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Abstract

Background. Moyamoya disease (MMD) is a chronic occlusive cerebrovascular
disease known to be a major cause of stroke in children. Emerging evidence
suggests that circulating extracellular vesicles (EVS) containing miRNAs in
cerebrovascular disease plays a significant role in intercellular communication by
delivering RNA cargo involved in biological processes. This study aimed to
investigate the specific miRNAs loaded into MMD plasma-derived EVs, followed
by identification of their roles and mechanisms.

Methods. Plasma-derived EVs were isolated from normal control and MMD
patients. EVs were characterized using transmission electron microscopy,
nanoparticle tracking analysis, ExoView and western blot. Profiling of miRNAs in
EVs were determined using NanoString nCounter miRNAs analysis system and
validated using ExoView and RT-gPCR. Endothelial colony forming cells (ECFCs)
from MMD were isolated and the miRNA inhibitor was transfected to assess the
cell viability, guanosine triphosphatase (GTPase) activity, and tubule formation.
Results. There was no significant difference in size and distribution of EVs
between normal and MMD EVs. However, the total number was higher, with CD81
and CD9 were lower and CD63 was higher in MMD EVs. miRNA profiling
demonstrated that miR-512-3p were significantly upregulated in MMD EVs. Target
prediction analysis of miR-512-3p showed that Rho guanine nucleotide exchange
factor 3 (ARHGEF3) was downregulated by miR-512-3p in MMD ECFCs.
Inhibition of miR-512-3p in ECFCs reduced miR-512-3p in EVs as well as ECFCs,
and increased ARHGEF3 expression. The increase in ARHGEF3 through the
inhibition of upregulated miR-512-3p in MMD EVs, which can restore dysfunction
of tubule formation by activating GTPase.

Conclusion. Our study implies that MMD EV miR-512-3p is correlated with the
metabolism of ECFCs and may affect defective angiogenesis.
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Introduction

Moyamoya disease (MMD) is a progressive cerebrovascular disorder characterized
by bilateral occlusion of the supraclinoid internal carotid artery (ICA) and its major
branches. Subsequently, fine collateral networks develops, particularly adjacent to
the occlusion site in the deep areas of the brain (1). Transient ischemic attack and
ischemic stroke are the main presenting symptoms in childhood. Both symptoms
are related to the stenosis and occlusion of the ICAs. In adulthood, rupture of
fragile collateral vessels causes hemorrhagic stroke (2).

Stroke-related neurological sequelae have a long-term negative impact on a
patient's quality of life. Early identification and treatment of MMD are critical.
Currently, MMD is diagnosed with conventional cerebral angiography as a
confirmatory test. Sedation is essential in pediatric patients because the procedure
is invasive. Although magnetic resonance imaging/angiography (MRI/A) is a non-
invasive screening test, it can take time to complete. Furthermore, because of its
limited specificity, it is difficult to distinguish MMD from other cerebrovascular
disorders (2). MMD develops slowly. Therefore, it may not be detected with a
single MRI/A. In addition, it is expensive to perform MRI/A as a screening test for
asymptomatic people who have MMD patients in their families.

There is a growing desire for easy, practical, and safe diagnostic tests. Recently, the
concept of liquid biopsy has emerged in diseases such as cancer. Liquid biopsy
aims to diagnose a disease at an early stage before direct surgical biopsy by
detecting disease-specific genome, transcriptome, and proteome in the patient's
body fluid. This concept can also be applied to the field of cerebrovascular disease.
Retrieving tissue of affected cerebral arteries during surgery is difficult in MMD.
Acquiring indirect information from body fluids such as blood, cerebrospinal fluid,
and urine can be helpful in diagnosis. Plasma is the most commonly accessible

body fluid. Given the association of MMD with blood vessels, characterizing the
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molecular alterations in plasma from patients may provide insight into the disease
@).

MicroRNAs (miRNAs) are regulatory small non-coding RNAs of approximately
22 nucleotides produced by all cells in the body. The classic function of miRNAs is
inhibiting target messenger RNA (mRNA) translation or increasing mRNA
degradation. Some miRNAs have the opposite effect, activating transcription and
upregulating protein expression, by acting through non-canonical pathways.
Similar to mRNAs, the miRNA expression profile serves as a signature of cell
identity (4).

miRNAs are exported and imported by cells through mechanisms involving vesicle
trafficking and protein carriers. Extracellular vesicles (EVs) secreted from certain
cell are taken up by other cells, followed by the release of their cargo into target
cells (5). EVs are isolated from different sources such as blood, urine, breast milk,
and saliva. EVs contain different types of molecules including DNA, RNA,
miRNA, lipids, and proteins. The membrane of EV protects its contents against
degradation by nucleases, proteases, fluctuations in pH and osmolarity. The
intraluminal content is relatively stable, therefore EVs may provide a more
consistent source of biomarker than whole unfractionated body fluid (6). The
contents of EV are transmitted through intercellular or inter-tissue communication.
EV miRNAs are considered as potential diagnostic biomarkers because of their
easy access and stability (7).

In this study, we investigated miRNA profiling of plasma-derived EVs of pediatric
MMD patients. We also sought to determine the role of genes regulated by

miRNAs in the pathophysiology of MMD.



