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Circular RNAs (circRNAs) are highly expressed in the CNS and regulate physiological and pathophysiological processes. However, the
potential role of circRNAs in stroke remains largely unknown. Here, we show that the circRNA DLGAP4 (circDLGAP4) functions as an
endogenous microRNA-143 (miR-143) sponge to inhibit miR-143 activity, resulting in the inhibition of homologous to the E6-AP
C-terminal domain E3 ubiquitin protein ligase 1 expression. circDLGAP4 levels were significantly decreased in the plasma of acute
ischemic stroke patients (13 females and 13 males) and in a mouse stroke model. Upregulation of circDLGAP4 expression significantly
attenuated neurological deficits and decreased infarct areas and blood– brain barrier damage in the transient middle cerebral artery occlusion
mouse stroke model. Endothelial-mesenchymal transition contributes to blood– brain barrier disruption and circDLGAP4 overexpression
significantly inhibited endothelial-mesenchymal transition by regulating tight junction protein and mesenchymal cell marker expression.
Together, the results of our study are illustrative of the involvement of circDLGAP4 and its coupling mechanism in cerebral ischemia, providing
translational evidence that circDLGAP4 serves as a novel therapeutic target for acute cerebrovascular protection.
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Introduction
Stroke is a leading cause of death and long-term disability world-
wide (Baltan et al., 2013; Vemuganti, 2013; Acosta et al., 2015;

Denorme and De Meyer, 2016; Hu et al., 2017). Despite intensive
research regarding neuroprotective agents designed to block one
or more steps of the neuronal ischemia cascade, no drugs have
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Significance Statement

Circular RNAs (circRNAs) are involved in the regulation of physiological and pathophysiological processes. However, whether
circRNAs are involved in ischemic injury, particularly cerebrovascular disorders, remains largely unknown. Here, we demonstrate
a critical role for circular RNA DLGAP4 (circDLGAP4), a novel circular RNA originally identified as a sponge for microRNA-143
(miR-143), in ischemic stroke outcomes. Overexpression of circDLGAP4 significantly attenuated neurological deficits and de-
creased infarct areas and blood– brain barrier damage in the transient middle cerebral artery occlusion mouse stroke model. To
our knowledge, this is the first report describing the efficacy of circRNA injection in an ischemic stroke model. Our investigation
suggests that circDLGAP4 may serve as a novel therapeutic target for acute ischemic injury.
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been found to yield unequivocal improvements in clinical out-
comes (Fisher and Schaebitz, 2000; Catanese et al., 2017). Cur-
rently, stroke therapies aim to establish early reperfusion through
thrombolytic and/or mechanical recanalization of obstructed
blood vessels. Ischemic stroke thrombolytic therapy efficacy is
limited by a narrow time window and thrombolytic recombinant
tissue plasminogen activator (rt-PA) side effects (Denorme et al.,
2016; Snow, 2016; Alberts, 2017). Although several clinical trials
aimed at identifying effective therapies have been performed
(Malhotra et al., 2017), no pharmacological therapies that protect
brain tissues are available. Therefore, novel treatment approaches
that may enable clinicians and researchers to overcome the afore-
mentioned side effects and extend the therapeutic window of
time for existing treatments are urgently needed.

Cerebral ischemia that disrupts blood– brain barrier (BBB)
integrity has been extensively studied in cellular and animal
stroke models (Shi et al., 2017). Inflammatory mediators are
potent contributors to endothelial inflammation and mediate
changes in gene expression in endothelial cells such that the cells
shift toward displaying an “inflamed” phenotype, which is accom-
panied by their consequent dedifferentiation into mesenchymal
cells, a process known as endothelial-mesenchymal transition
(EndoMT) (Potenta et al., 2008). Under these pathological condi-
tions, these specialized brain endothelial cells lose their protective
function, leading to neuroinflammation and neurodegeneration.
Dedifferentiation of endothelial cells into mesenchymal cells has
also been observed in brain disorders, particularly multiple scle-
rosis, which lends credence to speculation that EndoMT may
contribute to BBB damage during multiple sclerosis pathogenesis
(Troletti et al., 2016). However, none of these studies investigated
the potential role of EndoMT in BBB dysfunction during stroke
pathogenesis.

MicroRNAs (miRNAs) are involved in a number of CNS pa-
thologies, including brain tumors, neurodegeneration, and mul-
tiple sclerosis (Liu et al., 2012; Amin et al., 2015; Tominaga et al.,
2015; Wu et al., 2017). Moreover, miRNAs have been envisioned
as a potential therapeutic strategy for treating neurovascular-
dependent brain diseases because a number of miRNAs have been
implicated in the regulation of endothelial cell function under nor-
mal and inflammatory conditions (Reijerkerk et al., 2013). A
previous study demonstrated that miR-31 acts as a positive mod-
ulator of EndoMT in mouse pancreatic microvascular endothe-
lial cells (Katsura et al., 2016). Our previous work indicated that
silencing microRNA-143 (miR-143) protects BBB integrity by
targeting p53-upregulated modulator of apoptosis (Bai et al.,
2016). Mounting evidence indicates that miR-143 is associated with
ischemic stroke and has clinical utility as an early diagnostic marker
(Wei et al., 2016; Tiedt et al., 2017; Zeng et al., 2017). Moreover,
miR-143 is involved in regulating cerebral vasculature in a rat exper-
imental subarachnoid hemorrhage model (Müller et al., 2015).
However, whether the involvement of miR-143 in BBB integrity
occurs via regulation of EndoMT remains largely unknown.

Genome-wide bioinformatic analysis has revealed that the cir-
cular RNA DLGAP4 (circDLGAP4), which is derived from exons
8, 9, and 10 of the DLGAP4 gene, acts as an miR-143 sponge.
Circular RNAs (circRNAs), generated from back-spliced exons,

have recently been identified as a naturally occurring family of
noncoding RNAs that are highly represented in the eukaryotic
transcriptome (Jeck and Sharpless, 2014). circRNAs have been
shown to be involved in the regulation of physiological and patho-
physiological processes, including neural development and plas-
ticity, Alzheimer’s disease, heart senescence, hypertrophy and
failure, and cell growth (You et al., 2015; Gruner et al., 2016; Wu
et al., 2016; Zhao et al., 2016a; Floris et al., 2017). However,
whether circDLGAP4 is involved in cerebral ischemic injury, par-
ticularly BBB damage, remains largely unknown. We hypothesize
that circDLGAP4/miR-143 plays physiological and pathological
roles at the cellular and tissue levels. Therefore, in this context, we
aimed to investigate whether circDLGAP4/miR-143 is mechanis-
tically responsible for stroke outcomes.

Materials and Methods
Reagents. The circDLGAP4 lentivirus and the miR-143 lentivirus were
purchased from Hanbio. TRIzol reagent was purchased from Takara
(9109). 2,3,5-Triphenyltetrazolium chloride (TTC) was obtained from
Sigma-Aldrich (T8877). HiScript Q RT SuperMix for qPCR (�gDNA
wiper) (R123-01), HiScript Q Select RT SuperMix for qPCR (�gDNA
wiper) (R133-01), and AceQ qPCR SYBR Green Master Mix (High ROX
Premixed) (Q141-02) were purchased from Vazyme Biotech. The oligo-
nucleotide primers used for RT-PCR were synthesized by Invitrogen.

Standard protocol approval and patient consent. The ethics committee
of the Affiliated Jiangsu Province Hospital approved this research proto-
col (approval ID: 2016-SR-235), and the participants or their legally
authorized representatives provided written informed consent to partic-
ipate in the study.

Human plasma collection. Acute ischemic stroke (AIS) patients were
recruited from among those admitted to the Emergency Department of
the Affiliated Jiangsu Province Hospital between January 2016 and De-
cember 2016. Either MRI or CT of the brain confirmed the diagnosis of
ischemic stroke. Experienced neurologists determined the severity of pa-
tients’ neurological deficits using the National Institute of Health Stroke
Scale within 24 h after stroke onset. Patients with intracerebral hemor-
rhages or unknown diseases were excluded from the study. The mean
time of the enrollment blood draw was 16.5 � 2.6 h after stroke onset.
Nonstroke controls were recruited from among those patients who un-
derwent an annual medical examination at the hospital. The demo-
graphic and clinical characteristics of the 26 stroke patients and 26
nonstroke controls enrolled in the study are provided in Table 1.

The authors declare no competing financial interests.
*Y.B., Y.Z., B.H., and L.Y. contributed equally to this work.
Correspondence should be addressed to Dr. Honghong Yao, Department of Pharmacology, Medical School of

Southeast University, Nanjing 210009, China. E-mail: yaohh@seu.edu.cn.
https://doi.org/10.1523/JNEUROSCI.1348-17.2017

Copyright © 2018 the authors 0270-6474/18/380033-19$15.00/0

Table 1. Baseline participant characteristicsa

Characteristic Control (n � 26) AIS (n � 26) p

Age (yr) 65.4 � 2.03 66.9 � 2.30 0.627
Gender (male), n (%) 13 (50.0) 13 (50.0) 1.000
BMI (kg/m 2) 23.9 � 0.58 25.4 � 0.50 0.055
Smoking, n (%) 6 (23.1) 4 (15.4) 0.482
Drinking, n (%) 3 (11.5) 4 (15.4) 1.000
Hypertension, n (%) 5 (19.2) 13 (50.0) 0.020
Diabetes mellitus, n (%) 5 (19.2) 4 (15.4) 1.000
Total cholesterol (mM) 4.28 � 0.18 4.45 � 0.20 0.526
Triglycerides (mM) 1.55 � 0.15 1.49 � 0.12 0.763
LDL (mM) 2.61 � 0.13 2.72 � 0.16 0.579
HDL (mM) 1.16 � 0.06 1.30 � 0.09 0.197
Lpa (g/L)b 0.20 (0.13– 0.30) 0.18 (0.11– 0.34) 0.634
NIHSS score

1– 4 13 (50.0%)
5–15 11 (42.3%)
15–20 0 (0%)
21– 42 2 (7.7%)

aBMI, Body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Lpa, lipoprotein (a); NIHSS,
National Institute of Health Stroke Scale.
bLpa is presented as the median and interquartile range; other data are mean � SEM
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Animals and treatment. All animal procedures were performed in strict
accordance with the ARRIVE guidelines, and all animal protocols were
approved by the Institutional Animal Care and Use Committee of the
Medical School of Southeast University (approval ID: SYXK-2010.4987).
Adult male C57BL/6J mice (25.0–30.0 g, 8–10 weeks old, RRID:IMSR_JAX:
000664) were randomly assigned to experimental groups. The Mir-143�/�

mice (034438-UCD, RRID:MMRRC_034438-UCD, Mutant Mouse Re-
source and Research Centers supported by the National Institutes of Health;
https://www.mmrrc.org/catalog/cellLineSDS.php?mmrrc_id�34438) used
herein were described in detail in our previous study (Zhang et al., 2016).
Additionally, Tie2 promoter-driven GFP mice (N000274, Stock Tg
(TIE2GFP)/Nju, Biomedical Research Institute of Nanjing University)
were used in this study. All animals were housed under a constant tem-
perature and humidity and under a 12 h light/12 h dark cycle, with the
lights on at 7:00 A.M. Food and water were available ad libitum.

