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Pathologies in Ischemic Stroke
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The study was designed to determine the role of long noncoding RNA (lncRNA), metastasis-associated lung adenocarcinoma transcript
1 (Malat1), in ischemic stroke outcome. Primary mouse brain microvascular endothelial cells (BMECs) were cultured and treated with
Malat1 GapmeR before 16 h oxygen and glucose depravation (OGD). Cell death was assayed by LDH and MTT methods. Malat1 knock-out
and wild-type mice were subjected to 1 h of middle cerebral artery occlusion (MCAO) and 24 –72 h of reperfusion. To explore the
underlying mechanism, apoptotic and inflammatory factors were measured by qPCR, ELISA, and Western blotting. The physical inter-
action between Malat1 and apoptotic or inflammatory factors was measured by RNA immunoprecipitation. Increased Malat1 levels were
found in cultured mouse BMECs after OGD as well as in isolated cerebral microvessels in mice after MCAO. Silencing of Malat1 by Malat1
GapmeR significantly increased OGD-induced cell death and Caspase 3 activity in BMECs. Silencing of Malat1 also significantly aggra-
vated OGD-induced expression of the proapoptotic factor Bim and proinflammatory cytokines MCP-1, IL-6, and E-selectin. Moreover,
Malat1 KO mice presented larger brain infarct size, worsened neurological scores, and reduced sensorimotor functions. Consistent with
in vitro findings, significantly increased expression of proapoptotic and proinflammatory factors was also found in the cerebral cortex of
Malat1 KO mice after ischemic stroke compared with WT controls. Finally, we demonstrated that Malat1 binds to Bim and E-selectin both
in vitro and in vivo. Our study suggests that Malat1 plays critical protective roles in ischemic stroke.
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Introduction
Stroke is one of the leading causes of death worldwide and a major
cause of long-term disability (Ouyang et al., 2013). Although many
clinical trials for stroke therapy have been completed, the only effec-

tive treatment to date is thrombolysis. The development of effective
therapies in the clinical setting is seriously limited by several reasons,
including the rapid development of brain injury following ischemia,
the complex interplays among signaling pathways, and the treat-
ment window for specific targets (Yin et al., 2010a).

Noncoding RNAs (ncRNAs) are defined as untranslated reg-
ulatory RNA molecules. In humans, DNA sequences responsible
for nonprotein coding regions comprise at least 98% of the total
genome (Yin et al., 2014). Noncoding RNAs can be approxi-
mately divided into small (�200 nt) noncoding RNAs, which
include microRNAs, and long noncoding RNAs (�200 nt, ln-
cRNAs) (Bartel and Chen, 2004). They have within the past
decade emerged as key mediators of posttranscriptional gene ex-
pression/function in pathological aspects of ischemic stroke. Ac-
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Significance Statement

Accumulative studies have demonstrated the important regulatory roles of microRNAs in vascular and neural damage after
ischemic stroke. However, the functional significance and mechanisms of other classes of noncoding RNAs in cerebrovascular
pathophysiology after stroke are less studied. Here we demonstrate a novel role of Malat1, a long noncoding RNA that has been
originally identified as a prognostic marker for non-small cell lung cancer, in cerebrovascular pathogenesis of ischemic stroke.
Our experiments have provided the first evidence that Malat1 plays anti-apoptotic and anti-inflammatory roles in brain micro-
vasculature to reduce ischemic cerebral vascular and parenchymal damages. Our studies also suggest that lncRNAs can be
therapeutically targeted to minimize poststroke brain damage.
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cumulative studies have demonstrated the important regulatory
roles of microRNAs in vascular and neural damage after ischemic
stroke. However, the functional significance and mechanisms of
other classes of noncoding RNAs in cerebrovascular pathophys-
iology after stroke are less studied. Recently, Mehta et al. (2015)
reported that lncRNA FosDT promotes ischemic brain injury by
interacting with REST-associated chromatin modifying proteins,
suggesting that lncRNAs can be therapeutically targeted to min-
imize poststroke brain damage.

Malat1 is a highly abundant and evolutionary conserved ln-
cRNA, which was first described to be associated with metastasis
of lung tumors (Ji et al., 2003). A previous study reported that
Malat1 promoted aggressive renal cell carcinoma through Ezh2
(Hirata et al., 2015). Malat1 silencing significantly suppresses the
proliferation of esophageal squamous cell carcinoma at the G2/M
phase (Wang et al., 2015). Furthermore, it was reported that
Malat1 regulated endothelial cell function and vessel growth (Mi-
chalik et al., 2014). However, the function of Malat1 in the cere-
bral vasculature after stroke has not been studied.