Materials and Methods

Human blood and cerebrospinal fluid (CSF) collection and preparation

Peripheral blood was obtained from MMD patients (N=19) and healthy volunteers
(normal, N=13) with informed consent under Seoul National University Hospital
Institutional Review Board (IRB No. 1904-096-1027) approved (Table 1). All
MMD patients confirmed diagnoses based on cerebral angiography. Blood of
patients was collected from the radial arterial catheter under general anesthesia for
indirect bypass surgery. Since it is ethically impossible to recruit the blood of
healthy children, blood from young adults with no history of stroke, high blood
pressure, chronic disease and smoking was recruited as normal group. The blood
was acquired through collection of whole blood in ethylenediaminetetraacetic acid
(EDTA) tubes. 10 ml of plasma was extracted from the total 40 ml of blood and the
remaining 30 ml was used to isolate mononuclear cells. After blood collection, the
samples were spun at 2,500 rpm for 15 min. Plasma isolated from blood was then
transferred into a 15 ml conical tube and spun at 2,000 g for 20 min. 1.2 ml of
plasma was recovered from each sample and stored in a sterile cryogenic vial at -
20°C. CSF samples were collected from cortical subarachnoid space during indirect
bypass surgery in MMD patients (N=15). We set children with hydrocephalus as a
control group (N=8) of CSF experiments. Brain tumor, infection, and other
potential secondary causes of hydrocephalus were ruled out. CSF samples of
control group were collected from ventricular catheter during shunt operation or
extracranial ventricular drainage. CSF was centrifuged at 1,000 g for 20 min, then
10,000 g for 30 min at 4°C to remove cells and debris. CSF was immediately

frozen at -80°C until use.



Table 1. Clinical characteristics and experimental usage of blood from Moyamoya disease (MMD) patients and normal group

Sex Age (yr) Symptoms MRI finding Suzuki grade (R/L) RNF213 p.R4810K genotype TEM NTA ExoView EV miR-512-3p expression
MMD1 M TIA No infarct 212 GIA O 1.928819215
MMD2 F 6 TIA No infarct 212 GIA O 3.156084519
MMD3 F 11 TIA No infarct 1/2 GIA O 3.021535146
MMD4 F 10 TIA No infarct 313 GIG O 2.580167651
MMD5 M 11 TIA No infarct 4/4 GIA 3.693157131
MMD6 F 11 Involuntary movement No infarct 3/4 G/IA O 3.138955658
MMD7 F 5 Hemiparesis Infarct 4/4 G/IA 2.658588127
MMDS8 F 3 Hemiparesis Infarct 3/3 G/G 2.623743366
MMD9 F 7 TIA No infarct 312 GIA O 3.86173166
MMD10 F 1 seizure Infarct NA GIG 4.222672333
MMD11 F 7 TIA No infarct 4/4 GIA O 4.486165913
MMD12 M 5 TIA No infarct 32 G/IA O O 0.753754039
MMD13 M 9 TIA No infarct 4/4 GIA @] O 1.253827642
MMD14 M 9 Hemiparesis Infarct 313 G/IA O 3.226297432
MMD15 M 5 TIA No infarct 2/4 AIA
MMD16 F 4 TIA No infarct 313 GIA
MMD17 M 2 Hemiparesis Infarct 4/4 AIA @) O O
MMD18 M 8 TIA No infarct 4/4 GIA @] O O
MMD19 M 6 TIA No infarct 4.4 G/IA
N1 M 21 GIG O 2.642688
N2 F 21 GIG -1.749982519
N3 M 21 GIG O 2.382594519
N4 M 22 GIG 1.161997092
N5 M 21 GIG O 2.153851518
N6 F 24 GIG O O 2.78717704
N7 F 24 GIG O 1.291281646
N8 M 19 GIG O 2.471821599
N9 M 25 GIG 2.287411667
N10 F 25 GIG O 2.809203346
N11 F 23 GIG
N12 M 25 GIG O
N13 M 25 GIG O

Abbreviations: MMD, Moyamoya disease; R, Right hemisphere; L, Left hemisphere; RNF213, Ring Finger Protein 213 gene; TEM, Transmission electron microscopy; NTA, Nanoparticle tracking analysis; EV, Extracellular
vesicle; TIA, Transient ischemic attack; NA, Not available.



Cultures of endothelial colony-forming cells (ECFCs)

ECFCs were isolated from the peripheral blood of as described previously (8, 9).
ECFCs were cultured in endothelial cell growth medium (EGM-2, Clonetics, San
Diego, CA, USA) and maintained at 37°C in a humidified atmosphere containing
5% CO; and used under passage 6 for further experiment. ECFCs were
characterized by flow cytometry and fluorescence analysis before use in further

experiment.