Transient middle cerebral artery (MCA) occlusion (tMCAO). tMCAO
was performed according to a previous report (Longa et al., 1989).
Briefly, anesthesia was induced with 3% isoflurane mixed with 30% ox-
ygen and 70% nitrous oxide in an anesthetic chamber and maintained
with 1.5% isoflurane via a facemask. Cannulation of the femoral artery
allowed monitoring of mean arterial blood pressure and arterial blood
gases. Rectal temperature was maintained at 37.0 � 0.5°C during surgery
and the recovery period using a temperature-controlled heating pad. A
1-cm-long midline skin incision was made in the neck area, and the right
common carotid artery was carefully dissected free from the surrounding
nerves under a stereo dissecting microscope and tied off using 4-0 silk
suture. The right external carotid artery was exposed and isolated from its
small artery branches. The external carotid artery was ligated with 6-0 silk
suture �3 mm distal to its origin, and an arteriotomy was then per-
formed in the external carotid artery. Next, a silicone-rubber-coated 6-0
nylon filament (602356PK5Re, Doccol) was inserted into the external
carotid artery and advanced for 9 –10 mm, to the carotid bifurcation
along the internal carotid artery and to the origin of the MCA. The
incision in the neck was subsequently sutured, and the mouse was placed
in a 35°C nursing box to recover from the anesthesia. After 1 h of occlu-
sion, the filament was removed to restore the blood flow of the MCA
region. In sham-operated mice, the internal carotid artery was surgically
prepared for filament insertion, but the filament was not inserted. Mon-
itoring of physiologic variables was performed in companion cohorts for
all groups before tMCAO and 1 h after reperfusion. Sham-operated mice
served as controls.

Cortical cerebral blood flow (CBF) measurements. Cortical CBF was
monitored using a moorFLPI-2 Full-Field Laser Perfusion Imager, fol-
lowing the manufacturer’s instructions (Moor Instruments). Briefly, a
charge-coupled device camera was placed above the head of an anesthe-
tized mouse, and the intact skull surface was illuminated with a laser
diode (785 nm) to allow laser penetration through the brain in a diffuse
manner. CBF was measured in both cerebral hemispheres and recorded
15 min before tMCAO and throughout the ischemic period until 15 min
after the onset of reperfusion. There was no direct sunlight or infrared
radiation, and room temperature was maintained at 26°C. To evaluate
changes in CBF, the region of interest (ROI) included the right cortical
infarct region, which is posterior to the coronal suture and medial to the
linear temporalis. Animals that did not show a reduction in CBF by at
least 75% of the baseline level or died after ischemia induction (�10%)
were excluded from further experiments (Shi et al., 2016).

In vivo MRI scanning. In vivo MRI was performed using a 7.0 tesla
small animal magnetic resonance scanner (PharmaScan 7T, Bruker). T2-
weighted images were acquired to calculate the percentage of the infarct
volume (Bai et al., 2014; Chang et al., 2015). The mice were anesthetized
with 2% isoflurane delivered through a nose cone, and their respiratory
rate and body temperature were monitored via a physiology monitor.
T2-weighted imaging was conducted at 24 h after tMCAO using a 2D
fast-spin echo sequence (2500/33 ms of repetition time/echo time, 1
average). Twelve 1-mm-thick axial slices, each with a 256 � 256 matrix
and a 20 � 20 mm FOV, were positioned over the brain, excluding the
olfactory bulb. The total scan time was 5 min. The percentage of the
infarct volume was calculated based on T2-weighted imaging. Briefly,
the percentage of the infarct volume was presented as the lesion volume/

contralateral hemisphere volume covering the entire slices of T2-
weighted images. The lesion volume was acquired based on the high-
signal area of T2-weighted images from which the artifact of brain edema
was subtracted. The infarct volume was traced and calculated using Im-
ageJ software (RRID:SCR_003070, National Institutes of Health).

Measurements of neurological deficits. Neurological deficits were eval-
uated by an experimenter blinded to the experimental groups 24 h after
tMCAO. Measurements of neurological function were performed using
the modified neurological severity score test (Li et al., 2000). The score
was graded on a scale of 0 –14 (normal score, 0; maximum point score,
14). A score of 1– 4 indicates mild injury, 5–9 indicates moderate injury,
and 10 –14 indicates severe injury. For determining the scores for the
severity of impairment, one score point is awarded for the inability to
perform the test or for the lack of a tested reflex; thus, higher scores
indicate more severe injuries.

TTC staining and measurement of cerebral infarction. Infarct volume
was evaluated at 24 h after tMCAO. The mice were anesthetized with 1%
pentobarbital sodium and perfused with 0.01 M PBS. The mice were then
decapitated, and their brains were collected and immediately frozen at
�20°C for 6 min. The brains were subsequently sectioned coronally into
1-mm-thick slices using a brain matrix on ice. Next, the brain slices were
incubated in 1% TTC at 37°C for 10 min and fixed in 4% PFA to deter-
mine the size and extent of the infarction. Images were analyzed using
ImageJ software (RRID:SCR_003070, National Institutes of Health,
Bethesda, MD). To correct for brain swelling, the infarct area was deter-
mined by subtracting the area of noninfarcted tissue in the ipsilateral
hemisphere from that in the intact contralateral hemisphere. Infarct vol-
ume was calculated via the integration of infarct areas for all slices of each
brain (Arumugam et al., 2006).

Brain endothelial cell culture. The mouse brain endothelial cell line
bEnd.3 was obtained from ATCC (CRL-2299, RRID:CVCL_0170) (Lee
et al., 2012) and cultured in humidified 5% CO2 at 37°C in DMEM
(30-2002, ATCC) supplemented with 10% (v/v) FBS (10099-141, Invit-
rogen), penicillin (100 U/ml), and streptomycin (100 U/ml) (10378-016,
Invitrogen). The mouse brain endothelial bEnd.3 cells were used in ex-
periments after 4 –10 passages.

Microinjection of the circDLGAP4 lentivirus. The lateral ventricles of
8-week-old C57BL/6J mice were microinjected with either a circControl-
GFP lentivirus or circDLGAP4-GFP lentivirus (5 �l of 2 � 10 8 viral
genome/�l, Hanbio) at the following microinjection coordinates: 0.3
mm behind the bregma and 1.0 mm lateral from the sagittal midline,
at a depth of 2.2 mm from the skull surface. To evaluate the effects of
circDLGAP4 on the tMCAO mouse stroke model, mice were divided
into the following four groups 2 weeks after lentivirus microinjection:
circControl�Sham, circDLGAP4�Sham, circControl�tMCAO, and
circDLGAP4�tMCAO.

Immunofluorescence staining. Mice were microinjected with the circ-
Control or circDLGAP4 lentivirus for 2 weeks, followed by tMCAO sur-
gery. Mouse brain sections that encompassed the MCA region were cut
into 30 �m slices, and every sixth section was spaced 180 �m apart
with a cryostat. To detect blood vessels, frozen sections were permeabil-
ized with 0.3% Triton X-100 in PBS for 15 min. After blocking with
10% normal goat serum (NGS) in 0.3% Triton X-100 for 1 h, sections
were incubated overnight with a mouse anti-CD31 antibody (ab24590,
RRID:AB_448167, 1:500, Abcam). Finally, sections were incubated
with AlexaFluor-594 goat anti-rabbit IgG (A-11037, RRID:AB_2534095,
1:1000, Thermo Fisher Scientific) and mounted on poly-L-lysine-coated
glass slides.

Western blot (WB) analysis. Proteins were extracted in RIPA lysis buf-
fer (P0013B, Beyotime), separated on SDS polyacrylamide gels (8% and
12%), and electrophoretically transferred onto PVDF membranes ac-
cording to our previously described methods (Zhang et al., 2017). The
membranes were blocked with 5% nonfat dry milk in Tris-buffered saline
with Tween 20, probed with antibodies recognizing claudin-5 (ab15106,
RRID:AB_301652, 1:1000, Abcam), occludin (33-1500, RRID:AB_87033,
1:1000, Invitrogen), ZO-1 (40-2300, RRID:AB_2533457, 1:1000, Thermo
Fisher Scientific), collagen I (Col I; BS1530, RRID:AB_1662101, 1:1000,
Bioworld), collagen III (Col III; 22734-1-AP, 1:1000, Proteintech), �-
smooth muscle actin (�-SMA; 14395-1-AP, RRID:AB_2223009, 1:1000,
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Proteintech), and homologous to the E6-AP C-terminal (HECT) do-
main E3 ubiquitin protein ligase 1 (HECTD1; 20605-1-AP, RRID:
AB_10732804, 1:1000, Proteintech) overnight at 4°C before incubation
with an HRP-conjugated goat anti-mouse IgG secondary antibody
(7076P2, RRID:AB_330924, 1:2000, Cell Signaling Technology) and an
HRP-conjugated goat anti-rabbit IgG secondary antibody (7074P2,
1:2000, RRID:AB_2099233, Cell Signaling Technology). Signals were de-
tected by chemiluminescence and imaged using a Microchemi 4.2 (DNR
Bio-Imaging Systems) digital image scanner, as described in our previous

study (Zhang et al., 2016). Individual protein bands were quantified by
densitometry using ImageJ software (RRID:SCR_003070, National Insti-
tutes of Health).

