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Genetic deletion of endothelial
microRNA-15a/16-1 promotes cerebral
angiogenesis and neurological recovery
in ischemic stroke through Src
signaling pathway
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Abstract

Cerebral angiogenesis is tightly controlled by specific microRNAs (miRs), including the miR-15a/16-1 cluster. Recently,
we reported that endothelium-specific conditional knockout of the miR-15a/16-1 cluster (EC-miR-15a/16-1 cKO)
promotes post-stroke angiogenesis and improves long-term neurological recovery by increasing protein levels of
VEGFA, FGF2, and their respective receptors VEGFR2 and FGFRI. Herein, we further investigated the underlying
signaling mechanism of these pro-angiogenic factors after ischemic stroke using a selective Src family inhibitor
AZD0530. EC-miR-15a/16-1 cKO and age- and sex-matched wild-type littermate (WT) mice were subjected to | h
middle cerebral artery occlusion (MCAQO) and 28d reperfusion. AZD0530 was administered daily by oral gavage to both
genotypes of mice 3-21d after MCAO. Compared to WT, AZD0530 administration exacerbated spatial cognitive
impairments and brain atrophy in EC-miR-15a/16-1 cKO mice following MCAO. AZDO0530 also attenuated long-term
recovery of blood flow and inhibited the formation of new microvessels, including functional vessels with blood circu-
lation, in the penumbra of stroked cKO mice. Moreover, AZD0530 blocked the Src signaling pathway by downregulating
phospho-Src and its downstream mediators (p-Stat3, p-Akt, p-FAK, p-p44/42 MAPK, p-p38 MAPK) in post-ischemic
brains. Collectively, our data demonstrated that endothelium-targeted deletion of the miR-15a/16-1 cluster promotes
post-stroke angiogenesis and improves long-term neurological recovery via activating Src signaling pathway.
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Stroke remains the second leading cause of death and
the leading cause of long-term disability in adults
worldwide.! As the most common stroke type, cerebral
ischemia is characterized by severe focal cerebral blood
flow reduction, which ultimately leads to neuronal
death and infarction in affected brain tissues. Current
therapeutics, including tPA-mediated thrombolysis and
endovascular thrombectomy, can only be applied to
eligible patients who meet the clinical criteria within a
limited time window.> A large number of patients still
undergo severe brain impairment after the onset of
ischemic stroke, thus necessitating a focus on
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functional recovery as a central component for post-
stroke rehabilitation.® In this context, accumulating
evidence indicates that cerebral angiogenesis occurs in
patients following ischemic stroke, which is associated
with improved survival.** Stroke can rapidly trigger
the induction and activation of various vital angiogenic
factors involved in the development of angiogenesis,
including  vascular  endothelial growth factor
(VEGF),*” basic fibroblast growth factor (bFGF),*’
platelet-derived growth factor (PDGF),'*!" transform-
ing growth factor-beta (TGF-p),'>'? angiopoietins,'*!°
and neuropilin-1.'® Moreover, restoration of cerebral
microvasculature after stroke can stimulate other
endogenous recovery mechanisms involving neurogen-
esis, synaptogenesis, and neuronal and synaptic plastic-
ity.'"” Thus, promoting cerebral angiogenesis has
become an attractive therapeutic strategy for effective
improvement of stroke recovery.

MicroRNAs (miRs) represent a novel class of
endogenous  single-stranded  small  non-coding
RNA molecules (~21-25 nucleotide) that post-
transcriptionally suppress gene expression by hybridiz-
ing to 3-untranslated regions (3-UTR) of target
mRNAs in a sequence-specific manner.'® MiRs play
critical regulatory roles in various cellular processes
under both physiological and pathological conditions.
Recent studies underscore the importance and thera-
peutic potentials of miRs in the central nervous
system (CNS) injuries, including ischemic stroke, as
well as in the regulation of vascular endothelial func-
tion or angiogenesis with or without stroke condi-
tions.'” 2! Among these miRs, miR-15a and miR-16-1
are two closely located and highly conserved miRs.
miR-15a and miR-16-1 form as a structural and func-
tional cluster (the miR-15a/16-1 cluster) by simulta-
neously binding to their common mRNA targets.?>?
miR-15a and miR-16-1 expression are markedly up-
regulated in ischemic brain in stroke animals
2324 and are elevated in serum of stroke patients
with positive correlation to clinical outcomes, thus sug-
gesting they may serve as potential non-invasive bio-
markers for acute ischemic stroke.?* %’

miR-15a and miR-16-1 are also promising targets
for regulating angiogenesis toward tissue repair. We
previously discovered that vascular endothelial cell-
selective overexpression of miR-15a/16-1 (EC-miR-
15a/16-1 TG) suppresses hindlimb ischemia-induced
cell-autonomous angiogenesis in peripheral circulating
blood vessels.”® Moreover, by using an endothelial cell-
selective miR-15a/16-1 conditional knockout (EC-miR-
15a/16-1 cKO) mouse model, we further investigated
the long-term impact and its underlying molecular
mechanisms of endothelial miR-15a/16-1 on post-
ischemia angiogenesis.”* We demonstrated that
endothelium-targeted deletion of the miR-15a/16-1

cluster robustly promotes post-stroke brain angiogen-
esis, improves long-term neurological recovery, and up-
regulates the protein expression of proangiogenic fac-
tors vascular endothelial growth factor (VEGFA),
fibroblast growth factor 2 (FGF2), and their respective
receptors vascular endothelial growth factor receptor 2
(VEGFR2) and fibroblast growth factor receptor 1
(FGFR1) after ischemic stroke.** However, the down-
stream molecular mechanism that underlies miR-15a/
16-1-afforded effect on post-stroke angiogenesis
remains elusive.

Src kinase regulates the proliferation and differenti-
ation of vascular endothelial cells, and can regulate
angiogenesis induced by a wide range of stimuli, includ-
ing angiogenic factors VEGFA?** and FGF2.*!*
Eliceiri et al. demonstrated that Src kinase activity is
required for VEGF-induced angiogenesis in chick
embryos and in a mouse model of subcutaneous angio-
genesis.*” Similarly, Klint et al. showed that Src kinase
activity might be a prerequisite for FGF2-induced cap-
illary endothelial cell differentiation, as treatment with
a Src kinase inhibitor PP1 abrogated tube formation in
murine brain capillary endothelial cells.*> Sandilands
et al. also found that Src kinase activity plays a crucial
role in mediating and modulating the activation, trans-
port, and signaling dynamics of FGF2-activated fibro-
blast growth factor receptors in mouse embryo
fibroblasts (MEFs).?!

Src kinase is also involved in growth factor-induced
vascular permeability, blood-brain barrier breakdown,
and cerebral angiogenesis after ischemic stroke. Paul
et al. reported that genetic deletion of Src or pharma-
cological inhibition of Src activity protects against
VEGF-mediated vascular permeability at 24h after
focal cerebral ischemia in mice.>* However, pharmaco-
logical blockade of Src activity during chronic stages of
post-stroke brain recovery impaired n-3 PUFA-
enhanced angiogenesis and exacerbated long-term neu-
rological deficits.** Therefore, the present study was to
test the hypothesis that Src kinase is an important mod-
ulator for endothelial miR-15a/16-1 in the regulation of
post-stroke angiogenesis and neurological recovery.
Indeed, our results demonstrate that the Src signaling
is a critical downstream component of VEGFA and
FGF2 signaling and contributes to the proangiogenic
effects afforded by EC-selective conditional knockout
of miR-15a/16-1 after ischemic stroke.

