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Silencing of lncRNA XLOC_035088 Protects Middle Cerebral
Artery Occlusion-Induced Ischemic Stroke by Notch1

Signaling

Miao Chen, MD, Feng Wang, PhD, and Hairong Wang, MD

Abstract
Ischemic stroke represents one of the leading causes of mortality

worldwide and especially in developing countries. It is crucial for

finding effective therapeutic targets that protect the brain against is-

chemic injury. Long noncoding RNAs (lncRNAs) have emerged as

major regulators of neurological diseases, and clarifying their roles

in cerebral ischemic injury may provide novel targets for the treat-

ment of ischemic stroke. We aimed to investigate the role of

lncRNA-XLOC_035088 in middle cerebral artery occlusion

(MCAO)-induced rat brain injury and oxygen-glucose deprivation

(OGD)-reperfusion treated hippocampal neurons. In our findings,

we found that XLOC_035088 expression was significantly upregu-

lated in OGD-reperfusion treated hippocampal neurons and in differ-

ent brain regions of MCAO-treated rats. XLOC_035088 silencing

protected against MCAO-induced ischemic brain injury in vivo and

OGD-induced hippocampal neuronal apoptosis in vitro. Intrahippo-

campal silencing of XLOC_035088 significantly decreased brain

XLOC_035088 expression, reduced brain infarct size, and improved

neurological function through inhibiting NOTCH1 following dere-

pression of presenilin 2 (PSEN2). Taken together, this study pro-

vides evidence that the lncRNA XLOC_035088/PSEN2/Notch1 axis

is involved in the pathogenesis of ischemic brain injury, and presents

a promising therapeutic route for ischemic stroke.

Key Words: Ischemic stroke, Long noncoding RNA, Middle cere-

bral artery, Occlusion, XLOC_035088.

INTRODUCTION
Ischemic stroke represents one of the leading causes of

mortality worldwide and especially in developing countries
(1–4), and it is crucial to find effective therapeutic targets that
protect the brain against ischemic injury (5, 6). Previous stud-
ies have shown that ischemia is followed by many compli-
cated events, such as energy failure, neurotoxicity of
excitatory amino acids, inflammatory responses, and depolari-
zation of penumbra and apoptosis, which in turn results in apo-
ptotic and necrotic neuronal death (7–11). Although these
mechanisms have been validated in experimental stroke, none
of the neuroprotective drugs developed around them have
achieved clinical benefit in clinical trials. Further elucidation
of the underlying mechanisms of ischemia-induced neuronal
death and neurological dysfunction is still required for devel-
oping effective therapeutic targets.

Long noncoding RNAs (lncRNAs) are a novel class of
mRNA-like transcripts with lengths>200 nt (12). They are in-
volved in epigenetic, transcriptional, and posttranscriptional
regulation of diverse biological processes (12–22). Increasing
evidence has revealed that mutations and dysregulations of
lncRNAs are tightly associated with several human diseases
ranging from neurodegenerative diseases to a multitude of
cancers (17, 19–25). For example, previous studies have
shown that FosDT inhibition significantly improved posti-
schemic motor deficits and reduced infarcted volume (26). In-
creased expression level of MALAT1 also promotes lung
cancer brain metastasis (27). Our preliminary transcriptomic
analysis revealed that, compared with the normal brain tissue,
there were many differentially expressed lncRNA in the brain
tissue of the middle cerebral artery occlusion (MCAO)-in-
duced rat brain injury model. Among them, lncRNA
XLOC_035088 was significantly upregulated in the MCAO
model group. However, current research on XLOC_035088
has rarely been reported, especially in ischemic stroke.

The presenilin 2 (PSEN2) gene, located on chromosome
1q31-q42, is highly expressed in the cerebellum and hippo-
campus, and is closely associated with neurodegenerative dis-
eases (26, 27). Previous studies showed that the PSEN2 gene
is one of the causative genes of early-onset Alzheimer disease
(28). Moreover, PSEN2 is a component of c-secretase com-
plex, which is an intramembrane-cleaving protease that can
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cleave the Notch receptors (29). NOTCH1 not only plays an
important role in normal cell differentiation, but also regulates
the biological processes, such as the occurrence and develop-
ment of some tumors (29–32). Recent studies have shown that
NOTCH1 can be used both as an oncogene and as a tumor sup-
pressor, such as in oral squamous cell carcinoma (33). Clinical
studies have shown that NOTCH1 is abnormally activated in
colon cancer and participates in the progression of cancer
(34). NOTCH1 is also overexpressed in glioma cancer cells,
and inhibits proliferation of glioma cells through suppressing
the Notch1-Hes-1 signaling pathway (35). Furthermore,
NOTCH1 plays an important biological function as a tumor
suppressor gene in certain diseases, such as nonsmall cell lung
cancer and hepatocellular carcinoma (36, 37). In our prelimi-
nary studies, transcriptome analysis indicated that
XLOC_035088 and PSEN2 are both dysregulated in MCAO
and interacted with each other in the coexpression network,
and additional bioinformatics analysis predicted a binding site
between XLOC_035088 and PSEN2 30UTR (Fig. 1A), sug-
gesting that there may be an interaction between
XLOC_035088 and PSEN2. However, the role of
XLOC_035088/PSEN2/NOTCH1 axis in MCAO-induced rat
brain injury in vivo and oxygen-glucose deprivation (OGD)-
treated cerebral cortex neuron in vitro is unknown. In-depth
study of this potential regulatory pathway could provide im-
portant data for the understanding of MCAO.