RT-PCR. RT-PCR analysis of mature miR-143 was performed using
an Applied Biosystems Real-Time PCR System. First, total RNA was
extracted using the TRIzol reagent and treated with gDNA wiper. Then,
the RNA was reverse transcribed with the stem-loop RT primer (Ribo-
Bio) using the HiScript Q Select RT SuperMix for qPCR Kit (R133-01,
Vazyme Biotech). Next, the RT products were quantified using AceQ

Figure 1. miR-143 is upregulated in the plasma of AIS patients and tMCAO mice. A, miR-143 expression levels in the serum of AIS patients were increased 5.01-fold compared with that in healthy
controls. n � 26 individuals/group. ***p � 0.001, AIS versus control (Mann–Whitney Test). B, C, miR-143 expression levels in the serum of male (B) and female (C) AIS patients were increased
compared with that in male and female healthy controls. n � 13 individuals/group. ***p � 0.001, male AIS versus male control. ***p � 0.001, female AIS versus female control (Mann–Whitney
Test). D, Examination of miR-143 expression in brain tissues isolated from sham and tMCAO mice at 12 and 24 h after reperfusion (ischemia/reperfusion); n�6 mice/group. F(2,16) �21.754: ***p�
0.001, 12 h tMCAO versus Sham. ***p � 0.001, 24 h tMCAO versus Sham (one-way ANOVA followed by the Holm–Sidak Test). E, Neurological deficit scores were significantly decreased in
Mir-143 �/� mice compared with those in WT mice at 24 h after tMCAO surgery. n � 8 mice/group. ***p � 0.001, Mir-143 �/� versus WT (Student’s t test). F, G, Infarct volumes were significantly
decreased in Mir-143 �/� tMCAO mice compared with those in WT tMCAO mice. Representative TTC-stained sections of mouse brains from WT or Mir-143 �/� mice at 24 h after tMCAO surgery (F ).
Viable tissue is stained red, whereas damaged ischemic brain tissue appears unstained/white. Infarct volumes were quantified via TTC staining using ImageJ software (G). n�5 mice/group. ***p�
0.001, Mir-143 �/� versus WT (Student’s t test). H, Expression of miR-143 in the ipsilateral side of Mir-143 �/� mice under Sham and tMCAO conditions. n � 6 mice/group. F(3,8) � 38.341: **p �
0.008, WT tMCAO versus WT Sham. **p � 0.003, Mir-143 �/� Sham versus WT Sham (one-way ANOVA followed by the Holm–Sidak Test). I, Expression of miR-143 in the serum of Mir-143 �/�

mice under sham and tMCAO conditions. F(3,8) � 64.673: ***p � 0.001, WT tMCAO versus WT Sham. **p � 0.002, Mir-143 �/� Sham versus WT Sham (one-way ANOVA followed by the
Holm–Sidak Test).
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qPCR SYBR Green Master Mix (Q141-02, Vazyme Biotech). The levels of
miR-143 determined via qRT-PCR were normalized to the level of U6.
Specific primers for mature miR-143 and U6 were obtained from Ribo-
Bio. circRNAs and mRNAs were reverse transcribed using the HiScript Q
RT SuperMix for qPCR Kit (R123-01, Vazyme Biotech) and quantified

via SYBR Green RT-PCR. The results were standardized to the control
values of 18S. The following primers were used: human circDLGAP4
(forward primer: 5	-ACGGCTACTGGTTCCTAAAGC-3	; reverse
primer: 5	-GGGGTCTTCTTATACGCCACT-3	), mouse circDLGAP4
(forward primer: 5	-TGCCAGATGGACAAGGAGACC-3	; reverse primer:

Figure 2. Silencing of miR-143 ameliorates the disruption of cerebrovascular integrity in tMCAO mice. A, Representative images of extravasated Evans blue staining of the entire brains of WT and
Mir-143 �/� mice. B, Cerebrovascular permeability in WT or Mir-143 �/� mice was determined by measuring the concentrations of brain-extracted Evans blue using spectrophotometry at 620 nm.
n � 6 mice/group. F(3,20) � 97.964: ***p � 0.001, WT tMCAO versus WT Sham. ###p � 0.001, Mir-143 �/� tMCAO versus WT tMCAO (one-way ANOVA followed by the Holm–Sidak Test). C, D,
Cortical TJP expression levels decreased significantly at 12 and 24 h after tMCAO surgery. TJP expression levels were determined via WB analysis (C) and quantified through densitometric analysis (D).
n � 6 mice/group. Claudin-5, F(3,20) � 32.327: p � 0.088, tMCAO/6 h versus Sham. ***p � 0.001, tMCAO/12 h versus Sham. ***p � 0.001, tMCAO/24 h versus Sham. Occludin, F(3,20) � 61.330:
p � 0.150, tMCAO/6 h versus Sham. ***p � 0.001, tMCAO/12 h versus Sham. ***p � 0.001, tMCAO/24 h versus Sham. ZO-1, F(3,20) � 55.018: ***p � 0.001, tMCAO/6 h versus Sham. ***p �
0.001, tMCAO/12 h versus Sham. ***p � 0.001, tMCAO/24 h versus Sham (one-way ANOVA followed by the Holm–Sidak Test). Two representative immunoblots were presented from 6 mice/group.
E, F, The decrease in ipsilateral TJP expression observed at 24 h after tMCAO surgery was ameliorated in Mir-143 �/� mice. TJP expression levels were determined via WB analysis (E) and quantified
through densitometric analysis (F ). n � 6 mice/group. Claudin-5, F(3,20) � 38.884: ***p � 0.001, WT tMCAO versus WT Sham. ###p � 0.001, Mir-143 �/� tMCAO versus WT tMCAO. Occludin,
F(3,20) � 17.630: ***p � 0.001, WT tMCAO versus WT Sham. ###p � 0.001, Mir-143 �/� tMCAO versus WT tMCAO. ZO-1, F(3,20) � 49.511: ***p � 0.001, WT tMCAO versus WT Sham. ###p �
0.001, miR-143 �/� tMCAO versus WT tMCAO (one-way ANOVA followed by the Holm–Sidak Test). Two representative immunoblots were presented from 6 mice/group.
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Figure 3. circDLGAP4 binds miR-143 and is downregulated in the plasma of AIS patients and tMCAO mice. A, Left, circDLGAP4 contains one site that is complementary to miR-143 according to
the bioinformatics program RNA hybrid. Right, A biotin-coupled miR-143 mutant. B, Divergent primers amplified circDLGAP4 from cDNA, but not genomic DNA (gDNA). GAPDH, linear control; M,
marker. C, Examination of circDLGAP4 levels in the plasma of healthy controls and AIS patients via RT-PCR. circDLGAP4 levels were decreased in AIS patients by 0.6-fold the levels observed in healthy
controls. n � 26 individuals/group. ***p � 0.001, AIS versus control (Mann–Whitney Test). D, E, circDLGAP4 levels in expression the plasma of male (D) and female (E) AIS patients were decreased
compared with those in male and female healthy controls. n�13 individuals/group. *p�0.046, male AIS versus male control (Mann–Whitney Test). **p�0.003, female AIS versus female control
(Mann–Whitney Test). F, Effects of stroke on circDLGAP4 expression in the brain tissues of tMCAO mice. circDLGAP4 expression was determined at 12 and 24 h after tMCAO surgery via qRT-PCR. n �
8 mice/group. F(2,21) � 6.907, p � 0.102: 12 h tMCAO versus Sham. **p � 0.004, 24 h tMCAO versus Sham (one-way ANOVA followed by the Holm–Sidak Test). G, The expression of circDLGAP4
decreased in the mouse tMCAO mouse stroke model compared with that in sham group according to Northern blotting. H, I, circDLGAP4 was pulled down with biotinylated WT miR-143
(Bio-miR-143-WT) or mutant miR-143 (Bio-miR-143-mut). Biotinylated WT miR-143 (Bio-143-WT) or mutant miR-143 (Bio-143-mut) was transfected into HEK293T cells (H ) and bEnd.3 cells (I ).
After streptavidin capture, circDLGAP4 and GAPDH mRNA levels were quantified via RT-PCR, and the relative immunoprecipitate/input ratios were plotted. Data are mean � SEM of three
independent experiments. HEK293T cells: ***p � 0.001, Bio-143-Mut Pellet versus Bio-143-WT Pellet. bEnd.3 cells: **p � 0.002, Bio-143-Mut Pellet versus Bio-143-WT Pellet (Student’s t test).
J, K, FISH hybridization of mature miR-143 and circDLGAP4 in brain endothelial cells (J ) and quantitation of colocalization (K ). White arrowheads indicate the colocalization of miR-143 and
circDLGAP4. Green represents circDLGAP4. Red represents miR-143. Blue represents Hoechst 33342. Scale bar, 5 �m.

Bai et al. • circDLGAP4 in Blood–Brain Barrier Integrity J. Neurosci., January 3, 2018 • 38(1):32–50 • 37



5	-CTGGACGGTGACTGAGATGAA-3	), and 18S (forward primer: 5	-
CAGCCACCCGAGATTGAGCA-3	; reverse primer: 5	-TAGTAGCGACGG
GCGGTGTG-3	).

Northern blots. Total RNA was extracted from the brain tissues of mice
treated with tMCAO using Trizol reagent (9109, Takara). Northern blot-
ting was performed according to the manufacturer’s protocol (DIG
Northern Starter Kit, 12039672910, Roche). In brief, prepared total RNA
(50 �g) was subjected to electrophoresis in a 5% urea denatured PAGE
gel. The RNA was then transferred to a Hybond-N � nylon transfer mem-
brane (RPN303B, GE Healthcare). The membranes were UV-cross-
linked and prehybridized at 38°C for at least 2 h with DIG Easy Hyb
Granules (11603558001, Roche), followed by hybridization with a
circDLGAP4 digoxigenin-labeled probe at 20 nM (Invitrogen) at 38°C
overnight. A DIG Northern Starter Kit (12039672910, Roche) was used
to detect the bound RNA molecules.

FISH. According our previously described methods (Yao et al., 2014),
mouse brain endothelial bEnd.3 cells cultured on coverslips were fixed
with 4% PFA for 20 min and incubated in PBS overnight at 4°C, followed
by processing to detect circDLGAP4 or miR-143 expression. Next, the
cells were permeabilized with 0.25% Triton X-100 in PBS for 15 min and
prehybridized in hybridization buffer (50% formamide, 10 mM Tris-
HCl, pH 8.0, 200 �g/ml yeast tRNA, 1� Denhardt’s solution, 600 mM

NaCl, 0.25% SDS, 1 mM EDTA, and 10% dextran sulfate) for 1 h at 37°C.
Then hybridization buffer containing a biotin-labeled circDLGAP4
probe (50 nM, Invitrogen) and a digoxigenin-labeled miR-143 probe
(38515-15, 25 nM, Exiqon) was heated to 65°C for 5 min and dripped
onto the coverslips, followed by hybridization at 37°C overnight. The
next day, the coverslips were washed three times in 2� SSC and twice in
0.2� SSC at 42°C and then blocked with 1% BSA and 3% NGS in PBS for
1 h at room temperature. The coverslips were subsequently incuba-
ted with an HRP-conjugated anti-digoxigenin antibody (11207733910,
RRID:AB_514500, 1:200, Roche Diagnostics) and FITC-streptavidin
(434311, 1:200, Invitrogen) overnight at 4°C. After the coverslips were
washed three times with TBS, they were incubated with a TSA Cy5 kit
(NEL74500KT, PerkinElmer) for 10 min at room temperature. Then the

coverslips were washed twice with PBS and incubated with Hoechst
33342 (H1399, Invitrogen) for 10 min at room temperature to visualize
nuclei. The sections were finally washed once with DEPC water and
mounted with 30% glycerine. Immunofluorescence images were cap-
tured via microscopy (DP73, Olympus). The circDLGAP4 probe se-
quence, biotinylated at the 5	 end, was 5	-AAAACTAGGCATGATGAA
CCTTCTTCAGAGAGGTT-3	; and the digoxigenin-labeled miR-143
probe sequence was 5	-GAGCTACAGTGCTTCATCTCA-3	.