Material and methods

Animals

All procedures were approved by the University of
Pittsburgh Institutional Animal Care and Use
Committee and performed in accordance with the
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National Institutes of Health Guide for the Care and
Use of Laboratory Animals. All experiments were
reported in compliance with the ARRIVE guidelines
2.0 (ARRIVE, Animal Research: Reporting in Vivo
Experiments).>> Endothelium-targeted miR-15a/16-1
conditional knockout (EC-miR-15a/16-1 cKO) mice**
were generated on C57BL6/J background, by cross-
mating miR-15a/16-17%1°% ‘mice (a generous gift
from Dr. Riccardo Dallla-Favera at Columbia
University)*®  with VE-Cadherin Cre transgenic
mice.’” EC-miR-15a/16-1 cKO mice were viable and
fertile with normal appearance, behavior, growth, and
litter size. All mice were housed in a room where the
lighting was controlled (12h on, and 12h off) and the
room temperature was kept around 22°C. Mice were
given a standard diet and water ad libitum. All efforts
were made to minimize animal suffering and the
number of experimental animals.

Mouse model of transient focal cerebral ischemia

Focal cerebral ischemia was induced by transient
middle cerebral artery occlusion (tMCAOQ).?3:243839
Briefly, male mice (8—10 weeks, 23-26 g) were anesthe-
tized with isoflurane (3% for induction, 1.5% for main-
tenance) in mixed O, and N,O (30%:67%). After a
midline skin incision, the common carotid artery was
exposed, and then its branches were electro-coagulated.
A 1.3-cm length of a 7-0 rounded tip nylon suture
(Doccol  Corporation, Sharon, MA) was gently
advanced from the external carotid artery to the inter-
nal carotid artery and further to the origin of the
middle cerebral artery (MCA) until regional CBF was
reduced to ~25% of baseline. After 60 minutes of
MCA occlusion, blood flow was restored by removing
the suture. After reperfusion from MCAOQO, the mice
were allowed to recover, and body temperature was
measured with a rectal thermometer was maintained
at 37.0£0.5°C by a temperature-controlled heating
pad during the ischemic period. Regional CBF was
measured using a laser speckle imager (Perimed
PeriCam PSI HR, Stockholm, Sweden) at 15min
before MCAO surgery, 15min during MCAO period,
and 15 min after the onset of reperfusion. The analgesic
ketoprofen (3mg/kg) was injected intramuscularly to
the animal immediately prior to MCAO surgery and
twice a day for the following 2days post-surgery.
Animals that fulfilled the exclusion criteria (see
Supplemental Methods) during/after MCAO were
excluded from the data analyses (Figure S2).

Laser speckle imaging

Laser speckle imaging (Perimed PeriCam PSI HR,
Stockholm, Sweden) was used to monitor the regional

CBF after MCAO as described previously.>**" Briefly,
mice were anesthetized (3% for induction, 1.5% for
maintenance) and the head was fixed in a head holder
in a prone position. The scalp was shaved, and a middle
incision was made to expose the skull. The skull surface
was illuminated by a laser diode (785nm), which
allowed the laser to penetrate through the brain in a
diffused manner. CBF was measured by speckle con-
trast, which is the ratio of the standard deviation of
pixel intensity to mean pixel intensity, representing
the speckle visibility relative to the velocity of the
light-scattering particles (blood). The speckle contrast
was then converted to correlation time values, which
are inversely proportional to mean blood flow velocity.
Two-dimensional microcirculation images were cap-
tured 15min before MCAO, 15min after the onset of
MCAO, and 15min, 3d, 7d, 14d, 21 d, and 28 d after
the onset of reperfusion. For each animal, five consec-
utive images were captured at each time point. For
image data analysis, two identical elliptical regions of
interest (ROIs) were created on ipsilateral and the con-
tralateral hemispheres of each image. The blood flow
perfusion index was first determined as the ratio of
ischemic to non-ischemic CBF and then further nor-
malized to the presurgical baseline to obtain the rela-
tive CBF value for each animal.

CD31 immunofluorescence staining

CD31 immunofluorescence staining was used to detect
the brain microvasculature as previously described.?*
Briefly, after a series of washes with 0.3% PBST
(0.3% Triton X-100 in PBS), free-floating brain sec-
tions were incubated with 1% PBST for 20 min, fol-
lowed by blocking with 5% normal donkey serum for
1 h. After a series of washes with 0.3% PBST, brain
sections were incubated overnight at 4°C with rat
anti-mouse CD31 (1:200, BD Pharmingen). After
another series of washes, brain sections were then incu-
bated with Alexa Fluor 488 conjugated donkey anti-rat
secondary antibody (1:400, Jackson ImmunoResearch
Laboratories). For CD31 and phosphorylated-Src (P-
Src) double-immunostaining, brain sections were fur-
ther washed with 0.3% PBST, and blocked with 5%
normal donkey serum for 1h. After a series of washes
with 0.3% PBST, brain sections were incubated over-
night at 4°C with rabbit anti-mouse P-Src (1:200, Cell
Signaling). After another series of washes, sections
were incubated with Cy3 AffiniPure Donkey Anti-
Rabbit IgG (1:400, Jackson ImmunoResearch
Laboratories) for 1 h at RT in the dark. The sections
were mounted with VECTASHIELD Hard Set mount-
ing medium. The immunofluorescence images were
captured with an Olympus Fluoview FV1000 confocal
microscope with FV10-ASW 2.0 software (Olympus
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America, Center Valley, PA). Regions of interest
(Figure S3) from the ischemic boundary zone (IBZ)
were selected and scanned at 1024 x 1024 pixels
(626.6 x 626.6 um?) format in the x-y direction, and
1-uM step-size optical sections along the z-axis
were acquired with a 20 x objective lens. Three-
dimensional (3D) reconstruction was performed by
Adobe Photoshop CC 2018 software or the imaging
processing software Imaris (Bitplane, Belfast, United
Kingdom) as described previously.** The vascular den-
sity, the vascular surface area (mm?), vascular length
(mm), branch points and capillary number per volume
of tissue (mm?) were quantified with the NIH ImageJ
software in a blinded manner.

Functional vessel labeling

Tomato lectin can selectively bind to endothelial glyco-
calyx in perfused vessels, thus it was used to label func-
tional vessels in the brain as described previously.***
Briefly, mice were anesthetized and transcardially per-
fused with biotin-conjugated tomato lectin (10 mg/kg,
Vector Labs, Burlingame, USA) 5min before euthana-
sia. Then, the mice were perfused with 0.9% NacCl fol-
lowed by 4% paraformaldehyde in PBS. Coronal brain
sections were prepared as described above. After a
series of washes with 0.3% PBST (0.3% Triton X-100
in PBS), free-floating sections were incubated with 1%
PBST for 20min, followed by blocking with 5%
normal donkey serum for 1h. After another series of
washes with 0.3% PBST, brain sections were incubated
with Alexa Fluor® 488 streptavidin (1: 1000, Jackson
ImmunoResearch Laboratories) at room temperature
(RT) in the dark for 1h. Images were captured and
analyzed with the same methods as CD31 immunos-
taining described above.

