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Abstract

Promoting endothelial cell (EC) proliferation and angiogenesis after indirect revascularization surgery is crucial for
decreasing the stroke rate in moyamoya patients. However, the role of delta-like factor 1 (DLK1) in regulating EC
proliferation in chronically ischaemic brains and the specific mechanisms remain unclear. Therefore, we compared
the expression levels of DLK1 in the dura mater (DM) tissues of patients with moyamoya disease and patients with
aneurysms, and dual luciferase reporter and RNA binding protein immunoprecipitation assays were conducted to
determine whether DLK1 is a target gene of miR-126-5p. The effect of DLK1 on EC proliferation and the interaction
between DLK1 and miR-126-5p were explored in vitro. Then, we established an animal model of two-vessel
occlusion together with encephalo-myo-synangiosis (2VO+EMS). The temporalis muscles (TMs) of the animals
were transfected with DLK1 lentiviral RNA (Lv-DLK1) and short hairpin RNA (sh-DLK1) to compare the DLK1
expression, angiogenesis (CD31 count), and numbers of vacuoles and impaired tight junctions in the ECs of TM-
covered chronically ischaemic brains as well as the cognitive improvement in each group. DLK1 expression was
lower in the DM tissues of moyamoya patients than in those of the aneurysm patients, and DLK1 was identified as
a target gene of miR-126-5p. In vitro, DLKI inhibited EC proliferation, migration and angiogenesis and exerted
effects opposite those of miR-126-5p. In 2VO+EMS rats, compared to the control transfection, the TM transfection
of Lv-DLK1 induced significantly higher DLK1 expression and worse angiogenesis in the TM-covered ischaemic
brain as well as less extensive cognitive improvement, while the transfection of sh-DLK1 into the TM had the
opposite effects. In summary, DLK1, a target gene of miR-126-5p, negatively regulates angiogenesis in chronically
ischaemic brains and is expected to be a new target to improve the efficacy of indirect revascularization surgery and
the prognosis of moyamoya patients.
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extention of newly formed capillaries from the DM (or
TM) to the ischaemic brain tissue and thereby improve
cerebral blood perfusion and prevent stroke. However,
nearly half of adult moyamoya patients show poor
potential for EC proliferation and angiogenesis, and
this inadequate potential eventually leads to insufficient
indirect anastomosis formation and poor clinical
outcomes’. In this situation, promoting EC proliferation
and angiogenesis is crucial for decreasing the stroke
rate and improving clinical outcomes. However, specific
strategies for promoting EC proliferation remain unclear.

Delta-like factor 1 (DLK1) is encoded by a paternally
imprinted gene on human chromosome 14 and mouse
chromosome 12 and is highly expressed during embryonic
development . DLK 1 is synthesized as a membrane-bound
precursor that has a signal peptide, six epidermal growth
factor (EGF)-like extracellular repeats, a juxta-membrane
region and a short intracellular tail 7. Numerous of studies
have demonstrated that DLK1 plays a regulatory role in
a series of mesoderm differentiation processes, including
adipogenesis, myogenesis and osteoblastogenesis ®.
However, a few reports recently suggested that DLK1
negatively regulates EC proliferation °. Given that 1)
both our previous study and studies from other scholars
demostrated that microRNA-126-5p (miR-126-5p)
promotes EC proliferation '*!2, 2) bioinformatics analysis
(both TargetScan and miRDB) indicated the existence of
a potential binding site between miR-126-5p and DLKI,
and 3) a relatively authoritative study suggested that miR-
126-5p and DLK1 interact '*, we hypothesized that DLK 1
inhibits EC proliferation and angiogenesis in patients
with moyamoya disease as a target gene of miR-126-5p.
However, further exploration is needed to reach a definite
conclusion.

In addition, endothelial nitric oxide synthase (eNOS)
produces nitric oxide to help regulate vascular function
and participates in the regulation of EC repair and
proliferation . Our previous study suggested that eNOS
exerts biological functions downstream of miR-126-5p;
however, its expression level is positively correlated with
that of miR-126-5p !°. Therefore, considering that DLK1
could be a target gene of miR-126-5p, we presume that
DLKI1 serves as the in-between factor to directly regulate
the expression of eNOS. However, the underlying
regulatory pattern of DLK1 and eNOS remains unknown.

Therefore, this study aimed to explore the effect of
DLKI1 on EC proliferation and angiogenesis. Additionally,
possible associations between DLKI1 and miR-126-5p
and between DLK1 and eNOS were investigated. The
study findings are expected to provide new insight into
strategies for promoting indirect anastomosis formation
after indirect revascularization surgery and to further
improve the prognosis of patients with moyamoya disease.

