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1 | INTRODUCTION

Abstract

The dysfunction of the blood-brain barrier (BBB) is one of the main pathological fea-
tures of Alzheimer's disease (AD). Memantine (MEM), an N-methyl-p-aspartate
(NMDA) receptor antagonist, has been reported that been used widely for AD ther-
apy. This study was performed to demonstrate the role of the MEM in regulating BBB
permeability in AD microenvironment as well as its possible mechanisms. The pre-
sent study showed that LINCO0094 was dramatically increased in Abeta, ,,-incu-
bated microvascular endothelial cells (ECs) of BBB model in vitro. Besides, it was
decreased in MEM-incubated ECs. Silencing LINCO0094 significantly decreased BBB
permeability, meanwhile up-regulating the expression of ZO-1, occludin and clau-
din-5. Furthermore, silencing LINCO0094 enhance the effect of MEM on decreasing
BBB permeability in AD microenvironment. The analysis of the mechanism demon-
strated that reduction of LINCO0094 inhibited Endophilin-1 expression by up-regu-
lating miR-224-4p/miR-497-5p, promoted the expression of ZO-1, occludin and
claudin-5, and ultimately alleviated BBB permeability in AD microenvironment. Taken
together, the present study suggests that the MEM/LINCO0094/miR-224-5p (miR-
497-5p)/Endophilin-1 axis plays a crucial role in the regulation of BBB permeability in
AD microenvironment. Silencing LINCO0094 combined with MEM provides a novel

target for the therapy of AD.
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endothelial cell,? the degeneration of cerebrovascular and neurons®
and the disruption of blood-brain barrier (BBB).*® The dysfunction

Alzheimer's disease (AD) is a neurodegenerative disease character-
ized with progressive cognitive decline and behavioral impairment,
which is the most common form of dementia. Some major patho-
logic features of AD have been identified, including the deposi-

tion of cerebrovascular amyloid-beta (Abeta),! the dysfunction of

of BBB may lead to impaired Abeta clearance and then an abnormal
accumulation of Abeta plaques in various brain tissues, as well as
the formation of pathological blood vessels. These results suggest
that BBB dysfunction may eventually contribute to accelerate the
progress of AD.%7
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Under physiological conditions, the BBB is a dynamic interface
that physically shields the exchanges of various substances be-
tween blood and the central nervous system (CNS). The BBB plays
a pivotal role in the maintenance of CNS homeostasis and providing
protection of brain against many toxic compounds.® BBB consists
of brain microvascular endothelial cells, basement membranes, and
other surrounding cells in neurovascular unit such as pericytes, and
perivascular astrocyte end-feet.® Moreover, tight junctions (TJs)
between brain microvascular endothelial cells play critical roles in
maintaining the integrity and permeability of the BBB.?

Memantine (MEM) is a low affinity, uncompetitive glutamater-
gic N-methyl-p-aspartate (NMDA) receptor antagonist that has been
widely used as a clinical practice for AD therapy.'® Growing evidence
has shown that MEM could reduce the level of Abeta peptide in the
cerebral cortex and culture endothelial cells of APP/PS1 transgenic
mice.!* MEM also could contribute to the recovery of action poten-
tial in myelinated axons in pathological conditions.*? Another study
highlights that MEM could rescue early SAH-induced neurological
impairment by improving impaired the permeability of BBB, inhib-
iting nNOS activity and peroxynitrite formation and subsequently
suppressing apoptotic cascade.'® However, the mechanism of MEM
on BBB permeability in AD microenvironment remains unclear.

Growing evidence is pointing towards that long non-coding
RNAs (IncRNAs) appear to regulate multiple biological processes and
expression of these non-coding molecules seems to be strictly regu-
lated in physiological conditions as well as in several human disease.'*
Current studies have shown that IncRNAs play an important role in
neurodegenerative disease. LINCO0094 is located on Chr9g34.2.
It has been reported that LINCOO094 may as a prognostic bio-
marker of lung cancer.*®> Moreover, microarray analysis showed that
LINC00094 is down-regulated in MEM-incubated cells. However,
the regulatory role and potential mechanisms of LINC0O0094 affect-
ing the BBB permeability have not been investigated.

Numerous miRNAs have been implicated in a variety of cellu-
lar progresses including cell proliferation, differentiation, apoptosis,
stress response and metabolism,'® and their role in neurodegenera-
tion has been widely reported.}”*8 It has been reported that IncRNAs
may exert their function by sponging miRNAs. When LINCO0094 was
knocked down in ECs, microarray results showed that miR-224-5p
and miR-497-5p were two of the up-regulated miRNAs. Also, the bio-
informatics database Starbase shows that LINCO0094 harbors puta-
tive binding sites of miR-224-5p/miR-497-5p. It has been shown that
miR-224-5p plays a critical role in multiple biological processes.'’
Precious study has shown that miR-224-5p acted as a protective role
in inner ear damage via targeting Ptx3.2° MiR-497-5p is one of the
members of the miR-15/107 family,2%?2 and the expression profile of
miR-497-5p in vascular diseases has been extensive studied. Multiple
studies shown that miR-497-5p is overexpressed and participates in
regulating ECs function and neuroprotection.?® Yet, whether the
cross-regulation between LINCO0094 and miR-224-5p/miR-497-5p
affects BBB permeability in AD microenvironment remains unclear.

In our previous study, we demonstrated that Endophilin-1 was
up-regulated in Abeta-ECs. Remarkably, by searching bioinformatics
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databases Targetscan, we observed that Endophilin-1 has putative
binding sites for miR-224-5p/miR-497-5p. Endophilin-1 (SH3GL2)
belongs to the endocytosis protein family with a C-terminal Src ho-
mology 3 (SH3) domains,?* which mainly expresses in adult frontal
cortex and fetal cerebellum at 20 weeks gestation.?” Earlier studies
have shown that endophlin-1 played a crucial role in the regulation of
the kidney glomerular filtration barrier via its endocytosis function.?
Furthermore, we previously demonstrated that Endophilin-1 influ-
enced the permeability of BBB by modulating the TJs-related protein
expression levels and redistribution of TJs-related proteins ZO-1 and
occludin through the EGFR-ERK1/2 and the EGFR-JNK pathway.?”%

In our present study, we first investigated the expression of
LINC0O0094, miR-224-5p, miR-497-5p and Endophilin-1 in ECs after
Abeta,_,, incubation. Then we clarified the changes of the above
factors after MEM treatment. Furthermore, we confirmed the role
of the above factors in BBB permeability and BBB integrity. We aim
at providing a new target for AD treatment regard of BBB.