Pull-down assay with biotinylated miR-143. A total of 2 � 106 HEK293T
or mouse endothelial bEnd.3 cells were seeded 1 d before transfection. On
the following day, the cells were transfected with 3	-end-biotinylated miR-
143 or control RNA (GenePharma) at a final concentration of 50 nM for
36 h. Then, the cells were washed with PBS, briefly vortexed, and incu-
bated in lysis buffer [20 mM Tris, pH 7.5, 200 mM NaCl, 2.5 mM MgCl2,
0.05% Igepal (18896, Sigma-Aldrich) containing 60 U/ml Superase-In
(AM2694, Invitrogen) and 1 mM DTT (43816, Sigma-Aldrich); and pro-
tease inhibitors] on ice for 10 min. The lysates were precleared by
centrifugation, and 50 �l aliquots of the samples were prepared for input.
The remaining lysates were incubated with M-280 streptavidin mag-
netic beads (11205D, Invitrogen), which were coated with yeast tRNA
(15401011, Invitrogen) in advance to prevent nonspecific binding of
RNA and protein complexes. The beads were incubated at 4°C for 2.5 h
and then washed twice with ice-cold lysis buffer, twice with low-salt
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH
8.0, and 150 mM NaCl), and once with high-salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, and 500 mM NaCl).
The bound RNA was purified using TRIzol to measure circDLGAP4
levels.

Evans blue extravasation assay. As described in our previous study (Yao
et al., 2011), we evaluated cerebrovascular integrity in C57BL/6J mice. To
assess cerebrovascular permeability, we injected a 2% Evans blue solu-
tion (4 ml/kg) into the lateral tail vein. After 4 h, the mice were anesthe-
tized and perfused through the left ventricle with ice-cold PBS, pH 7.4, to
remove the intravascular Evans blue. The brains were harvested, sliced,
and scanned before being homogenized in PBS (1:10 g/v). The homoge-

Figure 4. Overexpression of circDLGAP4 via the delivery of recombinant circDLGAP4 RNA using lentiviral vectors. A, Illustration of the in vivo locations of GFP-labeled circDLGAP4 microinjection
and the experimental procedure. Mice were microinjected with the circControl or circDLGAP4 lentivirus for 2 weeks, followed by tMCAO surgery. B, Distribution and infiltration of Evans blue, which
was injected into the lateral ventricle (LV). A total of 5 �l of Evans blue was injected into the left lateral ventricles of the mice, and its distribution was observed at 2 h after injection. Evans blue was
distributed throughout the entire brain after lateral ventricle injection. Arrow indicates the injection site. The infiltration and appearance of Evans blue in the bilateral ventricles, third ventricle (3V),
aqueduct (Aq), fourth ventricle (4V), and adjacent regions. C, GFP lentiviruses were distributed in the microvessels of C57BL/6J mice after lentivirus microinjection. Representative images with CD31
immunostaining obtained 2 weeks after the microinjection of circDLGAP4 into the lateral ventricle. Green represents circDLGAP4. Red represents CD31. Scale bar, 5 �m. D, LV-circDLGAP4-
intraventricular injection efficiency. circDLGAP4 expression was examined by RT-PCR. n � 5 mice/group. ***p � 0.001, circDLGAP4 versus circControl (Student’s t test).
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Figure 5. Overexpression of circDLGAP4 results in neuroprotective effects against cerebral ischemia-induced injury in tMCAO mice. A, Microinjection of circDLGAP4 reduced neurological deficit
scores at 24 h after tMCAO. n � 8 mice/group. **p � 0.001, circDLGAP4 tMCAO versus circControl tMCAO (Mann–Whitney Test). B, Representative T2-weighted MRI images of circControl-
microinjected (left) and circDLGAP4-microinjected (right) tMCAO mice. C, Effects of circDLGAP4 on infarct volumes in tMCAO mice. Infarct volumes were decreased in circDLGAP4-microinjected
tMCAO mice compared with those in circControl-microinjected tMCAO mice, as demonstrated by MRI. n � 6 mice/group. **p � 0.001, circDLGAP4 versus (Figure legend continues.)
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nates were precipitated in 15% trichloroacetic acid (1:1 v/v) and centri-
fuged at 1000 � g for 10 min. The pH was adjusted by adding 125 �l of 5 M

sodium hydroxide to 500 �l of each supernatant aliquot. Evans blue
concentrations were measured spectrophotometrically at 620 nm.

Oxygen glucose deprivation and reoxygenation (OGD/R) treatment.
Mouse brain endothelial bEnd.3 cells were cultured with deoxygenated
DMEM without glucose and FBS (11966-025, Invitrogen) in a sealed
chamber (MIC-101, Billups-Rothenburg) loaded with mixed gas consist-
ing of 5% CO2 and 95% N2 for 5 min at 25 L/min. The chamber was
placed in a water-jacketed incubator (Forma, Thermo Fisher Scientific).
The cells were incubated at 37°C for 4 h before reperfusion. For reperfu-
sion, the cells were refreshed with normal DMEM (30-2002, ATCC)
containing 10% FBS and placed in a CO2 incubator (95% air and 5%
CO2) for 24 h. The cells in the control group were cultured with normal
DMEM and 10% FBS for the same amount of time.

Colocalization analysis. The sections that encompassed the MCA re-
gion were cut into 30 �m slices, and every sixth section was spaced 180
�m apart with a cryostat. The sections were subsequently incubated with
0.3% Triton X-100 in PBS for 15 min and blocked with 10% NGS in
0.3% Triton X-100 for 1 h at room temperature. Next, the sections were
incubated with a rabbit anti-�-SMA antibody (14395-1-AP, RRID:
AB_2223009, 1:50, Proteintech) overnight at 4°C. On the following day,
the sections were washed and incubated with AlexaFluor-594 goat anti-
rabbit IgG (A-11037, RRID:AB_2534095, 1:250, Thermo Fisher Scien-
tific) for 1 h. After a final wash step with PBS, the sections were mounted
on poly-L-lysine-coated glass slides and numerically coded. The colocal-
ization of green (Tie2-GFP: endothelial cell marker) and red (�-SMA:
mesenchymal cell marker) fluorescence was evaluated by experimenters
blinded to the experimental conditions for each sample. Immunofluo-
rescence images were captured via microscopy in the ROI (LSM700, Carl
Zeiss). Three sections were analyzed for each brain, and five ROIs were
randomly selected from the inner infarct border in each section. Fifteen
vessels (diameter size 5–10 �m) were randomly selected for colocaliza-
tion analysis in each group. Quantification was accomplished by acquir-
ing grayscale images and integrating fluorescence intensities into the
images using ImageJ software (RRID:SCR_003070, National Institute of
Health). GFP and �-SMA colocalization was quantified using Pearson
correlation coefficient and Manders overlap coefficient, as described in
detail in a previous study (Costes et al., 2004; Zinchuk et al., 2007; French
et al., 2008; Shi et al., 2016). Descriptive data are presented for the colo-
calization coefficient in each group.

Luciferase activity assays. The 3	-untranslated region (UTR) of the
829 bp human Hectd1 gene containing the putative miR-143 target

site was PCR-amplified from human genomic DNA using forward (5	-
GCGGCTCGAGGAGCTTTGAAGTGCAATGGG-3	) and reverse (5	-
AATGCGGCCGCATGACACAGTTCTGTACGCT-3	) primers, and the
DNA fragment was cloned into the XhoI and NotI sites on the 3	 end of
the Rluc gene in a pmiR-RB-REPORT vector. For the pmiR-RB-Hectd1-3	-
UTR-miR-143-target-mutant vector, the miR-143 target site (CATCTCA)
within the Hectd1 3	-UTR was changed to CTAGAGT via PCR mutagenesis
with the primers Hectd1 miR-143T-F (5	-TTAATGAGGTAGAGTAGC
TTTTTCTTTTCCTTT-3	) and Hectd1 miR-143T-R (5	-AAAAAGCTA
CTCTACCTCATTAATTCTCTATGT-3	). Briefly, HEK293T cells were
transfected with an miR-143 OE pLV-[hsa-miR-143] vector and a target
plasmid, pmiR-RB-Hectd1-3	-UTR or pmiR-RB-Hectd1-3	-UTR-miR-
143-target-mutant. An miR control pLV-[miR-control] plasmid was used as
a negative control. Luciferase activity was determined at 24 h after
transfection, and a reporter assay was performed using Dual-Glo Lu-
ciferase Assay System (Promega, E2920). Firefly luciferase activity was
normalized to Renilla luciferase activity and expressed as a percentage
of the control (n 
 3, determined from 5 wells per sample).

Upregulation of target DNA using clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) tech-
nologies. Mouse brain endothelial bEnd.3 cells were transiently trans-
fected with Control CRISPR Activation Plasmid (sc-437275, Santa Cruz
Biotechnology) and Hectd1 CRISPR Activation Plasmid (m) (sc-
431500-CRISPR Activation Plasmid [ACT], Santa Cruz Biotechnology)
according to the CRISPR Activation Plasmid Transfection Protocol
(Santa Cruz Biotechnology) to examine downstream effects. The trans-
fection efficiency was determined by WB.

Experimental design and statistical analysis. For all comparisons be-
tween WT and Mir-143 �/� mice, littermates were used. All mice were
male, and experimental groups were age-matched. Saple size is reported
in the figure legends. All statistical analyses were performed using Sigma-
Plot 12.0 (Systat Software, RRID:SCR_003210).

For comparison between two groups, the Shapiro–Wilk Test and
Equal Variance Test were used to evaluate the normality and equality of
the variances, respectively. If the Shapiro–Wilk Test and Equal Variance
Test passed, the two groups were compared using Student’s t test. The
differences between groups with respect to neurological deficit (Mir-
143 �/� vs WT) and infarct size were examined by Student’s t test. The
expression of circDLGAP4 in circControl and circDLGAP4-microin-
jected groups in vivo as well as circControl and circDLGAP4 lentivirus-
transduced groups in vitro was examined by Student’s t test. The same
analysis was also performed to examine differences between the Sham
and tMCAO groups, control, and OGD/R-treated groups for HECTD1
expression and the effects of mimic miR-143/anti-miR-143 or Hectd1
ACT on the expression of HECTD1. The same analysis was performed to
analyze the colocalization of GFP and �-SMA (Manders overlap coeffi-
cient) as well as the result about the luciferase activity assay and pull-
down assay. If the Shapiro–Wilk Test or Equal Variance Test failed, the
Mann–Whitney Test was used for the statistical analysis of two groups.
The analysis of differences in miR-143 and circDLGAP4 levels between
control and AIS patients was performed with the Mann–Whitney Test.
The same analysis was performed to analyze differences between groups
with respect to neurological deficits (circDLGAP4-microinjected group
vs and circControl-microinjected group) and the colocalization of GFP
and �-SMA (Pearson correlation coefficient).