Our previous study using RNA-sequencing (RNA-seq) tech-
nology has identified Malat1 as one of the most highly upregu-
lated oxygen-glucose deprivation (OGD)-responsive endothelial
lncRNAs (Zhang et al., 2016). Here we further studied the func-
tional role of Malat1 both in cultured mouse brain microvascular
endothelial cells (BMECs) and in a Malat1-deficient mouse model.
We found increased Malat1 levels both in vitro and in vivo after
ischemic insults. In cultured BMECs, downregulation of Malat1
by GapmeRs significantly increased OGD-induced cell death and
Caspase 3 activity. Further, we showed that Malat1 played anti-
apoptotic and anti-inflammatory roles in cultured BMECs after
OGD and in mice after ischemic stroke. Moreover, RNA immu-
noprecipitation studies indicate that Malat1 physically binds to
Bim and E-selectin. Collectively, these results suggest that Malat1
plays critical protective roles in ischemic stroke.

Materials and Methods
Experimental mice. Malat1 KO mice on a C57BL/6J (RRID: IMSR_JAX:
000664) background were kindly provided by Dr. David L. Spector
(Zhang et al., 2012). Generally, Malat1 KO mice are viable and fertile
with normal appearance, behavior, growth, and litter size. The animal
study protocol was approved by the University of Pittsburgh Animal
Care and Use Committee.

Mouse model of transient focal cerebral ischemia. Focal cerebral isch-
emia was induced in mice by intraluminal middle cerebral artery occlu-
sion (MCAO) as described previously (Yin et al., 2010b). Briefly, male
mice (8 –10 weeks, 23–25 g) were anesthetized with 1.5%–3% isoflurane
(Henry Schein Animal Health). A 2 cm length of a 7– 0 rounded tip nylon
suture was gently advanced from the external carotid artery up to the
internal carotid artery until regional cerebral blood flow was reduced to
�16% of baseline. After 60 min of MCA occlusion, blood flow was re-
stored by removing the suture, and the mice were allowed to recover for
1–7 d. Changes in cerebral blood flow, arterial blood gases, mean arterial
pressure, and heart rate were monitored in animals 30 min before, dur-
ing, and 30 min after MCAO. The rectal temperature was controlled at
37.0 � 0.5°C during surgery.

Assessment of infarct volume, neurological deficit, and sensorimotor
function. Mice were killed on day 1, and infarct area was measured from
the brain slices using 2% TTC staining as described previously (Yin et al.,
2013). Neurobehavioral deficits were determined by the adhesive re-
moval test, foot fault test, and cylinder test at 1, 3, 5, and 7 d of reperfu-
sion (Wang et al., 2014). Following cerebral ischemia, mice were also
tested for neurological deficits and scored on a 5 point scale: 0, no ob-
servable neurological deficits (normal); 1, failure to extend right forepaw
(mild); 2, circling to the contralateral side (moderate); 3, falling to the
right (severe); 4, mice could not walk spontaneously; 5, depressed level of
consciousness (very severe).

Isolation of cerebral vessels. The mouse brains were removed, and cere-
bral microvessels were isolated using a previously described method (Yin
et al., 2006). The final vessel pellet was stored at �80°C until various
biochemical assays were performed.

Cell cultures and OGD. Mouse primary BMECs were purchased from
Cell Biologics (catalog #C57-6023). Mouse N2A neuroblastoma (N2A)
cells were purchased from ATCC (catalog #CCL-131, RRID: CVCL_0470).
Mouse BMECs and N2A cells (2–10 passages) were grown to 85%–95%
confluency before use. To mimic ischemia-like conditions in vitro,
mouse BMEC cultures were exposed to OGD for 16 h (Yin et al., 2002)
and mouse N2A cultures (2– 4 passages) were exposed to OGD for 4 h
(Yin et al., 2010a). In some experiments, BMECs were treated with 50 nM

Malat1 GapmeR or Malat1 Control (Ctrl) for 48 h before OGD exposure.
Assessment of cell death and caspase-3 activity. The extent of mouse

BMEC and N2A cell death was assessed by MTT and LDH assays.
Caspase-3 activity in isolated cerebral microvessels was detected by a
commercial Caspase-3 Colorimetric Activity Assay Kit (Millipore)
according to manufacturer’s instructions.