Isolation of EVs in plasma, CSF, and conditioned media of ECFCs

EVs in plasma from MMD patients and normal group were isolated using total
exosome isolation kit (Invitrogen, Carlsbad, CA, USA) according to
manufacturer’s protocol. Briefly, frozen plasma samples were equilibrated to room
temperature. After centrifugation of 1.2 ml plasma at 10,000 g for 20 min, residual
cells and cell debris were removed. Supernatant (1 ml) was transferred into a new

tube and 0.5 volumes of 1XPBS was added. For remove the bulk of protein from

plasma, added 0.05 volumes of protease K and incubated at 37°C for 10 min. Then,
0.2 volumes of exosome precipitation reagent added into the tube. The tube was
thoroughly mixed and incubated at 4°C for 30 min. This was followed by
centrifugation at 10,000 g for 5 min, after which the supernatant was discarded and
EVs were contained in a pellet.

EVs from CSF were isolated using Exo2D™ (Exosome Plus, Suwon, Korea)
according to the manufacturer’s instructions. 4 ml of CSF were mixed with 0.8 ml
of extraction reagent, incubated for 1 hr at 4°C and centrifuged at 3,000 g for 30
min at 4°C.

EVs in conditioned media of ECFCs were isolated by miRCURY exosomes
isolation kit (Exiqon, MA, USA) as described previously (10). Briefly, ECFCs
were maintained for 3 days until 90% confluency in EGM-2 with exosome free
FBS (System Biosciences, CA, USA). 10 ml of conditioned media was harvested

.
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and centrifuged at 3200 g for 15 min to remove residual cells and cell debris.
Supernatant (8 ml) was transferred into a new tube and precipitation buffer was

added as 5:2. The tube was incubated at 4°C for 1 hr and spun at 3,200 g for 30 min.

Transmission electron microscopy (TEM)

The morphology and size of EVs in plasma from MMD patients (N=4) and normal
group (N=2) was identified using TEM (Table 1). Briefly, EVs were mixed with
4% paraformaldehyde and embedded in a formvar-carbon-coated grid at room
temperature. Then, the EVs were washed, fixed, stained, embedded, dried and

visualized with TEM (JEOL, Peabody, MA, USA).

Nanoparticle tracking analysis (NTA)

To measure the size, distribution, and concentration of plasma-derived EVs, NTA
with a NanoSight NS3000 (Malvern Instruments, Malvern, UK) was conducted
(11). EVs in plasma from 3 MMD patients and 3 normals were used (Table 1).
Briefly, EVs were diluted with autoclaved distilled water to obtain optimum
particle concentration of 20-150 per one frame and EVs were diluted with 1 ml.
The samples were added into a chamber held on a light microscope and the images
were captured in triplicate over a 60 sec period at 10 frames/sec. The record

provided the distribution of the number of particles per unit volume by size.

ExoView analysis

The physical and biological properties of EVs was analysed using ExoView system
(NanoView Biosciences, Brighton, MA, USA) according to the manufacturer’s
protocol. EVs in plasma from 11 MMD patients and 5 normals were used (Table 1).
For detection of tetraspanins as EV markers in plasma-derived EVs, diluted plasma
(1:10) or conditioned media (1:5) were incubated overnight on microarray chips
(NanoView) coated with capture antibodies for CD81 (Green, NanoView), CD63

<
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(Red, NanoView), CD9 (Blue, NanoView), or negative control IgG1 (NanoView).

For detection of miRNAs in EVs, diluted plasma (1:5) or conditioned media (1:2)
were incubated overnight on microarray chips (NanoView) coated with capture
molecular beacon for miR-512 (Bioneers, Daejeon, Korea), or negative control
(Bioneers). The number of positive particles were quantified using ExoView R100
reader by nScan 2.8.4 acquisition software (NanoView) and the data were analysed

using NanoViewer 2.8.11.

Western blotting

Proteins from EVs or ECFCs were extracted with RIPA buffer. Primary antibodies
were employed as follows: Flotillin-1 (1:1000, Abcam, Cambridge, MA, USA),
CD63 (1:1000, Abcam), Cytochrome C (1:1000, Cell Signaling Technology,
Danvers, MA, USA), CD9 (1:1000, Abcam), Calnexin (1:1000, Cell Signaling
Technology) and B-actin (1:10,000, Sigma-Aldrich, St. Louis, MO, USA).
Flottilinl, CD63, and CD9 were used as positive EV markers. -actin, cytochrome
C, and calnexin were used as negative control markers for EV. The membranes
were incubated with a secondary antibody conjugated with horseradish peroxidase
and visualized using the enhanced Novex™ ECL Chemiluminescent Substrate

Reagent Kit (Life Technologies, CA, USA).

RNA isolation

Total RNAs including miRNAs in EVs from plasma of MMD patients and normal
group were isolated using a miRNeasy kit (Qiagen, Hilden, Germany). Before
analysis, the quality and quantity of all purified RNAs were confirmed using a
Nanodrop 2000 Spectrophotometer and an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA).

NanoString miRNA analysis



NanoString nCounter (NanoString Technologies, Seattle, WA, USA) using 800
human v3 miRNA expression assays employed to analyse EV miRNAs. A total of
100 ng of total RNAs per sample from isolated plasma-derived EVs were used as
input material, and 3 pul of total volume was used for each sample. Differential
expression analysis was performed to identify miRNAs were either upregulated or
downregulated. Based on the differentially expressed miRNAs (DEmiRNAS)
analysis with fold change (FC) for MMD (N=14) versus controls (N=10), the
criteria (Jlog2FC| > 1 and p < 0.05) for each mappable miRNAs were selected for

further analysis.