In this study, we investigated the role of XLOC_035088
in MCAO-induced rat brain injury in vivo and OGD-treated
cerebral cortex neuron in vitro. XLOC_035088 silencing pro-
tects against ischemic brain injury in vivo and neuronal apo-
ptosis in vitro. XLOC_035088 silencing could reduce
ischemia-induced brain infarct size and improve neurological
function.

MATERIALS AND METHODS

Primary Hippocampus Neuron Cells Culture
All experiments were approved by the Institutional Ani-

mal Care Committee and China Council on Animal Care.
Sprague-Dawley (SD) rats were purchased from the SLRC
Laboratory Animal Company of Shanghai. Primary Hippo-
campus neuron cultures were established from the cerebral
hippocampus of newborn SD rats (<24 hours). Brains from
the newborns were cleaned of meninges and blood vessels.
The whole cerebral hippocampus was isolated and cells were
dissociated in 0.25% trypsin solution for 10 minutes at 37�C.
Fetal bovine serum (Gibco, Waltham, MA) was added and the
dissociated cells were forced through a mesh. After centrifuga-
tion, the hippocampus neuron cells were resuspended and
plated in poly-D-lysine (Sigma-Aldrich, St. Louis, MO) coated
six-well plates, and grown in Neurobasal medium (Gibco)
supplemented with 500 lM glutamine (Gibco) and 2% B27
(Gibco) in a humidified incubator with 5% CO2 at 37�C. To
suppress the outgrowth of glial cell populations in primary
neuronal cultures, 5 lM cytosine arabinoside ([AraC]; Sigma-
Aldrich) was added to inhibit the proliferation of nonneuronal
cells at 2 days in vitro and switched to fresh culture medium
after 24 hours. Then, the cell culture medium was replaced

with fresh culture medium every 4 days. At 14 days in vitro, a
near-pure neuron population (>95%) was ready for down-
stream experiment.

Luciferase Activity Assay
The putative binding sites of lncRNA XLOC_035088

and PSEN2 was predicted by IntaRNA 2.0 (http://rna.informa-
tik.uni-freiburg.de/IntaRNA/Input.jsp) (38) with the default
parameters (i.e. the number of interactions per RNA pair was
1 and the overlapping interactions in the suboptimal output
were allowed overlaps in query only). No lonely base pairs
were considered for prediction and no GU base pair was
allowed at helix ends. At least 7 base pairs between molecules
in the seed area was retained and seeds with GU ends were ig-
nored. The sequences of XLOC_035088 containing PSEN2
binding sites (wild-type [WT]) and mutant not containing
PSEN2 binding sites (mutant-type [MUT]) were amplified us-
ing PCR, and then subcloned into pGL3 luciferase promoter
plasmid (Promega, Madison, WI), respectively, to construct
luciferase reporter vectors (XLOC_035088-WT and
XLOC_035088-MUT). For luciferase activity assay, the con-
trol plasmid and combined plasmid were transfected into hip-
pocampus neuron cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
Following the manufacturer’s protocols, luciferase assay kit
(Promega) was used to measure the luciferase activity after
the transfection for 48 hours.

MCAO Animal Model
All animal experiments in this study were carried out in

accordance with the NIH Guide for care and use of laboratory
animals (NIH Publication No. 80-23). All procedures were ap-
proved by the Animal Care and Use Committee of Nanjing
Medical University. The rat MCAO model of ischemic stroke
was performed. Briefly, 2-month-old male SD rats were anes-
thetized with an intraperitoneal injection of pentobarbital so-
dium (60 mg/kg). A blunt dissection was performed under a
stereomicroscope to expose the left common carotid artery
(CCA), the left external carotid artery (ECA), and the left in-
ternal carotid artery (ICA). The CCA was temporarily oc-
cluded by a suture. The ECA was permanently sutured as
distally as possible. The ICA was sutured distally to the bifur-
cation. Subsequently, a small incision was performed in the
CCA between permanent and temporary sutures. The 5-0 sur-
gical nylon filament was then inserted into the ICA to occlude
the origin of the middle cerebral artery (MCA). After 2 hours
MCAO, the rats were allowed to recover for 24 hours. In the
sham group, all procedures were identical except for inserting
an intraluminal filament.