Quantitative real-time PCR. Total RNA was isolated from BMEC cul-
tures or cerebral cortex by using an RNeasy Mini Kit (QIAGEN) or Trizol
(Invitrogen). Quantitative real-time RT-PCR was performed with a
Bio-Rad CFX Connect thermocycler, iScript cDNA synthesis kit, and
iTaq Universal SYBR Green supermix (Bio-Rad). Specific primers used
for the reaction are as follows: Malat1 forward, 5�-ggcggaattgctggtagttt-
3�; Malat1 reverse, 5�-agcatagcagtacacgcctt-3�; Bim forward, 5�-cggatcg
gagacgagttca-3�; Bim reverse, 5�-ttcagcctcgcggtaatca-3�; Bax forward, 5�-
caggatgcgtccaccaaga-3�; Bax reverse, 5�-ccatattgctgtccagttcatctc-3�; MCP-1
forward, 5�-gcaccagcaccagccaactctcact-3�; MCP-1 reverse, 5�-cattccttct
tggggtcagcacag-3�; IL-6 forward, 5�-agttgccttcttgggactga-3�; IL-6 reverse,
5�-tccacgatttcccagagaac-3�; E-selectin forward, 5�-agctacccatggaacacgac-
3�; E-selectin reverse, 5�-acgcaagttctccagctgtt-3�; cyclophilin forward,
5�-actcctcatttagatgggcatca-3�; cyclophilin reverse, 5�-gagtatccgtacctccgc
aaa-3�. The relative mRNA expression was normalized to cyclophilin
RNA levels (Yin et al., 2011). PCR experiments were repeated 3 times,
each using separate sets of cultures.

Western blot. Samples from the mouse cerebral cortex or BMEC cul-
tures were homogenized in lysis buffers, and total protein was isolated as
described previously (Zhu et al., 2009). Various primary antibodies were
used, including Bim (1:500; Cell Signaling Technology catalog #2933
RRID: AB_1030947), Bax (1:1000; Cell Signaling Technology catalog
#2772 RRID: AB_329921), E-selectin (4 �g/ml; Abcam catalog #ab18981
RRID: AB_470289), MCP-1 (1:500; Cell Signaling Technology catalog
#2029 RRID: AB_1264199), IL-6 (1:500; Cell Signaling Technology cat-
alog #12912), and �-actin (1:4000; Sigma-Aldrich catalog #A5441 RRID:
AB_476744).

In vitro cytokine analysis. Mouse BMEC cultures were treated with 50
nM Malat1 GapmeR or Malat1 Ctrl for 48 h before OGD exposure for
16 h. MCP-1 and IL-6 in supernatants were measured by ELISA (R&D
Biosystems).

RNA immunoprecipitation. RNA-immunoprecipitation (RIP) was
performed using the Magna RIP RNA-Binding Protein Immunoprecipi-
tation Kit (Millipore) according to the manufacturer’s instructions.
Anti-Bim (Thermo Fisher Scientific catalog #MA5-14848 RRID:
AB_10981505) or anti-E-selectin (Abcam catalog #ab6630 RRID:
AB_305609) antibodies were used for RIP. Coprecipitated RNAs from
total extracts of OGD-treated BMEC cultures or mouse ischemic brains
were analyzed by qPCR using primers specific for Malat1. Total RNA
(input control) and the isotype control were assayed simultaneously to
show the binding specificity between Malat1 and Bim/E-selectin.

RNA sequencing and bioinformatics analysis. RNA-seq was performed
using a previously described method (Zhang et al., 2016).

RNA FISH. To detect Malat1 in situ expression, BMEC cells were fixed
in 4% formaldehyde for 15 min at room temperature and then perme-
abilized with 0.5% Triton X-100 on ice for 10 min. Cells were washed in
PBS 3� for 10 min and rinsed once in 2� SSC before hybridization.
Hybridization was performed using Malat1 FITC-labeled locked nucleic
acid (LNA) probes (Exiqon) in a moist chamber at 37°C for 8 h.

Statistical analysis. Quantitative data are expressed as mean � SEM.
Differences among three or more groups were statistically analyzed by
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one-way ANOVA followed by Bonferroni’s post hoc test. Comparisons
between two experimental groups were based on a two-tailed t test.
A p value �0.05 was considered significant.

Results
Induction of Malat1 levels in cultured BMECs after OGD and
mouse cerebral microvessels after focal cerebral ischemia
To uncover the transcriptomic effects of ischemic stimuli on ce-
rebral vascular endothelium, mouse BMECs were subjected to OGD
for 16 h. We then performed RNA-seq by using RNA isolated from
control and OGD-treated cultures from four biological replicates
(Zhang et al., 2016). Malat1 was identified among the three most
highly upregulated lncRNA transcripts and showed a 6- to 7-fold
increased expression in BMEC cultures after 16 h OGD (Fig. 1A) as
well as in isolated cerebral microvessels from mice that were sub-

jected to transient 1 h MCAO and 24 h reperfusion (Fig. 1B) by
quantitative real-time PCR (qPCR) analysis. Of note, Malat1 was not
pathologically increased in whole mouse brains in response to the
same ischemic insult (Fig. 1B). The expression and nuclear localiza-
tion of Malat1 were also shown in BMECs by in situ hybridization
using Malat1 FITC-labeled LNA probes (Exiqon) but not by the
control probe (Fig. 1C). These results suggest that upregulated
Malat1 may play an important role in cerebral endothelial pathogen-
esis after ischemic stroke.