Integrative analysis of MiRNAs and mRNAs

Given the availability of both miRNA NanoString and mRNA array data,
integrative analysis was performed. For each miRNA, the target genes were
predicted using database TargetScan. The predicted one hundred miRNA-mRNA
interactions were connected in a network using program FunRich. To determine
whether mRNAs were enriched in biological pathways curated in biological
knowledge databases such as Kyoto Encyclopedia of Genes and Genomes (KEGG)
and WikiPathways. P values from enrichment analysis were adjusted using the

false discovery rate method.

Real-time quantitative polymerase chain reaction (RT-qgPCR)

We performed RT-gPCR analysis to validate mRNA and miRNA expression. For
the determination of miRNAs expression levels in ECFCs, the miScript SYBR
Green gPCR kit (Qiagen) was used with miRNA-specific forward primers (Qiagen).
For the validation of mRNAs (ARHGEF3, TOX, PCDH10, PFKP, GXYLT1,
MBNL1, ARL5B, SPOP, SMNDC1 and PTBP2), TagMan® probes were obtained
from Applied Biosystems (Applied Biosystems, CA, USA) and performed
according to the manufacturer’s protocol. The expression levels were normalized

.

-
|

8



using GAPDH for mRNA and RUN6B for miRNAs.

Transfection of miRNA inhibitor

miRNA inhibitor (antisense inhibitor RNASs) and negative control (NC) miRNA
were purchased from Bioneers. MMD ECFCs (N=2) plated in 6-well dish at a
density of 2 x 10° cells/well. After 16 hrs, the ECFCs were transfected with miR-
512-3p inhibitor (50 nM) or their corresponding NC miRNA using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s protocol. The media were
replaced to remove transfection reagent after 5 hrs. Transfection efficiency was

detected 48 hrs after transfection using RT-gPCR.

Cell viability analysis
Cell viability was assessed using EZ-Cytox cell viability assay kit (Daeil Biotech,

Suwon, Korea) according to the manufacturer’s protocol. In brief, MMD ECFCs

(N=2) were seeded at a density of 1 x 10%well in 96 well plates and incubated for

24, 48 and 72 hrs. The cells were incubated with 10 ul of the Ez-cytox solution for
2 hrs at 37°C. The optical density (OD) was determined at 450 nm using enzyme-
linked immunosorbent assay (ELISA) reader. Each experiment was repeated at

least three times.

Guanosine triphosphatase (GTPase) activity assay

GTPase activity was measured using a colorimetric GTPase assay kit (Sigma-
Aldrich) according to manufacturer’s instructions. After transfection of miR-512-
3p in MMD ECFCs, the cells were harvested and sonicated in cold assay buffer.
Reaction mixtures were contained 20 pl Assay Buffer and 10 pl of 4 mM
guanosine triphosphate (GTP), the mixtures incubated with samples for 30 min at
room temperature to terminate. The OD was measured at 620 nm using ELISA

reader. The GTPase activity (mU/L) was calculated by the following formula: [Pi]
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(mM) x 40 pl = [10 ul x reaction time (min)]. This value was corrected by dividing
by the protein quantitative value (mg/L). The unit of GTPase activity was

expressed as mU/mg in the graph.

Tubule formation analysis
Tube formation was performed using Matrigel (BD Biosciences, NJ, USA).

Matrigel was added to 48-well plates and incubated at 37°C. MMD ECFCs (N=2)

were seeded at a density of 2 x10%well on Matrigel-coated plates and incubated

for 18 hrs at 37°C and 5% CO.. The developing capillaries were observed and
photographed under the inverted phase contrast microscopy (Zeiss, Oberkochen,

Germany). Each experiment was repeated at least three times.

Statistical analysis

We used GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA) to
analyse the dataset. Student's unpaired t-test was used for comparisons between
two groups. One-way or two-way analysis of variance (ANOVA) followed by post
hoc Bonferroni test was used for multiple comparisons. A receiver operating
characteristic (ROC) curve analysis was performed, and the area under the ROC
curve (AUC) was calculated to evaluate the diagnostic value. The optimal cut-off
value, sensitivity, and specificity were determined by calculating the Youden index.
The heatmap was drawn using MeV 4.9.0. All data are expressed as mean *
standard deviation (SD). A value of P < 0.05 was considered to indicate a

significant difference.
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Results

Isolation and characterization of plasma-derived EVs from normal group and
MMD patients

We compared the characteristics of plasma-derived EVs from normal group and
MMD patients. First, TEM showed the typical morphology of EVs, which are
round-shaped membrane vesicles with a diameter of 50-200 nm in normal and
MMD (Fig. 1A). Second, NTA showed the total number of particles was higher in
normal plasma than MMD plasma, but there was no significant difference in size
distribution (Fig. 1B). Third, ExoView affinity microarray system exhibited that
EV protein markers such as CD81, CD63 and CD9 were observed in both normal
and MMD EVs. (Fig. 1C). Notably, we found that there was a difference counting
numbers of each marker between normal and MMD EVs. CD81 and CD9 were
higher in normal EVs than MMD EVs, while only CD63 was higher in MMD EVs.
Western blot analysis revealed that flotillinl was expressed higher in normal EVs
than MMD EVs (Fig. 1D). As expected, B-actin and cytochrome C were not
detected at both normal and MMD EVs. CD9 and CD63 were not found, but

calnexin and p-actin were detected in both normal and MMD ECFCs (Fig. 1E).
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endothelial colony-forming cells (ECFCs) from Moyamoya disease (MMD)
patients comparing to normal group.