Tissue Preparation
Six, 12, and 24 hours after ischemia-reperfusion, the SD

rats (n¼ 6, each time point) were anesthetized by intraperito-
neal injection of 4% chloral hydrate, and the chest was quickly
opened to expose the heart. The rats were transcardially per-
fused with normal saline and after washing away the blood, sa-
line was replaced with 4% paraformaldehyde for perfusion.
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Subsequently, the brain tissue was taken out, the ipsilateral
hippocampus (3–5 mm after the bregma), striatum and cere-
bral cortex (1–3 mm before the bregma) were isolated accord-
ing to the stereotaxic map of the rat brain, and placed in 4%
paraformaldehyde for 6–8 hours. After transfer to 30% sucrose
for dehydration balance and freezing on a freezer with sucrose,
and continuously coronal sectioning with a cryostat, each
piece had a thickness of �10 lm. As a negative control for
unilateral brain lesion in the rat model of MCAO, the hippo-
campus tissue in contralateral hemisphere (nonstroke side of
the brain) was also isolated and preserved in the same way.

Neurological Function and Measurement of
Infarct Volume

Neurological deficits were scored by a double-blind
testing based on a modified Longa EZ test (39), on a scale
from 0 to 5 in which 0 represented no deficit, 4 indicated the
maximal deficit and 5 indicated mortality at different time
points (6, 12, and 24 hours) following MCAO. Results were
statistically analyzed using the rank sum test. Brain infarct
size was determined at different time points (6, 12, and
24 hours) after the MCAO treatment with 2, 3, 5-triphenyl tet-
razolium chloride monohydrate ([TTC]; Sigma-Aldrich) stain-

ing. Briefly, the coronal brain slices (2 mm thickness) were cut
and immersed into 2% TTC solution for 15 minutes and then
fixed in 10% formaldehyde overnight. The caudal and rostral
surfaces of each slice were observed. The percentage of infarct
area was calculated using Image J software.

OGD-Reperfusion Treatment
Primary Hippocampus neurons were placed in an anaer-

obic chamber (HERA cell 150, partial oxygen pressure was
maintained below 2 mmHg). The medium was replaced with a
prewarmed (37�C) glucose-free balanced salt solution. The so-
lution was bubbled with an anaerobic gas mixture (95% N2,
5% CO2) for 30 minutes. Cell cultures subjected to OGD were
incubated in the solution at 37�C for different periods to pro-
duce oxygen deprivation and then re-oxygenated (returned to
the normal aerobic environment). Experimental parameters
were assayed at 4 hours after re-oxygenation and repeated 3
times.

Reverse Transcription Quantitative Polymerase
Chain Reaction

Total RNAs from the brain tissue (cerebral cortical,
striatal and hippocampal regions) and hippocampus neuron

FIGURE 1. LncRNA-XLOC_035088 is bound to PSEN2. (A) IntaRNA 2.0 predicted 30-UTR of PSEN2 as a target for XLOC_035088.
(B) Wild-type or mutant XLOC_035088 subcloned into luciferase vectors were co-transfected with PSEN2 and the luciferase
activities in each group were measured. (C) Detection of mRNA expression levels of XLOC_035088 in normal hippocampus
neuron cells transfected with shXLOC_035088 by RT-PCR in vitro study. (D) Detection of protein expression levels of PSEN2 in
normal hippocampus neuron cells transfected with shXLOC_035088 by Western blotting in vitro study. ***p<0.001,
****p<0.0001 when compared with the control or shRNA ctrl group.
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cells were isolated using the TRIzol reagent (Invitrogen).
They were reversely transcribed by the Superscript III First-
Strand Synthesis System (Invitrogen). Reverse transcription
quantitative polymerase chain reaction (qRT-PCR) assays
were conducted using the Brilliant SYBR Green II qRT-PCR
kit (Strategene, La Jolla, CA) according to manufacturer
instructions. Each of these reactions involved 10mL SYBR
Green master mix, 2mL PCR primer mix, and 8-mL diluted
cDNA template in a total volume of 20mL. All PCR assays
were conducted in triplicate and threshold cycle numbers were
averaged for each sample. The primer sequences used in this
experiment are as follows: NOTCH1 forward: 50-GCCGCC
TTTGTGCTTCTGTTC-30, reverse: 50-CCGGTGGTCTGTC
TGGTCGTC-30; PSEN2 forward: 50-GAGGCAGTTTGCC
CTGTTTG-30, reverse: 50-ATTGTCCCGGCACTCATGTT-
30; lncRNA-XLOC_035088 forward: 50-CAAAAGCCCAG
CAGGACC-30, reverse: 50-CTGAAATGATTGCTGGTGG
TACTA-30.