Materials and methods

Collection of DM tissues from patients with moyamoya
disease and aneurysms. First, we compared the DLKI1
expression in DM tissues from patient with moyamoya
disease (n = 8) and unruptured aneurysms (n = 8, control
group). DM samples (1.0 x 0.5 cm) were collected from
patients with moyamoya disease during revascularization
procedures. DM samples were harvested from the temporal
part of the head and stored for further use. All fresh
samples were used for quantitative real-time polymerase
chain reaction (QRT-PCR), frozen in liquid nitrogen and
stored at -80°C. DM samples were also harvested from
aneurysm patients undergoing clipping procedures, and
the miR-126-5p expression in these samples was used as
the control. The study was conducted in accordance with
the Declaration of Helsinki (2000) and was approved by
the Ethics Committee of the Third Affiliated Hospital of
Sun Yat-sen University (no. [2019]06-440-13). Written
informed consent was obtained from all the participants.

Cell culture and grouping. Human umbilical vein
endothelial cells (HUVECs, cell lines; cat. no. CRL-
1730) were purchased from the American Type Culture
Collection. The cells were routinely cultured in a 5%
CO2 incubator at 37°C in M200 medium containing 2%
FBS. HUVECsS between passages 3 and 6 were used in all
experiments. . To investigate the regulatory effect of DLK1
on EC proliferation, we divided HUVECs into following
subgroups, 1) control: naive; 2) lentivirus negative control
(Lv-NC): HUVECs transfected with a negative control
lentivirus; 3) Lv-DLKI1: HUVECs transfected with a
DLKI1 overexpression lentivirus; 4) short hairpin negative
control (sh-NC): HUVECs transfected with a short hairpin
RNA negative control lentivirus; 5) sh-DLK1: HUVECs
transfected with a DLK1 short hairpin RNA lentivirus,
and 6) sh-DLK1 + NS-nitro-L-arginine methyl ester (sh-
DLKI+L-NAME): HUVECs transfected with both a
DLKI1 short hairpin RNA lentivirus and L-NAME (100
pmol/L, Invitrogen, Guangzhou, China). To investigate
the interaction between miR-126-5p and DLK1 during
EC proliferation, we divided HUVECs into the following
subgroups, 1) control: naive; 2) mimic NC: HUVECs
transfected with 50 nM mimic negative control; 3) mimic:
HUVECS transfected with 50 nM miRNA-126-5p mimic;
4) Lv-DLK1 + mimic: HUVECs transfected with a DLK1
overexpression lentivirus and then with a miRNA-126-
Sp mimic; 5) inhibitor NC: HUVECs transfected with
100 nM inhibitor negative control; 6) inhibitor: HUVECs
transfected with 100 nM miRNA-126-5p inhibitor; and 7)
sh-DLK1 + inhibitor: HUVECsS transfected with a DLK1
short hairpin RNA lentivirus and then with a miRNA-126-
5p inhibitor

Cell transfection. HUVECs were collected at 80%
confluence for transfections. To increase or decrease

4 Nepal Journal of Neuroscience, Volume 19, Number 2, 2022



Delta-like factor 1 negatively regulates angiogenesis as a target gene of miR-126-5p after indirect ...

DLKI1 expression, HUVECs were transfected with Lv-
DLK1 or sh-DLK1 (Wuhan, Hubei, China). To increase
or decrease miR-126-5p expression, HUVECs were
transfected with mimic NC, miR-126-5p mimic, miRNA
negative control inhibitor (inhibitor NC), or miR-126-
S5p inhibitor (RiboBio, Guangzhou, China). HUVECs
were transfected using Lipofectamine 2000 (Invitrogen,
Guangzhou, China) according to the manufacturer’s
instructions.

Lentivirus packaging and transduction. Lentivirus
vectors (Lv-DLK1 and sh-DLK1) constructed by
GenePharma (Shanghai, China) were used to stably
overexpress or knockdown DLK1 in HUVECs. HUVECs
were transduced with Lv-DLK1 or sh-DLK1 and selected
with puromycin (Invitrogen) for 2 weeks to obtain stable
HUVEC lines.

Quantitative PCR (gRT-PCR). TRlzol reagent
(Invitrogen, Guangzhou, China) was used to isolate
total RNA from HUVECs or DM tissues, and the
Advantage RT-for-PCR Kit (TaKaRa, Otsu, Japan)
was used to perform reverse transcription with U6
serving as the endogenous control. The following
primers (Invitrogen) were used in this study: DLKI,
5’-TGACAATGTTTGCAGGTGC-3’  (forward) and
5’-CATCTCTATCACAGAGCTCCC-3’ (reverse); miR-
126-5p, 5’-CCGACACGGGAGACAATG-3’ (forward)
and 5’ -TCTGGAAGTGAGCCAATGTG-3 (reverse);
and U6, 5’-CTGTGCCCATCTACGAGGGCTAT-3’
(forward) and 5’-TTTGATGTCACGCACGATTTCC-3’
(reverse). Both melt curve analysis and gel electrophoresis
were used to verify the specificity of the fluorescent
signal. The 2724CT method was used to calculate relative
gene expression levels. All experiments were performed
in triplicate.

