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Abstract

Background: Brain arteriovenous malformations (bAVM) are characterized by enlarged blood
vessels, which direct blood through arteriovenous (AV) shunts, bypassing the artery-capillary-vein
network and disrupting blood flow. Clinically, bAVM treatments are invasive and not routinely
applicable. There is critical need to understand mechanisms of bAVM pathologies and develop
pharmacological therapies.

Methods: We used an /n vivo mouse model of Rbpj-mediated bAVM, which develops
pathologies in the early postnatal period and an siRNA in vitro system to knockdown RBPJ in
human brain microvascular endothelial cells (ECs). To understand molecular events regulated by
endothelial Rbpj, we conducted RNA-Seq and ChlIP-Seq analyses from isolated brain ECs.

Results: Rbpj-deficient (mutant) brain ECs acquired abnormally rounded shape (with no
change to cell area), altered basement membrane dynamics, and increased EC density along

AV shunts, compared to controls, suggesting impaired remodeling of neonatal brain vasculature.
Consistent with impaired EC dynamics, we found increased Cdc42 activity in isolated mutant
ECs, suggesting that Rbpj regulates small GTPase-mediated cellular functions in brain ECs.
SiRNA treated, RBPJdeficient human brain ECs displayed increased Cdc42 activity, disrupted
cell polarity and focal adhesion properties, and impaired migration /n vitro. RNA-Seq analysis
from isolated brain ECs identified differentially expressed genes in mutants, including Apelin,
which encodes a ligand for G protein-coupled receptor signaling known to influence small
GTPase activity. ChIP-Seq analysis revealed chromatin loci occupied by Rbpj in brain ECs that
corresponded to G-protein and Apelin signaling molecules. /n vivo administration of a competitive
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peptide antagonist against the Apelin receptor (Aplnr/Apj) attenuated Cdc42 activity and restored
EC morphology and AV connection diameter in Rbpj-mutant brain vessels.

Conclusions: Our data suggest that endothelial Rbpj promotes rearrangement of brain ECs
during cerebrovascular remodeling, through Apelin/Apj-mediated small GTPase activity, and
prevents bAVM. By inhibiting Apelin/Apj signaling /in vivo, we demonstrated pharmacological
prevention of Rbpj mediated bAVM.
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Introduction

Brain arteriovenous malformation (bAVM) is a neurovascular disease characterized by
enlarged, tortuous vessels and AV shunting, which connects arteries directly to veins and
may lead to tissue hypoxia, stroke, and neurological deficit. Treatments for bAVM are
limited, but as disease mechanisms are uncovered, new prevention and treatment strategies
can be developed.

Recombination signal-binding protein for immunoglobulin Jx regions (Rbpj) is a
transcriptional regulator of Notch signaling, which is critical for vascular endothelial
homeostasis during different stages of mammalian life.1-2 Recent studies described Notch-
independent roles for Rbpj, during cardiac angiogenesis and neurovascular pericyte
maintenance.3# Perturbations to Notch signaling molecules lead to bAVM formation

in mice>6, and misexpression of Notch signaling factors has been reported in TGF-

B associated models of bAVM.”8 Human bAVM tissue samples show misexpression

of NOTCH receptors, ligands, and downstream effectors.®-11 Genomic studies have
revealed NOTCH4 polymorphisms as associative risk factors for bAVM and hemorrhage??,
supporting Notch’s association with human bAVM.

Small guanosine triphosphate (GTP)-ases (e.g., Rho, Rac, and Cdc42), belong to a
superfamily of molecules that regulate gene expression, cell adhesion, directed migration,
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and cytoskeletal properties!3, and are regulated by guanine nucleotide exchange factors
(GEFs), GTPase activator proteins (GAPs), and guanosine nucleotide dissociation inhibitors
(GDIs). Apelin is a regulatory peptide that signals via a G protein-coupled receptor

(GPCR) — Apelin receptor (Aplnr/Apj). Apelin signaling has regulatory roles in vascular
endothelium, including regulation of EC polarization and vessel caliber size and
rearrangement of ECs along vessels in zebrafish.14

Here, using an Rbpj-deficient bAVM mouse model that develops AV shunts by P146 and
an /n vitro human brain EC culture system, we uncovered roles for endothelial Rbpj to
promote neurovascular modeling and prevent bAVM pathogenesis, via regulation of Apelin
and Cdc42.