CCK-8 Assay
Cell viability was determined by using the Cell Count-

ing Kit (CCK)-8 assays. In brief, the cerebral cortex neurons
were seeded into 96-well plates at a density of 3� 104 cells/
well. After the required treatment, �10mL of CCK-8 solution
was added to each well, and then incubated for 2–3 hours. Cell
viability was detected using the microplate reader (Spectra-
Max M5, Molecular Devices, San Jose, CA).

Apoptosis Assay
The apoptosis of cerebral cortex neurons was detected

by FITC Annexin V/PI double staining. The resulting pellets
were immediately resuspended in the provided binding buffer
and subsequently stained with 5 mL of FITC Annexin V and
5 mL of PI according to the kit’s instructions (BD Biosciences,
Franklin Lakes, NJ). The mixture was left to incubate at room
temperature for 15 minutes, and the cells were analyzed using
the FACS system.

Immunofluorescence Staining
The brain slices (10mm) were fixed in 4% PFA for

15 minutes, blocked in 5% BSA for 0.5 hour, and then incu-
bated with the Psen2 primary antibody (Abcam, Cambridge,
UK) overnight at 4�C. The brain slices were washed and incu-
bated with Alexa Fluor 594-conjugated antibody (Abcam) for
3 hours at the room temperature. They were finally mounted
and cover slipped with the fluorescent mounting medium. The
slices were observed using a fluorescent microscope (Olym-
pus, Tokyo, Japan). The immunofluorescence test was re-
peated at least 3 independent times.

Construction of Vector and Lentiviral Construct
Design

The full-length rat cDNA was cloned and inserted into
pcDNA-CMV-MCS-EF1-coGFP vector at EcoRI and XbaI re-
striction sites. The identity of recombinant plasmid pCDH-
PSEN2-GFP was confirmed by PCR and DNA sequencing.

Two independent shRNAs specifically targeting
XLOC_035088 were designed (GenePharma, Shanghai,
China). A scrambled shRNA was used as negative control for
lncRNA XLOC_035088-shRNAs. After annealing,
XLOC_035088-shRNA fragment was cloned into pLKO.1-
TRC vector. The identities of recombinant plasmids pcDNA-
PSEN2-GFP and pLKO.1-shRNA-XLOC_035088 were con-
firmed by PCR and DNA sequencing. Following construction,
pcDNA-PSEN2-GFP and pLKO.1-shRNA-XLOC_035088
were transfected into a packaging cell line (293 T). Concen-
trated viral supernatants were generated by ultracentrifugation
and assessed by FACS analysis for GFP on transduced control
cells. Hippocampus neuron cells were transfected in Poly-
brene 6mg/mL (Sigma-Aldrich) with a high titer of control
lentivirus. Other Hippocampus neuron cells were transfected
with lentivirus encoding PSEN2 and shRNA-XLOC_035088.
For the rat model, a high titer of lentiviral transfection com-
plex (1.38� 109 pfu/mL) was injected into the lateral ventricle
by stereotactic technique at one week before MCAO. Right
hippocampus injection coordinates from bregma: 3.5 mm
backward, 2.5 mm apart on the right side, 3.0 mm deep.

Cell Transfection
PcDNA3.1 vector (Invitrogen) was used for overexpres-

sion. shRNAs for knockdown of specific gene were synthe-
sized by GenePharma. Cells transfection was finished by
using the Lipofectamine 2000 (Invitrogen) in accordance with
the manufacturer’s protocol.

Western Blot Analysis
The hippocampus neuron cells or hippocampal tissue

were collected and lysed in RIPA lysis buffer (Beyotime, Hai-
men, China) for 30 minutes in an ice bath. Cells lysates were
separated by SDS-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes (Millipore,
Billerica, MA). Every sample was prepared in triplicate and
the experiment was repeated at least 3 times. After incubation
with blocking buffer (TBS þ 0.1% Tween-20þ 5% not fat
milk), membranes were probed with primary antibodies
(NOTCH1, 1:1000, Abcam; PSEN2, 1:1000, Abcam;
GAPDH, 1:1000, Abcam) overnight at 4�C. The membranes
were then washed with TBST and incubated with an HRP-
conjugated secondary antibody (1:5000, Abcam), and signals
were detected with ECL reagent (Millipore).