2 | MATERIALS AND METHODS

2.1 | Cell cultures

The human cerebral microvascular endothelial cell line hCMEC/
D3 was a gift from Dr. Couraud (Institut Cochin, Paris, France). ECs
were limited from 28 to 32 passages. Human brain vascular pericytes
(HBVP) and normal human astrocytes (NHA) were obtained from
the Sciencell Research Laboratories (Carlsbad, CA, USA). NHA and
HBVP applied in this study were limited with passage below 10 and
12, respectively. The cells were cultured as described previously.?’
Human embryonic kidney 293 (HEK293T) cells were acquired from
Shanghai Institutes for Biological Sciences Cell Resource Center and

d.%% All cells were cul-

the cell culture has been previously detaile
tured in a humidified incubator at 37°C with 5% CO,,.

Abeta, ,, was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Abeta, ,, should be initially dissolved at a concentration of
2 mmol/L in dry DMSO and stored at -20°C. For oliomeric condi-
tions, 2 mmol/L Abeta,_,, in DMSO was diluted into 200 umol/L in
cold Opti-MEM media and incubated at 4°C for 24 hours. MEM was
gifted from H.Lundbeck A/S (Copenhagen-Valby, Denmark) and dis-
solved in PBS. Cells were pre-incubated with Abeta,_,,, MEM, or PBS
as a control for 48 hours. The concentrations used in this work were

5 and 10 pmol/L, respectively.

2.2 | Invitro BBB model establishment

The in vitro co-culturing BBB model was established following Liu
etal® First, pericytes were seeded (2 x 10° cells/cm?) onto the
lower chamber of Transwell inserts (0.4 um pore size; Corning, NY,
USA). After pericytes cells were cultured overnight, 2 x 10° cells/cm?
hCMEC/D3 cells were subsequent placed on the upper chambers of
Transwell inserts. NHA (2 x 10° cells/cm?) were seeded onto the 6-
well culture plate and cultured for 48 hours before adding ECs inserts.
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2.3 | Real-time PCR assay

Trizol reagent (Thermo Fisher Scientific, Carlsbad, CA, USA) was
applied to extract total RNA from cells. The expression levels
of LINCO0094 and GAPDH were detected by One-Step SYBR
PrimeScript RT-PCR Kit (Perfect Real Time; Takara Bio, Inc., Kusatsu,
Japan). The expression levels of miR-224-5p/miR-497-5p and Ué
were detected by TagMan miRNA Reverse Transcription kit and
Tagman Universal Master Mix Il (Applied Biosystems, Foster City,
CA, USA). High Capacity cDNA Reverse Transcription Kits (Applied
Biosystems) and TagMan Universal Master Mix Il were used to per-
form Endophilin-1 and GAPDH expression. The relative quantification
(Z'AAG) method was performed to normalize and calculate relative

gene expression values. Primers and probes were listed in Table S1.

2.4 | Human IncRNA and miRNAs microarrays

LncRNA and miRNAs analysis, sample preparation, and microarray hy-
bridization were performed by Kangchen Bio-tech (Shanghai, China).

2.5 | Cell transfection

Silencing plasmid of LINCO0094 (NR_149319.1) was ligated into the
pGPU6/GFP/Neo vector (GenePharma, Shanghai, China) to construct
the shLINC0O0094 plasmid, and its non-targeting sequences were
used as a NC. The human Endophilin-1 (Gene ID: 6456) gene coding
sequence was ligated into pIRES2 vector (GenScript, Piscataway, NJ,
USA\) to construct the Endophilin-1 overexpression plasmid, respec-
tively. The respective no-targeting sequences were used as NCs.
The ECs were seeded in 24-well plates when the confluence
reached at 50%-80% and stable transfected via LTX and Plus re-
agent (Life Technologies, Carlsbad, CA, USA). Geneticin (G418;
Sigma-Aldrich) was performed to select the stable transfected
cells. Then G418-resistant cell clones were obtained after 4 weeks.
Furthermore, agomir-224-5p/agomir-497-5p (miR-224-5p (+)/
miR-497-5p (+)), antagomir-224-5p/antagomir-497-5p (miR-224-5p
(-)/miR-497-5p (-)) and their NC sequence (miR-224-5p (+) NC/
miR-497-5p (+) NC and miR-224-5p (-) NC/miR-497-5p (-) NC;
GenePharma) were transiently transfected into Abetal-42-incu-
bated ECs, which stably transfected shLINCO0094 or Endophilin-1
over-expression with lipofectamine 3000 reagent, respectively.
After 48 hours, the transiently transfected cells were obtained.
Sequences of shLINC00094 and shNC were shown in Table S2.
The transfected efficiency of LINCO0094, miR-224-5p (miR-497-5p)

and Endophilin-1 were shown in Figures S2 and S3.

2.6 | Transendothelial electric resistance
(TEER) assays

After establishing in vitro BBB models, TEER assay was performed
by using a millicell-ERS apparatus (Millipore, Billerica, MA, USA).
Each measurement was placed in room temperature for 30 minutes

before TEER assay was recorded. TEER assay was measured after

the medium exchange. The final resistance (Q-cmz) was calculated
by subtracting background electrica resistance, and then multiplying

by the effective surface area of the transwell insert.

2.7 | Horseradish peroxidase (HRP) flux
measurement

The permeability of the in vitro BBB models was detected by
Horseradish Peroxidate (HRP) flux. After the BBB models were con-
structed, 1ml of serum-free EBM-2 medium containing 10 pg/mL
HRP (0.5 mmol/L, Sigma-Aldrich) culture medium was added into
the upper champer of the transwell system. One hour later, 5 pL of
culture medium in the lower chamber was collected and the HRP
content of the samples was detected by TMB colorimetry approach.

The final HRP flux was expressed as pmol/cm?/h.

2.8 | Western blot assays

Equal amounts of proteins were further separated using SDS-PAGE
and then transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore). Membranes were blocked to avoid non-specific bind-
ings in Tris-buffered saline-Tween (TBST) containing 5% fat-free
milk for 2 hours. Subsequently incubated with primary antibod-
ies (Endophilin-1, 1:250, Santa Cruz Biotechnology, Dallas, Texas,
USA, sc-374278; ZO-1, 1:600, Life Technologies Corp, 61-3700; oc-
cludin, 1:600, Abcam, Cambridge, UK, ab31721; claudin-5, 1:500,
Thermo Fisher Scientific, 34-1600; p-actin, 1:2000, Abcam, ab8226)
at 4 °C overnight. After three washes, membranes were incubated
with the corresponding secondary antibody at a 1:10 000 dilution
at room temperature for 2 hours. After washing, immunoblots were
visualized by enhanced chemiluminescence (ECL kit, Santa Cruz
Biotechnology). All the protein bands were scanned by Chem Imager
5500 V2.03 software and the integrated density values (IDVs) were
calculated utilizing FluorChem 2.0 software.