BrdU labeling of newly proliferated cells

Newly proliferated cells were labeled with the S-phase
marker  5-bromo-2’-deoxyuridine (BrdU, Sigma
Aldrich) as described.?* Briefly, BrdU (50 mg/kg body
weight) was injected intraperitoneally (i.p.) twice per
day with an interval of 6h at 3-6 d after MCAO
(Figure S1). Coronal brain sections were prepared as
described above. After a series of washes with PBS,
brain sections were pretreated in 1 N HCI for 1h fol-
lowed by 0.1 M boric acid (pH 8.5) for 10 min at RT.
Sections were then blocked with 5% normal donkey
serum in 0.3% PBST for 1h, followed by blocking
with M.O.M kit (Vector Laboratories) for 1h at RT,
incubating with purified mouse anti-BrdU antibody
(1:200, BD Pharmingen) for 1h at RT, and then con-
tinuing to incubate overnight at 4°C. After a series of
washes, sections were incubated with Cy3 AffiniPure

Donkey  Anti-Mouse  IgG  (1:400,  Jackson
ImmunoResearch Laboratories) for 1h at RT in
the dark. The sections were mounted with
VECTASHIELD Hard Set mounting medium, and
images were captured with an Olympus Fluoview
FV1000 confocal microscope with FV10-ASW 2.0 soft-
ware. Regions of interest (Figure S3) were selected and
scanned in the peri-infarct areas of each section, as
described above. BrdU immunopositive cells were
counted using ImagelJ and calculated as the number
of BrdU™ cells in the designated fields divided by the
volume (mm®). Newly formed microvessels were
assessed by counting BrdU immunopositive cells
along the microvessels in BrdU/CD31 double-
immunostained sections. Newly formed functional ves-
sels were assessed by counting BrdU immunopositive
signals among blood vessels in BrdU/Tomato-lectin
double-immunostained sections.

Results

Src kinase is activated in the peri-infarct brain
regions of EC-targeted miR-15a/16-1 cKO mice
dfter focal cerebral ischemia

Src kinase can mediate the angiogenic signaling trans-
duction in response to a variety of growth factors,
including VEGFA?*** and FGF2.*"** Thus, in order
to explore if Src signaling cascades are involved in
EC-miR-15a/16-1 regulated angiogenesis and function
recovery, we first determined the co-localization of
cerebral microvessels (CD31) and phosphorylated Src
kinase (P-Src) in the peri-infarct regions of ischemic
brains in EC-miR-15a/16-1 WT and cKO mice at
14 days after tMCAO. As shown in Figure 1(a) to
(d), representative images (a—c) and quantitative anal-
ysis (d) demonstrated that higher levels of P-Src signals
were present in the cerebral microvessels in the peri-
infarcted areas of miR-15a/16-1 cKO mouse brains,
compared to WT controls. There were almost no pos-
itive P-Src signals in the sham controls. We further
examined the protein expression of total and phosphor-
ylated Src kinase in the ischemic cortical regions of WT
and EC-miR-15a/16-1 cKO mice at 14days after
tMCAO by western blotting (WB, specific antibodies
are detailed in Table S2). Representative WB images
(Figures 1(e) and S9) and quantitative analysis
(Figure 1(f) and (g)) showed that endothelium-
targeted deletion of miR-15a/16-1 cluster significantly
elevated phosphorylated Src protein (¥**p=06.31 x
107°), but not the total Src protein, in the post-
ischemic cortex compared to WT mice. Treatment of
AZDO0530, a selective Src kinase inhibitor, significantly
attenuated the enhanced cortical protein levels of
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Figure |. Src kinase is activated in the peri-infarct regions of EC-targeted miR-15a/16-1 cKO mouse brains after cerebral ischemia.
EC-miR-15a/16-1 cKO mice and WT littermate controls were subjected to | h MCAO followed by 14d reperfusion. Vehicle (Veh) or
AZDO0530 (AZD, 20 mg/kg) was administered daily to both genotypes 3—14d after MCAO by oral gavage. CD3 1| (green), phos-
phorylated-Src (Y416) (red), and DAPI (blue) triple-immunostaining was utilized to determine the co-localization of cerebral
microvessels and activated Src kinase in the peri-infarct regions of the ischemic brains. Yellow boxes indicated areas in (a) that were
enlarged in (b) and partly 3D reconstructed in (c). DAPI, 4,6-diamidino-2-phenylindole. (a—d) Representative images (a—c) and
quantitative analysis (d) demonstrated enhanced phosphorylated-Src signals co-localized with cerebral microvessels in the peri-
infarcted areas of miR-15a/16-1 cKO mice brains, compared to WT controls. There was almost no positive phosphorylated-Src signals
in the sham controls. Data are expressed as the mean 4 SD. n = é6-7/group for d. *p < 0.05, ***p < 0.00| between sham and MCAO
groups for each genotype; *p < 0.01 as indicated. Total proteins were also isolated from the ipsilateral cortex of ischemic brains after
14d reperfusion, and western blotting was carried out to detect the protein expression of phosphorylated-Src and total Src. (e,f)
Representative western blotting images (e) and quantitative analysis (f) indicated endothelial-selective deletion of the miR-15a/16-1
cluster upregulated phosphorylated-Src (Y416), whereas AZDO0530 effectively downregulated the phosphorylation of Src, without
significantly altering the expression of total Src (g). Data are expressed as the mean + SD. n = 5-6/group for f and g. *p < 0.05,
*#p < 0.01 as indicated. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s multiple comparison tests.
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phosphorylated Src in EC-miR-15a/16-1 cKO mice
(***p=3.17x 10~%). AZDO0530 did not significantly
affect the levels of phosphorylated Src or total Src in
WT mice, as compared to vehicle treatment.