Immunofluorescence. Briefly, sections were fixed
with 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 5 min at room temperature, permeabilized, and
blocked for 30 min with 0.1% Triton X-100 and 1% bovine
serum albumin. Then, the fixed sections were washed and
incubated for 1 h with a primary antibody against DLK1
(1:50; Bioss, Beijing, China), CD31 (1:100; Santa Cruz
Biotechnology, Dallas, TX, USA), or eNOS (1:200; Cell
Signaling Technology). The sections were then washed
three times with PBS and incubated with secondary
antibodies. The samples were subsequently counterstained
with 4°,6-diamidino-2-phenylindole (DAPI, Beyotime
Biotechnology, Shanghai, China) to visualize nuclei. The
number of CD31-positive cells was used as an indicator
of the proliferation and distribution of capillary ECs. The
number of positively stained cells in five random visual
fields (100 pum x 100 um) was counted. All experiments
were performed in triplicate.

Western blotting (WB). The total protein concentration
in HUVEC lysates was measured with a BCA Protein
Assay Kit (Invitrogen). Proteins were separated by 10%

sodium dodecyl sulfate-polyacrylamide electrophoresis,
transferred onto a PVDF membrane (Beyotime), and
blocked for 60 min at room temperature using 5% nonfat
milk. Primary antibodies against DLK1 (1:1000; Bioss),
eNOS (1:1000; Abcam, Cambridge, UK) and B-tubulin
(1:1000; Sigma—Aldrich) were used in this study. The
membranes were incubated for 1 h at room temperature
with an HRP-conjugated goat anti-rabbit secondary
antibody (1:5000; Abcam). ECL WB detection reagents
(Sigma—Aldrich) were used for protein detection, and
Imagel] software (Bethesda, MD, USA) was used to
process all data.

Cell viability. The CCK-8 assay was used to evaluate
HUVEC viability (Solarbio Science & Technology,
Beijing, China). Brieflyy, HUVECs were seeded into
96-well plates at a density of 1 x 10* cells/well. After
the indicated treatments for 24, 48 and 72 h, 20 pL of
CCK-8 solution was added to each well, and the plates
were incubated for 2 h. The optical density (OD) values
at a wavelength of 450 nm were measured to determine
HUVEC viability.

Transwell migration assay. Transwell assays were used
to determine cell invasion '*. HUVECs were suspended
in serum-free DMEM and seeded in the Matrigel-coated
upper chamber. The lower chamber was filled with medium
supplemented with FBS. The HUVECs were allowed
to migrate for 24 h and then stained with 0.1% crystal
violet. Finally, the invaded HUVECs that adhered to the
surface of the lower membrane were counted in 5 random
microscopic fields of each well (200x magnification).

Tube formation assay. A tube formation assay was
conducted to assess the tube formation ability of HUVECs
as previously described '* . Briefly, HUVECs (4 x 10°
cells) were added to each well of a 48-well platethat
contained 200 pL of Matrigel (BD Biosciences, San
Jose, CA, USA) in 1 mL of complete medium. The plates
were then incubated at 37°C for 6 h, and the degree of
tube formation was quantified by counting the numbers
of tubes and branch points in five random fields (100x
magnification).

Scratch wound assay. To assess cell migration in
vitro, a scratch wound assay was conducted as previously
described '*!7. In brief, a confluent monolayer of HUVECs
(1 x 105 cells/mL in a six-well plate) was wounded with
a 200-uL micropipette tip. After incubation for 24 or 48
h, the degree of wound closure was determined under an
inverted phase contrast microscope. The wound width was
determined using Image-Pro Plus software 5.1 (Media
Cybernetics, Inc. Siler Spring, MD, USA) for quantitative
assessments.

Dual luciferase reporter assay. Wild-type (WT) and
mutant (MUT) DLK1 were separately inserted into the
pmirGLO vector to construct the WT DLK1 and MUT
DLK1 vectors, respectively. These constructs were
cotransfected with the mimic NC or miR-126-5p mimic
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into HEK293T cells with Lipofectamine 2000 transfection
reagent (Thermo Fisher Scientific). The luciferase activity
of the vectors was detected using a Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA).
Firefly luciferase activity was normalized to that of Renilla
in each sample.

RNA binding protein immunoprecipitation (RIP)
assay. For the RIP assay, cells were rinsed with cold PBS
and fixed with 1% formaldehyde for 10 min. The RIP assay
was performed with the EZ-Magna RIP Kit (Millipore,
Bedford, MA, USA) according to the manufacturer’s
instructions. RNA was immunoprecipitated with an
antibody against AGO2 (Abcam) or negative control
IgG (Abcam). qRT-PCR was conducted to detect
coprecipitated DLK1 RNA.