2.9 | Immunofluorescence assays

Cells on glass coverslips were fixed by 4% paraformaldehyde for
20 minutes, and blocked via 5% bovine serum album in phosphate-
buffered saline for 2 hours at room temperature. Cells were incu-
bated with primary antibodies (1:50 anti-ZO-1; 1:50 anti-occludin;
1:50 anti-claudin-5) respectively at 4°C overnight. After three
washes with phosphate-buffered saline, cells were incubated for
2 hours with fluorophore-conjugated secondary antibodies. DAPI
was applied to visualize cell nuclei. The staining was analyzed via
Olympus DP71 immunofluorescence microscope (Olympus, Tokyo,
Japan) and merged with Chemi Imager 5500 V2.03 software.

2.10 | Reporter vector construction and Luciferase
reporter assay

The putative target binding sequences of miR-224-5p/miR-497-5p in
LINC00094 and Endophilin-1 3'-UTR gene and their mutant sequences
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were synthesized and cloned into the pmirGLO dual-luciferase vector
(Promega, Madison, WI, USA). Wild-type and mutated LINCO0094
or Endophilin-1-3'UTR reporter plasmid and agomir-224-5p/agomir-
497-5p or agomir-224-5p-NC/agomir-497-5p-NC were co-transfected
into HEK293T cells. The pmirGLO empty vector was transfected as a
Control. The luciferase activity was measured 48 hours after transfec-

tion by the Dual-Luciferase Reporter System (Promega).

2.11 | RNA immunoprecipitation (RIP) assay

Magna RNA-binding protein immunoprecipitation kit (Millipore) was
used to perform RIP assay. Whole cell lysate was incubated with
human anti-Ago2 antibody, or NC normal mouse IgG. Furthermore,
purified RNA was extracted and applied to qRT-PCR to demonatrate

the presence of the binding targets.

2.12 | Satistical analysis

Statistical analysis was performed with GraphPad Prism v5.01
(GraphPad Software, La Jolla, CA, USA) software. Data was described
as mean * standard deviation (SD). Student's t test was used for com-
parisons between two groups. One-way ANOVA was used for multi-
group comparisons followed by Bonferroni's post-test. Difference
was considered to be statistically significant if P < 0.05.

3 | RESULTS

3.1 | MEM decreased the expression of LINCO0094
in Abeta, ,,-incubated ECs and decreased BBB
permeability in AD microenvironment

To test the effects of MEM on BBB permeability in AD microenvi-
ronment, we firstly evaluated TEER values and HRP flux at indicated
time and concentration. As shown in Figure 1A,B, MEM regulated
BBB permeability in a dose- and time-dependent manner. Compared
with O hours group, TEER values were significantly increased and
HRP flux was decreased at 48 hours with the treatment of 10 and
100 pmol/L MEM (P < 0.01), whereas there was no obvious differ-
ence among these two groups (P > 0.05). Thus 10 pmol/L at 48 hours
were selected as the optimum concentration and time point in the
subsequent experiments. We further performed microarray analy-
sis to assess the expression patterns of IncRNAs in MEM-incubated
ECs. As shown in Figure S1A, LINCO0094, LINC0O0052, LINC00312
and LINC00625 are four of the most abundant IncRNAs in MEM-
incubated ECs. Meanwhile, gRT-PCR analysis showed that expres-
sion levels of LINCO0094, LINC00052, LINC00312 and LINC00625
were significantly declined in MEM-incubated ECs (Figure S1C).
Subsequently, we tested all the candidates’ transfected efficiency
of knockdown and performed loss-of-function tests to clarify the
potential roles of these IncRNAs on BBB permeability in AD mi-
croenvironment. Remarkably, downregulation of LINCO0094 in-
creased TEER values and decreased HRP flux in BBB models in vitro.
However, LINCO0052, LINC0O0312, LINC00625 showed few effects

on TEER values and HRP flux (Figure S2). Accordingly, LINCO00%94
was selected to perform the subsequent analyses.

As shown in Figure 1C, “Control” group means normal endothelial
cells, “Abeta” group means Abeta-incubated ECs, “MEM” group means
MEMe-incubated ECs and “Abeta + MEM” group means ECs co-incu-
bated with Abeta, ,, + MEM. LINCO0094 was significantly up-reg-
ulated in Abeta,_,,-incubated ECs (P < 0.01) and down-regulated in
MEM-incubated ECs (P < 0.01). The expression of LINCO0094 in ECs
co-incubated with Abeta,_,, + MEM largely reversed the Abeta,_,,-in-
cubated induced increase of LINCO0094 expression. We further in-
vestigate LINCO0094 function by stable transfection of shLINCO0094
and establish BBB model in vitro. As shown in Figure 1D-G, “Control”
group means Abeta-incubated ECs. TEER value was higher in the
MEM-incubated ECs group than Control group, suggesting that MEM
repaired BBB integrity (P < 0.05, Figure 1D). The penetration rate of
HRP was lower in the MEM-incubated ECs group compared with the
Control group (Figure 1E), which indicated that MEM decreased BBB
permeability. Compared with shNC group, the shLINCO00%94 group
exhibited an increase in TEER value (P < 0.01, Figure 1D), and a de-
crease in HRP flux (P < 0.01, Figure 1E). The TEER value in MEM + sh-
LINCO0094 group was higher than that in MEM, shLINCO00%94
and PBS + shNC group. The HRP flux was lower than that in MEM,
ShLINC00094 and PBS + shNC group. The expression of TJ-related
proteins ZO-1, occludin and claudin5 in ECs was detected by Western
blot assay. Results showed that the expression of TJs in the MEM-in-
cubated combined with silencing LINCO0094 group presented higher
expression compared with that in the Control group and shNC group
respectively (Figure 1F). Similarly, immunofluorescence assays re-
vealed that MEM, LINCO009%4 inhibition promoted the expression of
TJs, with the continuous liner distribution on the boundaries of ECs,
while the change of MEM + shLINC00094 group was the most obvious
(Figure 1G). These results revealed that MEM decreased the permea-
bility of BBB in AD microenvironment by knockdown of LINCO009%4.