Silencing of Malat1 augments ischemia-induced endothelial
cell death in vitro
OGD treatment for 16 h induced dramatic cell death in mouse
BEMC cultures in our previous study. Because Malat1 was highly
expressed and most profoundly increased by OGD, we further
explored the function of Malat1 in mouse endothelial cells by
manipulating Malat1 expression. We used fluorescein-labeled
Malat1 GapmeR as a genetic approach to achieve Malat1 silenc-
ing in mouse BMEC cultures. GapmeRs are single-stranded oli-
gonucleotides that consist of a DNA stretch flanked by LNA
nucleotides (Dullea et al., 2014). Base-pairing with the targeted
lncRNA in the nucleus induced degradation by an RNase
H-dependent mechanism (Lanford et al., 2010). Successful deliv-
ery of LNA-Malat1 GapmeR into mouse BMECs was confirmed
by fluorescence microscopy (Fig. 2A), and the basal and OGD-
induced Malat1 levels (Fig. 2B) were significantly decreased by
transfection of BMECs with LNA-Malat1 GapmeR for 48 h versus
transfection with the Malat1 control. Treatment with Malat1
GapmeR significantly increased OGD-induced cerebral vascular
endothelial cell death compared with the Malat1 ctrl group, as
evidenced by LDH quantitation (Fig. 2C) and MTT assays
(Fig. 2D). Malat1 GapmeR also significantly augmented OGD-
activated caspase 3 activity (Fig. 2E) in mouse BMECs. We also
examined Malat1 expression in neuroblastoma cell line N2A by
qPCR analysis. Malat1 was expressed at relatively low level in
N2A cells yet still can be induced by OGD treatment (Fig. 2F).
LDH (Fig. 2G) and MTT (Fig. 2H) assays demonstrated that
exposure to OGD for 4 h induced dramatic N2A cell death, and
silencing of Malat1 by GapmeR did not affect cell death further.

Genetic deficiency of Malat1 potentiates ischemic brain
injury in mice
Given that Malat1 plays endothelial protective roles in vitro, we
next determined whether Malat1 has any impact on ischemic
brain injury in vivo. We used a silencing strategy using Malat1
knock-out (KO) mice on a C57BL/6J background (Zhang et al.,
2012). Malat1 KO and littermate control (WT) mice were sub-
jected to transient MCAO for 1 h followed by 24 h reperfusion. In
comparison with the Malat1 WT mice, Malat1 KO mice showed a
larger cerebral infarct volume (Fig. 3A,B) and a significantly
more severe neurological deficit (Fig. 3C) in response to ischemic
insults. These results suggest that Malat1 silencing exacerbates
ischemic brain damage.

Inhibitory recovery of sensorimotor functions in Malat1 KO
mice after focal cerebral ischemia
Stroke in humans often causes extensive sensorimotor dysfunction.
We therefore used a series of neurobehavioral tests to examine func-
tional outcomes of Malat1 deficiency in stroke mice. Malat1 KO and
littermate WT mice were subjected to 1 h MCAO followed by 1–7 d
reperfusion, and assessed by adhesive tape removal, foot fault, and
cylinder tests. Malat1 KO mice showed significantly increased touch
time (Fig. 4A), removal time (Fig. 4B), and fault steps (Fig. 4C)

Figure 1. Malat1 expression in mouse BMEC cultures and mouse cerebral microvessels fol-
lowing focal cerebral ischemia. A, RNA-seq and qPCR data showing the expression of Malat1 in
cultured BMECs. Malat1 was significantly induced after OGD treatment. B, Malat1 level was also
examined in isolated cerebral microvessels (Cereb. Ves.) and cerebral cortex (Cereb. Ctx.) in mice
subjected to 1 h MCAO and 24 h reperfusion (n � 3). Significantly increased expression of
Malat1 was found in isolated cerebral microvessels after MCAO. C, In situ hybridization detection
of Malat1 nuclear distribution (arrows) in BMECs. Data are mean � SEM. *p � 0.05 versus
Non-OGD or Sham group. Scale bar, 20 �m.
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compared with Malat1 WT controls after MCAO. In addition,
Malat1 KO mice exhibited less balanced use of both limbs compared
with Malat1 WT mice (Fig. 4D). Together, these results suggest that
Malat1 plays a critical role in prompting neurological functional
recovery from ischemic brain insults.