AZDO0530 treatment impairs cognitive functions and
exacerbates brain atrophy in EC-targeted miR-15a/
16-1 cKO mice, but not WT mice, after tMCAO

In order to determine whether the activated Src kinase
contributes to long-term functional recovery in EC-
miR-15a/16-1 cKO mice after ischemic stroke, we
administrated AZDO0530 (oral gavage, 20mg/kg) or
vehicle to EC-miR-15a/16-1 cKO mice and WT mice,
respectively, 3-21days following tMCAO. We per-
formed the Morris water maze test*! to evaluate spatial
cognitive functions at 22-27 d after tMCAO (Figure 2
(a) to (d)). As shown in Figure 2(a) and (c), both
vehicle-treated, post-stroke EC-miR-15a/16-1 cKO
and WT mice performed with gradually reduced
escape latency over the Sdays of testing, consistent
with learning. Post-stroke EC-miR-15a/16-1 cKO
mice found the hidden platform (escape latency)
faster compared to post-stroke WT mice (*p =0.0267,
bracket), consistent with our previous findings that the
EC-miR-15a/16-1 ¢cKO improves outcomes following
MCAO.** However, AZD0530 treatment significantly
impaired the ability of post-stroke EC-miR-15a/16-1
cKO mice to find the platform compared vehicle treat-
ment (23 d, ¥p=0.0268; 24 d, ¥%p=0.0004; 25 d,
&&p, —0.0053; 26 d, ¥p=0.0324). Notably, AZD0530
treatment also partially impaired the learning ability
in WT mice at two time points (24 d, #p=0.0470;
and 26 d, *p=0.0220) compared with vehicle treat-
ment. To test spatial memory, the platform was
removed after the final trial and the location of the
mouse was tracked. EC-miR-15a/16-1 c¢cKO mice
spent significantly more time in the target quadrant
(where the platform had been) compared to WT mice
after tMCAO (Figure 2(b) and (c), %p=0.0208).
AZDO0530 treatment significantly decreased the time
spent in the target quadrant (memory) following
stroke in EC-miR-15a/16-1 cKO mice compared with
vehicle treatment (Figure 2(b) and (c), *p =0.0349). It
is worth noting that EC-miR-15a/16-1 cKO and WT
mice were comparable in swimming speed when treated
with vehicle or AZD0530 (Figure 2(d)), suggesting that
the performance in the water maze was unaffected by
speed for both genotypes with or without drug treat-
ments. Taken together, these data suggest that the Src
inhibitor AZD0530 impairs the enhancement of cogni-
tive outcomes in EC-targeted miR-15a/16-1 cKO mice
after cerebral ischemia.

We also explored whether AZDO0530 affects the
brain atrophy in EC-miR-15a/16-1 cKO mice after
stroke, by measuring the loss of microtubule-
associated protein 2 (MAP2) immunoreactivity in
brain sections at 28 d after tMCAO. Representative
MAP2 immunofluorescent images (Figure 2(e)) and
quantitative analysis (Figure 2(f)) showed that
endothelium-targeted deletion of the miR-15a/16-1
cluster reduced post-ischemic brain atrophy in compar-
ison with WT mice. AZD0530 treatment markedly
exacerbated the loss of brain tissue in the EC-miR-
15a/16-1 cKO mice after tMCAO, compared to vehicle
control. AZD0530 did not significantly increase the
brain atrophy after tMCAO in WT mice compared to
vehicle treated WT mice. We also observed the similar
results for the brain atrophy percentage of the ipsilat-
eral hemisphere to contralateral hemisphere (Figure
S4). Thus, inhibition of Src with AZD0530 appears
to completely reverse the gross tissue protective effects
of the EC-miR-15a/16-1 cKO.

AZDO0530 treatment impairs cerebral blood flow

recovery in EC-targeted miR-15a/16-1 cKO mice
after tMCAO

To investigate whether altered cognitive outcomes and
brain atrophy after AZD0530 treatment are related to
cerebral blood flow (CBF) over a long-term recovery
period of ischemic stroke, we monitored the spatiotem-
poral changes of cortical CBF using laser speckle imag-
ing. Two-dimensional laser speckle images were
scanned and obtained from the EC-miR-15a/16-1
cKO and WT mice. Before AZD0530 or vehicle treat-
ments commenced at 3 d following MCAO, no signif-
icant differences were observed in cortical CBF
between EC-miR-15a/16-1 cKO and WT mice prior
to MCAO, 15min after the onset of MCAO, or
15 min after the onset of reperfusion (Figure S5), elim-
inating MCAO surgery as a confounding factor in mea-
suring ischemic cortical CBF. Compared with WT
mice, we found considerably improved cortical CBF
recovery in EC-miR-15a/16-1 cKO mice at 14 d, 21
d, and 28 d after the onset of reperfusion (Figure 3(a)
and (b)). Interestingly, AZDO0530 treatment robustly
worsened cortical CBF recovery in EC-miR-15a/16-1
cKO mice at long-term recovery periods (21 d and 28
d after the onset of reperfusion). This treatment did not
significantly alter cortical CBF recovery levels in WT
mice at any tested time points after cerebral ischemia.
These data were consistent with the exacerbated post-
ischemic cognitive impairments and brain atrophy in
EC-miR-15a/16-1 cKO mice, but not in WT mice,
after AZD0530 treatment described above.
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Figure 2. AZDO0530 treatment impairs cognitive function and exacerbates brain atrophy in EC-targeted miR-15a/16-1 cKO mice
after cerebral ischemia. EC-miR-15a/16-1 cKO mice and WT littermate controls were subjected to | h MCAO followed by 28d of
reperfusion. Vehicle (Veh) or AZD0530 (AZD, 20 mg/kg) was administered daily to both genotypes 3-21d after MCAO by oral gavage.
(a—d) Long-term cognitive functions were assessed by the Morris water maze. The time spent for the animals to locate the submerged
platform (escape latency) was measured at 22-26 d after MCAOQ (a). Spatial memory was evaluated at 27 d after MCAO by measuring
the time spent in the goal quadrant after the platform was removed (b). Representative swimming paths tracked for different
experimental groups (c). Gross locomotor function was measured by average swimming speed (d), which was not affected by
endothelium-targeted deletion of the miR-15a/16-1 cluster or by the treatment of AZD0530. Data are expressed as the mean £ SD.
n= 11 for MCAO WT -+ Veh group, n = 9 for MCAO cKO + Veh group, n = || for MCAO WT + AZD group and n = 8 for MCAO
cKO + AZD group. *p < 0.05 between MCAO WT -+ Veh and MCAO cKO + Veh groups; #p < 0.05 between MCAO WT + Veh and
MCAO WT + AZD groups; ¥p < 0.05, p < 0.01, 3% < 0.001 between MCAO cKO + Veh and MCAO cKO + AZD groups. (e,f)
Brain atrophy was measured and quantified by microtubule-associated protein 2 (MAP2) immunostaining. Dashed lines outline the
region of brain atrophy. Representative MAP2 immunofluorescent images (e), and quantitative analysis (f) showed that endothelium-
targeted miR-15a/16-1 deletion reduced brain atrophy compared to WT mice, whereas AZD0530 treatment exacerbated brain
atrophy in EC-miR-15a/16-1 cKO mice at 28 d after MCAOQO. No significant difference was found between WT + Veh and WT + AZD
groups. Data are expressed as the mean + SD. n = 6 for each group. *p < 0.05 between MCAO WT -+ Veh and MCAO cKO + Veh
groups; ¥p < 0.01 between MCAO cKO + Veh and MCAO cKO -+ AZD groups. Statistical analysis was performed by one-way
(Figure 2(b), (d), and (f)), or two-way ANOVA (Figure 2(a)) and followed by Bonferroni’s multiple comparison tests.
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Figure 3. AZDO0530 treatment attenuates CBF recovery in EC-targeted miR-15a/16-1 cKO mice at prolonged reperfusion time-
points after cerebral ischemia. EC-miR-15a/16-1 cKO mice and WT littermate controls were subjected to | h MCAQO followed by 28d
reperfusion. Vehicle (Veh) or AZD0530 (AZD, 20 mg/kg) was administered daily to both genotypes at 3-21d after MCAQO by oral
gavage. (a—b) Representative CBF images (a) are shown at 3 d, 7 d, 14 d, 21 d and 28 d after the onset of reperfusion. Two identical
elliptical ROls were selected as indicated on the ipsilateral and contralateral hemispheres. The relative CBF was first determined as
the ratio of ischemic to non-ischemic values, and then normalized to the pre-MCAQO baseline for each animal. Quantitative data
analysis (b) demonstrated that the relative CBF value in EC-miR-15a/16-1 cKO mice exhibited a significant increase at 14 d, 21 d and
28 d of reperfusion after MCAO under vehicle treatment. AZD0530 treatment significantly attenuated the increased CBF in EC-miR-
15a/16-1 cKO mice at 21 d and 28 d reperfusion. No significant difference was found between WT + Veh and WT + AZD groups at
any time point after MCAO. Data are expressed as the mean + SD. n = 6-7 for each group. *p < 0.05, **p < 0.01, ***» < 0.001 as
indicated. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s multiple comparison tests.
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AZDO0530 treatment inhibits newly formed
microvessels in the penumbral regions of EC-targeted
miR-15al16-1 cKO mice after tMCAO