Animals and subgrouping. Adult male Sprague—
Dawley rats (250-320 g, 287.3 + 12.5 g on average)
were purchased from the animal centre of Sun Yat-sen
University, Guangzhou, China (certificate number for this
batch of rats: 20210222Aazz069000174; license number
of the animal center: SCXK(GUANGDONG)2017-0083).
The animals were allowed to adapt to the environment
for 7 days before the experiments. All animal treatments
and experiments were approved by the Institutional
Animal Ethics Committee of Sun Yat-sen University
(no. [2020]04-270- 55) and conformed to the Guide for
the Care and Use of Laboratory Animals of the National
Institutes of Health (publication no. 80-23, revised 1996).
The animal body weights and behaviours were monitored
every other day. Humane endpoints were determined when
the animals exhibited >20% weight loss, dehydration and
loss of ability to ambulate. No animals presented signs
of humane endpoints requiring immediate euthanasia.
Cervical dislocation was used as the method of euthanasia,
and the rats were anaesthetized via an intraperitoneal
injection of 10% chloral hydrate (320 mg/kg) prior to
cervical dislocation. No rats exhibited signs of peritonitis
after the administration of 10% chloral hydrate. The rats
were randomly assigned to the following groups (n = 14
in each group): normal saline (NS), Lv-NC, Lv-DLK1, sh-
NC and sh-DLK1.

2VO surgical procedure. The 2VO rat model with
bilateral common carotid artery (CCA) ligation is
commonly used to provide chronically ischaemic brains
similar to those of moyamoya patient '*. The procedure for
2VO rat modelling was performed as previously described
19, Briefly, rats were anaesthetized via an intraperitoneal
injection of 10% chloral hydrate (320 mg/kg) and showed
no obvious signs of peritonitis. Anaesthetized rats were
placed on a heating pad to maintain their temperature at
37°C. After creating an incision in the middle of the neck,
the right CCA was ligated with two 3-0 silk threads. After
7 days, a scalp incision was made along the midline, a burr
hole was made with an electric drill in the right frontal
region (0.8 mm posterior and 3.4 mm lateral to bregma),

and a device fixed with cyanoacrylate adhesives for the
contact probe was placed. Subsequently, the left CCA was
exposed and ligated by the same method. Animals in the
2VO sham group was subjected to the same procedure but
without CCA ligation. Laser Doppler flowmetry was used
to measure cerebral blood flow (CBF) before and after
the procedure. The mean CBF values are expressed as
percentages of the baseline value. Successful 2VO model
establishment was indicated by a decrease in the CBF to
approximately 30% of the baseline value before surgery.
EMS  surgical procedure. The 2VO+EMS rat
model is commonly used to investigate the regulatory
mechanism of angiogenesis after EMS procedures in
patients with moyamoya diseases®”?!. The procedure for
encephalo-myo-synangiosis (EMS) rat modelling was
performed as previously described’. Briefly, immediately
after establishment of the 2VO model, we performed
EMS on the left cerebral hemisphere. The rats were
anaesthetized with isoflurane (3% for induction and
2% for maintenance) and mechanically ventilated to
maintain respiration using a rodent ventilator (Harvard
Apparatus). After opening the skin and TM, a piece of
skull from the temporoparietal region with a diameter
of approximately 4 mm was removed using a microdrill.
The DM and arachnoid membrane were carefully opened
with microforceps and 1-mL syringe needles without
damaging the brain. The TM and DM were stitched
together, and the skin was then sutured. We assessed the
effects of DLK1 on EC proliferation and angiogenesis by
comparing the CD31 expression, number of vacuoles in
ECs, number of abnormal tight junctions (TJs) between
ECs and cognitive function and improvement among the
groups* . TM-covered brain tissue at a depth of less
than 1 mm was harvested for further analysis. Transfection
of the rat TMs. To upregulate or downregulate DLK1
expression, an aliquot of Lv-DLK1 (20 pl, 1x10% TU/mL)
or sh-DLK1 (20 pl, 1x10® TU/mL) was divided equally
in fourths and injected into four sites of the TM with a
Hamilton microinjector immediately after the DM was
opened. The same dose was injected into animals in the
Lv-NC and sh-NC groups. In the NS group, 20 pL of
0.9% NaCl was injected into TM tissue as a control. The
entire injection period lasted 30 s. The dose was based on
the manufacturer’s recommendation (GenePharma) with
modification as reported for local injection ** 2.
Transmission electron microscopy (TEM). The
vacuoles in ECs and TJs between ECs were observed by
TEM analysis. In this assay, 1-mm?® brain cortex blocks
were fixed at 4°C with fresh TEM fixative. Then, the
tissues were rinsed, embedded in paraffin, and cut into
ultrathin sections (50-80 nm). Images were acquired
with a JEOL JEM 1400 transmission electron microscope
(JEOL, Peabody, MA) at 80 kV on a Gatan Ultrascan 1000
CCD (Gatan, Inc., Pleasanton, CA). Vacuolation of the
endothelium was quantified by normalizing the number
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of vacuoles (>100 nm diameter) to the circumference of
the vascular endothelium. The proportion of abnormal TJs
(TJs with intercellular space or discontinuousness) to total
TJs in 30 random visual fields was calculated.