Methods

Detailed methods in Supplemental Material. Data were acquired/reported following
ARRIVE guidelines!® (Table S1). The data that support the findings of this study are
available from the corresponding author upon reasonable request. RNA-Seq and ChlP-Seq
data are available as GEO subseries GSE223531 and GSE223532, respectively.

Mice and tissue harvest

Experimental mice and tissue harvest were previously described.® Experiments were
approved by Ohio University Institutional Animal Care and Use Committee Protocol #16-
H-024.

Quantification of AV connection diameter and EC shape

Acquisition of AV connection measurements have been previously described.® Area, length,
width measurements for Cadherin5(+) ECs from whole-mount cerebrovasculature were
made with NIS-Elements.

Immunolabeling

Whole-mount (WM) and section immunostaining used blocking reagent (5% donkey serum,
0.1% PBS-Triton X-100); primary and secondary antibodies listed in Table S2. DAB
substrate (ThermoFisher) was used for paraffin sections.

EdU incorporation and TUNEL

Click-iT EdU AlexaFluor 647 Imaging Kit (Invitrogen) and Click-iT TUNEL Alexa Fluor
647 Imaging Kit (Invitrogen) was used following manufacturer’s instructions.

Endothelial cell sorting

Tissue was minced/digested with DMEM/5% heat-inactivated fetal bovine serum/700 U/ml
collagenase Il (Worthington)/2.4 U/ml neutral protease (Worthington)/140 U/ml DNase |
(Worthington). Suspension was centrifuged through 70% Percoll (GE Healthcare) gradient.
Cells were sorted on BD FACSAria Cell Sorter (FACSDiva software, BD Bioscience,
Version 6.0) or with CD31 magnetic microbeads/MACS columns (Miltenyi).
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RNA extraction and gPCR

Total RNA was extracted using RNeasy Plus Micro Kit (Qiagen); gPCR was performed with
gScript One-step gPCR kit (QuantaBio). Primers listed in Table S3.

RNA sequencing

Paired-ended Poly(A) RNA sequencing was performed on a NovaSeq 6000 platform.

Reads were mapped to the Mus musculus GRCm39 Ensembl release 96 genome. FPKM
values were calculated from compiled transcriptome. Differentially expressed mRNAs were
selected with log, (fold change) > 1 or log, (fold change) < -1 and with statistical
significance (P value < 0.05) using edgeR.

siRNA transfection

Human cerebral microvascular \CMEC/D3 cells (Millipore) were transfected with
Lipofectamine RNAIMAX Transfection Reagent (ThermoFisher) and Silencer-Select
(Ambion) siRNA (siRNA assay I1D#s223924) complex, targeted against RBPJ
(NM_203284.2).

Western blotting

Western blotting followed standard procedures with P\VVDF membranes immunoblotted
against Rabbit anti-RBPJ (1:1000, Cell Signaling, #5313) and Rabbit anti-GAPDH (1:1000,
Cell Signaling Technology, #5174).

Migration and Immunolabeling in hCMEC/D3 cells

Assay was performed in migration chambers (iBidi) with 500 pm culture insert. Cells

were imaged under brightfield optics after the removal of physical insert (tg) and 12

hrs post-migration (t1,). Cell-free area was determined using Wound healing plugin
(Wound_healing_size_tool.ijm) on ImageJ software (NIH, Rockville, MD, USA). Cells were
immunolabelled using rabbit anti-GM130 (Invitrogen, #PA5-95727, 1:800), Acti-stain™ 555
Fluorescent Phalloidin (Cytoskeleton Inc., #?HDH1, 1:500), rabbit anti-Phospho-Paxillin
(Tyr118) (Invitrogen #44-722G, 1:500).