Silencing of Malat1 increases proapoptotic Bim expression
after ischemic insults
There is evidence suggesting that Malat1 is involved in genome
stability (Tripathi et al., 2010) and cell cycle checkpoint regula-
tion (Yang et al., 2013), all contributing to uncontrolled cell

Figure 2. Silencing of Malat1 by LNA-GapmeRs increases OGD-induced mouse BMEC cell death. GapmeRs are DNA oligonucleotides with LNA residues at the 3� and 5� ends that induce RNase
H-mediated degradation of nuclear RNA. GapmeRs targeting Malat1 or scrambled control GapmeRs were transfected at 50 nM. A, Images were taken 48 h after transfection. GFP 	 cells indicated
successfully transfected cells. B, qPCR showed significantly reduced Malat1 levels in BMECs after transfection in the absence or presence of 16 h OGD exposure. C, D, Exposure to OGD results in obvious
BMEC cell death detected by LDH assay (C) and MTT assay (D). Increased OGD-induced cell death in Malat1 GapmeR-transfected BMECs compared with Malat1 Ctrl-transfected cells. E, Exposure to
OGD increases caspase 3 activation in BMEC cells transfected with Malat1 GapmeR. F, qPCR showed significantly reduced Malat1 levels in N2A cells after transfection in the absence or presence of 4 h
OGD exposure. G, H, Exposure to OGD resulted in remarkable N2A cell death detected by LDH (G) and MTT assay (H ). However, silencing of Malat1 by GapmeR had no effects on OGD-induced N2A
cell death. Data are mean � SEM (n � 3). *p � 0.05 versus Malat1 control 	 Non-OGD or OGD group. Scale bar, 50 �m.
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growth. To explore the underlying mechanisms contributing to
the protective role of Malat1, we first investigated the mRNA
expressional profiles of a number of Bcl-2 family of apoptosis
regulators, including Bim, Bid, Bad, Bax, Bmf, and DP5 in mouse
BMEC cultures with the presence or absence of Malat1 GapmeR.
We found that silencing of Malat1 significantly aggravated OGD-

induced mRNA levels of Bim (Fig. 5A), but not other proapop-
totic genes tested (data not shown) by qPCR. The increased Bim
expression in Malat1 GapmeR-treated BMECs at the protein level
was also confirmed by Western blotting (Fig. 5B). Consistent
with in vitro observations, increased Bim mRNA (Fig. 5C) and
protein (Fig. 5D) levels were also found in the cerebral cortex of

Figure 4. Genetic deletion of Malat1 gene aggravates sensorimotor functions of mice after MCAO. A–D, Focal cerebral ischemia was induced in Malat1 WT and Malat1 KO mice by 1 h MCAO followed by 1–7
d reperfusion. Ischemic mice (n�8) were subjected to adhesive tape removal (A, B), foot fault (C), and cylinder (D) tests for examination of sensorimotor functions. In comparison with Malat1 WT mice, Malat1
KO mice showed increased touch time, removal time, fault steps, and less balanced use of both limbs after MCAO. Data are mean � SD. *p � 0.05 versus the Malat1 WT group.

Figure 3. Effects of Malat1 genetic deficiency on ischemic infarction and neurological outcomes. Malat1 KO and littermate control (Malat1 WT) mice were subjected to 1 h MCAO and 24 h
reperfusion. A, The 2% TTC-stained coronal sections are shown at different brain levels posterior to the frontal pole. B, C, Quantitative analysis was performed on infarct volume (B) and neurological
deficits (C) in mice after stroke. In comparison with Malat1 WT mice, Malat1 KO mice showed larger ischemia-induced brain infarction (n � 11) and worsened neurological outcomes (n � 11). Data
are mean � SD. *p � 0.05 versus the WT group.
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Malat1 KO mice subjected to 1 h MCAO followed by 24 h (Fig. 5)
or 72 h (data not shown) reperfusion in comparison with Malat1
WT. These results suggested that Malat1 appeared to have anti-
apoptotic effects in cerebral endothelium by regulating the key
apoptotic cell death regulator Bim.

Silencing of Malat1 increases proinflammatory cytokine
levels in BMEC cultures
It is widely accepted that endothelial inflammation and subse-
quent impairment of endothelial function contribute to ischemic

brain injury (Sandoval and Witt, 2008). We therefore determined
whether altered expression of Malat1 could regulate the inflam-
matory response in BMEC cultures. By qPCR, we measured
mRNA abundance of three well-known proinflammatory cyto-
kines, E-selectin (Fig. 6A), MCP-1 (Fig. 6B), and IL-6 (Fig. 6C).
The 16 h of OGD treatment significantly increased the mRNA
production of all three proinflammatory factors. Silencing of
Malat1 by GapmeR further aggravated OGD-induced E-selectin,
MCP-1, and IL-6 mRNA levels. We also observed increased