3.2 | LINC00094 influenced BBB permeability via
binding to miR-224-5p/miR-497-5p

LncRNA may modulate the biological function of miRNAs as a compet-

ing endogenous RNA or miRNA “sponge”.31:32

Using miRNAs microar-
rays, we found miR-224-5p/miR-497-5p was significantly upregulated
in ECs treated with shLINC00094 (Figure S1B,D). To confirm whether
miR-224-5p/miR-497-5p is regulated by LINCO0094, we further
performed a dual-luciferase reporter assay and RIP assay. The dual-
luciferase reporter assay indicated that the co-transfection of pmirGLO-
LINCO0094-Wt and agomir-224-5p (agomir-497-5p) results in lower
luciferase activity compared with the co-transfection of pmirGLO-
LINCO0094-Mut and agomir-224-5p (agomir-497-5p) (Figure 2A,C).
The RIP assay showed that LINCO0094 and miR-224-5p/miR-497-5p
were higher in anti-Ago2 immunoprecipitates compared with anti-IgG
group. The down-regulation of miR-224-5p (miR-497-5p) decreased the
expression of LINCO0094 and miR-224-5p (miR-497-5p) immunopre-
cipitated with Ago2 (Figure 2B,D). These data indicate that LINCO0094
regulated miR-224-5p/miR-497-5p function by ‘sponging’ it.
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FIGURE 1 MEM decreased the expression of LINCO0094 in Abeta,_,,-incubated ECs, increased the expression of ZO-1, occludin and
claudin-5, and decreased BBB permeability in AD microenvironment. (A, B) The effects of MEM on TEER values and HRP flux of Abeta, ,,-
incubated ECs after treatment with 1, 10 and 100 pmol/L for 24, 48 and 72 hours. Data represent mean + SD (n = 3, each). ##Pp<0.01vs

0 hour group, *P < 0.05, **P < 0.01 vs 1 umol/L 48 hours, *P < 0.05 vs 1 umol/L 24 hours. (C) Relative mRNA expression of LINC00094 in
ECs pre-incubated with Abeta, ,,, MEM and Abeta,_,,+MEM by qRT-PCR. Data represent mean + SD (n = 3, each). *P < 0.05, **P < 0.01

vs Control group, 8P < 0.01 vs Abeta,_,, group, #p > 0.05 vs Control group. (D) TEER values of Abeta,_,,-incubated ECs were detected to
confirm BBB integrity. (E) HRP flux test was performed to confirm BBB permeability. (F) Western blot analysis to determine the expression
of ZO-1, occludin and claudin-5 in Abeta,_,,-incubated ECs. Data represent mean +SD (n = 3, each). *P < 0.05, **P < 0.01 vs Control group,
##p < 0.01 vs shNC group, &P < 0.05, 24P < 0.01 vs MEM group, %8P < 0.01 vs shLINC00094 group, **P < 0.01 vs PBS + shNC group. (G)
Immunofluorescence assay was used to analyze the expression and distribution of ZO-1, occludin and claudin-5. Images were representative

of three independent experiments. Scale bar represents 30 pm

To investigate the role of miR-224-5p/miR-497-5p on
LINCO0094-regulated BBB permeability, stable LINCO0094 si-
lencing ECs were transfected with miR-224-5p/miR-497-5p ag-
omir or antagomir. AS shown in Figure 3, “Control” group means
Abeta-incubated ECs. The results showed that the down-regulation
of miR-224-5p (miR-497-5p) markedly reversed the LINCO009%94
knockdown induced increase in TEER and decrease in HRP flux
(Figure 3A,B,D,E). Similarly, the Western blot assays revealed that
the higher expression of TJs (Figure 3C,F) induced by scienced-
LINCO0094 was reversed by the shLINCO0094 + miR-224-5p (-)/
shLINC00094 + miR-497-5p (-) group.

3.3 | MiR-224-5p/miR-497-5p overexpression
increased the expression of TJ-related proteins,
meanwhile decreased BBB permeability in AD
microenvironment

To further clarify the role of miR-224-5p/miR-497-5p in BBB per-
meability in AD microenvironment, we first detected the expression
of miR-224-5p/miR-497-5p in Abeta,_,,-incubated ECs. As shown in
Figure4A,F, “Control” group means normal endothelial cells, “Abeta”
group means Abeta-incubated ECs, “MEM” group means MEM-incu-
bated ECs and “Abeta+MEM” group means ECs co-incubated with
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FIGURE 2 MiR-224-5p/miR-497-5p were sponged by LINC00094. (A, C) Dual-luciferase reported assay was used to perform the

relative luciferase activity. Data represent mean + SD (n = 3, each). **P < 0.01 vs LINCO0094-Wt + agomir-224-5p NC group, *P < 0.05 vs
LINCO0094-Wt + agomir-497-5p NC group. (B, D) RIP assay were performed with normal mouse IgG or anti-Ago2. Relative expression levels
of LINCO0094 and miR-224-5p/miR-497-5p were determined by gRT-PCR. Data represent mean + SD (n = 3, each). *P < 0.05, **P < 0.01 vs
anti-normal IgG respective group, P < 0.05, #P < 0.01 vs anti-Ago2 in Control group
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FIGURE 3 MiR-224-5p/miR-497-5p were involved in LINCO0094 mediated the effects on Abeta,_,,-incubated ECs. (A, D) TEER values
of Abeta, ,,-incubated ECs were detected to confirm BBB integrity. (B, E) HRP flux test was performed to confirm BBB permeability. (C,
F) Western blot analysis was used to determine the expression of ZO-1, occludin and claudin-5 in Abeta,_,,-incubated ECs. Data represent
mean + SD (n = 3, each). *P < 0.05, **P < 0.01 vs shNC + miR-224-5p (+) NC/shNC + miR-497-5p (+) NC group

Abeta,_,, + MEM. The results as shown in Figure 4A,F, miR-224-5p/
miR-497-5p were down-regulated in Abeta, ,,-incubated ECs and
up-regulated in MEM-incubated ECs. The combination of the two
combinations largely reversed Abeta,_,,-induced miR-224-5p/miR-
497-5p decreased (P < 0.01). AS shown in Figure 4B-E, G-J, “Control”
group means Abeta-incubated ECs. Further, TEER and HRP flux test
were used to determine the functional roles of miR-224-5p (miR-
497-5p) on the integrity and permeability of BBB. MiR-224-5p (+)/
miR-497-5p (+) group exhibited an increase in TEER and a decrease
in HRP flux. MiR-224-5p (-)/miR-497-5p (-) group exhibited opposite
effects (Figure 4B,C,G,H).