Front-rear polarity analysis in hCMEC/D3 cells

A cell was considered polarized towards direction of migration when Golgi apparatus
oriented within + 45 ° perpendicular to cell free gap. Rose plot was constructed using
GeoRose software (V0.5.0, Yonggeng Ye, Alberta, Canada).

GTPase activity

Activity of small GTPases were evaluated using G-LISA Activation Assay (Cytoskeleton
Inc.), according to manufacturer’s instructions.

In vivo vascular permeability

AlexaFluor™ 647 conjugated 10,000 molecular weight (MW) dextran (ThermoFisher, 200
ug) and heparin (5 Units/10 g body weight, Alfa Aesar) were injected via inferior vena cava.
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20 um sagittal sections were imaged. Mice were intraperitoneally injected with 2% Evans
blue in 0.9% sterile saline solution. 1 mm brain slices were imaged using fluorescent and
brightfield microscopy (Nikon Eclipse-NiU).

In vivo Apj antagonism

Rbpj'2EC were injected intraperitoneally with Cyclo(1-6)CRPRLC-KH-
Cyclo(9-14)CRPRLC, (Phoenix Pharmaceuticals) at 2 pg/mg body weight, at P7, P10, P12.
Vehicle control RbpjAEC mice received sterile PBS injections with identical volumes. P14
brains were harvested for experimental analyses.

Chromatin immunoprecipitation (ChiP)

ChIP was performed against Rbpj (Cell Signaling 1:50, #5313) from isolated P7 FVB/NJ
mice (Jackson Laboratories 001800) brain ECs. Libraries were prepared using NEBNext
Ultra Il DNA Library Prep Kit with 2 ng of immunoprecipitated DNA and 2% input
samples, followed by paired-end sequencing on NovaSeq 6000 platform. Reads were
aligned to Mus musculus reference: mm10. Peak detection was achieved using MACS2
and visualized via IGV (V2.13.2). Primers listed in Table S4.

Confocal imaging

Z-stack images were acquired on Zeiss LSM 510 laser scanning confocal microscope, with
ZEN Software 2.3 (Carl Zeiss), and projected at maximum intensity.

Statistical analysis

Statistical tests used: Shapiro-Wilk, Kolmogorov-Smirnov, unpaired #test with Welch’s
correction, one-way ANOVA, Tukey’s multiple comparison, Mann Whitney, two-tailed,
one-sample Student’s ftest. Error bars indicate standard deviation, unless stated otherwise.
Statistical significance was reported as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,
using GraphPad Prism (Version 9.3.1). Power analyses for all experimental datasets are
reported in Table S5.

Results

Rbpj was absent from Rbpj2EC brain ECs by P7, but AV microvessel diameter remained
unchanged

We first defined the timing of early postnatal bAVM initiation and progression. While Rbpj
deletion was verified in brain tissues at P14%16, and from isolated brain ECs at P77, we
wanted to identify a timepoint at which Rbpj was absent from ECs, but at which features

of bAVM had not developed, to circumvent confounding effects of established pathologies.
We bred Cah5(PAC)-CreER™2: Rbpf1o%WT (control) and Cah5(PAC)-CreER™Z; Rbpjfox/flox
(Rbpj'2EC mutant) mice and induced endothelial Rbpj deletion at P1 and P2. Because
Rbpj"2EC mice develop features of bAVM and 50% lethality by P14, we quantified the
abundance of enlarged AV connections at P14. In frontal cortex and cerebellum (combined
measurements from both brain regions), all control AV connections had diameters in the
capillary range (<6 to <8 um). For Rbpji2EC AV connections, approximately 15/90 (16.7%)
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had diameters in the capillary range (<6 to <8 um), while 75/90 (83.3%) had diameters in
abnormally enlarged ranges (>8 to <12.5um and =12.5 um) (Figure S1). Next, we selected
P5, P7, and P10 as timepoints for analyses. By P5, Rbpj knockdown in Rbpj'2EC mice was
inconsistent (Figure S2), but by P7, Rbpj protein was absent from Rbpj'2EC ECs (Figure
S3B-C) and brain AV connection diameters were not changed between control and Rbpj/2EC
(Figure S3D, quantified in E). By P10, brain AV connection diameters were increased