Vascular remodeling and angiogenesis contribute to the
restoration of cerebral blood flow in the ischemic cere-
bral hemisphere,’>** and active angiogenesis in the
ischemic boundary zone (penumbra) also correlates
with better survival rate in ischemic stroke patients.>**
To investigate whether the suppression of cortical CBF
by AZD0530 treatment in EC-miR-15a/16-1 cKO mice
could be attributed to inhibition of angiogenesis at
long-term recovery periods after cerebral ischemia, we
examined the brain microvascular structure in the peri-
infarct regions 28 d after MCAO using CD31 (green)
immunostaining along with BrdU (red) double-
immunostaining method to identify newly formed
microvessels. As shown in Figure 4(a) (upper left,
bottom left), elevated CD31-positive microvascular
density was observed in the ischemic brains of EC-
miR-15a/16-1 ¢cKO mice compared to WT controls.
Further quantitative analysis revealed significantly
higher levels of surface area (*p=0.0326), vascular
length (*p=0.0271), and branch points (*p=0.0303)
in EC-miR-15a/16-1 cKO mice compared to WT con-
trols, without AZDO0530 treatment. CD31 and BrdU
double-immunostaining (Figure 4(a) and (b), upper
left and bottom left for each figure) and quantitative
analysis (Figure 4(g) and (h)) showed that more newly
formed microvessels (BrdU™ cells co-labeled with
CD31" microvessels) were presented EC-miR-15a/16-
1 cKO mice than WT controls following tMCAO,
under vehicle treatment.

Representative images (Figure 4(a) and (b), bottom
right) and quantitative data illustrate that AZD0530
treatment significantly down-regulated the microvascu-
lar density in EC-miR-15a/16-1 cKO mice following
MCAO in surface area (Figure 4(c), ***p=4.78 x
1077), vascular length (Figure 4(d), ***p=0.0003),
branch point (Figure 4(e), *p=0.0170), and capillary
number (Figure 4(f)). Also, AZDO0530 treatment
markedly inhibited the generation of newly formed
microvessels (Figure 4(g) and (h), BrdU"/CD31"
colocalization) in the peri-infarct regions of EC-
miR-15a/16-1 cKO mice. Of note, AZD0530 treatment
also robustly reduced the surface area, vascular length,
and capillary number for cerebral microvasculature in
ischemic WT mouse brains (Figure 4(c), (d) and (f)),
but without significantly altering the amount of
branch points or newly formed microvessels (Figure 4

() to (h)).

AZDO0530 treatment inhibits the generation of

new functional vessels in the peri-infarct regions of
EC-targeted miR-15a/16-1 cKO mice after tMCAO

Angiogenesis involves not only the formation and
growth of new, immature vessels, but also the matura-
tion of the newly-generated vessels into perfused/func-
tional vessels.*> Thus, it is necessary to further
investigate whether AZD0530 affects post-stroke func-
tional angiogenesis conferred by the EC-miR-15a/16-1
cKO. As previously described,?* biotinylated lycopersi-
con esculentum (tomato) lectin and BrdU double-
immunostaining was utilized to determine the newly
formed functional vessels. As shown in Figure SI,
BrdU was injected over four consecutive days within
the first week following reperfusion to identify newly
formed cells, starting with the first day of AZD0530
dosing. Tomato lectin was transcardially perfused 28
d following stroke to determine whether the newly
formed cells in the acute phase after stroke successfully
matured into functional vessels.