(A) Representative images of transmission electron microscopy. Scale bars, 100nm.
(B) Graphs of nanoparticle tracking analysis show particle distribution and the total
number of particles. (C) ExoView images reveal enrichment of EV surface markers,
CD81, CD63 and CD9. Co-expression of EV markers is assessed by capturing EVs

with the indicated secondary fluorescence-labelled antibodies. (D) Immunoblotting

shows that flotillin-1 is detected, but B-actin and cytochrome C are not found in

both EVs. Expression of flotillin-1 is higher in normal EVs than in MMD EVs. (E)

CD9 and CD63 are not detected, but calnexin and B-actin are detected in both

normal and MMD ECFCs.



Determining of DEmiRNAs in plasma-derived EVs from MMD

NanoString miRNA analysis was employed to identify DEmiRNASs between the
normal and MMD EVs. We found that miR-512-3p was the only upregulated
MiRNA in MMD EVs. On the other hand, miR-320e, miR1268a, miR-3136-5p,
miR-3150b-3p, and miR-219a-3p were downregulated (Table 2). We checked the
predicted target genes lists of the selected six significant miRNAs and performed a
molecular functional analysis on them (Fig. 2A). Unfortunately, the most
meaningful content forms the mechanism related to the target genes was unknown.
Therefore, we decided to proceed our experiments with an emphasis on miR-512-
3p. The robustness of NanoString miRNA analysis data was quantified through
ExoView system using a molecular beacon to obtain more elaborate results. EVs
were captured by antibodies targeting the CD9 with miR-512-3p molecular beacon,
subsequently imaged and quantified. ExoView analysis showed that miR-512-3p
was more observed in CD9 captured MMD EVs (Fig. 2B). To evaluate the
diagnostic value for miR-512-3p in MMD EVs, we confirmed the ROC curves.
miR-512-3p yielded an AUC value of 0.823 in distinguishing MMD patients from
normal group (Fig. 2C). Next, miR-512-3p in ECFCs was verified using RT-qPCR.
We observed that miR-512-3p was upregulated consistently in MMD ECFCs (Fig.
2D). Further, we wanted to determine whether miR-512-3p expression was
likewise elevated in CSF EVs. CSF-derived EVs from control group and MMD
patients were captured by antibodies with molecular beacon of miR-512-3p, the
most upregulated miRNA, and miR-320e, the most downregulated miRNA (Fig.
2E). The mean value of numbers of miR-512-3p particles in CSF-derived EV's from
MMD patients was slightly larger than that from control group, and the mean value
of numbers of miR-320e particles in CSF-derived EVs from MMD patients was
smaller than that from control group. However, the differences were not

statistically significant (both P>0.05).
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Table 2. Profiling of differentially expressed miRNAs (DEmiRNAS) in plasma-

derived EVs from MMD patients.

mMiRNA Expression  logFC AveExpr t P.Value
hsa-miR-512-3p up 1.076588 2.451814 2.138194 0.038527
hsa-miR-219a-2-3p down -1.10808 3.092496 -2.28829 0.027362
hsa-miR-3150b-3p down -1.1834 1.785484 -2.16975 0.035892
hsa-miR-3136-5p down -1.23795 3.519189 -2.48697 0.017058
hsa-miR-1268a down -1.3236 3.826419 -2.71337 0.009704
hsa-miR-320e down -3.71402 8.325576 -4.43591 6.77E-05

Abbreviations: logFC, Log, fold change; AveExpr, The average log, expression level.
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cerebrospinal fluid (CSF) of MMD patients.

(A) Molecular functional analysis on target genes of six miRNAs (miR-512-3p,
miR-320e, miR1268a, miR-3136-5p, miR-3150b-3p, and miR-219a-3p). (B)
ExoView analysis reveal that representative images of plasma-derived EVs
providing co-localization information for miR-512-3p (Green) and CD9 (Blue).
The normalized number of particles is shown in the bar graphs. Scale bars: 10um.
(C) A receiver operating characteristic (ROC) curve analysis for evaluating the
diagnostic power of the miR-512-3p in plasma-derived EVs of MMD patients.
miR-512-3p yields the area under the ROC curve (AUC) values of 0.823 with
100% sensitivity and 61.5% specificity. (D) Real-time quantitative polymerase
chain reaction (RT-qPCR) shows that the expression level of miR-512-3p in MMD
ECFCs compared to normal ECFCs (*: p < 0.05). (E) The graphs demonstrate the
numbers of captured particles of miR-512-3p and miR-320e by ExoView system in

CSF-derived EV from control group (HC: hydrocephalus) and MMD patients.