in Rbpj"2EC mice as compared to controls (Figure S3E). Thus, we studied P7 (bAVM
initiation), P10 (moderate bAVM pathology) and P14 (advanced bAVM) as stages to uncover
cellular and molecular events involved in bAVM formation and progression (Figure S3A).

Endothelial Rbpj-deficient brain microvessels exhibited abnormal EC morphology,
increased EC density, and decreased empty basement membrane sleeves

We investigated whether Rbpj'2EC shunts formed by increased EC proliferation or decreased
EC apoptosis. We analyzed EdU incorporation from P5-7 and from P12-14 (Figure S4A)
and found no difference in the number of double-positive EdU(+)/lectin(+) ECs per area of
brain tissue and between control and Rbpj'2EC tissue at P5-7 or P12-14 (Figure S4B-C).

We analyzed apoptosis at P7 and P14 and found no difference between the number of
double-positive TUNEL(+)/lectin(+) ECs per area of brain tissue control and Rbpji2EC tissue
at P7 or P14 (Figure S4D-E). These results indicate that neither proliferation nor apoptosis
contributed to Rbpj'AEC AV shunting.

To examine EC hypertrophy, we traced Cadherin5(+) EC membranes, then measured the
outlined cellular areas (Figure 1A). We found no difference in P7 or P14 brain EC area

in Rbpj'2EC mice, as compared to controls (Figure 1B), suggesting that EC hypertrophy

did not contribute to AV shunting in Rbpj"2EC mice. We examined EC morphology by
measuring cell shape index (EC length/EC width) in P7, P10 and P14 mice. We found

that ECs comprising Rbpj'2EC AV shunts were abnormally rounded or ellipsoid by P14
(Figure 1A), with a length-width index significantly lower than that of elongated ECs in
control capillaries (Figure 1B). Because abnormally shaped brain ECs gave the appearance
of increased EC density, we counted the number of ECs on AV connections <12.5 um and on
those =12.5 pm (operational definition for AV shunts in Rbpj'2EC micel8). At P14, we found
increased cell density per vessel length in RbpjiAEC AV shunts, as compared to healthy
Rbpj"2EC AV connections (Figure 1B). To understand cellular dynamics over time, we found
that EC shape index increased from P7 to P14 in controls (Figure 1C) but not in mutants
(Figure 1C). These data indicate that in control, early postnatal brain, ECs elongated over
time, and a primitive vascular plexus refined into capillary-like vessels. In Rbpji2EC mutants,
we found no change to EC shape index from P7 to P14 (Figure 1C) and increased cell
density from P7 to P14 (Figure 1C). These data suggest that in Rbpj'2EC brain vasculature,
EC elongation and refinement into capillary-like vessels was impaired.

To test whether cerebrovascular refinement was affected, we counted empty basement
membrane sleeves (EBMS) — empty vessel sleeves whose ECs have rearranged or migrated
away.1® We first assessed the number of Collagen IV(+)/Cadherin5(-) EBMS in P7 brain
vasculature (Figure 1D), reasoning that Rbpj'2EC impaired microvessel regression would
manifest pre-shunting. We found reduced EBMS per brain area in Rbpj'2EC, as compared to
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controls (Figure 1E). In control tissue, EBMS decreased over time, from P7 to P14, while in
Rbpj'"2EC tissue, EBMS did not change (Figure 1E), suggesting that brain vessel regression
was perturbed. Our findings suggest that endothelial deletion of Rbpj disrupts early postnatal
cerebrovascular remodeling, perhaps by a lack of EC redistribution and rearrangement along
AV connections.