Statistics Analysis
All data were shown as mean 6 SEM. Comparisons be-

tween 2 different groups were estimated by Student t test (un-
paired, 2-tailed). Comparisons between multiple groups were
estimated by ANOVA or repeated-measures ANOVA analy-
ses; p< 0.05 was considered statistically significant.

RESULTS

XLOC_035088 Is a Negative Regulator of PSEN2
To verify the interaction between XLOC_035088 and

PSEN2 detected in the preliminary studies, IntaRNA 2.0 was
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used for predicting the potential binding site. A unique binding
site with 13 base pairs between 30-UTR of PSEN2 and
XLOC_035088 was predicted, and the energy score of interac-
tion was –13.15 kcal/mol (Fig. 1A). Subsequently, their inter-
action was proved by luciferase activity assay in hippocampus
neuron cells in vitro. Results showed that the expression level
of PSEN2 was negatively correlated with luciferase activity
when transfected with XLOC_035088-WT (p< 0.01). How-
ever, there was no significant difference in response to
XLOC_035088-MUT group (Fig. 1B). Moreover, the regula-
tory relationship between XLOC_035088 and PSEN2 was fur-
ther verified by silencing XLOC_035088. We first verified
that shXLOC_035088 transfection significantly reduced the
expression level of XLOC_035088 in normal hippocampus
neuron cells by RT-PCR (Fig. 1C), and the effect of
XLOC_035088 on PSEN2 expression was measured in normal
hippocampus neuron cells (no ischemic stroke) using Western
blot after transfection for 72 hours. It was found that silencing
of XLOC_035088 significantly upregulated the expression of
PSEN2, indicating XLOC_035088 is a negative regulator of
PSEN2 (Fig. 1D).

Increased Expression of XLOC_035088 and
NOTCH1 and Downregulation of PSEN2 Were
Recorded in MCAO Rat Model and OGD-
Treated Hippocampus Cells

In order to explore the effects of lncRNA-
XLOC_035088 on brain injury, we first established a rat
MCAO model. The TTC staining and Neurological Severity
Scale indicated that the score of neurological deficits and brain
infarct volume were markedly increased following MCAO/
Rep after 6, 12, and 24 hours compared with the control group
(Fig. 2A–C). We next detected the expression of
XLOC_035088 in the ipsilateral (injured hemisphere) and
contralateral sides of brain tissue at 6, 12, and 24 hours after
MCAO/Rep and found that XLOC_035088 was significantly
upregulated in the cerebral cortical, striatal and hippocampal
region from ipsilateral side compared with that in control
group in a time-dependent manner (Fig. 2D). However, no sig-
nificant difference was found at 3 different time points in the
cerebral cortical, striatal and hippocampal region from contra-
lateral side when compared with that in control group
(Fig. 2E). Since the expression level of XLOC_035088 was
higher in the hippocampus compared with the other 2 regions,
hippocampus was used as the sampling region for measuring
brain injury indicators in downstream experiments. Compared
with the negative control (i.e. hippocampus from the non-
stroke side of the brain), there was no significant difference in
the expression levels of lncRNA XLOC_035088, NOTCH1
and PSEN2 in the contralateral hemisphere between MCAO
and normal groups 24 h after MCAO treatment (Fig. 2F).
These results further confirmed that changes in the ipsilateral
hemisphere were specific responses to brain injury (Fig. 2D–
F). Subsequently, since we aimed to investigate the possible
functional relationship between XLOC_035088, PSEN2 and
Notch1 in brain injury, we equally determined the expression

levels of PSEN2 and Notch1 in the hippocampus of MCAO
rats. The qRT-PCR and Western blotting analyses showed
that, similarly to XLOC_035088, the expression of NOTCH1
was significantly increased in the rat hippocampus (Fig. 2G,
H) while PSEN2 (Fig. 2G, H) was downregulated following
MCAO. Similarly, in vitro studies indicated that OGD/Rep
treatment led to increased expressions of XLOC_035088 and
NOTCH1 but decreased the expression of PSEN2 as evaluated
by qRT-PCR (Fig. 2I). Western blotting analysis showed that
the expression of PSEN2 was decreased while Notch1 was
upregulated by OGD/Rep treatment (Fig. 2J). The decreased
expression of PSEN2 was confirmed by Immunofluorescence
results (Fig. 2K). These results indicated that the upregulation
of XLOC_035088 and NOTCH1 and the downregulation of
PSEN2 are probably involved in brain injury induced by
MCAO/Rep.