As shown in Figure 5(a) (upper left vs bottom left)
and Figure 5(c), (¢) and (f), tomato lectin immunostain-
ing illustrated significantly up-regulated functional ves-
sels in EC-miR-15a/16-1 ¢cKO mouse ischemic brains
under vehicle treatment compared to WT controls,
including  parameters such as surface area
(*p=0.0308), branch points (*p=0.0324), and capil-
lary number (*p =0.0369). AZD0530 treatment signif-
icantly down-regulated the density of functional vessels
in EC-miR-15a/16-1 cKO mice, including surface area
(Figure 5(c), **p=0.0025), vascular length (Figure 5
(d), *p=0.0390), branch points (Figure 5(e),
**p=0.0035), and capillary number (Figure 5(f),
*p=0.0102). In addition, BrdU/Tomato Ilectin
double-immunostaining (Figure 5(a) and (b)) and
quantitative analysis (Figure 5(g) and (h)) revealed
that more newly generated cells (BrdU™, #p =0.0276)
and more BrdU"/Tomato lectin™ double positive cells
(*p=0.0238) were present in the EC-miR-15a/16-1
cKO mice wunder vehicle treatment, indicating
endothelium-targeted deletion of the miR-15a/16-1
cluster increased the number of newly generated func-
tional vessels in the peri-infarct regions of ischemic
brains. Representative images (Figure 5(a) and (b),
bottom right) and quantitative analysis (Figure 5(g)
and (h)) showed AZDO0530 treatment significantly
impeded the generation of newly formed functional
vessels, as evidenced by fewer BrdU' positive
(*p=0.0256) and BrdU"/Tomato lectin™ double posi-
tive cells (**p=0.0087). However, the role of
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Figure 4. AZDO0530 treatment inhibits the generation of newly formed microvessels in the penumbral regions of EC-targeted miR-
15a/16-1 cKO mice after cerebral ischemia. EC-miR-15a/16-1 cKO mice and WT littermate controls were subjected to | h MCAO
followed by 28d reperfusion. Vehicle (Veh) or AZD0530 (AZD, 20 mg/kg) was administered daily to both genotypes at 3-21d after
MCAQO by oral gavage. CD31 (green) and BrdU (red) double-immunostaining was utilized to determine the newly formed micro-
vessels in the penumbral regions of the brains. The BrdU"/CD3 1" dual-labeled signals exhibited yellow color. Yellow boxes indicated
areas in (a) that were enlarged and 3D reconstructed in (b). (a—f) Representative images (a), representative 3D reconstructed images
(b), quantitative analysis of surface area (c), vascular length (d), branch points (e), and capillary number (f) of CD3 | immunofluorescent
signal showed enhanced angiogenesis in penumbral regions of EC-miR-15a/16-1 cKO mice compared to WT controls 28 d reperfusion
after MCAQO, whereas AZD0530 treatment significantly downregulated the enhanced-angiogenesis in EC-miR-15a/16-1 cKO mice
after cerebral ischemia. (a,b,g,h) Representative CD31 and BrdU immunofluorescent images (a), representative 3D reconstructed
images (b), quantification of the BrdU™ cells (g), and BrdU*/CD3 1 signals (h) in the brain penumbral regions demonstrated increased
newly generated cells and newly formed microvessels (angiogenesis) in the EC-miR-15a/16-1 cKO mice compared to WT controls,
while AZD0530 treatment robustly inhibited angiogenesis in the EC-miR-15a/16-1 cKO mice after cerebral ischemia. Scale bar, 50 um.
Data are expressed as the mean + SD. n = 6-7 for each group. ¥p < 0.05, **p < 0.01 between MCAO WT + Veh and MCAO WT +
AZD groups; *p < 0.05, ¥p < 0.01, **¥p < 0.00] between MCAO cKO +Veh and MCAO cKO + AZD groups. #p < 0.05, #p < 0.01,
and ##p < 0.001 as indicated. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s multiple comparison
tests (Figure 4(c) to (f) and (h)) or Kruskal-Wallis test followed by Dunn’s multiple comparison tests (Figure 4(g)).
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Figure 5. AZD0530 treatment impedes the generation of new functional vessels in the penumbral regions of EC-targeted miR-|5a/
16-1 cKO mice after cerebral ischemia. EC-miR-15a/16-1 cKO and WT littermate controls were subjected to | h MCAO followed by
28d reperfusion. Vehicle (Veh) or AZD0530 (AZD, 20 mg/kg) was administered daily to both genotypes at 3-21d after MCAO by oral
gavage. Tomato lectin (green) and BrdU (red) double-immunofluorescent staining was utilized to detect functional microvessels in the
penumbral regions. The lectin/BrdU" signals exhibit a yellow color, and the yellow boxes indicated areas in (a) were enlarged and 3 D
reconstructed in (b). (a—f) Representative images (a), representative 3 D reconstructed images (b), quantitative analysis of surface area
(c), vascular length (d), branch points (e), and capillary number (f) of tomato lectin immunofluorescent signal showed more functional
vessels in penumbral regions of EC-miR-15a/16-1 cKO mice than WT controls at 28 d reperfusion after MCAO, whereas AZD0530
treatment reduced the upregulated-functional vessels in EC-miR-15a/16-1 cKO mice after cerebral ischemia. (a,b,g,h) Representative
tomato lectin and BrdU double-immunofluorescent images (a), representative 3 D reconstructed images (b), quantification of the
BrdU™ cells (g) and lectin™/BrdU™ signals (h) in the brain penumbral regions indicate more newly generated functional vessels in the
EC-miR-15a/16-1 cKO mice than WT controls, while AZD0530 treatment significantly impeded the generation of new functional
vessels in the EC-miR-15a/16-1 cKO mice after cerebral ischemia. Data are expressed as the mean & SD. n = 5-7 for each group.
&p < 0.05 between MCAO WT + Veh and MCAO WT + AZD groups; *p < 0.05, **p < 0.01 between MCAO cKO + Veh and MCAO
cKO + AZD groups; #p < 0.05 as indicated. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s multiple
comparison tests (Figure 5(c) to (f) and (h)) or Kruskal-Wallis test followed by Dunn’s multiple comparison tests (Figure 5(g)).
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AZDO0530 treatment was specific in the EC-miR-15a/
16-1 ¢cKO brain after ischemia, as AZD0530 did not
affect the generation of newly formed functional vessels
in the peri-infarct regions of WT mice after
cerebral ischemia, with the exception of surface area
(Figure 5(c), “p=0.0189).

Cerebral ischemia in EC-targeted miR-15a/16-1 cKO
mice leads to activation of the Src signaling pathway

In order to elucidate the possible mechanism of how
AZDO0530 abrogates the post-stroke angiogenesis in the
ischemic brains of EC-miR-15a/16-1 cKO mice, we first
examined the mRNA expression levels of VEGFA,
VEGFR2, FGF2 and FGFRI1 in the post-stroke
brain cortex by quantitative PCR (qPCR, specific pri-
mers are detailed in Table S1). Consistent with our
previous findings, qPCR data (Figure S6) indicated a
trend toward elevation of cortical mRNA levels of
VEGFA, VEGFR2, FGF2 and FGFRI1 in EC-miR-
15a/16-1 cKO mice after stroke, compared to WT con-
trols under vehicle treatment. AZD0530 treatment sig-
nificantly down-regulated the cortical mRNA
expression of FGF2, but not other angiogenic factors
(e.g., VEGFA, VEGFR2, and FGFRI1), in EC-miR-
15a/16-1 cKO mice compared to vehicle treatment.
As these data indicate that large changes in expression
levels of growth factors do not appear to explain the
potential mechanism by which AZDO0530 suppresses
post-stroke angiogenesis in EC-miR-15a/16-1 cKO
mice, we further investigated the effects of AZD0530
on the downstream signaling mediators of these pro-
angiogenic factors.

To extend our findings in Figure 1 that Src kinase is
activated in peri-infarct regions of EC-miR-15a/16-1
cKO mice after stroke, we examined several key medi-
ators directly downstream to Src kinase in mice with
vehicle and AZDO0530 treatment at 14 days following
tMCAO by WB (specific antibodies are detailed in
Table S2). Representative WB images (Figure 6(a)
and (e) and Figure S10) and quantitative analysis
(Figure 6(b), (¢), (d), (f), and (g)) indicated that
endothelium-targeted deletion of the miR-15a/16-1
cluster robustly elevated the protein expression of
phosphorylated-Stat3 (Tyr-705), phosphorylated-Akt
(Ser-473), phosphorylated-FAK (Tyr-397),
phosphorylated-p44/42 MAPK (Thr202/Tyr204), and
phosphorylated-p38 MAPK (Thr-180/Tyr182) under
vehicle treatment, while AZD0530 treatment markedly
abolished the protein expression of these Src signaling
pathway downstream mediators. AZD0530 did not sig-
nificantly influence the expression of these phosphory-
lated mediators in WT mice, compared to vehicle
treatment. The data for total protein levels of Stat3
(Figures S7(a) and S11) and Akt (Figures S7(b) and

S11) revealed no change of these factors upon genetic
deletion of endothelial miR-15a/16-1, or the adminis-
tration of AZDO0530. Also, at 28days following
tMCAO, and we observed similar results for the Src
signaling pathway related proteins under vehicle or
AZDO0530 treatment, except P-p44/42 MAPK, which
trended toward elevation in EC-miR-15a/16-1 ¢cKO
mice under vehicle treatment (Figures S8 and S12).