The mechanistic studies shown that the expression levels of
TJs were up-regulated in the miR-224-5p (+)/miR-497-5p (+) group
compared with miR-224-5p (+) NC/miR-497-5p (+) NC group re-
spectively, whereas miR-224-5p (-)/miR-497-5p (-) produced the
opposite results (Figure 4D,l). Subsequent immunofluorescence
demonstrated that TJs showed a continuous distribution along the
cell-cell boundaries, and were abundant in expression in miR-224-5p

(+)/miR-497-5p (+) group. Opposite effects were observed in the
miR-224-5p (-)/miR-497-5p (-) group (Figure 4E,)J).

3.4 | MiR-224-5p/miR-497-5p inhibited the
expression of Endophilin-1 by binding to Endophilin-1
mRNA 3"-UTR

We found that miR-224-5p/miR-497-5p have putative binding
sites with the Endophilin-1 3'-UTR respectively, which indicated
that miR-224-5p/miR-497-5p may directly regulates Endophilin-1.
Subsequent dual-luciferase reporter assays showed that the
Endophilin-1-Wt + agomir-224-5p/agomir-497-5p
erase activity compared with Endophilin-1-Mut + agomir-224-5p/

impaired lucif-

agomir-497-5p (Figure 5A,D). We further explored the expression of
Endophilin-1. AS shown in Figure 5B,C,E,F, “Control” group means
Abeta-incubated ECs. Results revealed that the mRNA and protein
expression of Endophilin-1 were inhibited in the miR-224-5p (+)/miR-
497-5p (+) group (Figure 5B,C,E,F).

FIGURE 4 MiR-224-5p/miR-497-5p over-expression increased the expression of ZO-1, occludin and claudin-5, and decreased BBB
permeability in AD microenvironment. (A, F) Relative mRNA expressions of miR-224-5p (A) and miR-497-5p (F) in ECs pre-incubated with
Abeta, ,,, MEM and Abeta,_,, + MEM were detected by qRT-PCR. Data represent mean + SD (n = 3, each). *P < 0.05, **P < 0.01 vs Control
group, 8&p < 0.01 vs Abeta, _,, group, #P > 0.05 vs Control group. (B, G) TEER values of Abeta,_,,-incubated ECs were detected to confirm
BBB integrity. (C, H) HRP flux test was performed to confirm BBB permeability. (D, I) Western blot analysis was used to determine the
expression of ZO-1, occludin and claudin-5 in Abeta,_,,-incubated ECs. Data represent mean + SD (n = 3, each). **P < 0.01 vs miR-224-5p/
miR-497-5p (+) NC group, P < 0.01 vs miR-224-5p/miR-497-5p (-) NC group. (E, J) Inmunofluorescence assay was used to analyze the
expression and distribution of ZO-1, occludin and claudin-5. Images were representative of three independent experiments. Scale bar

represents 30 pm
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3.5 | MiR-224-5p/miR-497-5p over-

expression increased the expression of ZO-1,
occludin and claudin-5, and decreased BBB
permeability in AD microenvironment via regulating
Endophilin-1 function

We next explored whether Endophilin-1 was involved in MEM-me-

diated regulation of BBB permeability in AD microenvironment. As

shown in Figure 5G,H, “Control” group means normal endothelial
cells, “Abeta” group means Abeta-incubated ECs, “MEM” group means
MEM-incubated ECs and “Abeta + MEM” group means ECs co-incu-
bated with Abeta, ,, + MEM. The results shown that, Endophilin-1
mRNA and protein expression were up-regulated in Abeta,_,,-incu-
bated ECs, and those were down-regulated in MEM-incubated ECs.
AS shown in Figure 6, “Control” group means Abeta-incubated ECs.

Compared with Abeta, _,, group, the co-incubated of Abeta,_,, + MEM
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FIGURE 5 MiR-224-5p/miR-497-5p targeted Endophilin-1. (A, D) Dual-luciferase reported assay was used to perform the

relative luciferase activity. Data represent mean + SD (n = 3, each). **P < 0.01 vs Endopilin-1-Wt + agomir-224-5p NC/Endopilin-1-

Wt + agomir-497-5p NC group. (B, E) gRT-PCR was used to detect the relative mRNA expression level of Endophilin-1in Abeta, -
incubated ECs. (C, F) Western blot analysis was used to determine the expression of Endophilin-1 in Abeta, ,,-incubated ECs. Data
represent mean * SD (n = 3, each). *P < 0.05, **P < 0.01 vs miR-224-5p (+) NC/miR-497-5p (+) NC group, #*P < 0.01 vs miR-224-5p (-) NC/
miR-497-5p () NC group. (G) gRT-PCR was used to detect the relative mRNA expression level of Endophilin-1 in ECs with Abeta,_,,, MEM
and Abeta,_,, + MEM by qRT-PCR. Data represent mean + SD (n = 3, each). *P < 0.05, **P < 0.01 vs Control group, 8&p < 0.01vs Abeta, ,,
group, *P > 0.05 vs Control group. (H) Western blot analysis was used to determine the expression of Endophilin-1 in ECs pre-incubated with
Abeta, ,,, MEM and Abeta, ,, + MEM. Data represent mean + SD (n = 3, each). **P < 0.01 vs Control group, 8&p < 0.01vs Abeta,_,, group,

#P > 0.05 vs Control group
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FIGURE 6 Endophilin-1 mediated the effect of miR-224-5p/miR-497-5p over-expression on ECs. (A, D) TEER values of Abeta, ,,-
incubated ECs were detected to confirm BBB integrity. (B, E) HRP flux test was performed to confirm BBB permeability. (C, F) Western
blot analysis was used to determine the expression of ZO-1, occludin and claudin-5 in Abeta, _,,-incubated ECs. Data represent mean + SD
(n = 3, each). **P < 0.01 vs Endophilin-1 (+) NC + miR-224-5p (+) NC/Endophilin-1 (+) NC + miR-497-5p (+) NC group, #p < 0.05, "P < 0.01 vs
Endophilin-1 (+) NC + miR-224-5p (+)/Endophilin-1 (+) NC + miR-497-5p (+) group

group significantly decreased the expression levels of Endophilin-1.
Co-overexpression of Endophilin-1 and miR-224-5p/miR-497-5p re-
versed the effect of miR-224-5p/miR-497-5p over-expression alone
on TEER and HRP flux (Figure 6A,B,D,E). Western blot assays showed
that the co-overexpression Endophilin-1 and miR-224-5p/miR-497-5p
largely reversed the TJs expression increased in ECs by miR-224-5p/
miR-497-5p over-expression alone (Figure 6C,F). These data indicate
that Endophilin-1 is involved in the miR-224-5p/miR-497-5p regulated
BBB permeability.