For the comparison of multiple groups, the Shapiro–Wilk Test for
normal distribution and the Equal Variance Test for equal variances were
performed to determine the variances between multiple groups, and one-
way ANOVA, followed by the Holm–Sidak Test, was used to test statis-
tical significance. Analysis of differences in BBB damage between Sham
and tMCAO mice in WT or Mir-143 �/� mice was performed with a
one-way ANOVA followed by the Holm–Sidak Test. The same analysis
was performed to analyze differences between groups in terms of tight
junction proteins (TJPs) (claudin-5, occluding, and ZO-1) and mesen-
chymal cell markers (Col I, Col III, and �-SMA) as well as differences
between groups with respect to miR-143 and circDLGAP4 levels in
tMCAO mice at 12 and 24 h after reperfusion.

4

(Figure legend continued.) circControl (Student’s t test). D, Representative TTC-stained sections
from mice microinjected with circControl or circDLGAP4 at 24 h after tMCAO surgery. Viable
tissue is stained red, whereas damaged ischemic brain tissue appears unstained/white. E, Mi-
croinjection of circDLGAP4 significantly reduced infarct volumes at 24 h after tMCAO surgery
compared with those in the group microinjected with circControl. n � 8 mice/group. ***p �
0.001, circDLGAP4 versus circControl (Student’s t test). F, G, circDLGAP4 overexpression ame-
liorated the cerebrovascular damage induced by tMCAO. circControl- and circDLGAP4-
microinjected mice were administered a 2% Evans blue solution via tail vein injections. After 4 h,
cerebrovascular permeability was evaluated by visualizing Evans blue extravasation following
vigorous heart perfusion. Representative images of extravasated Evans blue staining of the
brain (F). Cerebrovascular permeability in circControl- and circDLGAP4-microinjected mice was
determined by measuring the concentrations of brain-extracted Evans blue by spectrophotom-
etry at 620 nm (G). n � 6 mice/group. F(3,20) � 54.834: ***p � 0.001, circControl tMCAO
versus circControl Sham. ###p � 0.001, circDLGAP4 tMCAO versus circControl tMCAO (one-way
ANOVA followed by the Holm–Sidak Test). H, I, Microinjection of circDLGAP4 ameliorated the
decreased ipsilateral TJP expression observed in the tMCAO group. TJP expression levels were
determined through WB analysis (H) and quantified via densitometric analysis (I). n � 6 mice/
group. Claudin-5, F(3,20) � 55.852: ***p � 0.001, circControl tMCAO versus circControl Sham.
###p � 0.001, circDLGAP4 tMCAO versus circControl tMCAO. Occludin, F(3,20) � 47.798: ***p �
0.001, circControl tMCAO versus circControl Sham. ###p � 0.001, circDLGAP4 tMCAO versus
circControl tMCAO. ZO-1, F(3,20) � 27.872: ***p � 0.001, circControl tMCAO versus circControl
Sham. ###p � 0.001, circDLGAP4 tMCAO versus circControl tMCAO (one-way ANOVA followed
by the Holm–Sidak Test). Two representative immunoblots were presented from 6 mice/group.
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Figure 6. circDLGAP4/miR-143 regulates EndoMT in tMCAO mice. A, B, Ipsilateral mesenchymal cell marker expression levels were significantly increased at 12 and 24 h after tMCAO. The
expression of mesenchymal cell markers was determined through WB analysis (A) and quantified via densitometric analysis (B); n � 6 mice/group. Col I, F(3,20) � 45.997: ***p � 0.001, tMCAO/6
h versus Sham. ***p � 0.001, tMCAO/12 h versus Sham. ***p � 0.001, tMCAO/24 h versus Sham. Col III, F(3,20) � 23.784: p � 0.015, tMCAO/6 h versus Sham. ***p � 0.001, tMCAO/12 h versus
Sham. ***p � 0.001, tMCAO/24 h versus Sham. �-SMA, F(3,20) � 68.767: **p � 0.002, tMCAO/6 h versus Sham. ***p � 0.001, tMCAO/12 h versus Sham. ***p � 0.001, tMCAO/24 h versus Sham
(one-way ANOVA followed by the Holm–Sidak Test). Two representative immunoblots were presented from 6 mice/group. C, D, Analysis of GFP � and �-SMA colocalization in vivo. Immunostaining
for �-SMA in the cortex of the Tie2-GFP genetic mouse model. Z-stack images were acquired on a Carl Zeiss confocal laser-scanning microscope (C). Pearson correlation coefficient and Manders
overlap coefficient of GFP � and �-SMA immunofluorescence were calculated (D). Scale bar, 5 �m. n � 15 microvessels/group. Pearson correlation coefficient: ***p � 0.001, tMCAO versus Sham
(the Mann–Whitney Test). Manders overlap coefficient: ***p � 0.001, tMCAO versus Sham (Student’s t test). E, F, Mir-143 �/� mice ameliorated the increases in cortical mesenchymal cell marker
expression induced by tMCAO. The expression of mesenchymal cell markers was determined via WB analysis (E) and quantified via densitometric analysis (F). n � 6 mice/group. Col I, F(3,20) �
35.557: ***p � 0.001, WT tMCAO versus WT Sham. ###p � 0.001, Mir-143 �/� tMCAO versus WT tMCAO. Col III, F(3,20) � 28.210: ***p � 0.001, WT tMCAO versus WT Sham. ###p � 0.001,
Mir-143 �/� tMCAO versus WT tMCAO. �-SMA, F(3,20) � 81.617: ***p � 0.001, WT tMCAO versus WT Sham. ###p � 0.001, Mir-143 �/� tMCAO versus WT tMCAO (Figure legend continues.)
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Results
miR-143 is upregulated in the plasma of AIS patients and
tMCAO mice
Our previous work demonstrated that silencing of miR-143 ex-
erted a protective effect against cerebrovascular damage induced
by methamphetamine (Bai et al., 2016). However, the potential
role of miR-143 in stroke remains largely unknown. To deter-
mine whether miR-143 is involved in stroke, we examined
miR-143 levels in AIS patients. Thus, plasma samples were col-
lected from these patients (age 66.9 � 2.30 years), whose socio-
demographic and clinical characteristics and National Institute
of Health Stroke Scale scores are listed in Table 1. Twenty-six
patients with AIS were enrolled in the study, and 26 nonstroke
volunteers served as controls. As shown in Figure 1A, miR-143
levels were significantly increased in these subjects (p � 0.001,
n � 26) compared with those of age- and gender-matched cog-
nitively healthy controls (n � 26). There were no gender-based
differences in miR-143 levels, as shown in Figure 1B, C. Consis-
tent with this finding, we noted increased ipsilateral miR-143
expression in mice subjected to tMCAO compared with that in
sham-treated mice (Fig. 1D). To further confirm the role of miR-
143 in cerebral ischemia-induced injury, we examined the brain
infarct volumes of both WT and Mir-143�/� mice in a TTC assay
at 24 h after tMCAO surgery. Consistent with our findings re-
garding brain damage, neurological deficit scores were signifi-
cantly decreased in Mir-143�/� mice compared with those in WT
mice at 24 h after tMCAO surgery (Fig. 1E). Infarct sizes were also
significantly decreased in Mir-143�/� mice compared with those
in WT mice (Fig. 1F,G). As expected, there were significant de-
creases in miR-143 levels in Mir-143�/� mice in the brain and
serum compared with the level in the WT group under sham
conditions. Interestingly, tMCAO treatment significantly increased
the level of miR-143 levels in WT mice but not in Mir-143�/� mice
(Fig. 1H,I). These results indicate that silencing of miR-143 exerts
protective effects against cerebral ischemia-induced injury in
tMCAO mice.

Silencing of miR-143 ameliorates the disruption of
cerebrovascular integrity in tMCAO mice
Given that cerebral ischemia and stroke induced damage to cere-
brovascular integrity, we next examined the role of miR-143 in
cerebrovascular injury in vivo by studying Evans blue extravasa-
tion in tMCAO mice. As shown in Figure 2A, B, Evans blue
extravasation was decreased in Mir-143�/� mice subjected to
tMCAO treatment but not in WT mice subjected to tMCAO
treatment, demonstrating that miR-143 plays a role in regulating
cerebrovascular integrity in vivo. We then examined how miR-
143 regulates the ipsilateral expression of TJPs, including clau-
din-5, occludin, and ZO-1. WT mice subjected to tMCAO
treatment displayed decreased TJP expression (Fig. 2C,D), and

this change was significantly ameliorated in Mir-143�/� mice at
24 h after tMCAO surgery (Fig. 2E,F).

circDLGAP4 functions to bind miR-143 and is downregulated
in the plasma of AIS patients and tMCAO mice
Accumulating evidence indicates that the circRNAs that are
highly expressed in mouse tissues and in human cell lines act as
ceRNA sponges that interact with miRNAs and influence the
expression of their target proteins (Hansen et al., 2013). We next
sought to determine which circRNA might act as an endogenous
miR-143 sponge to inhibit miR-143 activity. We found that
circDLGAP4 contains one miR-143 target site using the bioin-
formatics program RNAhybrid (Fig. 3A). By using divergent
primers specific to mm9_circ_015028, which was designated
circDLGAP4 (Fig. 3B), we found that circDLGAP4 levels in these
AIS subjects were significantly decreased (p � 0.01, n � 26)
compared with those in age- and gender-matched cognitively
healthy controls (n � 26) (Fig. 3C). There were no gender-based
differences in circDLGAP4 levels, as shown in Figure 3D, E. Con-
sistent with these clinical findings, circDLGAP4 expression levels
were observed to be decreased in the ipsilateral hemispheres of
mice with tMCAO compared with those in the sham group at
24 h after reperfusion (Fig. 3F). This was further confirmed by
Northern blotting (Fig. 3G). Furthermore, biotin-coupled miR-
143 mimics were used to assess whether miR-143 could pull
down circDLGAP4. More circDLGAP4 enrichment was detected
in the miR-143-captured fraction than in the fractions in which
mutations disrupted base-pairing between circDLGAP4 and
miR-143 in both HEK293T and bEnd.3 cells (Fig. 3H, I). This
finding was further confirmed via FISH, demonstrated by co-
localization between circDLGAP4 and miR-143 in cytoplasm
(Fig. 3 J, K ).

Overexpression of circDLGAP4 levels in the brains of stroke
mice via delivery of recombinant circDLGAP4 RNA using a
lentivirus vector
We next sought to verify the role of circDLGAP4 in vivo by mi-
croinjecting circDLGAP4 lentiviruses into the lateral ventricles of
C57BL/6J mice. The lateral ventricles of C57BL/6J mice were mi-
croinjected with either the circControl-GFP lentivirus or the
circDLGAP4-GFP lentivirus, and the mice were monitored to
determine the role of circDLGAP4 in stroke pathogenesis, as il-
lustrated in Figure 4A. To track the distribution of the lentivi-
ruses, we injected the same volume of Evans blue into the left
lateral ventricles of the mice, and the injected dye diffused
throughout both hemispheres and the brainstem (Fig. 4B). We
also examined the efficacy of circDLGAP4-GFP lentivirus trans-
duction in vivo. As shown in Figure 4C, GFP was widely expressed
around blood vessels and colocalized with CD31-positive cells. As
expected, increased expression of circDLGAP4 was observed in
circDLGAP4-injected mice compared with that in circControl-
injected mice (Fig. 4D).

