and antibodies

Mice were euthanized by perfusion with ice-cold saline, and the
brains were rapidly dissected and stored at �80�C. IF studies were
performed as previously described on 10 mm-thick frozen coronal
sections.10,11 The following monoclonal antibodies from BD Phar-
mingen (La Jolla, CA, USA) were used in this study: phycoerythrin
(PE)-conjugated rat anti-mouse Itga5 (CD49e) (clone 5H10-27,
1:100) and fluorescein isothiocyanate (FITC)-conjugated rat anti-
mouse CD31 (platelet endothelial cell adhesion molecule-1 [PE-
CAM-1]) (clone MEC13.3, 553372, 1:200). The mouse anti-E-selectin
monoclonal antibody (SC-137054, 1:100), mouse anti-ICAM-1
monoclonal antibody (SC-8439, 1:100), and mouse anti-VCAM-1
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monoclonal antibody (SC-13160, 1:100) were obtained from Santa
Cruz Biotechnology. The rabbit anti-KLF4 polyclonal antibody
(ab129473, 1:500) and rabbit polyclonal antibodies against Ki67
(ab15580, 1:800) were obtained from Abcam. The rat anti-ZO-1
monoclonal antibody (R40.76, MABT11, 1:100; Merck Millipore,
Darmstadt, Germany), mouse anti-Claudin 5 monoclonal antibody
(4C3C2, 35-2500, 1:200; Invitrogen, Camarillo, CA, USA), and Alexa
Fluor 488-conjugated goat anti-rat secondary antibody were obtained
from Invitrogen (Carlsbad, CA, USA). Cy3-conjugated goat anti-rat
secondary antibody was gotten from EarthOx (Millbrae, CA, USA).
Cy3-conjugated goat anti-rabbit and anti-mouse secondary antibody
were purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA, USA). The NCs for staining and confocal imaging were
used to confirm a coexistence of the vessel proteins.

Quantification of the number of positive cells for the different anti-
gens was performed as previous reported.10,11 In brief, images of
the region of interest were acquired using a �20 objective on a Leica
TCS SP5 II microscope to determine the number of positive events
per field of view (FOV). A minimum of three serial brain sections
per mouse was selected for analysis of each antigen and matched be-
tween mice so that the approximate position of sections used for IF
staining was equivalent between different experimental conditions.
Three images were taken from the ischemic penumbra, including cor-
tex and striatum, as well as ischemic core of each brain section, and
quantified by eye for the number of positive events per FOV. The
number of antigen-positive events per FOV for each section was
calculated as the mean of total numbers obtained from the three re-
gions. These averages of three brain sections were used for statistical
analysis for each mouse.

FISH

lncRNA XIST, miR-92a, Itga5, and KLF4 probes were designed and
synthesized by RiboBio (Guangzhou, China), and the probe se-
quences are available upon request. The probe signals were detected
with a FISH kit (RiboBio, Guangzhou, China) according to the man-
ufacturer’s instructions. Briefly, bEnd3 cells were fixed in 4% formal-
dehyde for 15 min at room temperature. After prehybridization in
PBS, the cells were hybridized in hybridization solution at 37�C over-
night. Then, cell nuclei underwent counterstaining by utilizing DAPI
(40,6-diamidino-2-phenylindole, dihydrochloride) staining. Images
were captured using a confocal microscope (Leica, Wetzlar,
Germany).

Dual-luciferase reporter assay

The binding sites between lncRNAXIST andmiR-92a, as well as miR-
9a and Itga5 or KLF4, were predicted using DIANA-LncBase v.2. A
WT and Mut lncRNA XIST sequence and a WT and Mut 30 UTR
fragment of Itga5 or KLF4 containing the putative miR-92a binding
site were synthesized by Genechem (Shanghai, China). The con-
structs were cloned into the pGL3 luciferase reporter vector (Gene-
chem, Shanghai, China) to generate XIST-WT, XIST-Mut, Itga5-
WT, Itga5-Mut, KLF4-WT, and KLF4-Mut luciferase reporter
systems. The mutations were confirmed by sequencing. Then, the
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luciferase reporter plasmids were co-transfected with miR-92a-M or
NC-M (GenePharma, Shanghai, China) into the HEK293T cells. Af-
ter 48 h of transfection, the luciferase activity was determined using
the dual-luciferase reporter assay system (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. The relative lucif-
erase activity was normalized to Renilla luciferase internal control.