4 | DISCUSSION

In this study, we firstly demonstrated that MEM treatment con-
tributed to ameliorate BBB permeability in AD microenvironment.
Subsequently, LINCO0094 was endogenously expressed in ECs
of BBB model in vitro, while it was significantly up-regulated in
Abeta,_,,-incubated ECs. Besides, it was down-regulated in MEM-
incubated ECs of BBB models in vitro. MEM treatment and silencing
LINCO0094 decreased the permeability of BBB in AD microenvi-
ronment, with the effect of combined application being the most
significant. Moreover, miR-224-5p/miR-497-5p was down-regulated

in Abeta,_,,-incubated ECs, while they were up-regulated in MEM-
incubated ECs. The analysis of the mechanism demonstrated that
reduction of LINCO0094 inhibited Endophilin-1 expression by up-
regulating miR-224-4p/miR-497-5p, promoted the expression of TJs,
and ultimately alleviated BBB permeability in AD microenvironment.

The BBB is a metabolic barrier that regulates materials exchange
between the blood and CNS,*® which is of great significance to
maintain brain homeostasis and its normal function.*** TJs are
comprised of the ZOs, occludin as well as claudins, which are con-
sidered the basic components responsible for proper function and
integrity of BBB.3¢ Our research has displayed that MEM restored
BBB permeability in AD microenvironment by up-regulating the
expression of TJ-related proteins. Additionally, MEM reduces APP
secretion in SK-N-SH human neuroblastoma cells and lowers the
levels of Abeta peptides in APP/PS1 transgenic mice and cultured
cortical cells via acting on y-secretase to improve spatial learning in
APP/PS1 transgenic mice.!! A recent study investigated that a novel
neuroprotective mechanism of MEM on neurodegenerative disease,
that pretreatment with low-dose MEM significantly prevents the
attachment of monocyte to human brain microvascular endothelial
cells (HBMECs) and ameliorates TNF-a induced disruption of BBB

in vitro model.*” However, little information regarding the roles of
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MEM on regulating BBB permeability in AD microenvironment has
been reported to date. We demonstrated for the first time that MEM
can reduce the permeability of BBB in AD microenvironment via in-
creasing the expression of TJs. It provides a new experimental basis
for the treatment of AD with MEM, suggesting that MEM might be
involved in the regulation of BBB function in AD.

Accumulated evidence indicates that dysregulation or muta-
tion of IncRNAs is tightly involved in diverse cellular process.>®
It is urgent to ascertain the dysregulated IncRNAs and the un-
derlying mechanism in a variety of neurodegenerative disorders.
BC200 RNA was found to be up-regulated in AD brain tissues,
which regulating gene expression at translational level during the
development of AD by interacting with many different proteins.®?
We concerned that LINCO0094 was up-regulated in Abeta, _,,-in-
cubated ECs and down-regulated in MEM-induced ECs. Treatment
with MEM and knockdown of LINCO0094 alleviated the perme-
ability of BBB selectively by up-regulating TJs expressions in
Abeta, ,,-incubated ECs. In addition, combination of MEM and
silencing LINC0O0094 significantly decreased the BBB permeabil-
ity in AD microenvironment. However, the molecular mechanisms
deserve further study.

Emerging evidence indicated that certain IncRNAs can served as
a competitive endogenous RNA (“ceRNA”) to regulate downstream
gene expression and biological function.*® For instance, RNCR3 acts
as a ceRNA, and form a feedback loop with Kruppel-like factor 2 and
miR-185-5p to prevent atherosclerosis.* TGFB2-OT1 regulates au-
tophagy in vascular endothelial cells (VECs) via sponging miR-3960,

r\ .
.
OCC’Ud'" occludin

claudin-5

AB-Endothelial cell

FIGURE 7 The schematic
representation of MEM/LINC00094/
miR-224-5p (miR-497-5p)/Endophilin-1
axis in BBB permeability of AD
microenvironment

miR-4488, miR-4459.%2 Further, our search of miRanda revealed that
miR-224-5p and miR-497-5p can bind to LINCO0094 via the putative
microRNA response elements (MREs). MRE has been identified to be
a highly conserved sequence and used as a new language to explore

ceRNA regulation network.*3

The results of Dual-luciferase reporter
assay and RIP assay showed that miR-224-5p (miR-497-5p) was en-
riched by LINCO0094 and sponge LINC0094 in a sequence-specific
manner, respectively. These results supported the hypothesis that
LINC0O0094 regulates BBB permeability in AD microenvironment.via
sponging miR-224-5p/miR-497-5p.

Multiple miRNAs are proved to be expressed abnormally in the
CNS*** and they have been implicated in a wide range of patho-
physiological processes such as neurodegenerative disease.***” For
instance, miR-34a is enriched in the cerebral cortex of AD mouse
models and contributes to the pathogenesis of AD.*® Our previous
study described that miR-107 is down-regulated in Abeta-incubated
ECs. Over-expression of miR-107 could alleviate BBB permeability
and protect BBB integrity by up-regulating TJs.? In the present
study, we demonstrated that miR-224-5p/miR-497-5p was highly
expressed in Abeta,_,,-incubated ECs and miR-224-5p/miR-497-5p
over-expression reduced BBB permeability in AD microenvironment
by promoting TJs expression. Consistent with our results, miR-155,
miR-181c, and miR-29c regulate BBB function via targeting TJ-re-
lated proteins or affecting related signal pathways.*’ MiR-Let7A sig-
nificantly prevented loss of TJ-related proteins and alleviates the cell
apoptosis under high glucose in vitro condition, which contributed

to ameliorate the disruption of BBB in hyperglycemia condition.*°
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Inan attempt to elucidate the effect of miR-224-5p/miR-497-5p
on BBB function, we further investigated its possible mechanism in
regulating the integrity and the permeability of BBB in AD micro-
environment. We employed bioinformatics tools and performed
a dual-luciferase assay. The results showed that Endophilin-1 is
a novel target of miR-224-5p (miR-497-5p). Endophilin-1 plays a
crucial role in the maintenance of the kidney glomerular filtration
barrier.? Additionally, Endophilin-1 was increased in Abeta, ,,-
incubated ECs, which is consistent with our previous study.29
Besides, Endophilin-1 was decreased in MEM-incubated ECs.
Co-overexpression of Endophilin-1 and miR-224-5p (miR-497-5p)
reversed the effect of miR-224-5p (miR-497-5p) over-expression
alone in decreasing BBB permeability. Besides, Endophilin-1 was
identified as a key regulator in BBB and acted a key role in the
protein expression levels of TJs.