Overexpression of circDLGAP4 exerts protective effects
against cerebral ischemia-induced injury in tMCAO mice
Two weeks after lentivirus injection, mice were subjected to
tMCAO. After 24 h of reperfusion, neurological deficit scores
were significantly decreased in circDLGAP4-injected mice com-
pared with those in circControl-injected mice (Fig. 5A). We eval-
uated infarct sizes using MRI to determine the extent of brain
damage within the circControl-injected injury territory (50.6%
infarct volume) and the circDLGAP4-injected injury territory
(34.8% infarct volume) to determine the initial damage suffered
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(Figure legend continued.) (one-way ANOVA followed by the Holm–Sidak Test). Two represen-
tative immunoblots were presented from 6 mice/group. G, H, Microinjection of circDLGAP4
ameliorated the decreases in ipsilateral mesenchymal cell marker expression induced by tM-
CAO. The expression of mesenchymal cell markers was determined via WB analysis (G) and
quantified via densitometric analysis (H). n � 6 mice/group. Col I, F(3,20) � 26.338: ***p �
0.001, circControl tMCAO versus circControl Sham. ###p � 0.001, circDLGAP4 tMCAO versus
circControl tMCAO. Col III, F(3,20) � 13.132: ***p � 0.001, circControl tMCAO versus circControl
Sham. ###p � 0.001, circDLGAP4 tMCAO versus circControl tMCAO. �-SMA, F(3,20) � 64.707:
***p � 0.001, circControl tMCAO versus circControl Sham. ###p � 0.001, circDLGAP4 tMCAO
versus circControl tMCAO (one-way ANOVA followed by the Holm–Sidak Test). Two represen-
tative immunoblots were presented from 6 mice/group.
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Figure 7. circDLGAP4 inhibits EndoMT targeting of miR-143 in mouse brain endothelial cells. A, Transduction of circDLGAP4 lentiviruses increased circDLGAP4 expression in mouse brain
endothelial bEnd.3 cells, as determined via RT-PCR. Data are mean � SEM of three independent experiments. **p � 0.002, circDLGAP4 versus circControl (Student’s t test). B, Effects of circDLGAP4
overexpression on TJP expression in mouse brain endothelial bEnd.3 cells treated with OGD/R. Transduction of cells with circDLGAP4 lentiviruses significantly inhibited the decrease in the expression
of TJP induced by OGD/R. Claudin-5, F(3,8) � 41.632: **p � 0.002, circControl OGD/R versus circControl Control. ##p � 0.002, circDLGAP4 OGD/R versus circControl OGD/R.(Figure legend continues.)
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by each mouse (Fig. 5B). Compared with circControl-injected
mice, circDLGAP4-injected mice exhibited significantly de-
creased infarct sizes that were 31.2% smaller than those of their
counterparts (Fig. 5C). To verify these observations further, we

determined brain infarct volumes by TTC assay at 24 h after
tMCAO surgery. Infarct sizes were significantly decreased in
circDLGAP4-injected mice in the tMCAO group compared with
those in circControl-injected mice (Fig. 5D,E). We next exam-
ined the role of circDLGAP4 in cerebrovascular injury in vivo by
subjecting mice to tMCAO. The procedure disrupted cerebrovas-
cular injury in the circControl-injected group, but its effects were
significantly ameliorated in the circDLGAP4-injected group (Fig.
5F,G). We then examined how circDLGAP4 regulated the ipsilat-
eral expression of TJPs, including claudin-5, occludin, and ZO-1.
circControl mice subjected to tMCAO treatment displayed de-
creased TJP expression, and this change was significantly amelio-
rated in circDLGAP4-injected mice (Fig. 5H,I).

circDLGAP4/miR-143 regulates EndoMT in tMCAO mice
Because EndoMT is characterized by the loss of endothelial
markers, and we determined that endothelial marker expression
levels were significantly decreased at 24 h after tMCAO surgery,
we hypothesized that EndoMT contributes to cerebrovascular
damage. To confirm this hypothesis, we subsequently investi-
gated whether endothelial cells acquired the ability to express
mesenchymal cell markers, such as Col I, Col III, and �-SMA. As
shown in Figure 6A, B, Col I, Col III, and �-SMA expression levels
were increased in mice subjected to tMCAO. To verify this obser-
vation, we examined EndoMT using a Tie2-GFP genetic mouse
model combined with quantitative colocalization analysis, in which
colocalization is estimated using specially developed algorithms
that calculate two coefficients, such as Pearson correlation coef-
ficient and Manders overlap coefficient. As shown in Figure 6C,
D, the tMCAO group displayed a significantly increased colocal-
ization rate, which was 4.13-fold higher according to Pearson
correlation coefficient and 2.66-fold higher according to Man-
ders overlap coefficient than that in the sham group, suggesting
that the brain microvessel endothelial cells exposed to tMCAO
had differentiated from an endothelial to a mesenchymal pheno-
type. To examine the role of circDLGAP4/miR-143 in EndoMT,
we first examined WT and Mir-143�/� mice at 24 h after tMCAO
surgery. As illustrated in Figure 6E, F, WT mice subjected to
tMCAO showed increases in Col I, Col III, and �-SMA expres-
sion in the infarct core. These changes were significantly ame-
liorated in Mir-143�/� mice subjected to tMCAO. Next,
circDLGAP4-GFP lentivirus was microinjected into the left lat-
eral ventricles of the mice to examine the effects of circDLAP4 on
the expression of mesenchymal cell markers. As illustrated in
Figure 6G, H, circControl mice subjected to tMCAO treatment
displayed increases in Col I, Col III, and �-SMA expression in the
infarct core, and these changes were significantly ameliorated in
the circDLGAP4-injected group.

circDLGAP4 inhibits EndoMT targeting of miR-143 in mouse
endothelial cells
Because EndoMT was found to be involved in the observed
cerebrovascular damage, we next sought to study the effects of
circDLGAP4 on EndoMT. Mouse brain endothelial bEnd.3 cells
were transduced with circDLGAP4; and as shown in Figure 7A,
the circDLGAP4 group displayed increased circDLGAP4 expres-
sion compared with that in the circControl group based on the
results of qRT-PCR. We also detected the effects of circDLGAP4
on OGD/R-induced EndoMT. As shown in Figure 7B, transduc-
ing cells with circDLGAP4 significantly ameliorated the decreases
in TJP expression induced by OGD/R, according to the WB analysis
of claudin-5, occludin, and ZO-1 expression. In contrast, trans-
ducing mouse brain endothelial bEnd.3 cells with circDLGAP4
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(Figure legend continued.) Occludin, F(3,8) � 30.396: *p � 0.031, circControl OGD/R versus
circControl Control. ##p � 0.003, circDLGAP4 OGD/R versus circControl OGD/R. ZO-1, F(3,8) �
24.985: **p � 0.009, circControl OGD/R versus circControl Control. ##p � 0.004, circDLGAP4
OGD/R versus circControl OGD/R (one-way ANOVA followed by the Holm–Sidak Test). C, Effects
of circDLGAP4 overexpression on mesenchymal cell marker expression in mouse brain endothe-
lial bEnd.3 cells treated with OGD/R. Transduction of cells with circDLGAP4 lentiviruses signifi-
cantly inhibited the increased expression of mesenchymal cell markers induced by OGD/R. Col I,
F(3,8) � 32.075: ***p � 0.001, circControl OGD/R versus circControl Control. ###p � 0.001,
circDLGAP4 OGD/R versus circControl OGD/R. Col III, F(3,8) � 19.027: *p � 0.022, circControl
OGD/R versus circControl Control. #p � 0.015, circDLGAP4 OGD/R versus circControl OGD/R.
�-SMA, F(3,8) � 81.157: ***p � 0.001, circControl OGD/R versus circControl Control. ###p �
0.001, circDLGAP4 OGD/R versus circControl OGD/R (one-way ANOVA followed by the Holm–
Sidak Test). D, Activation of Smad3 signaling in mouse brain endothelial bEnd.3 cells treated
with OGD/R. Data are mean � SEM of three independent experiments. F(4,10) � 34.500: *p �
0.012, OGD/R (15 min) versus Control. ***p � 0.001, OGD/R (30 min) versus Control. ***p �
0.001, OGD/R (60 min) versus Control. ***p � 0.001, OGD/R (180 min) versus Control (one-way
ANOVA followed by the Holm–Sidak Test. E, Effects of Smad3 inhibitor-SIS3 on TJP expression in
mouse brain endothelial bEnd.3 cells treated with OGD/R. Cells pretreated with SIS3 signifi-
cantly inhibited the decreased expression of TJPs induced by OGD/R. Claudin-5, F(3,8) � 20.550:
***p � 0.001, OGD/R versus Control. #p � 0.026, SIS3-treated OGD/R versus OGD/R. Occludin,
F(3,8) � 19.420: **p � 0.001, OGD/R versus Control. ###p � 0.001, SIS3-treated OGD/R versus
OGD/R. ZO-1, F(3,8) � 11.638: **p � 0.006, OGD/R versus Control. ##p � 0.007, SIS3-treated
OGD/R versus OGD/R (one-way ANOVA followed by the Holm–Sidak Test). F, Effects of the
Smad3 inhibitor SIS3 on mesenchymal cell marker expression in mouse brain endothelial
bEnd.3 cells treated with OGD/R. Cells pretreated with SIS3 significantly inhibited the increased
expression of mesenchymal cell markers induced by OGD/R. Col I, F(3,8) � 37.289: ***p �
0.001, OGD/R versus Control. ###p � 0.001, SIS3-treated OGD/R versus OGD/R. Col III, F(3,8) �
14.258: **p � 0.003, OGD/R versus Control. #p � 0.010, SIS3-treated OGD/R versus OGD/R.
�-SMA, F(3,8) � 23.199: ***p � 0.001, OGD/R versus Control. ###p � 0.001, SIS3-treated
OGD/R versus OGD/R (one-way ANOVA followed by the Holm–Sidak Test). G, Transduction of
miR-143 significantly inhibited the increased TJP expression levels in mouse brain endothelial
bEnd.3 cells cotransduced with circDLGAP4 lentiviruses. Claudin-5, F(3,8) � 23.414: **p �
0.005, circDLGAP4 miR-Control versus circControl miR-Control. ##p � 0.004, circDLGAP4 miR-
143 versus circDLGAP4 miR-Control. Occludin, F(3,8) � 39.606: **p � 0.002, circDLGAP4 miR-
Control versus circControl miR-Control. #p � 0.013, circDLGAP4 miR-143 versus circDLGAP4
miR-Control. ZO-1, F(3,8) � 53.654: ***p � 0.001, circDLGAP4 miR-Control versus circControl
miR-Control. ##p � 0.004, circDLGAP4 miR-143 versus circDLGAP4 miR-Control (one-way
ANOVA followed by the Holm–Sidak Test). H, Transduction of miR-143 lentiviruses significantly
inhibited the decreases in mesenchymal cell marker expression induced by circDLGAP4 lentivi-
ruses. Expression of TJPs and mesenchymal cell markers was determined via WB analysis and
quantified via densitometric analysis. Data are mean � SEM of three independent experi-
ments. Col I, F(3,8) � 17.506: **p � 0.008, circDLGAP4 miR-Control versus circControl miR-
Control. ##p � 0.008, circDLGAP4 miR-143 versus circDLGAP4 miR-Control. Col III, F(3,8) �
27.008: **p � 0.009, circDLGAP4 miR-Control versus circControl miR-Control. ###p � 0.001,
circDLGAP4 miR-143 versus circDLGAP4 miR-Control. �-SMA, F(3,8) � 19.070: *p � 0.010,
circDLGAP4 miR-Control versus circControl miR-Control. #p � 0.013, circDLGAP4 miR-143 ver-
sus circDLGAP4 miR-Control (one-way ANOVA followed by the Holm–Sidak Test). I, SIS3 pre-
treatment significantly inhibited the decreases in TJP expression levels in mouse brain
endothelial bEnd.3 cells transduced with miR-143 lentiviruses. Claudin-5, F(3,8) � 21.241:
***p � 0.001, miR-143 versus miR-Control. ##p � 0.003, SIS3-treated miR-143 versus miR-
143. Occludin, F(3,8) � 19.707: ***p � 0.001, miR-143 versus miR-Control. ##p � 0.005,
SIS3-treated miR-143 versus miR-143. ZO-1, F(3,8) � 23.728: ***p � 0.001, miR-143 versus
miR-Control. ###p � 0.001, SIS3-treated miR-143 versus miR-143 (one-way ANOVA followed
by the Holm–Sidak Test). J, SIS3 pretreatment significantly inhibited the increases in mesen-
chymal cell marker expression levels in mouse brain endothelial bEnd.3 cells cotransduced with
miR-143 lentiviruses. The expression of mesenchymal cell markers was determined via WB
analysis and quantified via densitometric analysis. Data are mean � SEM of three independent
experiments. Col I, F(3,8) � 57.599: ***p � 0.001, miR-143 versus miR-Control. ###p � 0.001,
SIS3-treated miR-143 versus miR-143. Col III, F(3,8) � 30.331: ***p � 0.001, miR-143 versus
miR-Control. ##p � 0.003, SIS3-treated miR-143 versus miR-143. �-SMA, F(3,8) � 14.701:
**p � 0.003, miR-143 versus miR-Control. #p � 0.014, SIS3-treated miR-143 versus miR-143
(one-way ANOVA followed by the Holm–Sidak Test).
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Figure 8. miR-143 enhances EndoMT by targeting HECTD1. A, Putative miR-143 binding sites in Hectd1 (HECTD1 gene). Red represents the potential complementary residues. B, The expression
of HECTD1 was significantly decreased in the tMCAO mouse stroke model compared with that in the sham group. The expression of HECTD1 was determined via WB analysis and quantified via
densitometric analysis. n � 6 mice/group. ***p � 0.001, tMCAO versus Sham (Student’s t test). C, OGD/R treatment resulted in a significant decrease in the expression of HECTD1 in mouse brain
endothelial bEnd.3 cells compared with that in the control group in a time-dependent manner. Data are mean � SEM of three individual experiments. (Figure legend continues.)
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significantly inhibited the increases in mesenchymal cell marker
expression induced by OGD/R, as determined via WB analysis of
Col I, Col III, and �-SMA expression (Fig. 7C).