RNA extraction and quantitative real-time PCR

Quantitative real-time PCR analysis was used to determine the
expression of lncRNAXIST andmiR-92a in CIS patients’ blood, brain
tissue, or cultured cells. The blood samples were drawn from the fore-
arms of acute CIS patients 48 h and 7 days after onset of the acute CIS
event (n = 77), as well as the healthy controls (n = 60). The brain sam-
ples of the mice were taken from the ipsilateral ischemic cerebral cor-
tex at different time points of reperfusion after MCAO (n = 6), and
cell lysates were obtained from cultured bEnd3 cells at different
time points of restoration following OGD (n = 4/group). Total
RNA and miRNA were extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, USA), and the miRNeasy Mini Kit (QIAGEN, Hilden,
Germany), respectively. RNA of a patient’s sample was reverse tran-
scribed into cDNA using a RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). For mouse sample and bEnd3 cells,
the cDNA was synthesized using the PrimeScript RT Reagent Kit
(Takara, Japan) for lncRNA, and the miScript II RT kit (QIAGEN,
Germany) was used to convert RNA to cDNA for miRNA, respec-
tively. Quantitative real-time PCR was conducted using the miScript
SYBR Green PCR kit (QIAGEN, Germany) and an Applied Bio-
systems StepOnePlus Real-Time PCR system. The primer sequences
used were as follows: lncRNA XIST forward, 50-CTGCTGATCATT
TGGTGGTGT-30 and reverse, 50-CTCTGCCTGACCTGCTATCA
T-30 (for patients’ sample); lncRNA XIST forward, 50-TGCTC
CACTTGAGACGGAAC-30 and reverse, 50-GGCTTCTGAGGTAG
GGAGGA-30 (for mouse sample and bEnd3 cell); miR-92a forward,
50-ACACTCCAGCTGGGTATTGCACTTGTCCCG-30 and reverse,
50-TGGTGTCGTGGAGTCG-30 (for patients’ sample); miR-92a
forward, 50-TATTGCACTTGTCCCGGCCTG-30 (for mouse sample
and bEnd3 cell); cel-miR-39-3p forward, 50-ACACTCCAGCTGG
GTCACCGGGTGTAAATC-30 and reverse, 50-TGGTGTCGTGGA
GTCG-30 (for patients’ sample). In addition, the sequences of miR-
92a reverse universal and U6 primers (for mouse sample and
bEnd3 cell) were provided from the QIAGEN kit. The average cycle
threshold (Ct) value was normalized using the cel-miR-39-3p or U6
signal. Relative transcript levels were calculated using the 2�DDCt

method. Each lncRNA/miRNA level was expressed as the fold
increase over the level of healthy control, sham control, or NO-
OGD/R control group.

Western blot analysis

24 h after restoration from OGD, bEnd3 cells were harvested and
lysed with lysis buffer (1% Nonidet P-40 [NP-40], 50 mM Tris
HCl, pH 8.0, 150 mM sodium chloride) supplemented with protease
and phosphatase inhibitor cocktails. Protein concentration was
determined using the bicinchoninic acid (BCA) protein assay kit
(Eppendorf-Bio Photometer, Germany). Western blotting and
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semiquantitative analyses were performed as described previ-
ously.10,11 The following primary antibodies were purchased from
Invitrogen (Carlsbad, CA, USA): Armenian hamster anti-ICAM-1
monoclonal antibody (3E2B, MA5405, 1:20), rabbit anti-NF-kB poly-
clonal antibody (51-3500, 1:1,000), rabbit anti-p-NF-kB polyclonal
antibody (PA5-37658, 1:1,000), rabbit anti-E-selectin monoclonal
antibody (15, MA5-29785, 1:1,000), rabbit anti-VCAM-1monoclonal
antibody (SA05-04, MA5-31965, 1:1,000), rabbit anti-KLF4 (PA5-
27440, 1:5,000), rabbit anti-Claudin-5 polyclonal antibody (34-
1600, 1:170), and rabbit anti-ZO-1 polyclonal antibody (61-7300,
1:1,000). The rabbit anti-Itga5 polyclonal antibody (AB1928,
1:1,000) was gotten from Merck Millipore (Darmstadt, Germany),
and b-actin was obtained from Neomarker (Fremont, CA, USA;
1:1,000,). Within each sample, levels of proteins were first normalized
to the level of b-actin and then expressed as the fold increase over the
level of the NO-OGD/R control group.

Migration assay and tube formation assay

Migration assay and tube formation assay were analyzed as previously
reported.6 For the scratch wound healing assay, after 48 h of transfec-
tion, bEnd3 cells in 6-well tissue-culture plates (5� 105 cells per well)
were subjected to OGD for 4 h, followed by 24 h of restoration. Then,
the cells were scratched and left to heal for 24 h at normoxia. Photo-
graphs were taken at the same site 0 and 24 h after the injury. The
healing of the wounds was assessed by measuring the wound gap.

To detect tube formation capacity, bEnd3 cells were added to Matri-
gel-coated 24-well plates at a density of 1 � 105 cells/well after trans-
fection and OGD/R treatment and incubated in normal condition for
8 h. Then, four representative fields were selected for imaging, and the
average total areas of complete tubes formed by cells per unit area
were compared. The experiments were undertaken in triplicate and
were blindly analyzed.