In conclusion, we demonstrate for the first time that the expres-
sions of LINCO0094 and Endophilin-1 were increased and miR-224-5p/
miR-497-5p expressions were decreased in Abeta,_,,-incubated ECs. In
addition, MEM treatment might up-regulate the expressions of ZO-1,
occludin and claudin-5 via the LINCO0094/miR-224-5p (miR-497-5p)/
Endophilin-1 axis, which contributed to ameliorate BBB permeability in
AD microenvironment. Our present findings provide a new experimen-
tal basis for the treatment of AD on the perspective of BBB.

CONFLICT OF INTEREST

The authors disclose that they have no competing interest.

AUTHORS’ CONTRIBUTIONS

XS and YX conceived and designed the project. LZ, ML, JM per-
formed most of the experiments. ML and WL performed statistics
analysis. LG and SW helped with Immunofluorescence Assays. LZ
and WL wrote the manuscript. XS and YX contributed to the man-
uscript revision. All authors had final approval of the submitted

versions.

AVAILABILITY OF DATA AND MATERIALS

The datasets during and/or analyzed during the current study are

available from the corresponding author on reasonable request.

ORCID
Xiuli Shang https://orcid.org/0000-0002-0061-290X
REFERENCES

1. Ittner LM, Gotz J. Amyloid-beta and tau - a toxic pas de deux in
Alzheimer's disease. Nat Rev Neurosci. 2011;12:65-72.

2. Zlokovic BV. Neurovascular pathways to neurodegeneration
in Alzheimer's disease and other disorders. Nat Rev Neurosci.
2011;12:723-738.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

WILEY--2

Yin KJ, Lee JM, Chen SD, Xu J, Hsu CY. Amyloid-beta induces Smac
release via AP-1/Bim activation in cerebral endothelial cells. J
Neurosci. 2002;22:9764-9770.

Gheorghiu M, Enciu AM, Popescu BO, Gheorghiu E. Functional and
molecular characterization of the effect of amyloid-beta42 on anin
vitro epithelial barrier model. J Alzheimers Dis. 2014;38:787-798.

. Obermeier B, Daneman R, Ransohoff RM. Development, main-

tenance and disruption of the blood-brain barrier. Nat Med.
2013;19:1584-1596.

Santos CY, Snyder PJ, Wu WC, Zhang M, Echeverria A, Alber J.
Pathophysiologic relationship between Alzheimer's disease, cere-
brovascular disease, and cardiovascular risk: a review and synthesis.
Alzheimers Dement (Amst). 2017;7:69-87.

Zhao Z, Nelson AR, Betsholtz C, Zlokovic BV. Establishment and
dysfunction of the blood-brain barrier. Cell. 2015;163:1064-1078.
Cardoso FL, Brites D, Brito MA. Looking at the blood-brain barrier:
molecular anatomy and possible investigation approaches. Brain
Res Rev. 2010;64:328-363.

Ma J, Wang P, Yao Y, et al. Knockdown of long non-coding RNA
MALAT1 increases the blood-tumor barrier permeability by up-reg-
ulating miR-140. Biochem Biophys Acta. 2016;1859:324-338.
Takahashi-Ito K, Makino M, Okado K, Tomita T. Memantine inhibits
beta-amyloid aggregation and disassembles preformed beta-amy-
loid aggregates. Biochem Biophys Res Commun. 2017;493:158-163.
Alley GM, Bailey JA, Chen D, et al. Memantine lowers amyloid-beta
peptide levels in neuronal cultures and in APP/PS1 transgenic mice.
J Neurosci Res. 2010;88:143-154.

Bakiri Y, Hamilton NB, Karadottir R, Attwell D. Testing NMDA re-
ceptor block as a therapeutic strategy for reducing ischaemic dam-
age to CNS white matter. Glia. 2008;56:233-240.

Huang CY, Wang LC, Wang HK, et al. Memantine alleviates brain in-
jury and neurobehavioral deficits after experimental subarachnoid
hemorrhage. Mol Neurobiol. 2015;51:1038-1052.

Beermann J, Piccoli MT, Viereck J, Thum T. Non-coding RNAs in de-
velopment and disease: background, mechanisms, and therapeutic
approaches. Physiol Rev. 2016;96:1297-1325.

Li S, Sun X, Miao S, Liu J, Jiao W. Differential protein-coding gene
and long noncoding RNA expression in smoking-related lung squa-
mous cell carcinoma. Thorac Cancer. 2017;8:672-681.

Adlakha YK, Saini N. Brain microRNAs and insights into biological
functions and therapeutic potential of brain enriched miRNA-128.
Mol Cancer. 2014;13:33.

Eacker SM, Dawson TM, Dawson VL. Understanding microRNAs in
neurodegeneration. Nat Rev Neurosci. 2009;10:837-841.

Abe M, Bonini NM. MicroRNAs and neurodegeneration: role and
impact. Trends Cell Biol. 2013;23:30-36.

Fu F, Wu D, Qian C. The MicroRNA-224 inhibitor prevents neuronal
apoptosis via targeting spastic paraplegia 7 after cerebral ischemia.
J Mol Neurosci. 2016;59:421-429.

Rudnicki A, Shivatzki S, Beyer LA, Takada Y, Raphael Y, Avraham
KB. microRNA-224 regulates Pentraxin 3, a component of the hu-
moral arm of innate immunity, in inner ear inflammation. Hum Mol
Genet. 2014;23:3138-3146.

Chen X, Shi C, Wang C, et al. The role of miR-497-5p in myofibro-
blast differentiation of LR-MSCs and pulmonary fibrogenesis. Sci
Rep. 2017;7:40958.

Mizrahi A, Barzilai A, Gur-Wahnon D, et al. Alterations of microR-
NAs throughout the malignant evolution of cutaneous squamous
cell carcinoma: the role of miR-497 in epithelial to mesenchymal
transition of keratinocytes. Oncogene. 2018;37:218-230.