Identification of the target genes of miR-512-3p in plasma-derived EV from
MMD patients

Predicted target genes of miR-512-3p to study the possible functional role of miR-
512-3p in MMD EVs were explored in MMD ECFCs. The potential targets of
DEmiRNAs were analysed with differentially expressed mRNAs (DEmRNAS)
using our previous ECFC mRNA array data (9) and then interrogated mRNA array
data and target gene lists of miR-512-3p in TargetScan database (Fig. 3). Then, we
focused on the target genes with binding sites to upregulated miR-512-3p and
found a total of 14 downregulated genes showing negative correlation (Table 3).
Among these predicted target genes, top 10 genes were verified through RT-gPCR.
Rho Guanine Nucleotide Exchange Factor 3 (ARHGEF3), Glucoside
Xylosyltransferase 1 (GXYLT1), Speckle Type BTB/POZ Protein (SPOP),
Survival Motor Neuron Domain Containing 1 (SMNDC1) were significantly
downregulated in MMD ECFCs which is consistent with the analysis data (Fig. 4).
Unlike the analysis results, Thymocyte Selection Associated High Mobility Group
Box (TOX) was upregulated in MMD ECFCs, and the rest of the genes were not
significantly different with normal ECFCs. The most significantly downregulated

gene was ARHGEF3.
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Table 3. Targeted genes of miR-512-3p in MMD ECFCs.

Target symbol logFC p-value Key to Abbreviations and Symbols Mechanism
ARHGEF3 -0.94857 6.44E-05 Rho Guanine Nucleotide Exchange Factor 3 GTPases regulation
TOX -0.9426 5.64E-07 Thymocyte selection-associated high mobility group box DNA binding, regulating T-cell development
PCDH10 -0.87165 8.89E-08 Protocadherin-10 Cell adhesion
Catalyzation of the phosphorylation of D-fructose 6-phosphate to
PFKP -0.54767 0.027887 Phosphofructokinase
fructose 1,6-bisphosphate by ATP
GXYLT1 -0.38038 0.00239 Glucoside Xylosyltransferase 1 UDP-xylosyltransferase activity
MBNL1 -0.35169 0.005029 Muscleblind Like Splicing Regulator 1 Pre-mRNA alternative splicing regulation
ARL5B -0.28548 0.004888 ADP Ribosylation Factor Like GTPase 5B GTPases regulation
SPOP -0.25718 0.049932 Speckle-type BTB/POZ Protein Ubiquitin protein ligase binding
SMNDC1 -0.24844 0.006545 Survival Motor Neuron Domain Containing 1 Spliceosome assembly
PTBP2 -0.23215 0.030718 Polypyrimidine Tract Binding Protein 2 Negative regulation of exons splicing.
SFMBT1 -0.17826 0.000555 Scm Like With Four Mbt Domains 1 Histone-binding protein
cuLl -0.14358 0.028045 Cullin1 Cell cycle
RSBN1L -0.12393 0.0146 Round Spermatid Basic Protein 1 Like Demethylation of methylated lysine residues
MBNL2 -0.11524 0.035313 Muscleblind Like Splicing Regulator 2 Pre-mRNA alternative splicing regulation
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Figure 4. Verification of the mRNA expression targeted by miR-512-3p in MMD ECFCs.
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According to the integrated analysis, 14 genes are expected to be targeted for upregulated miR-512-3p. Among them, 10 genes ranked verified

expression patterns with RT-gPCR, and it is observed that the expression of ARHGEF3, GXYLT1, SPOP, and SMNDC1 is significantly reduced



No effect on MMD ECFCs viability by inhibition of miR-512-3p in MMD
ECFCs

We investigated the effect of miR-512-3p in MMD ECFCs by miR-512-3p
inhibition. We observed that transfection of miR-512-3p inhibitor into MMD
ECFCs successfully reduced miR-512-3p by more than 50% in both MMD
ECFCs12 and MMD ECFCs13 (Fig. 5A). The inhibition of miR-512-3p did not
significantly affect cell viability in both MMD ECFCs12 and MMD ECFCs13 (Fig.
5B). We also confirmed that counts of miR-512-3p particles in EVs of MMD
ECFCs were significantly decreased by miR-512-3p inhibitor through ExoView

analysis (Fig. 5C).
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Figure 5. Inhibition of miR-512-3p in MMD ECFCs.

(A) After transfection with miR-512-3p inhibitor, miR-512-3p levels were
significantly decreased in all MMD ECFCs. (B) There was no difference in cell
viability by miR-512-3p inhibition in all MMD ECFCs. (C) ExoView analysis
shows that miR-512-3p particles in EVs of MMD ECFCs are significantly
decreased by miR-512-3p inhibitor (*: p < 0.05, **: p < 0.01).
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Improvement of tubule formation by upregulation of ARHGEF3 by miR-512-
3p inhibition in MMD ECFCs