To dissect the causal relationship between circDLGAP4 bind-
ing miR-143 and the observed effects on TJPs and EndoMT, we
first examined Smad3 activation in mouse brain endothelial
bEnd.3 cells treated with OGD/R based on a previous study
showing that the Smad3 inhibitor SIS3 blocks EndoMT (Li et al.,
2010). As shown in Figure 7D, OGD/R treatment induced the
phosphorylation of Smad3 with a peak response at OGD/R 30
min. Then, endothelial cells were treated with SIS3 to examine
the causal relationship between TJPs and EndoMT. As shown in
Figure 7E, F, treatment of cells with SIS3 significantly inhibited
the decreased expression of TJPs as well as the increased mesen-
chymal cell markers induced by OGD/R treatment.

To verify that miR-143 is a mediator of circDLGAP4, we
cotransfected mouse brain endothelial bEnd.3 cells with mimic-
miR-143 and circDLGAP4. circDLGAP4 overexpression enhanced
TJP expression, and this change was significantly attenuated by
miR-143 (Fig. 7G). In contrast, miR-143 reversed the decreases in
mesenchymal cell marker expression induced by circDLGAP4
overexpression (Fig. 7H). These results indicate that circDL-
GAP4 acts as an endogenous miR-143 sponge to regulate En-
doMT. Next, we examined the role of SIS3 in the process of

EndoMT induced by miR-143. As shown in Figure 7I, J, treat-
ment of bEnd.3 cells with SIS3 significantly inhibited the de-
creased expression of TJPs as well as the increased mesenchymal
cell markers induced by miR-143 overexpression.

miR-143 enhances EndoMT by targeting HECTD1
Given that miR-143 plays a critical role in cerebrovascular integ-
rity, we examined the mechanisms underlying the function of
miR-143. We first predicted that a consensus binding site of miR-
143 is present in the 3	-UTR of Hectd1 using the TargetScan
algorithm. As shown in Figure 8A, Hectd1 exhibits a conserved
miR-143 binding site within its 3	-UTR in most species. An in
vivo experiment showed that tMCAO mice exhibited signifi-
cantly decreased expression of HECTD1 compared with that in
the sham control group (Fig. 8B). These findings were further
confirmed in mouse brain endothelial bEnd.3 cells treated with
OGD/R (Fig. 8C). Intriguingly, cotransfection of an miR-143-
overexpressing vector and the pmiR-GLO plasmid with the
Hectd1 WT 3	-UTR resulted in the downregulation of luciferase
activity, and this effect was reversed by transfection with a mu-
tated Hectd1 3	-UTR in both HEK293T and mouse brain endo-
thelial bEnd.3 cells (Fig. 8D,E). In line with these findings,
miR-143 decreased HECTD1 expression, whereas anti-miR-143
increased its expression in mouse brain endothelial bEnd.3 cells
(Fig. 8F). Having determined that miR-143 regulates HECTD1
expression, we next examined the role of circDLGAP4 in regulat-
ing the expression of HECTD1. As shown in Figure 8G, overex-
pression of circDLGAP4 significantly ameliorated the decreased
expression of HECTD1 induced by OGD/R treatment in mouse
brain endothelial bEnd.3 cells. In contrast, miR-143 reversed
the increase in HECTD1 expression induced by circDLGAP4 over-
expression (Fig. 8H). These results indicate that circDLGAP4
acts as an endogenous miR-143 sponge to regulate HECTD1
expression.

Having determined that miR-143 regulates HECTD1 expres-
sion, we next examined the role of HECTD1 in EndoMT induced
by OGD/R. As shown in Figure 8I, transfection with the Hectd1
ACT upregulated the expression of HECTD1 in mouse brain
endothelial bEnd.3 cells. Moreover, transfection with Hectd1-
ACT resulted in significant amelioration of the decreased expres-
sion of TJPs (claudin-5, occluding, and ZO-1) and increased
expression of mesenchymal cell markers (Col I, Col III, and
�-SMA) induced by OGD/R, as shown in Figure 8J, K.

Discussion
Our study provides new insights into the function of circDLGAP4,
which was found to be involved in EndoMT in the context of
stroke via binding with miR-143 and subsequently targeting
HECTD1 (Fig. 9). Specific upregulation of circDLGAP4 may
be a potential therapeutic target for the treatment of cerebral
ischemia.

Although miRNAs are considered a potential therapeutic
strategy for the treatment of neurovascular-dependent brain dis-
eases (Reijerkerk et al., 2013), the specific roles of miRNAs in
EndoMT in the brain are largely unknown. In addition to the
involvement of miR-31 in EndoMT, other miRNAs, including
miR-21, miR-23, miR-20a, and miR-302c, are known to be in-
volved in EndoMT in peripheral cells, such as cardiac endothelial
cells and hepatocellular carcinoma cells (Lagendijk et al., 2011;
Ghosh et al., 2012; Kumarswamy et al., 2012; Laurila and Kallion-
iemi, 2013; Zhu et al., 2014). The findings of our previous work
indicated that miR-143 regulates cerebrovascular integrity (Bai et
al., 2016); however, whether miR-143 is involved in EndoMT in
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(Figure legend continued.)F(5,12) � 68.299: **p � 0.002, OGD/R 0 h versus Control. ***p �
0.001, OGD/R 3 h versus Control. ***p �0.001, OGD/R 6 h versus Control. ***p �0.001, OGD/R
12 h versus Control. ***p � 0.001, OGD/R 24 h versus Control (one-way ANOVA followed by the
Holm–Sidak Test). D, E, Relative luciferase activity of wild-type and 3	-UTR mutant constructs
of Hectd1 cotransfected with an miR-143 OE vector and the pmiR-GLO plasmid in both HEK293T
cells (D) and bEnd.3 cells (E). Data are mean � SEM of three individual experiments. HEK293T
cells: *p � 0.016, WT UTR miR-143 versus WT UTR miR-NC. bEnd.3 cells: ***p � 0.001, WT UTR
miR-143 versus WT UTR miR-NC (Student’s t test). F, HECTD1 expression was evaluated at the
protein level in mouse brain endothelial bEnd.3 cells transduced with the miR-control/miR-143
and the anti-miR-control/anti-miR-143 lentiviruses. Data are mean � SEM of three individual
experiments. *p � 0.02, miR-143 versus miR-Control (Student’s t test). ***p � 0.001, anti-
miR-143 versus anti-miR-Control (Student’s t test). G, Transduction of cells with circDLGAP4
lentiviruses significantly inhibited the decreased expression of HECTD1 induced by OGD/R. Data
are mean � SEM of three individual experiments. F(3,8) � 34.032: **p � 0.003, circControl
OGD/R versus circControl Control. ###p � 0.001, circDLGAP4 OGD/R versus circControl OGD/R
(one-way ANOVA followed by the Holm–Sidak Test). H, Transduction of miR-143 significantly
inhibited the increased HECTD1 expression levels in mouse brain endothelial bEnd.3 cells
cotransduced with circDLGAP4 lentiviruses. Data are mean � SEM of three individual experi-
ments. F(3,8) � 34.104: **p � 0.002, circDLGAP4 miR-Control versus circControl miR-Control.
###p � 0.001, circDLGAP4 miR-143 versus circDLGAP4 miR-Control (one-way ANOVA followed
by the Holm–Sidak Test). I, Transfection of mouse brain endothelial bEnd.3 cells with Hectd1-
ACT increased the expression of HECTD1. Data are mean�SEM of three individual experiments.
***p � 0.001, Hectd1-ACT versus Con-ACT (Student’s t test). J, Transfection of mouse brain
endothelial bEnd.3 cells with Hectd1-ACT significantly inhibited the decrease in TJP expression
compared with that in the Con-ACT group treated with OGD/R. Claudin-5, F(3,8) �23.159: *p �
0.020, Con-ACT OGD/R versus Con-ACT Control. #p � 0.021, Hectd1-ACT OGD/R versus Con-ACT
OGD/R. Occludin, F(3,8) � 22.148: *p � 0.014, Con-ACT OGD/R versus Con-ACT Control. #p �
0.011, Hectd1-ACT OGD/R versus Con-ACT OGD/R. ZO-1, F(3,8) � 25.717: ***p � 0.001, Con-
ACT OGD/R versus Con-ACT Control. ##p � 0.002, Hectd1-ACT OGD/R versus Con-ACT OGD/R
(one-way ANOVA followed by the Holm–Sidak Test). K, Transfection of bEnd.3 cells with
Hectd1-ACT significantly inhibited the increase of mesenchymal cell marker expression com-
pared with that in the Con-ACT group treated with OGD/R. The expression of TJPs and mesen-
chymal cell markers was determined via WB analysis and quantified via densitometric analysis.
Data are mean � SEM of three independent experiments. Col I, F(3,8) � 26.032: **p � 0.003,
Con-ACT OGD/R versus Con-ACT Control. ##p � 0.001, Hectd1-ACT OGD/R versus Con-ACT
OGD/R. Col III, F(3,8) � 42.527: **p � 0.001, Con-ACT OGD/R versus Con-ACT Control. ###p �
0.001, Hectd1-ACT OGD/R versus Con-ACT OGD/R. �-SMA, F(3,8) � 15.712: *p � 0.037, Con-
ACT OGD/R versus Con-ACT Control. #p � 0.012, Hectd1-ACT OGD/R versus Con-ACT OGD/R
(one-way ANOVA followed by the Holm–Sidak Test). Hectd1-ACT, Hectd1 CRISPR Activation
Plasmid (ACT); Con-ACT, Control CRISPR Activation Plasmid (ACT).
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the pathology of stroke remained unknown. In the present study,
downregulation of miR-143 significantly decreased ischemic in-
jury via the regulation of EndoMT in the tMCAO mouse stroke
model using Mir-143�/� mice. Our finding was consistent with a
recent study showing that circulating miR-143 is upregulated in
ischemic patients compared with its expression level in healthy
controls, indicating that miR-143 is associated with AIS and has
clinical utility as an early diagnostic marker (Tiedt et al., 2017).