Endothelial RBPJ deficiency in human microvascular brain ECs perturbed cell migration,
directionality, and polarity, with altered focal adhesion properties

To study endothelial Rbpj roles independent of blood flow, we knocked down RBPJin
human cerebral microvascular ECs (hnCMEC/D3 cells) and confirmed RBPJ knockdown
(siRBPJ), compared to scrambled controls (siScr) (Figure SSA-B). To test whether RBPJ
deficiency affects directed EC movement, we performed a migration assay. From time (t)q
hrs to tq5 hrs, both wild-type and siScrcells moved toward the acellular gap and covered the
area to a greater degree than siRBPJcells (Figure 2A), suggesting that endothelial RBPJ is
required for directed brain microvascular EC movement.

Because front-rear polarity is required for directed cell movement, we tested cell
polarization, following t;, hrs of migration. Using the position of the intracellular Golgi
apparatus, relative to the cell nucleus (Golgi are positioned at the ‘leading edge’ of a
migrating cell), we found impaired cell polarization in siRBFJ cells, as compared to siScr
(Figure 2B). We constructed Rose plots that depict the degree of polarization (polarized = +
45 ° perpendicular to the acellular gap; non-polarized = greater than + 45 ° perpendicular)
and the number of cells within specific degree ranges (Figure 2C). The average angle of
polarization and percentage of non-polarized cells were greater for siRBP.Jcells, compared
to siScr (Figure 2D-E). These data suggest that endothelial RBPJ regulates cell polarization
in brain microvascular ECs.

We hypothesized that altered focal adhesion (FA) assemblies would be associated with
impaired cell migration in siRBPJ cells. We found increased number of actively remodeling,
phosphorylated-Paxillin (p-Y 118 Pax)(+) FAs per cell in siRBPJ cells, as compared to

siScr (Figure 2F). This suggests that RBPJ participates in FA assembly, which subsequently
influences cell adhesion and migration properties.

Endothelial deletion of Rbpj led to dysregulated GAP/GEF expression, small GTPase
activity, and vascular permeability

We tested activity of small GTPases (Rho subfamily) and found increased Cdc42 activity
in siRBPJ cells, compared to siScr, and in P7 and P14 Rbpj2EC brain ECs, compared to
controls (Figure 3A). By contrast, RHOA and RAC1 activities were not altered in siRBPJ
cells, compared to siScr (Figure S6A-B), and were decreased in P7 Rbpj2EC brain ECs,
compared to controls (Figure 3B-C). Next, we found that expression of ARHGAPFPIS,
ARHGAP29, and DOCK6 was increased, and expression of ARHGAPZ1 was decreased,
in siRBPJ cells, as compared to siScr (Figure 3D). In P7 mouse brain ECs, expression

of Arhgap18, Arhgap21, Arhgap29, and Dockéincreased in Rbpj'AEC, as compared to
controls (Figure 3D). At P14, increased expression of Arfigap18, Arhgap29, and Dock6
was sustained, while expression of Arfigap21 was decreased (Figure 3D). Together, these
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data suggest that (i) in mammals, endothelial Rbpj/RBPJ-mediated regulation of Cdc42 is
conserved, but regulation of GAPs, GEFs, and other GTPases differs, (ii) RBPJ regulates
GAPs, GEFs, and CDC42 activity independent of /n vivo physiological influences, and (iii)
small GTPases contribute differentially to morphogenesis of early postnatal mouse brain
vasculature.