Discussion

The present study demonstrates for the first time that
genetic deletion of the miR-15a/16-1 cluster in endo-
thelium promotes cerebral angiogenesis and neurolog-
ical recovery through the Src signaling pathway after
ischemic stroke. As illustrated in Figure 7, our data
show that genetic deletion of the miR-15a/16-1 cluster
in endothelium abolishes the cellular levels of miR-15a/
16-1 and enhances the downstream activity of VEGF-
VEGFR2 and FGF2-FGFRI1 signaling cascades by
triggering the phosphorylation of Src and its down-
stream mediators, including Akt, Stat3, p38 MAPK,
and FAK. Src signaling promotes endothelial survival,
proliferation, migration, and angiogenesis to boost
newly generated functional vessels and regional CBF
recovery, and ultimately contributes to the improved
long-term neurological recovery after ischemic stroke.
AZDO0530, a specific pharmacological Src inhibitor,
effectively blocks the phosphorylation of Src and abro-
gates the enhancement of VEGF-VEGFR2 and FGF2-
FGFRI signaling pathways induced by miR-15a/16-1
cKO, impeding angiogenesis and neurological recovery
after cerebral ischemia. Our study thus confirmed the
critical role that Src kinase plays in EC-miR-15a/16-1
genetic deletion-mediated proangiogenic effects in a
mouse model of ischemic stroke.

By generating new capillaries from existing blood
vessels, angiogenesis plays a critical role in organ devel-
opment and tissue repair under physiological or certain
pathological conditions. Increasing evidence also sug-
gests that angiogenesis can respond to hypoxia and
contribute to neovascularization in adult brains after
cerebral ischemia.*® Enhanced angiogenesis in the peri-
infarct regions of ischemic stroke brain is correlated
with longer post-stroke survival and better neurological
outcomes.>?****7 In this context, several miRNAs
have been reported to stimulate cerebral angiogenesis
and improve post-stroke neurological outcomes. For
example, Doeppner et al. demonstrated that virus-
mediated miR-124 delivery to the striatum could
enhance neurovascular remodeling such as angiogene-
sis and neurogenesis, probably via deubiquitinating
enzyme Uspl4-dependent degradation of REI-
silencing transcription factor (REST).*8
Downregulating miR-493 by its antagomir also
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Figure 6. AZDO0530 treatment blocks the Src signaling pathway in the ischemic brains of EC-targeted miR-15a/16-1 cKO mice.
EC-miR-15a/16-1 cKO mice and WT littermate controls were subjected to | h MCAO followed by 14d reperfusion. Vehicle (Veh) or
AZDO0530 (AZD, 20 mg/kg) was administered daily to both genotypes at 3-14d after MCAO by oral gavage. Total proteins were
isolated from the ipsilateral cortex of ischemic brains, and western blotting was carried out to detect the expression of proteins in the
Src signaling pathway. (a—g) representative western blotting images (a,e) and quantitative analysis (b,c,d.f,g) indicate endothelial-
selective deletion of the miR-15a/16-1 cluster upregulated the Src signaling pathway by enhancing phosphorylated-Stat3 (Tyr-705)
(b), phosphorylated-Akt (Ser-473) (c), phosphorylated-FAK (Tyr-397) (d), phosphorylated-p44/42 MAPK (Thr202/Tyr204) (f), and
phosphorylated-p38 MAPK (Thr180/Tyr182) (g), whereas AZD0530 effectively downregulated the phosphorylation of these Src
kinase downstream mediators (b,c,d,f,g) in the ischemic brains of EC-miR-15a/16-1 cKO mice |4d after reperfusion. Data are
expressed as the mean £ SD. n = 4/group for (b,d,g). n = 5/group for (c). n = é/group for (f). *p < 0.05, **p < 0.01, ***p < 0.001 as
indicated. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s multiple comparison tests.

increased capillary density in the ischemic penumbra by
directly targeting macrophage migration inhibitory
factor (MIF) to improve angiogenesis.*’ Lentiviral
transfer of miR-126 into mouse brain after ischemic
stroke upregulated both angiogenesis and neurogenesis
by directly targeting the tyrosine-protein phosphatase
non-receptor type 9 (PTPN9) as well.® Recently, we

demonstrated that endothelium-targeted deletion of
the miR-15a/16-1 cluster promotes post-stroke angio-
genesis and improves long-term neurological recovery
by upregulating the protein expression of key proan-
giogenic factors VEGFA, FGF2, and their receptors
VEGFR2 and FGFR1.>* Based on this finding, we
hypothesized that Src signaling might be a possible
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Figure 7. Graphic summary of endothelial miR-15a/16-1 in the regulation of post-stroke angiogenesis. In the stroke brain,
endothelium-targeted deletion of the miR-15a/16-1 cluster (EC-miR-15a/16-1 cKO) abolishes the brain endothelial miR-15a/16-1
expression, allowing release from its translational repression of downstream key pro-angiogenic factors. This release results in the
upregulation of VEGFA, FGF2 and their receptors VEGFR2 and FGFRI. The enhanced VEGF-VEGFR?2, and FGF2-FGFRI signaling
cascades trigger the phosphorylation of Src and its downstream mediators, such as Akt, Stat3, p38 MAPK, p44/42 MAPK, and FAK,
and promote endothelial proliferation and angiogenesis. AZD0530, a specific pharmacological inhibitor of Src, blocks the Src
phosphorylation and the downstream signaling pathway, obstructing the improvement in angiogenesis in the ischemic brains of
EC-miR-15a/16-1 cKO mice. VEGFA: vascular endothelial growth factor; FGF2: fibroblast growth factor 2; VEGFR2: vascular
endothelial growth factor receptor 2; FGFRI: fibroblast growth factor receptor |; Akt: protein kinase B; Stat3: signal transducer and
activator of transcription 3; MAPK: mitogen-activated protein kinase; FAK: focal adhesion kinase.

downstream pathway to the above pro-angiogenic fac-
tors that could be suppressed by pharmacological
Src kinase inhibitors. By using a highly selective,
orally available Src kinase inhibitor AZDO0530
(IC50=2.7nM), we found that inhibition of Src activ-
ity efficiently negated the enhancement of cognitive
outcomes, brain tissue protection, cortical CBF recov-
ery, and formation of microvessels and functional ves-
sels observed in EC-miR-15a/16-1 cKO mice following
ischemic stroke over a long-term recovery period. Our
current study not only corroborated our previous find-
ings, but also further elucidated the downstream sig-
naling mechanism directly underlying VEGFA and
FGF2 initiated angiogenesis in cerebrovascular
diseases.