Statistical analysis

Categorical variables were expressed as counts (percentage) and
continuous variables as mean ± standard deviation unless otherwise
indicated. Statistical significance was assessed by the t test, chi-square
test, and one- or two-way analysis of variance (ANOVA), and a Bon-
ferroni post hoc test was used to test multiple comparisons. Correla-
tions were assessed using the Pearson’s method. All statistical ana-
lyses were performed with SPSS (v.16.0; SPSS, Chicago, IL, USA)
and significance was defined as p < 0.05.
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Figure S1. The cellular localization and interactive relationship between lncRNA XIST, miR-92a and Itgα5 or KLF4   

A, Predicted binding sites of lncRNA XIST with miR-92a, and miR-92a with Itgα5 or KLF4. B, RNA FISH assay showed that lncRNA XIST 

colocalized with miR-92a and miR-92a had a colocalization relationship with Itgα5 or KLF4 in bEnd3 cells. C, The expression of miR-92a in 

the ipsilateral ischemic cerebral cortex from sham-operated mice (S, control) or mice at days 0, 1, 2, 4, and 7 post-ischemia was examined by 

qPCR. Results are expressed as the mean ± standard deviation (n =6 per experimental group). Note that cerebral ischemia induced a strong 

increase in the expression of miR-92a in the ischemic hemisphere, reaching a peak at day 2 and then declining at day 4. ***P < 0.001 compared 

with sham control. D, qRT-PCR analysis for miR-92a levels after BECs was subject to OGD/R. Results are expressed as the mean ± standard 

deviation (n =4 per experimental group). Note that OGD/R induced a significant increase in the expression of miR-92a in bEnd3 cells, with this 

effect maximal 6 h post-restoration. *P < 0.05, **P < 0.01, ***P < 0.001 compared with control. E&F, Upregulation or downregulation of miR-

92a was achieved by transfection with miR-92a mimics (miR-92a-M) or inhibitors (miR-92a-I) in bEnd3 cells in normoxia (E) or at 24 h 

restoration from OGD (F) and the efficiency were validated by RT-qPCR. **P < 0.01, ***P < 0.001; ns, not significant. G, Dual-luciferase 

report assay was conducted to detect luciferase activity after co-transfection of HEK293T cells with XIST-wild type (WT) or XIST-mutant (Mut) 

and normal control mimics (NC-M), miR-92a-M. **P<0.01, n=4. H, miR-92a expression was measured using qRT-PCR after transfection with 

si-Ctl or si-XIST at 24 h restoration from OGD. Results are expressed as the mean ± standard deviation (n =4 per experimental group). Note that 

miR-92a levels were significantly elevated in si-XIST-treated cells as compared to that of the si-Ctl-treated cells after 24 h restoration. **P<0.01. 



I&J, Dual-luciferase report assay revealed that miR-92a mimic (miR-92a-M) reduced the luciferase activity of Itgα5-WT (I) or KLF4-WT (J), 

but not of Itgα5-Mut (I) or KLF4 Mut (J). ***P<0.001, n=4. K, The expression of Itgα5 and KLF4 was measured using western blot in bEnd3 

cells transfected with miR-92a-M or miR-92a-I at 24 h restoration from OGD. L-M, Bar graphs show the quantitative analyses of western blots 

as ratios of Itgα5/β-actin (L) and KLF4/β-actin (M) (n=4 per experimental group). Note that overexpression of miR-92a (miR-92a-M) decreased, 

but inhibition of miR-92a (miR-92a-I) increased the expression of Itgα5 and KLF4 in the bEnd3 cells at 24 h restoration from OGD. *P<0.05, 

**P<0.01   



Supplementary Table 1. Baseline clinical characteristics of acute stroke patients and healthy controls 

Characteristics 
Controls 

(n=60) 

CIS  

(n=77) 

P 

value 

Age mean ±SD (years) 67.52±11.43 68.19±12.25 0.744 

Sex Male n (%) 31 (51.67 %) 41 (53.25%) 0.865 

Hypercholesterolemia n (%) 16 (26.67 %) 39 (50.65 %) 0.005 

Hypertension n (%) 28 (46.67 %) 53 (68.83 %) 0.014 

Diabetes n (%) 5 (8.33 %) 21 (27.27 %) 0.008 

Active Smoker n (%) 12 (20 %) 23 (29.87 %) 0.237 

Alcohol n (%) 10 (16.67 %) 16 (20.78%) 0.662 

Atrial fibrillation n (%) 5 (8.33 %) 23 (29.87 %) 0.002 

Coronary disease n (%) - 13 (16.88 %) - 

Previous antiplatelet treatment n (%) 14 (23.33 %) 24 (31.17 %) 0.341 

Previous treatment with statin n (%) 15 (25 %) 28 (36.36 %) 0.195 

Values are shown as number (%), mean ± standard deviation (SD). 
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