Figure 5. The effect of Malat1 silencing on proapoptotic factors in mouse BMECs after OGD and in mouse brain after focal cerebral ischemia. A, Cultured BMECs were transfected by LNA-Malat1
GapmeR and scramble control for 48 h, and then subjected to 16 h OGD. The expression levels of Bim and Bax were determined by qPCR and normalized to cyclophilin (n � 3). B, The protein levels
of Bim and Bax were determined by Western blotting, with �-actin as the loading control. C, Stroke was induced in Malat1 WT and Malat1 KO mice by 1 h MCAO followed by 24 h reperfusion.
Expression levels of Bim and Bax were determined by qPCR and normalized to cyclophilin (n � 6/group). D, The protein levels of Bim and Bax were determined, with �-actin as the loading control.
Silencing of Malat1 increased the expression of the proapoptotic factor Bim in cultured BMECs and in the mouse ischemic brain regions after MCAO. Experiments were repeated three times, and representative
blots are displayed. Data are mean � SEM. *p � 0.05 versus Malat1 Ctrl 	 ODG or Malat1 WT 	 MCAO group. #p � 0.05 versus Malat1 Ctrl 	 Non-OGD or Malat1 WT 	 sham group.
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E-selectin expression in Malat1 GapmeR-treated BMECs at the
protein level by Western blotting (Fig. 6D) and upregulated
MCP-1 (Fig. 6E) and IL-6 (Fig. 6F) levels in Malat1 GapmeR-
treated BMEC culture medium by ELISA. These data suggested
that Malat1 has anti-inflammatory roles in cerebral endothelium
in an in vitro ischemic stroke model.

Genetic deficiency of Malat1 augments inflammation in
mouse brain after MCAO
To confirm the anti-inflammatory roles of Malat1 in vivo, Malat1
WT and Malat1 KO mice were subjected to 1 h MCAO followed
by 24 h (Fig. 7) or 72 h (data not shown) reperfusion. Consistent
with in vitro results, significantly increased expression of E-selectin
(Fig. 7A), MCP-1 (Fig. 7B), and IL-6 (Fig. 7C) at mRNA and
protein (Fig. 7D) levels were found in Malat1 KO mouse cortex
after ischemic stroke in comparison with Malat1 WT controls.
Collectively, it appears that Malat1 plays cerebrovascular protec-

tive roles by inhibiting inflammatory responses induced by isch-
emic insults.

Malat1 physically binds to Bim and E-selectin
lncRNAs are known to associate with chromatin and serve regu-
latory functions through sequence-specific hybridization and/or
through structural and spatial mechanisms (Zhao et al., 2010).
One of the most straightforward explanations for Malat1’s inhib-
itory effects on proapoptotic factors and proinflammatory cyto-
kines would be that Malat1 physically associates with them. To
test this possibility, we first performed RNA immunoprecipita-
tion with the Bim or E-selectin antibody from total extracts
of OGD-treated BMEC cultures. We observed 
16-fold en-
richment of Malat1 in the anti-Bim immunoprecipitate and

31-fold enrichment of Malat1 in the anti-E-selectin immuno-
precipitate compared with IgG controls (Fig. 8A). To further
confirm the physical interaction of Malat1 with Bim/E-selectin in

Figure 6. Effects of Malat1 silencing on major proinflammatory cytokines in mouse BMECs after OGD. A–C, Cultured BMECs were transfected with LNA-Malat1 GapmeR and scramble control for
48 h, and then subjected to 16 h OGD. The expression levels of E-selectin (A), MCP-1 (B), and IL-6 (C) were determined by qPCR and normalized to cyclophilin (n � 3). D, The protein level of E-selectin
was determined by Western blotting, with �-actin as the loading control. Experiments were repeated three times, and representative blots are displayed. E, F, Protein levels of MCP-1 (E) and IL-6
(F ) in Malat1 Ctrl and Malat1 GapmeR-treated BMEC culture medium were analyzed by ELISA (n � 3). Silencing of Malat1 by GapmeR treatment increased the expression of proinflammatory
cytokines MCP-1, IL-6, and E-selectin in cultured BMECs after 16 h OGD. Data are mean � SD. *p � 0.05 versus Malat1 Ctrl 	 OGD group. #p � 0.05 versus Malat1 Ctrl 	 Non-OGD group.
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vivo, we performed RIP with the Bim or E-selectin antibody from
fresh brain extracts of C57BL/6J mice that underwent 1 h MCAO
followed by 24 h reperfusion. Consistently, we found 
32-fold
enrichment of Malat1 in the anti-Bim brain immunoprecipitate
and 
34-fold enrichment of Malat1 in the anti-E-selectin brain
immunoprecipitate compared with IgG controls (Fig. 8B). To-
gether, the results indicated that Malat1 physically associates with
Bim and E-selectin in vitro and in vivo.