Because small GTPase activity is linked to changes in vessel permeability2, we
hypothesized that Rbpj2EC brain vessels would have increased permeability. We
intravenously or intraperitoneally injected 10 kDA dextran or 67 kDa Evans blue,
respectively, into P14 mice and found extravasated dextran (Figure 3E) and Evans blue
(Figure S7) in brain parenchyma of Rbpj'2EC mice, but not controls. We found robust
expression of Claudin-5, a blood-brain barrier tight junctional protein, in control and
Rbpj"2EC brain ECs at P15 (Figure S8A-C). In whole-mount cortex, we found Claudin-5
expressed by ECs in capillaries (control) and AV shunts (Rbpj'2EC) (Figure S8D). We used
high-resolution imaging to show that Claudin-5 was transported to EC membranes in control
and mutant brain tissue (Figure S9A-B). We examined ZO-1, another tight junctional
protein, and found robust expression in P14 brain ECs from control and Rbpj'2EC mice
(Figure S10A-B). Our data suggest that endothelial Rbpj is not required for expression of
tight junctional proteins Claudin-5 and ZO-1.

RNA sequencing identified differentially expressed genes in isolated P7 brain ECs,
following endothelial deletion of Rbpj

To understand how Rbpj deficiency affects gene expression during bAVM initiation,

we performed transcriptome analysis via bulk RNA-Seq (GEO subseries GSE223531).
Sequencing results revealed differentially expressed genes (DEGS) in brain ECs — 273
upregulated and 164 downregulated genes in P7 Rbpji2EC mice, as compared to controls,
indicating roles for Rbpj as a transcriptional repressor and activator, respectively (Figure
4A). Identification of Rbpy within the downregulated group confirmed allele deletion, and
presence of capillary-specific genes within the solute carrier family (S/cola4) validated
ECs form AV connections. Comprehensive gene ontology (GO) enrichment analysis
(Figure 4B) revealed genes encoding membrane localized, protein and ion interacting, and
cell adhesion regulating molecules. Kyoto Encyclopedia of Genes and Genome (KEGG)
pathway enrichment analysis (Figure 4C) displayed similar results, with enriched genes
encoding molecules involved in extracellular matrix-receptor, ligand-receptor interactions,
and focal adhesion regulation, suggesting roles for endothelial Rbpj in regulating cellular
signaling.

We selected DEGs of interest by screening for expression changes between control and
Rbpj'2EC brain ECs (Figure 4D) and for fragments per kilobase of transcript per million
fragments mapped (FPKM) values (Figure S11). DEG expression was validated with an
independent cohort of flow-sorted brain ECs from control and Rbpj'2EC mice. Expression of
Rbpjand Efnb2was decreased in Rbpji2EC ECs, which confirmed endothelial Rbp/ deletion
(Figure 4E). Among upregulated genes of interest, Adrenomedullin (Adm), Secreted
phosphoprotein 1 (Sppl, encoding Osteopontin), and Apelin (Apln) were selected for further
analysis. Increased expression of Adm, Spp1, and Aplnwas sustained in Rbpj'2EC versus
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control ECs at P10 and P14 (Figure 4F) and in siRBPJ D3 cells, as compared to siScr
(Figure S5A), suggesting an evolutionarily conserved role for endothelial Rbpj to regulate
Adm, Spp1, and Aplnexpression, independent of physiological influences. These results
suggest that endothelial Rbpj is required to mediate downstream gene expression in the early
postnatal brain vasculature to prevent bAVM pathologies.

ChlIP-Seq identified Rbpj occupancy signature in isolated P7 brain ECs, including
molecules involved in Apelin signaling and in regulating small GTPase activity

To map chromatin regions occupied by Rbpj in an early postnatal cerebrovasculature, we
conducted a Chromatin Immunoprecipitation Sequencing (ChlP-Seq) experiment (GEO
subseries GSE223532). Genomic distribution of Rbpj-binding peaks revealed most sites
being intergenic (38%) or intronic (36%) and others within promoter, 5’UTR, or -2

kb of transcriptional start sites (5% collectively) (Figure 5A), Thirteen GAPs or GEFs
were identified as Rbpj binding targets (Table S6), and 17 genes identified as DEGs in

our RNA-Seq dataset overlapped with Rbpj ChIP-Seq data (Figure 5B and Table S6).