Morris water maze (MWM) test. The MWM test was
used to analyse cognitive impairment and improvement®.
Briefly, a circular pool with a diameter of 180 cm and a
depth of 60 cm was filled with water to a depth of 30 cm.
The water temperature was 22 + 2°C, and the pool was
divided into four quadrants. During the training period, a
hidden escape platform (10x10 cm) was placed in quadrant
IIT at 1 cm below the water surface, and this platform was
removed during the escape latency test after training.
During training, the rats were allowed 60 s to find the
hidden escape platform, and the latency to escape onto the
platform and the escape route were recorded. If a rat failed,
it was guided onto the platform with a stick, and its latency
time was recorded as 60 s. The training was conducted
twice a day for 4 days. The escape latency, swim speed,
time spent in the target quadrant and number of platform
crossing were analysed using a video surveillance system
(SMART, Panlab SL, Barcelona, Spain).

Statistical analysis. Statistical Program for Social
Science (SPSS) version 22.0 was used for all statistical
analyses. The data are presented as the means + standard
deviations (SDs). Regarding the background data of the
enrolled patients, measurement data were analysed using
one-way ANOVA, and enumeration data were analysed
with Fisher’s exact tests. The results were evaluated by
the two-tailed unpaired Student’s t test. Significance is
noted as *P<0.05, **P<0.01 or not significant (ns). Each
experiment was performed in triplicate.

Results

DLKI is downregulated in the DM of moyamoya
patients and is a direct target gene of miR-126-5p. From
December 2019 to March 2020, eight patients (2 men and
6 women) with moyamoya disease and 8 patients (4 men
and 4 women) with unruptured aneurysms were enrolled
in this study. The mean age of the patients with moyamoya
disease was 46.9 years (range, 31-60 years), and that of
the patients with unruptured aneurysms was 53.8 years
(range, 37-71 years). The onset symptoms of patients with
moyamoya disease, which occurred within the previous six
months, included transient ischaemic attacks (3/8), limb
numbness (3/8), amaurosis fugax (1/8), and seizures (1/8).
The preoperative modified Rankin Scale score was < 2
points for all patients with moyamoya disease. According
to the preoperative digital subtraction angiography results
for 16 hemispheres, Suzuki grade III was noted in 68.75%
(11 of 16) of the hemispheres, and Suzuki grade II was
noted in the remaining hemispheres (5 of 16). In all eight
moyamoya patients, we performed the same surgical
procedures, which were STA-MCA bypass combined with

encephalo-myo-synangiosis and dural inversion. During
the procedures, we did not harvest the part of the dura
mater including the major branch of the middle meningeal
artery. Regarding the patients with aneurysms (control
group), seven were asymptomatic, and one patient suffered
from aneurysm-unrelated dizziness. All aneurysms were
detected by routine health examinations. Five aneurysms
were located on middle cerebral arteries, and the other
three were located on posterior communicating arteries.
The baseline data of the enrolled patients are shown in
Table 1. DLK1 expression in DM tissues was compared
between the patients with moyamoya disease and those
with unruptured aneurysms (control group) to determine
whether DLK1 plays a role in regulating angiogenesis. The
DLK1 expression in DM tissues was significantly lower in
moyamoya patients than in control patients (n =8, 0.4627
+ 0.1428 vs. 1.0086 + 0.0602, P < 0.0001) (Figure 1A-
ID). Dual luciferase reporter assays of HEK293T cells
were conducted to investigate the possible interaction
between miR-126-5p and DLKI1. The complementary
sequences between miR-126-5p and the DLKI1 3°-
UTR were obtained by bioinformatics analysis (Figure
1E). Luciferase activity was significantly suppressed in
HEK293T cells cotransfected with the miR-126-5p mimic
and WT DLKI reporter but not in those transfected with
the MUT DLKI1 reporter (Figure 1F). We conducted anti-
AGO2 RIP assays of HUVECsS transiently overexpressing
miR-126-5p and found significant enrichment of DLK1
pull-down by AGO?2 (Figure 1G).

DLK1 inhibits EC proliferation in vitro by inhibiting
eNOS expression. Next, we investigated the effect of
DLKI1 on EC proliferation and downstream cytokines in
vitro. CCK-8 assays showed that compared to that in the
control group, HUVEC viability was significantly higher
in the sh-DLK1 group (n =3, P<0.0001) and significantly
lower in the Lv-DLK1 group (n =3, P=0.0013) (Figure
2A). The WB results showed that compared to that in the
control group, DLK1 expression was significantly higher
in the Lv-DLK1 group (n=3,P=0.0001) and significantly
lower in the sh-DLKI1 group (n = 3, P < 0.0001).
However, the eNOS inhibitor L-NAME had no effect on
DLKI1 expression. Accordingly, eNOS expression was
significantly lower in the Lv-DLK1 group than in the
control group (n =3, P <0.0001) and significantly higher
in the sh-DLK1 group than in the control group (n = 3,
P < 0.0001). However, the increased eNOS expression
induced by sh-DLK1 was downregulated by the eNOS
inhibitor L-NAME (Figure 2B, 2C). We then performed
tube formation, scratch wound and Transwell migration
assays to evaluate the tube formation, proliferation and
invasion abilities of HUVECsS in each group. The results
showed decreased tube formation, proliferation and
invasion of HUVECs in the Lv-DLKI1 group compared
to the control group, whereas HUVECs in the sh-DLK1
group showed enhanced tube formation, proliferation and
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invasion abilitied compared to those of the control group.
However, the enhanced tube formation, proliferation and
invasion abilities induced by sh-DLK!1 was offset by
the eNOS inhibitor L-NAME (Figure 2D-2J). In short,
the above results suggest that the DLK1/eNOS pathway
plays an essential role in EC proliferation, migration and
angiogenesis.