Discussion
There is growing evidence that lncRNAs are important regulators
of physiological and pathological responses; however, their po-
tential importance in cerebrovascular pathophysiology is only
now emerging (Mehta et al., 2015). It was reported by Mehta et al.
(2015) that the expression of lncRNA FosDT was induced in
adult rats following transient MCAO. FosDT knockdown signif-
icantly ameliorated the postischemic motor deficits and reduced
the infarct volume (Mehta et al., 2015). Malat1 was first described
to be associated with metastasis of lung tumors (Ji et al., 2003). Ji
et al. (2003) reported, for the first time, that expression of Malat1
was significantly associated with metastasis in non-small cell lung
cancer patients. Also Malat1’s association with metastasis was
stage- and histology-specific (Ji et al., 2003). Other studies showed
that aberrant expression of Malat1 correlates with tumor devel-
opment (Xiao et al., 2015), progression (Lu et al., 2015), metas-
tasis (Cai et al., 2016), and survival (Wei and Niu, 2015) in many
cancer types. In addition to its oncogenic role in different cancers,
Malat1 is also involved in other diseases, such as diabetes (Liu et
al., 2014), myocardial infarction, and heart failure (Uchida and

Figure 8. Malat1 physically associates with Bim and E-selectin in mouse BMECs and mouse
brains. A, B, Interaction between Malat1 and Bim or E-selectin revealed by RIP experiments.
Total extracts of cultured BMECs after 16 h OGD (A) and mouse brains after 24 h MCAO (B) were
immunoprecipitated with control IgG, anti-Bim, or anti-E-selectin antibody, and the complexes
were analyzed for the presence of Malat1 by qPCR. Fold enrichment over the normal rabbit IgG
was calculated by the ��Ct method (n � 3). Data are mean � SEM of two independent
experiments with triplicate wells. *p � 0.05 versus IgG group.

Figure 7. Effects of Malat1 genetic deficiency on proinflammatory cytokines in mouse brain after focal cerebral ischemia. A–C, Stroke was induced in Malat1 WT and KO mice by 1 h MCAO followed
by 24 h reperfusion. Total RNA was extracted from Malat1 WT and Malat1 KO mouse cortex 24 h after MCAO, and expression levels of E-selectin (A), MCP-1 (B), and IL-6 (C) were determined by qPCR
and normalized to cyclophilin (n � 6/group). D, Total protein was extracted and subjected to gel electrophoresis. The protein levels of E-selectin, MCP-1, and IL-6 were determined, with �-actin as
the loading control. Increased expression levels of the proinflammatory cytokines MCP-1, IL-6, and E-selectin were induced in Malat1 KO mice 24 h after MCAO compared with Malat1 WT mice.
Experiments were repeated three times, and representative blots are displayed. Data are mean � SEM. *p � 0.05 versus Malat1 WT 	 MCAO group. #p � 0.05 versus Malat1 WT 	 Sham group.
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Dimmeler, 2015) and even in normal biologic processes, such as
vessel growth (Thum and Fiedler, 2014), synaptogenesis (Liu et
al., 2014), and myogenesis (Vausort et al., 2014). However, the
functional significance of Malat1 in cerebrovascular physiology
and pathophysiological disorders has never been studied.

In this study, we demonstrate a novel function of Malat1,
which has been originally identified as a prognostic marker for
non-small cell lung cancer, in modulating apoptotic and inflam-
matory responses in the mouse cerebral endothelium after
in vitro and in vivo cerebral ischemic insults. This novel finding is
strongly confirmed by our experimental evidence demonstrating
that Malat1 expression was induced in mouse BMECs after OGD
and in isolated cerebral microvessels in mice after MCAO and
reperfusion. We also demonstrated that genetic deletion of
Malat1 gene presented larger brain infarct size, worse neurolog-
ical scores, and more severe sensorimotor dysfunction in mice
after MCAO than WT controls. Moreover, we found that silenc-
ing of Malat1 augmented ischemia-induced endothelial loss, ap-
optosis, and inflammation in vitro and in vivo. Furthermore, we
proved that Malat1 physically interacts with proapoptotic Bim
and proinflammatory E-selectin. To our knowledge, our experi-
ments have provided the first evidence that Malat1 plays anti-
apoptotic and anti-inflammatory roles in brain microvasculature
to reduce ischemic cerebral vascular and parenchymal damages.

It is well known that Malat1 is a nuclear-retained noncoding
RNA (Zhao et al., 2016); however, several recent publications
report the presence of Malat1 in the cytoplasm to exert its func-
tion (Dodd et al., 2013; Han et al., 2015), suggesting that local-
ization of Malat1 may be cell type-specific. Michalik et al. (2014)
determined the localization of several lncRNAs, including Malat1
in endothelial cells derived from various human vascular beds
and found that Malat1 was highly enriched in the nuclear fraction
(Michalik et al., 2014). The subcellular distribution of Malat1 in
mouse BMEC cultures was determined in our study by in situ
hybridization. It appears that Malat1 predominantly localized in
the nucleus, which is consistent with most other published re-
ports in HeLa cells (Tripathi et al., 2010), lung cancer cells (Tano
et al., 2010), and THP-1 cells (Zhao et al., 2016).