Numerous growth factors triggered by an ischemic
insult in the brain actively participate in the regulation
of angiogenic processes following stroke. VEGFs and
FGFs are well recognized as vital proangiogenic mito-
gens that contribute to the poststroke angiogenesis.'’*’

Prior to exploring the expression of downstream medi-
ators of these growth factors, we investigated whether
Src kinase inhibitor has any direct regulatory roles of
VEGFA, VEGFR2, FGF2, and FGFRI1 in the ische-
mic brain regions of EC-miR-15a/16-1 cKO mice.
gPCR data revealed no obvious changes of VEGFA,
VEGFR2 and FGFR1 mRNA expression in EC-
miR-15a/16-1 cKO mouse brains following AZD0530
treatment. However, we did observe a significant
reduction of mRNA levels of FGF2 in the ischemic
cortex of EC-miR-15a/16-1 cKO mice. Interestingly,
Nakachi et al. described that AZDO0530 treatment
decreased FGF2 protein levels in sensitive ovarian
cancer cell lines in vitro, presumably through the inhi-
bition of Src kinase phosphorylation and thereby
downregulation of pituitary tumor transforming gene
1 (PTTG1).”" In the current study, AZD0530-afforded
downregulation of FGF2 in mouse brains was consis-
tent with Nakachi’s results. However, this might only
be able to partially explain the compromised poststroke
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angiogenesis by AZD0530, as VEGFA-VEGFR?2 sig-
naling cascade plays a dominant role in activating
angiogenesis®>, but the expression of VEGFA-
VEGFR2 remained unaltered after AZD0530 treat-
ment in this study.

During the long-term recovery period following
stroke, Wang et al. demonstrated that Src played a
critical role in mediating angiopoietin-2-mediated cere-
bral angiogenesis and long-term neurovascular protec-
tion after ischemic stroke in fat-1 transgenic mice that
overproduce omega-3 polyunsaturated fatty acids.*
Our current study focused on investigating the signifi-
cance and molecular mechanism of Src kinase on endo-
thelial miR-15a/16-1 regulated long-term post-stroke
angiogenesis and neurological recovery. Consistent
with Wang’s findings, we found that AZDO0530
blockade of Src kinase activity effectively blocked
endothelial miR-15a/16-1 deletion-induced cerebral
angiogenesis, including the generation of newly
formed microvessels and functional vessels and CBF
recovery in the ischemic cortex. Blockade of Src
kinase activity by AZD0530 also hindered long-term
histological and neurological recovery from cerebral
ischemia afforded by the EC-miR-15a/16-1 cKO,
including brain atrophy and cognitive functions
in mice.

Src kinase activity is regulated by phosphorylation
and dephosphorylation.®® Our data showed increased
levels of phosphorylated (Try-416) Src kinase in EC-
miR-15a/16-1 cKO mice compared to WT controls fol-
lowing cerebral ischemia. As expected, the Src kinase
inhibitor AZD0530 downregulated phosphorylated Src
kinase levels in the brains of EC-miR-15a/16-1 cKO
mice after stroke. We also examined the total amount
of Src kinase in the isolated ischemic cortex, but no
significant differences were observed between the
experimental groups. We continued to investigate the
Src kinase downstream signaling mediators that are
associated with cell survival, proliferation, adhesion/
migration, and angiogenesis.>*> Src kinase mediates
the activation of signal transducer and activator of
transcription (STAT), and inhibition of Src kinase
results in dose-dependent suppression of STAT3 activ-
ity and subsequent angiogenic ability in breast cancer
cells.>*>¢ Src kinase is also involved in the activation of
Akt to promote pro-survival signaling,>*>® whereas
inhibition of Src kinase activity can block epidermal
growth factor (EGF)-induced phosphorylation/activa-
tion of Akt.>” Moreover, Src kinase activity is essential
for growth factor-induced mitogen-activated protein
kinase (MAPK) activation in various cancer cell lines,
which contributes to vascular endothelial cell prolifer-
ation and angiogenesis.>*>® Furthermore, focal adhe-
sion kinase (FAK) can be regulated by Src kinase as
well,>*>° and Src phosphorylation of FAK is a critical

event that simultaneously regulates actin and adhesion
dynamics and cell survival.”® Most of these Src kinase
downstream signaling cascades were reported in cancer
research, some of them have been associated with post-
stroke angiogenesis, including Stat3%® and Akt.°' In
this study, we found these Src Kinase downstream reg-
ulators are involved in mediating endothelial miR-15a/
16-1 deletion-enhanced poststroke brain angiogenesis
through Src kinase. Our data show that the protein
expression of phosphorylated-p38 MPAK (Thr-180/
Tyr182), phosphorylated-p44/42 MPAK (Thr202/
Tyr204), phosphorylated-Stat3 (Tyr-705),
phosphorylated-Akt (Ser-473), and phosphorylated-
FAK (Tyr-397) were significantly upregulated in the
ischemic brain cortex of EC-miR-15a/16-1 cKO mice
under vehicle treatment compared with WT ischemic
brain. Inhibition of Src kinase by AZD0530 effectively
eliminated these pro-angiogenic effects in EC-miR-15a/
16-1 cKO mice after stroke. Thus, we suggest that acti-
vation of Src kinase and its downstream mediators p38
MAPK, p44/42 MAPK, Stat3, Akt, and FAK may
synergistically contribute to endothelial miR-15a/16-1
regulated cerebral angiogenesis and neurological func-
tions in long-term stroke recovery. Nevertheless, it is
worth noting that other angiogenesis-related molecular
mechanisms may be also involved, and the role of each
Src kinase downstream mediator in post-stroke angio-
genesis in EC-miR-15a/16-1 cKO mice may still war-
rant further investigation in the future.

It is also worth noting that although increased
angiogenesis in the penumbral regions of ischemic
brains has been evidenced to contribute to beneficial
histological and functional outcomes in ischemic
stroke,'”%? newly generated capillaries may also carry
pathophysiological risk effects.®* Edema formation and
hemorrhagic transformation maybe account for the
most concerns due to the comprised endothelial barrier
function at the early stage of brain angiogenesis/neo-
vascularization following ischemic stroke.®® Thus, a
closely monitored investigation is required to ensure
safe and effective pro-angiogenic therapeutics follow-
ing ischemic stroke.®® Interestingly, we also observed
early-onset neurovascular protection, improved neuro-
logical outcomes at 3 to 7days after ischemic stroke,?*
and ameliorated blood-brain barrier dysfunction at 1
to 2days after ischemic stroke in EC-miR-15a/16-1
cKO mice.** These results suggest genetic deletion of
endothelial microRNA-15a/16-1 cluster as a safe pro-
angiogenic therapeutic approach for ischemic stroke.

In conclusion, the results reported here suggest that
modulation of Src signaling is a critical component
in the downstream signaling cascades of endothelial
miR-15a/16-1-mediated regulation of post-stroke
angiogenesis.  Genetic  deletion of  endothelial
miR-15a/16-1 promotes cerebral angiogenesis and
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improves neurological recovery after ischemic stroke
through the activation of the Src signaling pathway.
With a comprehensive understanding of the molecular
signaling mechanisms during cerebral neovasculariza-
tion, endothelial miR-15a/16-1 may be a promising
target for angiogenesis-based neurorestorative thera-
peutics for ischemic stroke. Moreover, our current
study opens a door for miR-based vascular/endothelial
therapy for ischemic stroke in the delayed reperfusion
period. Elevated cerebral angiogenesis and the resulting
enhancement of CBF can effectively improve the local
microenvironment around salvageable penumbral
brain tissues, which may facilitate neurogenesis, synap-
togenesis, and oligodendrogenesis to synergistically
accelerate the brain repair and improve the functional
recovery after ischemic stroke. Our study also provides
a theoretical basis for the combination therapy of miR-
based vascular/endothelial intervention and clinical
recanalization for the treatment of ischemic stroke.
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