Su SH, Wu CH, Chiu YL, et al. Dysregulation of vascular endothelial
growth factor receptor-2 by multiple miRNAs in endothelial col-
ony-forming cells of coronary artery disease. J Vasc Res. 2017;54:
22-32.


https://orcid.org/0000-0002-0061-290X
https://orcid.org/0000-0002-0061-290X

3292
—I—Wl LEY

24.

25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.

40.

ZHU ET AL,

Sparks AB, Hoffman NG, McConnell SJ, Fowlkes DM, Kay BK.
Cloning of ligand targets: systematic isolation of SH3 domain-con-
taining proteins. Nat Biotechnol. 1996;14:741-744.

Ringstad N, Nemoto Y, De Camilli P. The SH3p4/Sh3p8/SH3p13
protein family: binding partners for synaptojanin and dynamin
via a Grb2-like Src homology 3 domain. Proc Natl Acad Sci USA.
1997,94:8569-8574.

Soda K, Balkin DM, Ferguson SM, et al. Role of dynamin, synap-
tojanin, and endophilin in podocyte foot processes. J Clin Invest.
2012;122:4401-4411.

Liu W, Wang P, Shang C, et al. Endophilin-1 regulates blood-brain
barrier permeability by controlling ZO-1 and occludin expression
via the EGFR-ERK1/2 pathway. Brain Res. 2014;1573:17-26.

Chen L, Liu W, Wang P, et al. Endophilin-1 regulates blood-brain
barrier permeability via EGFR-JNK signaling pathway. Brain Res.
2015;1606:44-53.

Liu W, Cai H, Lin M, et al. MicroRNA-107 prevents amyloid-beta
induced blood-brain barrier disruption and endothelial cell dysfunc-
tion by targeting Endophilin-1. Exp Cell Res. 2016;343:248-257.

Yu H, Xue Y, Wang P, et al. Knockdown of long non-coding RNA
XIST increases blood-tumor barrier permeability and inhibits glioma
angiogenesis by targeting miR-137. Oncogenesis. 2017;6:€303.

Liu XH, Sun M, Nie FQ, et al. Lnc RNA HOTAIR functions as a com-
peting endogenous RNA to regulate HER2 expression by sponging
miR-331-3p in gastric cancer. Mol Cancer. 2014;13:92.

Cesana M, Cacchiarelli D, Legnini I, et al. A long noncoding RNA
controls muscle differentiation by functioning as a competing en-
dogenous RNA. Cell. 2011;147:358-369.

Chen W, Chan Y, Wan W, Li Y, Zhang C. Abetal-42 induces cell
damage via RAGE-dependent endoplasmic reticulum stress in
bEnd.3 cells. Exp Cell Res. 2018;362:83-89.

Pereira CD, Martins F, Wiltfang J, da Cruz ESilva OAB, Rebelo S. ABC
transporters are key players in Alzheimer's disease. J Alzheimers Dis.
2018;61:463-85.

Theodorakis PE, Muller EA, Craster RV, Matar OK. Physical insights
into the blood-brain barrier translocation mechanisms. Phys Biol.
2017;14:041001.

Bogush M, Heldt NA, Persidsky Y. Blood brain barrier injury in dia-
betes: unrecognized effects on brain and cognition. J Neuroimmune
Pharmacol. 2017;12:593-601.

Wang F, Zou Z, Gong Y, Yuan D, Chen X, Sun T. Regulation of human
brain microvascular endothelial cell adhesion and barrier functions
by memantine. J Mol Neurosci. 2017;62:123-129.

Quan Z, Zheng D, Qing H. Regulatory roles of long non-coding
RNAs in the central nervous system and associated neurodegener-
ative diseases. Front Cell Neurosci. 2017;11:175.

Kim Y, Lee J, Shin H, Jang S, Kim SC, Lee Y. Biosynthesis of brain
cytoplasmic 200 RNA. Sci Rep. 2017;7:6884.

Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypoth-
esis: the Rosetta Stone of a hidden RNA language? Cell. 2011; 146:
353-358.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Shan K, Jiang Q, Wang XQ, et al. Role of long non-coding RNA-
RNCR3 in atherosclerosis-related vascular dysfunction. Cell Death
Dis. 2016;7:€2248.

Huang S, Lu W, Ge D, et al. A new microRNA signal pathway reg-
ulated by long noncoding RNA TGFB2-OT1 in autophagy and
inflammation of vascular endothelial cells. Autophagy. 2015;11:
2172-2183.

Li LJ, Zhao W, Tao SS, et al. Competitive endogenous RNA network:
potential implication for systemic lupus erythematosus. Expert Opin
Ther Targets. 2017;21:639-648.

Leggio L, Vivarelli S, L'Episcopo F, et al. microRNAs in Parkinson's
Disease: from pathogenesis to novel diagnostic and therapeutic ap-
proaches. Int J Mol Sci. 2017;18:2698.

Wang H, Moyano AL, Ma Z, et al. miR-219 cooperates with miR-338
in myelination and promotes myelin repair in the CNS. Dev Cell.
2017;40(566-82):e5.

Walton JR. An aluminum-based rat model for Alzheimer's disease
exhibits oxidative damage, inhibition of PP2A activity, hyperphos-
phorylated tau, and granulovacuolar degeneration. J Inorg Biochem.
2007;101:1275-1284.

Lau P, Frigerio CS, De Strooper B. Variance in the identification of
microRNAs deregulated in Alzheimer's disease and possible role of
lincRNAs in the pathology: the need of larger datasets. Ageing Res
Rev. 2014;17:43-53.

Wang X, Liu P, Zhu H, et al. miR-34a, a microRNA up-regulated in
a double transgenic mouse model of Alzheimer's disease, inhibits
bcl2 translation. Brain Res Bull. 2009;80:268-273.

Bukeirat M, Sarkar SN, Hu H, Quintana DD, Simpkins JW, Ren X.
MiR-34a regulates blood-brain barrier permeability and mitochon-
drial function by targeting cytochrome c. J Cereb Blood Flow Metab.
2016;36:387-392.

Song J, Yoon SR, Kim QY. miR-Let7A controls the cell death and
tight junction density of brain endothelial cells under high glucose
condition. Oxid Med Cell Longev. 2017;2017:6051874.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Zhu L, Lin M, Ma J, et al. The role of
LINC00094/miR-224-5p (miR-497-5p)/Endophilin-1 axis in
Memantine mediated protective effects on blood-brain
barrier in AD microenvironment. J Cell Mol Med.
2019;23:3280-3292. https://doi.org/10.1111/jcmm.14214



https://doi.org/10.1111/jcmm.14214