The intersectional cohort included Arfigap20, Arhgef28, Adm, Akt3, and members of the
Protocadherin gene family (Pcdhga4-10). Other loci of interest included regions around
genes encoding solute carriers, Haac9, and EphB1 (Figure S12A-E; Table S6). These data
suggest that Rbpj directly regulates select GAPs and GEFs in P7 brain ECs, consistent with
our data showing that endothelial Rbpj regulates small GTPase activity in brain ECs.

GO enrichment analysis (Figure 5C) revealed genes that encode membrane-localized
signaling molecules, involved in GTPase activator and kinase activity, and the cytoskeleton,
similar to RNA-Seq analysis. KEGG analysis (Figure 5D) displayed enriched genes involved
in GTPase signaling, cAMP signaling, cell adhesion, and Apelin signaling. Targets involved
in Notch signaling were identified and enriched in KEGG analysis (Figure 5D), including
Rbpj binding target Hairy and enhancer of split-1 (HesI) (Figure 5E). We observed
enrichment peaks for genomic regions for Apelin-related genes: G-protein subunit alpha

i1 (Gnai) encodes a protein that is coupled to ApInr/Apj2Y; Guanine nucleotide-binding
protein G(q) subunit alpha (Gnag) encodes a protein involved in GPCR signaling, and
human GNAQ mutations were implicated in vascular malformations22; Myocyte enhancer
factor 2C (Mef2c) is regulated by Apelin signaling in cardiovascular development?3 (Figure
5E). These data support the hypothesis that Rbpj directly regulates Apelin signaling and
small GTPase activity in cerebrovascular ECs.

Pharmacological blockade of Apelin/Apj signaling restored brain AV connection diameter,
EC shape index, and Cdc42 activity in Rbpj2EC mice

Given that (i) Apelin expression was increased in Rbpj-deficient brain ECs (Figure 4),

(i) Apelin receptor is coupled to Gnai1?1, (iii) Apelin has been shown to regulate EC
signaling?4, (iv) Apelin signaling molecules and GPCR subunits were identified as direct
Rbpj transcriptional targets (Figure 5), we hypothesized that endothelial Rbpj negatively
regulates Apelin signaling to maintain healthy cerebrovascular remodeling and prevent
AVM formation. We used a small peptide antagonist (MM54 (Cyclo(1-6)CRPRLC-KH-
Cyclo(9-14)CRPRLC), targeted against the Apelin receptor (Apj), to test whether inhibition
of Apelin signaling prevents bAVM formation in Rbpj'2EC mice (Figure 6A). Administration
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of the Apj antagonist in Rbpj"2EC mice ameliorated vessel diameter enlargement (Figure
6B, quantified in D) and EC shape index change (Figure 6C, quantified in D), prevented
the increase in Cdc42 activity (Figure 6D), and attenuated 10 kDa Dextran extravasation
(Figure 6D-E), as compared to vehicle-treated Rbpji2EC mice. These findings suggest that
endothelial Rbpj mediates Apelin signaling and regulates downstream activation of Cdc42,
to inhibit vessel permeability in early postnatal brain vasculature.

Discussion

Our data indicate a critical role for endothelial Rbpj to govern reorganization of the primitive
cerebrovascular plexus, via regulation of Apelin signaling and Cdc42 activity, thereby
preventing AV shunting in the early postnatal brain. Rbpj'2EC ECs underwent morphological
changes, without evidence for hypertrophy or hyperplasia, contrasting cellular changes
found in other bAVM models that report increased EC proliferation,2® increased EC
footprint,18:26.27 or both.28 Increased EC density and decreased EBMSs along RbpjiAEC
vessels are likely related to these initial cellular abnormalities, with impaired EC shape,

EC organization, and vessel regression contributing to AV connections being “stalled” in an
un-remodeled, wide-diameter state.