DLK] reverses the regulatory effect of miR-126-5p
on EC proliferation, angiogenesis and migration. We
conducted the following experiments to further verify
the interaction between miR-126-5p and DLKI1. Using
gRT-PCR and WB, we determined that Lv-DLKI
transfection significantly reversed the suppressive effect
of the miR-126-5p mimic on DLK1 expression, while sh-
DLKI1 transfection significantly reversed the stimulatory
effect of the miR-126-5p inhibitor on DLK1 expression.
However, neither Lv-DLKI1 nor sh-DLKI1 affected
miR-126-5p expression (Figure 3A-3C). CCK-8 assays
revealed that HUVEC viability was significantly elevated
by the miR-126-5p mimic, while this increase was
blocked by Lv-DLKI transfection. Moreover, HUVEC
viability was significantly suppressed by the miR-126-
Sp inhibitor, and this effect was significantly reversed by
sh-DLK1 transfection (Figure 3D). Accordingly, the tube
formation and Transwell assay results demonstrated that
decreasing DLK1 expression alleviated the repression of
angiogenesis and migration by the miR-126-5p inhibitor,
while increasing DLK1 expression significantly reversed
the stimulation of angiogenesis and migration by the miR-
126-5p mimic (Figure 3E-3I).

DLK]1 inhibits angiogenesis in the ischaemic brains of
2VO+EMS rats. The schedule and procedures are shown
in Figure 4A-4G. We previously verified the ability of

Moyamoya patients (n=8)

Age (years) 46.9+10.0
Sex (male:female) 2:6

Hypertension (%) 50.0 (4/8)
T2DM (%) 25.0 (2/8)
Smoking (%) 12.5 (1/8)
Hyperlipidaemia (%) 12.5 (1/8)
Side of surgery (left: right) 3:5

EMS to induce EC proliferation in the ischaemic brains
of 2VO rats %1, Thus, in this study, immunofluorescence
and WB analyses were performed to observe DLKI,
eNOS and CD31 expression in brain tissues after the
injection of NS, Lv-DLKI1, sh-DLK1 and NC into the
TM. The DLK1 expression in the Lv-DLKI1 group was
significantly higher than that in the NS group (n =8, P =
0.0002), while that in the sh-DLK1 group was significantly
lower than that in the NS group (n = 8, P = 0.0308).
However, this difference was presumably attributed to
intracellular DLK1 expression rather than extracellular
DLKI1 expression. In other words, membrane-bound
DLKI1 was likely the function-dominant form during the
inhibition of angiogenesis. In addition, the expression
levels of both eNOS and CD31 were significantly lower
in the Lv-DLK1 group and significantly higher in the sh-
DLKI1 group than in the NS group (Figure 4H-4M). The
same expression pattern of the abovementioned cytokines
was observed by WB analysis (Figure 4N, 40). The
number of vacuoles per 10 mm of vascular endothelium
was significantly increased in the Lv-DLKI1 group but
decreased significantly in the sh-DLK1 group compared
to the NS group. Additionally, compared with that in the
NS group, the number of abnormal TJs was significantly
lower in the sh-DLK1 group and significantly higher in
the Lv-DLK1 group (Figure 5A-5C). Finally, the MWM
test was performed to compare cognitive improvement
among groups. Although no significant difference in
motor function (represented by swim speed) were
observed among the groups, the cognitive improvement in
the sh-DLK1 group was significantly greater than that in
the NS group. However, the cognitive improvement was
not significantly different in the Lv-DLK1 and NS groups
(Figure SD-5H).

Aneurysm patients (n=8) P value
53.8+11.1 0.2135

4:4 0.6084

87.5(7/8) 0.2821

67.5 (5/8) 0.3147
37.5(3/8) 0.5692

25.0 (3/8) 0.5692

5:3 0.6193

T2DM: type 2 diabetes mellitus.
Table 1: Baseline data of the included patients
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Figure 1: Harvesting of clinical samples and the targeting relationship between miR-126-5p and DLK1. (4) DSA film
showing excellent anastomosis formation after indirect revascularization surgery in a moyamoya patient. The black arrow
indicates the middle meningeal artery. (B) Intraoperative image showing the source of the DM sample. (C) The harvested
DM sample. (D) Column chart showing the differences in miR-126-5p expression in DM samples from moyamoya patients
(n = 8) and aneurysm patients (n = 8). (E) The predicted binding sites between miR-126-5p and DLK1. A mutation was
introduced at the complementary miR-126-5p binding site in the DLKI sequence. (F) Cotransfection of WI/MUT DLK1I
and mimic NC/miR-126-5p mimic in HEK293T cells. (G) RIP assays were performed with an AGOZ2 antibody, followed by
qPCR to enrich DLK1. DM: dura mater, NC: negative control; WT: wild-type; MUT: mutant.
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Figure 2: DLK1 inhibits HUVEC migration and tube formation in vitro by inhibiting eNOS expression. (4) Line
graph showing the results of the CCK-8 assay of cell viability regarding the effect of DLK1 on HUVEC proliferation. (B)