Silencing of XLOC_035088 Suppressed Ischemic
Injury and Apoptosis In Vivo and In Vitro

To explore the biological roles of XLOC_035088 in is-
chemic stroke, we first verified that shXLOC_035088 transfec-
tion significantly reduced the expression level of
XLOC_035088 both in normal and MCAO model groups by
RT-PCR (Fig. 3A). The TTC staining results exhibited that
MCAO produced an infarct compared with the control group
while XLOC_035088 silencing led to a significant decrease in
infarct size compared with the MCAO and sh-control groups
(n¼ 8 per group; Fig. 3B, C). Neurological outcomes data
showed that silencing of XLOC_035088 significantly im-
proved long-term neurological outcomes after MCAO com-
pared with sh-control group (Fig. 3D). In addition, caspase-3/7
activity assay indicated that MCAO treatment markedly in-
duced the caspase-3/7 activity in the hippocampus (Fig. 3E)
while XLOC_035088 silencing noticeably repressed the in-
crease of caspase-3/7 activity induced by MCAO, suggesting
that XLOC_035088 silencing suppressed apoptosis induced by
MCAO in vivo. Moreover, silencing of XLOC_035088 signifi-
cantly downregulated the expression of NOTCH1 and upregu-
lated the expression of PSEN2 compared with MCAO and
shRNA-ctrl groups (Fig. 3F).

The effect of XLOC_035088 silencing on ischemic in-
jury was also evaluated in vitro. Hippocampal cells were trans-
fected with sh-XLOC_035088 or sh-control prior to OGD/
Rep. Flow cytometry analysis indicated that treatment with
OGD/Rep significantly induced the apoptosis of hippocampal
cells and silencing of XLOC_035088 reversed this effect
(Fig. 3G, H). Additionally, we found that silencing of
XLOC_035088 repressed OGD/Rep-induced expression of
NOTCH1 but reverted the inhibitory effect of OGD/Rep on
PSEN2 expression (Fig. 3I). Taken together, silencing of
XLOC_035088 suppresses ischemic injury and apoptosis
in vivo and in vitro probably via regulating the NOTCH1/
PSEN2 axis.
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PSEN2 Overexpression Mimicked the Inhibitory
Effect of XLOC_035088 Silencing on Ischemic
Injury and Apoptosis In Vivo and In Vitro

To further understand the interaction between
XLOC_035088 and PSEN2 and confirm the impact of PSEN2

on Notch signaling pathway, we first detected the transfection
efficiency of pcDNA-PSEN2 by immunofluorescence and
Western blotting (Fig. 4A, B) and found that MCAO rats
treated with pcDNA-PSEN2 significantly downregulated the
expression level of XLOC_035088 (Fig. 4C). Analogously to
the inhibitory effect of XLOC_035088 silencing, pcDNA-