We confirmed that the target gene ARHGEF3 was regulated by miR-512-3p
inhibition. The inhibition of miR-512-3p increased ARHGEF3 mRNA level in
MMD ECFCs by 3 times in MMD ECFCs12 and 1.5 times in MMD ECFCs13
(Figure 6A). We examined whether inhibition of miR-512-3p in MMD ECFCs
regulates other target genes (GXYLT1, SPOP, and SMNDC1) of miR-512-3p (Fig.
6B). The expression of those genes was increased in MMD ECFCs12 by miR-512-
3p inhibition, but there was no significant difference in MMD ECFCs13. We
investigated the GTPase activity, which has been known to be regulated by
ARHGEF3. As expected, we found that GTPase activity was improved (Figure 6C,
NC-miR vs miR-512-3p inhibitor: 1.34 + 0.02 vs 4.77 = 0.02 mU/mg in
ECFCs12, 1.35 £0.02 vs 1.84 + 0.11 mU/mg in ECFCs13). Importantly, inhibition
of miR-512-3p in MMD ECFCs were effectively increased the tubule formation
ability by 1.5 times in MMD ECFCs12 and 3 times in MMD ECFCs13 (Fig. 6D).
These results suggest that increase GTPase activity through upregulation of

ARHGEF3 may promotes angiogenesis in MMD ECFCs.
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Figure 6. Transcripts levels of targeted genes, guanosine triphosphatase (GTPase)
activity, and tubular formation ability after transfection with miR-512-3p inhibitor.

(A) Expression levels of ARHGEFS3 are significantly increased in all MMD ECFCs.
(B) Expression levels of GXYLT1, SPOP, and SMNDC1 are significantly
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increased in MMD ECFCs12. On the other hand, there is no significant difference
in MMD ECFCs13. (C) GTPase activity are significantly increased in all MMD
ECFCs. (D) Inhibition of miR-512-3p improves tubule formation ability in MMD
ECFCs (*: p <0.05, **: p<0.01, ***: p <0.001).
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Discussion

In the present study, we identified 6 miRNAs expressed differentially in plasma-
derived EVs from MMD patients compared to normal group. Among them, miR-
512-3p was the only upregulated miRNA. At first, target gene ontology analysis
was performed by integrating miR-512-3p and 5 miRNAs with low expression, but
no meaningful results were obtained. Therefore, we focused on the highly
expressed miR-512-3p and decided to search for genes downregulated by this
MiRNA. ROC analysis showed that miR-512-3p expression level in plasma-
derived EV differentiated MMD and normal control with relatively good
performance. ExoView analysis is relatively simple and quick method to verify
EVs. To confirm whether the biomarker selected from plasma is also valid for CSF,
we employed ExoView system to image and quantify miR-512-3p particles in
CSF-derived EVs of MMD and control group. However, the number of captured
miR-512-3p particles were significantly different between the two groups. For
functional validation, ECFCs were cultured in the peripheral blood. MiR-512-3p
showed higher expression in MMD ECFCs compared to normal ECFCs. Among
target genes of miR-512-3p, ARHGEF3, GXYLT1, SPOP, and SMNDC1 were
significantly downregulated in MMD ECFCs compared to normal ECFCs. When
MMD ECFCs were treated with miR-512-3p inhibitors, ARHGEF3 was the only
gene whose expression level was consistently increased in all MMD ECFCs used
in the experiment. The treatment of miR-512-3p inhibitor boosted GTPase activity
associated with ARHGEF3 and improved tubule formation in MMD ECFCs.
Therefore, it can be inferred that miR-512-3p in plasma-derived EV cause
angiogenic dysfunction by regulating ARHGEF3 in MMD ECFCs.

Previous studies revealed differentially expressed miRNAs and their target genes in
blood or CSF of MMD patients. In 2014, Dai et al., reported the first study of a
serum miRNA signature of MMD patients including upregulated miR-106b, miR-

130a, miR-126 and downregulated miR-125-3p. Mammalian target of rapamycin _
97 H =T}



(mTOR) signaling was the most enriched pathway with functional target genes (12).
Zhao et al. verified the expression and significance of let-7 family based on the
existing literature, and among them, let-7c was confirmed to have the highest
differential expression in serum of MMD compared to control group (13). A
Taiwan group characterized the impact of the RNF213 mutations on plasma protein
and RNA profiles. They analysed cell-free miRNAs in whole plasma, EV-
encapsulated miRNAs, and EV-depleted miRNAs. Vascular endothelial growth
factor (VEGF) signaling was the enriched pathway in mRNA-miRNA interaction
(3). Uchino et al., performed MMD-discordant monozygotic twin-based study,
miR-6722-3p, miR-328-3p were differentially upregulated in the plasma of MMD.
Target genes downregulated in endothelial cells differentiated from induced
pluripotent stem cell lines derived from MMD cohort were involved in Signal
transducer and activator of transcription 3 (STAT3), Insulin like growth factor 1
(IGF-1), and Phosphatase and tensin homolog (PTEN) signaling (14). Wang et al.,
investigated CSF exosomal miRNA signature in MMD patients. The combination
of miR-3679-5p, miR-165, miR-6750-5p and miR-574-5p showed a good
performance (AUC=0.945) as a biomarker. The predicted target genes for the
miRNAs were cell adhesion molecules, nectin 1 and contactin 2 (15). There was
the study of CSF miRNA signature from MMD patients for predicting angiogenesis
after indirect bypass surgery. miR-92a-3p, miR-486-3p, miR-25-3p, and miR-155-
5p were significantly increase in the angiogenesis group compared to non-
angiogenesis group (16). Various miRNA signatures were suggested through
previous MMD research. Majority of molecular pathways affected by these
miRNAs were related to angiogenesis. However, it was difficult to select a strong
universal biomarker because the nationality, age, and clinical setting of the cohort
in each study was different. The fact that miRNAs were searched for in EV, a more
protective and consistent source of miRNA, can be advantage of this study, in