Representative western blot results showing the expression of DLK1 and eNOS in each group (normalized to the expression
of p-tubulin). (C) Densitometry analyses of the western blot results. (D) Representative results of the tube formation assays
in each group. Scale bar = 100 um. (E) Quantification of the number of tubes. (F) Quantification of the average number of
tube branch points. (G) Quantification of the scratch wound assay results at 24 and 48 h in each group. (H) Representative
fields showing the scratch wound assay results at 48 h in each group. Scale bar = 200 um. (I) Representative results of the
Transwell migration assays in each group. Scale bar = 50 um. (J) Quantification of the Transwell migration assay results.

The data are representative images or are presented as the mean + SD of n = 3 experiments.
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Figure 3: DLK1 reverses the proangiogenic effect of miR-126-5p in vitro. (4) gRT-PCR results showing the miR-126-
5p expression in the different groups. (B) Representative western blot results showing the expression of DLK1 and eNOS
in each group (normalized to the expression of f-tubulin). (C) Densitometry analyses of the DLK1 and eNOS expression in
each group (normalized to [-tubulin expression). (D) Line graph showing the results of the CCK-8 assay of cell viability in
each group. (E) Representative tube formation assay results in each group. Scale bar = 100 um. (F) Quantification of the
number of tubes. (G) Quantification of the average number of tube branch points. (H) Representative Transwell migration
assay results in each group. Scale bar = 50 um. (I) Quantification of the Transwell migration assay results. The data are
representative images or are presented as the mean + SD of n = 3 experiments.
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Figure 4: DLK1 inhibits EC proliferation and angiogenesis in vivo. (4) The schedule used to investigate the effects
of the DLK1/eNOS pathway on angiogenesis in vivo. (B) Schematic drawing of the EMS procedure and the four sites of
Lv-DLK1/sh-DLK1 injection into the TM. (C) Opening of the DM. The black asterisk indicates the TM, and the black
arrow indicates the opened DM. (D) Brain samples (covered with the TM) from 2VO+EMS rats. (E) Representative
graph of CBF changes before and after the 2VO procedure. (F) Doppler flowmetry results showing the CBF values before
and after the 2VO procedure. (G) HE-stained slide of a brain from a 2VO+EMS rat. The red curve indicates the brain
surface involved in EMS. Scale bar = 1 mm. (H) Immunofluorescence staining of cells positive for DLK1 and eNOS in the
ischaemic brains of each group. The white arrow indicates intracellular DLK1+ staining, and the yellow arrow indicates
extracellular DLK1+ staining. Scale bar = 20 um. (I) Immunofluorescence staining of cells positive for CD31 and eNOS
in the ischaemic brains of each group. (J) Quantitation of intracellular DLK1, extracellular DLK1, total DLKI and eNOS
positive cells in each group. (K) Quantitation of cells positive for CD31, eNOS and CD31/eNOS in each group. (L) Typical
immunofluorescence staining showing intracellular DLK1 and extracellular DLK1 positivity. The white arrow indicates
intracellular DLK1+ staining, and the yellow arrow indicates extracellular DLK1+ staining. Scale bar = 5 um. (M) Typical
dual immunofluorescence staining showing both CD31+ and eNOS+ cells. The white arrow indicates a CD31+ cell, and
the yellow arrow indicates an eNOS+ cell. Scale bar = 5 um. (N) Western blot results showing the expression of DLKI,
eNOS and CD31 in each group. (O) Densitometry analyses of the above western blot results. The data are representative
images or are presented as the mean = SD. CBF: cerebral blood flow.
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Figure 5: TEM images of vacuoles and TJs and the MWM test results of each group. (4) Representative TEM images of
vacuoles and TJs in each group. Red arrows indicate vacuoles, green arrowheads indicate intact TJs, and blue arrowheads
indicate abnormal TJs. Scale bar = 1 um. (B) Quantitation of the number of vacuoles per 10 mm of vascular endothelium in

each group. (C) Quantitation of the abnormal TJs in each group. (D) Representative swimming paths of rats in each group.