FIGURE 2. Ischemic injury increased the expressions of XLOC_035088 and NOTCH1 and downregulated PSEN2 in vivo and
in vitro. (A) TTC staining of brain sections obtained before and after MCAO-induction. (B) Evaluation of neurological score with
and without MCAO (n¼8, each group). (C) Assessment of infarct volume with and without MCAO induction (n¼8, each
group). (D) Expression of lncRNA-XLOC_035088 in different brain regions from ipsilateral side at different time points (6, 12,
and 24 hours) after MCAO (n¼3 for each time point). (E) Expression of lncRNA-XLOC_035088 in different brain regions from
contralateral side at different time points (6, 12, and 24 hours) after MCAO (n¼3 for each time point). (F) Detection of
expression levels of lncRNA XLOC_035088, NOTCH1 and PSEN2 in the ipsilateral or contralateral hemisphere in normal and
MCAO groups 24 hours after MCAO treatment by RT-PCR. (G) Detection of mRNA expression levels of NOTCH1 and PSEN2 in
the hippocampus at different time points (6, 12, and 24 hours) after MCAO by RT-PCR (n¼3 for each time point). (H) Detection
of protein expression levels of NOTCH1 and PSEN2 in the hippocampus at different time points (6, 12, and 24 hours) after
MCAO by Western blotting (n¼3 for each time point). (I) Detection of mRNA expression levels of NOTCH1, PSEN2, and lncRNA-
XLOC_035088 in the hippocampal neurons at 24 hours after OGD/reperfusion by RT-PCR. (J) Detection of protein expression
levels of NOTCH1 and PSEN2 in the hippocampal neurons at 24 hours after OGD/reperfusion by Western blotting. (K) Detection
of PSEN2 expression in the hippocampal neurons at different time points (6, 12, and 24 hours) after OGD/reperfusion by
immunofluorescence. *p<0.05, **p<0.01, ***p<0.001 when compared with ctrl group for the in vivo study or normal group
for the in vitro study.
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FIGURE 3. Silencing of XLOC_035088 suppressed ischemic injury and apoptosis in vivo and in vitro. (A) Detection of expression
level of XLOC_035088 after shXLOC_035088 transfection both in normal and MCAO model groups by RT-PCR. (B) TTC staining
of brain sections obtained with and without MCAO-induction in rats transfected with shXLOC_035088. (C) Evaluation of
neurological score with and without MCAO (n¼8, each group). (D) Assessment of infarct volume with and without MCAO
induction (n¼8, each group). (E) Effect of XLOC_035088 silencing on caspase 3/7 activity in rat hippocampus treated with or
without MCAO. (F) Detection of protein expression levels of NOTCH1 and PSEN2 in the hippocampus with and without MCAO
by Western blotting in rats transfected with shXLOC_035088. (G, H) Detection of cell apoptosis by flow cytometry. (I) Detection
of protein expression levels of NOTCH1 and PSEN2 in the hippocampal neurons at 24 hours after OGD/reperfusion by Western
blotting. *p<0.05, **p<0.01, ****p<0.0001 when compared with normal group. #p<0.05, ##p<0.01 when compared with
shRNA ctrl group.
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PSEN2 vector or control vector were injected into the lateral
ventricle of rats prior to MCAO (n¼ 8 per group). Hippocam-
pal neurons were transfected with PSEN2 overexpression vec-
tor or empty vector prior to OGD/Rep. As shown in Figure 4D
and E, PSEN2 overexpression led to a dramatic reduction of
MCAO-induced infarct volume of ischemic brain. Further-
more, PSEN2 overexpression mitigated MCAO-induced neu-
rological deficit of rats (Fig. 4F). Additionally, PSEN2
overexpression significantly reduced the expression of
NOTCH1 and caspase 3/7 activity in hippocampal of MCAO-
induced rat (Fig. 4G, H). As demonstrated by flow cytometry
analysis, PSEN2 overexpression significantly repressed apo-
ptosis of hippocampal neuron cells after OGD/Rep in compar-
ison with control vector-transfected cells (Fig. 4I, J).
Additionally, the expression level of NOTCH1 was remark-
ably decreased in PSEN2-overexpressing hippocampal neu-
rons after OGD/Rep (Fig. 4K). These effects were similar to
the effect of XLOC_035088 silencing. Taken together, these
data suggested that XLOC_035088 silencing protects against
ischemic stroke by promoting the expression of PSEN2
through inhibiting the NOTCH1 signaling.

DISCUSSION
Dysregulation of lncRNAs have been found in a broad

range of human diseases, including cancers, diabetes, and
heart diseases (40, 41). In this study, we first demonstrated
that lncRNA XLOC_035088 functioned as a negative regula-
tor for PSEN2 to altered levels of NOTCH1in the Notch sig-
naling pathway, contributing to ischemic stroke injury in
MCAO-induced rat brain in vivo and OGD/Rep-induced hip-
pocampal neuron in vitro.

LncRNAs are important regulators of significant biolog-
ical processes and have been incriminated in the development
of human brain diseases. This study demonstrates for the first
time that the expression of XLOC_035088 is increased in
MCAO-treated rat brain and OGD-reperfusion treated hippo-
campal cells. It is also the first to show that XLOC_035088 si-
lencing has a potential to protect hippocampal neurons from
ischemia-induced brain injury. Previous studies showed that
nerve cells are most sensitive to ischemia (42). Even in neural
cells, different types of nerve cells have different sensitivities
to ischemia and are also related to the location of nerve cells.
The sensitivity of nerve cells in different parts to ischemia
from largest to the smallest were hippocampus, striatum and
cortex, and ischemia had the greatest damage to the hippocam-
pus (43). Thus, neuronal cell injury is the key outcome of
ischemia-induced stroke (44–46). Previous studies have indi-
cated that lncRNAs play fundamental functions in the regula-
tion of neuronal cell function. For instance, previous studies
have indicated that lncRNA FosDT is acutely upregulated and
induces ischemic brain injury by regulating the REST-
associated chromatin-modifying proteins (40).

During ischemic brain injury, neuronal cells undergo
various pathophysiological changes, such as apoptosis (47–
49). In conformity with previous works (47–49), we found in-
creased apoptosis of hippocampal neurons during ischemic in-
jury in both in vivo and in vitro. Moreover, our present work
indicated that XLOC_035088 silencing prevented cell apopto-

sis. These data are the first to describe a functional role of
XLOC_035088 in the regulation of neuronal apoptosis, thus
XLOC_035088 will be a potent therapeutic target for ischemic
stroke.