Consistent with the findings of previous studies (Hansen et
al., 2013; Wang et al., 2016), the current study showed that
circDLGAP4 acts as an miR-143 sponge to decrease the sizes of
infarct areas and attenuate neuronal deficits and BBB damage in
tMCAO mice. The interaction between miR-143 and circDLGAP4
was confirmed via miRNA pull-down and FISH assays. Thus,
circRNAs may act as endogenous sponges that interact with
miRNAs and regulate the expression of miRNA target genes. A
recent study demonstrated that the circRNA HRCR acts as an
miR-223 sponge to regulate cardiac hypertrophy and heart fail-
ure (Wang et al., 2016). Another well-known circSRY expressed
in mouse tissues is known to act as a sponge for miR-138 (Hansen
et al., 2013). Moreover, another circRNA, HIPK3, has multiple
miRNA binding sites, and miR-124 was found to bind with this
circRNA most prominently (Zheng et al., 2016). In addition to
exerting their biological functions by regulating miRNAs, cir-
cRNAs also exert their biological functions by other mechanisms.
For example, circFox3 was found to participate in cell cycle pro-
gression by forming of a ternary complex with p21 and CDK2
(Du et al., 2017). Another complex, circRNA-cZNF292, is regu-
lated by hypoxia and displays proangiogenic activity in endothe-
lial cells. However, it has also been suggested that cZNF292 does

not act as miRNA sponge, indicating that different circRNAs
have different features and contribute to regulatory networks in
distinct ways (Boeckel et al., 2015). We demonstrated that miR-
143 is regulated by circDLGAP4; however, we could not rule out
the possibility that other mechanisms may underlie the functions
of circDLGAP4.

Our study has provided us with new insights regarding the
function of circDLGAP4, which was found to significantly pro-
mote the maintenance of BBB integrity in the tMCAO mouse
stroke model. This promotion resulted in decreased infarct sizes
and improved neurological deficits. Our results indicated that
plasma circDLGAP4 is a promising biomarker for diagnosing AIS
and evaluating the degree of damage caused by ischemic insults.
Our study elucidated the involvement of circDLGAP4 and its
coupling mechanism in cerebral ischemia, specifically its involve-
ment in maintaining BBB integrity, and provided translational
evidence indicating that circDLGAP4 may serve as a novel
biomarker for and therapeutic target in acute cerebrovascular
protection.

Accumulating evidence indicates that circRNAs have impor-
tant functions in development and in heart senescence, hypertro-
phy and failure, as well as in cell growth (Boeckel et al., 2015;
Hong et al., 2016; Zheng et al., 2016; Du et al., 2017). Despite the
biological importance of circRNAs, whether they are involved in
the pathogenesis of stroke has not yet been determined. In this
study, plasma circDLGAP4 levels were found to be decreased in
AIS patients compared with those in controls. Consistent with
this finding, circDLGAP4 levels were also significantly decreased
in the tMCAO mouse stroke model, suggesting a correlation be-
tween circDLGAP4 expression in patient plasma samples and

Figure 9. circDLGAP4/miR-143 affects the ischemic stroke outcome by regulating EndoMT associated with cerebrovascular integrity. circDLGAP4 levels were significantly decreased in the plasma
of AIS patients and in the mouse stroke model. circDLGAP4, identified as ceRNA, functions as an endogenous miR-143 sponge to sequester miR-143, resulting in the inhibition of HECTD1 expression.
Decreased HECTD1 expression enhanced EndoMT by decreasing TJP expression with concomitant increased expression of mesenchymal cell markers. circDLGAP4 overexpression significantly
inhibited EndoMT and attenuated BBB damage in the tMCAO mouse stroke model.
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that in the tMCAO mouse stroke model. Universality, conserved
expression, defined specificity, high stability, and abundance are
the main characteristics of circRNAs that render them very at-
tractive as diagnostic tools for assessing disease. Thus far, cir-
cRNAs have been shown to be potential biomarkers of gastric and
hepatocellular carcinoma (Li et al., 2015; Qin et al., 2016). A
previous study suggested that circRNAs also have the potential to
be used as biomarkers of neurodegenerative diseases (Kumar et al.,
2016). Our findings indicate that the expression of circDLGAP4 is a
valuable biomarker of cerebral ischemia.

Because damage to BBB integrity is not only a common con-
sequence of but also a contributor to the progression of stroke
(Hu et al., 2017), and EndoMT is thought to be involved in the
disruption of BBB integrity, we examined the role of circDLGAP4
in EndoMT. Mounting evidence from studies of peripheral body
systems indicates that EndoMT is involved in cardiac develop-
ment and a variety of pathological conditions (LeBleu et al., 2013;
Maddaluno et al., 2013; Cooley et al., 2014; Petrini et al., 2017).
However, it should also be noted that most of the research regard-
ing EndoMT has been performed in the context of studying
embryonic development or evaluating non– brain-derived endo-
thelial cells. To our knowledge, this is the first study to demon-
strate that EndoMT contributes to BBB damage in the context of
stroke, as we noted decreases in endothelial cell-specific marker
expression and increases in mesenchymal cell product expres-
sion. Using a Tie2-GFP genetic mouse model colocalization
analysis, we clearly demonstrated that the mesenchymal cell
marker-�-SMA colocalizes with GFP. Multiple pathways,
including the TGF-� signaling pathway and other signaling path-
ways, such as the Wnt, Notch, and Hh pathways, are involved in
EndoMT (Aisagbonhi et al., 2011; Piera-Velazquez et al., 2016;
Zhao et al., 2016b; Wermuth et al., 2017). circRNAs are regulated
by the RNA binding protein Quaking and are known to play a
specific role in epithelial-mesenchymal transition (Conn et al.,
2015), although this role remains enigmatic. Our study shed light
on this unknown area by showing that Smad3 activation was
involved in circDLGAP4/miR-143 axis-mediated EndoMT. Our
findings were consistent with a previous study in which a Smad3
inhibitor inhibited EndoMT, thus contributing to the delayed
development of diabetic nephropathy (Li et al., 2010).

Our findings demonstrated that circDLGAP4/miR-143 regu-
lated EndoMT during cerebral ischemia; thus, we deemed it neces-
sary to identify the downstream target of miR-143 and gain further
insights into the mechanism underlying miR-143-mediated En-
doMT regulation. Computational algorithms, such as TargetScan,
have been used to identify evolutionarily conserved sequences in
Hectd1 that are targeted by miR-143. Consistent with these pre-
dictions, the current study indicated that HECTD1 was a target of
miR-143 based on the results of a Luciferase activity assay. The
gene encoding HECTD1 has been mapped to a region of chro-
mosome 14q12 encoding a novel protein HECT domain-
containing E3 ubiquitin ligase, which regulates the selective
ubiquitination of Hsp90 client proteins (Sarkar and Zohn, 2012;
Shen et al., 2017). Hectd1 knock-out mice exhibit perinatal lethal-
ity, impaired neural fold elevation, and an abnormal head mes-
enchyme morphology (Sarkar and Zohn, 2012). A previous study
indicated that HECTD1 enhances adenomatous polyposis coli-
axin interactions to negatively regulate Wnt signaling (Tran et al.,
2013). Moreover, HECTD1 ubiquitinates phosphatidylinositol 4
phosphate 5-kinase Type I � at K97, resulting in its degradation
and focal adhesion assembly/disassembly during cell migration
(Li et al., 2013; Deng and Huang, 2014). However, the involve-
ment of HECTD1 in endothelial cell permeability has remained

elusive. To the best of our knowledge, our study is the first to
demonstrate that HECTD1, as a target of miR-143, functions in
the EndoMT of endothelial cells induced by OGD/R, lending
credence to our speculation that miR-143/HECTD1 contributes
to EndoMT during stroke. The detailed mechanism underlying
the regulation of EndoMT by HECTD1, and especially whether TJPs
ubiquitinated by HECTD1 are involved in this process, must be
further confirmed in future studies.

Together, the findings of the current study have demon-
strated, for the first time, that circDLGAP4 binds with miR-143
and acts as an endogenous miR-143 sponge to inhibit miR-143
activity, resulting in the increased expression of HECTD1, a tar-
get of miR-143. Restoration of circDLGAP4 attenuated neuronal
deficits, decreased infarct areas, and ameliorated BBB damage
through the inhibition of EndoMT. Thus, circDLGAP4 may be
important both as a target for therapeutic interventions in stroke
and as a biomarker for disease activity.
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