There is evidence suggesting that Malat1 may be involved in
cell cycle regulation. Its role in G2/M regulation has been specif-
ically emphasized in several studies (Tripathi et al., 2010; Yang et
al., 2013). Tripathi et al. (2010) reported that Malat1 depletion
leads to an accumulated G2/M population, indicating a critical
involvement of Malat1 in cell cycle checkpoints. Michalik et al.
(2014) managed to silence Malat1 expression in human umbilical
vein endothelial cells by either siRNA or LNA-GapmeR treat-
ment and found reduced proliferative ability and reduced pro-
gression through the cell cycle in both treatments (Michalik et al.,
2014). In our study, Malat1 silencing by GapmeR treatment in
mouse BMEC cells augments OGD-induced cell death and
caspase-3 activity (Fig. 2). We are among the first to examine the
effects of Malat1 on cerebral vascular endothelial damage after
ischemic insults. Ischemic endothelial cell death undergoes both
necrosis and apoptosis. In rodent experimental stroke models,
activation of both caspase-dependent and caspase-independent
apoptotic pathways have been shown to be responsible for endo-
thelial cell apoptosis. In response to various ischemic stimuli,
many proapoptotic factors, such as BH3-only proteins, have been
identified in cerebral endothelium (Yin et al., 2014). Bim belongs
to the BH3-only subclass of the Bcl-2 family of apoptosis regula-
tors. These proteins contain only one of the Bcl-2 homology re-
gions and are essential initiators of apoptotic cell death (Kelekar
and Thompson, 1998). We examined the expression profile of

major BH3-only proapoptotic factors and found that Bim was
significantly upregulated in BMEC cultures treated with Malat1
GapmeR after OGD compared with Malat1 controls and in
Malat1 KO mice after MCAO in comparison with Malat1 WT
littermates (Fig. 5), suggesting that Malat1 plays an anti-
apoptotic role through inhibitory effects on Bim.

Inflammatory mediators generated/released from various
neural cells are involved in molecular cascades determining
stroke outcome (Huang et al., 2006). During cerebral ischemia,
cerebral endothelial cells are stimulated by inflammatory media-
tors in ischemic brains and undergo proinflammatory activation.
Activated cerebral endothelium have the capacity to produce
and/or secrete many inflammatory mediators, most important of
which are the selectins (P-selectin, E-selectin), proinflammatory
cytokines, and integrins, thus becoming a source of inflammation
themselves in the cerebral vasculature (Ruetzler et al., 2001;
Huang et al., 2006). In our study, silencing of Malat1 aggregated
ischemia-triggered proinflammatory cytokines IL-6, MCP-1, and
E-selectin levels in BMEC cultures (Fig. 6) and in mouse brains. It
appears that Malat1 plays vaso/neuroprotective roles by inhibit-
ing inflammatory responses induced by ischemic stroke. More
systematic approaches, such as RNA-sequencing or microarray
analysis, could be used in the future study to uncover all target
genes that are responsible for Malat1-mediated protection after
ischemic stroke.

The most straightforward explanation for Malat1 regulation
of Bim or E-selectin would be through direct binding. Recently,
Zhao et al. (2016) performed RIP with the p65 antibody from
subcellular extracts of LPS-stimulated THP-1 macrophages, and
observed 
7-fold enrichment of nuclear Malat1 in the anti-p65
immunoprecipitate compared with the IgG control. We also used
RIP experiments in our study, and we found 
34-fold enrich-
ment of Malat1 in the anti-E-selectin brain immunoprecipitate
and 
32-fold enrichment of Malat1 in the anti-Bim brain immu-
noprecipitate compared with IgG controls. This is the first study
to document a direct physical association between Malat1 and
Bim or E-selectin in vitro and in vivo.

In conclusion, we reported novel findings that Malat1 pro-
tects the cerebral microvasculature and parenchyma from cere-
bral ischemic insults by inhibiting endothelial cell death and
inflammation. There is growing evidence showing that ischemia-
induced cerebral endothelial cell injury, endothelial cell inflam-
mation, and subsequent impairment of endothelial cell function
increase cerebrovascular permeability and blood– brain barrier
leakage, contributing to ischemic brain injury (Ruetzler et al.,
2001; Ouyang et al., 2013). Therefore, the findings of the present
study may have therapeutic implications. Future endeavors are
needed to investigate whether pharmacological manipulation of the
Malat1 gene affects stroke outcomes and neurological function.
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