comparison to earlier research employing cell-free serum/plasma or whole CSF (6).
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We tried to validate MMD-specific miRNA of plasma-derived EV in CSF. ICA and
its branches affected by MMD are vessels in the central nervous system (CNS).
CSF is in closest contact with the CNS (15). Both blood and CSF may reflect the
characteristics of the disease. Finding the intersection of blood and CSF biomarkers
can be more convincing. We observed similar trend of miR-512-3p expression in
CSF-derived EVs as in plasma-derived EVs through ExoView analysis, but the
difference between normal and MMD was not statistically significant. Because we
did not analyse full expression profiles of miRNA in CSF EVs, it was not
confirmed whether miR-512-3p is included among the most highly expressed
mMiRNAs in MMD CSF EVs compared to control group.

We used ECFCs as in vitro model for functional validation of miR-512-3p and its
targets. Several in vitro experimental assays were designed to screen pro-/anti-
angiogenic drugs. These assays measure the abilities of endothelial cells (ECs)
regarding proliferation, migration, invasion, and the formation of tubular structures.
Proliferation capacity of mature ECs decreases over time. Endothelial progenitor
cells (EPCs) circulating peripheral blood have robust proliferation capacity and can
be a source of tube formation assays. ECFCs are late EPCs. Circulating ECFCs are
recruited to sites for vascular re on, and they are incorporated into the vascular
endothelial lining and differentiated in situ into ECs (17). ECFCs play a critical
role in the pathogenesis of MMD. The cell number and functioning of ECFCs were
decreased or impaired in pediatric MMD patients (18).

ARHGEF3 belongs to the family of Rho-guanine nucleotide exchange factor which
accelerates Rho-GTPase activity by conversion of GTP to Guanosine diphosphate
(GDP). ARHGEFS3 activates selectively two members of the Rho-GTPase family,
RhoA and RhoB (19). ARHGERF3 is widely expressed in blood cells, skeletal
muscle, and brain (20). ARHGEF3 is also an endogeneous mTOR complex 2
inhibitor (21). Mitogen-activated protein kinase (MAPK), phosphoinositide 3-

kinase (PI3K), and mTOR pathway are downstream effectors in VEGF signaling.
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Rho-proteins and their effectors function as key mediators of VEGF-mediated
angiogenesis (13). The serine/threonine Rho-associated kinases (ROCKSs) are RhoA
effectors. RhoA/ROCK signaling increases vascular permeability, matrix-
metalloproteases (MMPs)-mediated degradation of extracellular matrix through
MAPK signaling, endothelial migration, proliferation by promoting G1/S transition,
and morphogenesis (22). RnoA/ROCK signaling is also a key regulator of vascular
contraction (23). ARHGEF3 may be involved in angiogenesis, activating Rho
A/ROCK signaling. Downregulation of ARHGEF3 by miR-512-3p can play a role
in the aberrant angiogenesis of MMD.

Our study has some limitations. There is an ethical problem in recruiting normal
children as control cohort and collecting body fluids through an invasive procedure
like blood sampling. The age range of normal group was in their early to mid-20s,
thus it did not match the age of the patient group. Control groups were different in
plasma-derived EV (young adults) and CSF-derived EV (children with
hydrocephalus). We did not obtain CSF from normal group in plasma experiment.
Even in young adults, collecting CSF from normal people via lumbar puncture is
also very invasive. We did not inspect total profiles of differential expression of EV
miRNAS with microarray or sequencing in CSF. Further experiments with CSF are
needed in the future. In addition, ECFC mRNA microarray used for target gene
analysis was previously constructed (9) and not derived from ECFCs of the patients

in this study.



Conclusion

In summary, we identified that miR-512-3p was significantly upregulated in
plasma-derived EVs of MMD patients compared to control group. Plasma-derived
EV miR-512-3p showed a good performance as a diagnostic biomarker of MMD.
We observed downregulation of ARHGEF3 gene targeted by miR-512-3p. miR-
512-3p inhibition restored ARHGEF3 expression, GTPase activity and tubule
formation in MMD ECFCs.
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< FIsglth miR-512-3p9] %4 Fx2 5 2 a9 d
TAEAA 7R A #dE e 2> ARHGEF33ith dyhjad+
Al miR—-512-3p2] AAAE Asie W Axe BEs
t 9SS FA 3k, ARHGEF39] wao] Sriglon, g3 g
A, GTPase &4 % S7F8Fth.

AE: Aol HopRopy 3xe] 4 fd AEFAYEA HA
miR—512-3p= ARHGEF3E 9x#|slo] dahfjgd A2 g3

Fdeel 9F= <o

FQof: mopmopy, AEZWATA, who]lZ R B AL, ulo] QulA,
miR—512—-3p, ARHGEF3
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