(E) Linear graph showing the escape latency of each group. #, P>0.05, the antagomir group vs. the NS group; ** P<0.01,

the agomir group vs. the NS group. (F) Time spent in the target quadrant for each group. (G) Linear graph showing the
average swimming speed of each group. (H) Column graph showing the number of platform crossings for each group. The
data are representative images or are presented as the mean + SD. MWM.: Morris water maze.
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Discussion

DLK1 plays an inhibitory role in angiogenesis in vitro.
DLK1, also known as Pref-1 and FA1, is a transmembrane
glycoprotein belonging to the EGF superfamily ?’. Notably,
recent studies have shown that DLK1 plays a critical role in
angiogenesis *. In addition, the formation of extracranial-
intracranial anastomosis derived from DM tissues is
commonly observed in patients with moyamoya disease
who have undergone indirect revascularization surgery **
», Therefore, the DLK1 expression levels in DM tissues
were compared between patients with moyamoya disease
and unruptured aneurysms (control group) to determine
whether DLK1 participates in angiogenesis after indirect
revascularization surgery. The qRT—PCR results showed
that DLK1 was expressed at significantly lower levels in
the DM of moyamoya patients than in that of unruptured
aneurysm patients. Moreover, dual luciferase reporter and
RIP assays revealed that DLKI is a target gene of miR-
126-5p, which was shown to promote EC proliferation
in our previous study. These findings indicate that DLK1
may regulate anastomosis downstream of miR-126-5p in
moyamoya patients. Next, in vitro EC experiments were
conducted to confirm the biological effects of DLK1 on
EC proliferation, migration and tube formation, as well
as the interaction between DLK1 and miR-126-5p. The
results showed that DLK1 had an inhibitory effect on EC
proliferation, migration and tube formation downstream
of miR-126-5p.

DLK1 can negatively regulate anastomosis formation
after indirect revascularization surgery. We previously
discovered that performing the EMS procedure on
2VO rats could successfully induce angiogenesis in
the ischaemic brain covered by TM tissue (the same
mechanism as the EMS effect on patients with moyamoya
disease) and that the angiogenesis induced in the rats
peaked in the 4th week after the EMS procedure .
Therefore, we used the 2VO+EMS rat model to determine
whether DLK1 regulates angiogenesis in chronically
ischaemic brains after indirect revascularization surgery
(i.e., EMS). Four weeks after establishment of the rat
model and TM transfection, TM-covered brain tissue was
analysed; compared to the control group, the Lv-DLK1
group had significantly higher expression of DLK1 and
significantly lower expression of both eNOS and CD31
(an EC marker). These in vivo expression patterns of the
abovementioned cytokines were consistent with the in vitro
findings regarding the DLK1/eNOS pathway. In addition,
the TEM results revealed that DLK1 exerted a negative
effect on EC repair and angiogenesis (more vacuoles and
fewer intact TJs in the Lv-DLK1 group). Furthermore,
the MWM test was performed to determine whether the
increase in angiogenesis induced by DLK 1 downregulation
could improve the impaired cognitive function caused by

chronic ischaemia. The cognitive improvement in the sh-
DLK1 group was significantly more extensive than that
in the control group. Therefore, we can infer that the
DLK1/eNOS pathway, which is downstream of miR-
126-5p, negatively regulate anastomosis formation in the
ischaemic brain after indirect revascularization surgery.

Membrane-bound DLKI is a dominant form that
promotes angiogenesis. DLKI1 is synthesized as a
membrane-bound precursor that has a signal peptide, six
EGF-like extracellular repeats, a juxta-membrane region
and a short intracellular tail **. DLKI1 can function as
either a membrane-bound or soluble protein, and these
two forms likely have different biological functions %’.
Some studies havereported that soluble DLK1 promotes
angiogenesis °, while others have reported that DLK1
inhibits angiogenesis 3. In this study, we found that the
DLKI1 expression in brain tissue covered by Lv-DLK1-
transfected TM (Lv-DLK1 group) was significantly higher
than that in brain tissue covered by control-transfected TM,
whereas angiogenesis was significantly inhibited in the Lv-
DLK1 group compared to the control group. Additionally,
the levels of both total DLK1 and membrane-bound
DLKI1 (intracellular DLK1) were significantly higher in
the Lv-DLK1 group than in the control group. However,
the levels of soluble DLK1 (extracellular DLK1) were not
significantly different among the groups. Based on these
data and the above results, we speculate that DLK 1, acting
downstream of miR-126-5p, inhibit angiogenesis in the
ischaemic brain and that membrane-bound DLK1 is most
likely the dominant functional form.

Limitations. First, cytokines downstream of DLKI
that promote angiogenesis other than eNOS need to
be further studied. Second, the optimal dose for TM
transfection in the 2VO+EMS rat model needs to be
further explored. Third, the mechanism via which the
effect of DLK1 extends from the TM to the ischaemic
cortex remains unclear.

Conclusion

Our novel results reveal that DLK1, a target gene of
miR-126-5p, negatively regulates EC proliferation and
angiogenesis and that downregulating DLK1 expression
potentially promotes angiogenesis in chronically
ischaemic brains. This finding provides a new target
for promoting the formation of indirect anastomosis in
patients undergoing indirect revascularization surgery,
which is expected to help prevent the occurrence of stroke
and improve the prognosis of moyamoya patients.
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