The Notch signaling pathway is a highly conserved cell
signaling system present in most multicellular organisms. Al-
tered levels of NOTCH1 have been detected in diverse brain
pathological events and upregulation of NOTCH1 is known to
promote neuronal apoptosis (50–54). Ischemic conditions lead
to a marked increase in NOTCH1, which may affect cell via-
bility, proliferation and apoptosis and promote ischemic
stroke. In the present study we found that XLOC_035088 and
NOTCH1 expression were both upregulated by ischemic in-
jury and that silencing of XLOC_035088 was followed by de-
creased expression of NOTCH1. This suggested that the
mechanism underlying the effect of XLOC_035088 on the is-
chemic injury may be exerted trough NOTCH1 signaling.

Presenilins (PSENs) are known as regulators of amyloid
precursor protein (APP) processing by modulating the activity
of the APP-cleaving enzyme c-secretase, and mutations of
these proteins are responsible for Alzheimer disease (55–58),
but their role in ischemic injury has not been well elucidated.
Additionally, previous studies have indicated that the PSENs
are implicated in the cleaving protease required in the Notch
signaling, especially NOTCH1 (59). In this study, we demon-
strated that overexpression of PSEN2 significantly reduced
the effect of ischemic injury, which similar to the data
obtained with XLOC_035088 silencing. In addition, since
XLOC_035088 silencing was followed by increased expres-
sion of PSEN2, we conclude that XLOC_035088 promotes is-
chemic injury by inhibiting PSEN2 expression. In addition,
we also found that PSEN2 overexpression was followed by de-
creased expression of NOTCH1, which was positively regu-
lated by XLOC_035088. Thus, we infer that XLOC_035088/
PSEN2/Notch1 axis is a regulatory pathway in ischemic
injury.

Our study presents some limitations. Indeed, the inter-
pretations of both cell culture and animal model paradigm
results need to be mindful that Notch1 and PSENs are
expressed in neuronal cells, glia, and invading immune/in-
flammatory cells in the MCAO model with infarct. Thus, for
both in vivo and in vitro models of ischemic stroke, we need
to exclude interference from nonneuronal cells, such as glia,
immune/inflammatory cell lines and other blood-derived cells
to verify the effects on neuronal cells more accurately. In addi-
tion, our work was done out of the context of PSEN2/PSEN1
function as catalytic subunits of c-secretase and the data on
Notch1 were not related to its cleavage by c-secretase or any
of its other 70-some substrates, including APP. For this reason,
we plan to further verify the interaction between lncRNA
XLOC_035088 and PSEN1, and to clarify the role of
XLOC_035088 in the network composed of c-secretase and
its protein substrates, such as Notch receptors and APP in our
future experiments. Moreover, we found that shRNA causes
the reduction of XLOC_035088 in normal tissue as well, so
we need to further explore the effect of XLOC_035088 down-
regulation on the function of nonstroke tissues in rats in our fu-
ture studies.
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FIGURE 4. Overexpression of PSEN2 suppressed ischemic injury and apoptosis in vivo and in vitro. (A, B) Detection of
transfection efficiency of pcDNA-PSEN2 by immunofluorescence and Western blotting. (C) Detection of expression level of
XLOC_035088 after pcDNA-PSEN2 transfection both in normal and MCAO model groups by RT-PCR. (D) TTC staining of brain
sections obtained with and without MCAO-induction in rats transfected with PSEN2 overexpression vector. (E) Assessment of
infarct volume with and without MCAO induction (n¼8, each group). (F) Evaluation of neurological score with and without
MCAO (n¼8, each group). (G) Detection of protein expression levels of NOTCH1 and PSEN2 in the hippocampus after MCAO
by Western blotting in rats transfected with shXLOC_035088. (H) Determination of capase3/7 activity in the hippocampus
following MCAO. (I, J) Detection of cell apoptosis by flow cytometry 24 hours following OGD/Repd. (K) Detection of protein
expression levels of NOTCH1 and PSEN2 in the hippocampal neurons 24 hours after OGD/reperfusion by Western blotting.
**p<0.01, ****p<0.0001 when compared with normal group or ctrl vector. #p<0.05, ##p<0.01 when compared with ctrl
vector or MCAO group.
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In conclusion, this study provides evidence that
XLOC_035088 is upregulated and involved in ischemic brain
injury by promoting the expression of PSEN2 through inhibit-
ing the NOTCH1 signaling. Thus, this study provides novel
insights that XLOC_035088/PSEN2/Notch1 axis could be a
therapeutic target for ischemic stroke.
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