We found a role for RBPJ in maintaining directional polarity and focal adhesion properties
and in regulating directed cell movement in brain ECs. Our data suggest Rbpj'2EC ECs
cannot polarize along the length of an AV connection, and that increased focal adhesion
structures may lead to excessive substrate adhesion and reduced EC migration, collectively
contributing to impaired directional regression. Our data are consistent with reports that
focal adhesion sites regulate cell migration by acting as sites for small GTPase activity.2%-31

We found that endothelial Rbpj regulates small GTPase activity and expression of Apelin
signaling molecules in brain ECs. While other reports showed altered small GTPase
activity in vascular malformations,28:32:33 ours is the first to report Apelin signaling as an
intermediary between Rbpj and Cdc42 to influence aspects of cerebrovascular development
and prevent bAVM. In the bAVM field, activating mutations in RAS** have spurred
interest in understanding whether RassMEK/ERK signaling cooperates with other signaling
pathways during bAVM. Our data provide a potential mechanistic link between Rbpj
signaling and small GTPase activation in bAVM. Our findings show increased expression
of Spp1/5PP1, which encodes the extracellular matrix-associated protein Osteopontin, and
Adm/ADM, which encodes a small GTPase regulatory protein. Consistent with this, SPPI
and ADM expression was upregulated in single cell RNA-Seq data from human bAVM
nidus®®, and ADM expression was found in ECs from human aneurysm and bAVM
samples.36 Increased levels of ADM in HHT patient serum and skin telangiectasias suggest
ADM as a potential HHT biomarker3’; however, causal HHT mutations in Eng or Acvrl1
did not alter Adm expression in blood vessels or brain tissue.38

Endothelial Rbpj deficiency led to increased expression of Apelin, which encodes a ligand
for GPCR signaling and promotes coupling to G protein subunits.2! Consistent with this,
Notch regulates Apelin signaling in angiogenic ECs in zebrafish.24 We identified 12 genes
involved in Apelin signaling as direct Rbpj targets (Table S6) and occupancy sites for Gnarl

Stroke. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adhicary et al.

Page 11

and Gnagq, suggesting that Rbpj may regulate GPCR mediated signaling, including small
GTPase activity, via Apelin/Apj. Recently, Apelin expression was reported in ECs from
infantile hemangioma (IH), a human vascular anomaly, and blockade of Apelin signaling
via Aplnr/Apj antagonism suppressed angiogenic tumor formation in an IH mouse model.3°
Our data identify Rbpj as a regulator of Apelinand offer potential for pharmacological
treatments for bAVM patients with perturbations to Apelin signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Apelin receptor
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Cell division cycle 42
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Guanosine nucleotide dissociation inhibitor
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G protein-coupled receptor
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Figure 1. Rbpj'E brain ECs exhibited abnormal cellular properties.
(A) Cadherin5(+) ECs were rounded (yellow outlines) by P14 in Rbpj'2EC, compared to

control. For shape index (yellow lines), length followed direction of flow. a, artery; v, vein.
Scale, 10 ym. (B) EC area remained unchanged at P7 (p=0.8100) and P14 (p=0.5201) in
Rbpj'2EC mice compared to controls (N=6). EC shape index was reduced in Rbpji2EC mice
by P14 (N=6, p<0.0001). EC density was increased in Rbpj'’2EC AV shunts with =12.5 um
diameter compared to AV connections with <12.5 pm diameter (p<0.0001). (C) Control EC
shape index increased from P7 — P10 (p=0.0024) and remained unchanged from P10 — P14
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(p=0.9473). EC density did not change from P7 — P10 — P14 in control mice (p=0.2839).
Brain EC shape index remained unchanged in Rbpj"2EC mice from P7 — P10 (p=0.0811)
and decreased from P10 to P14 (p=0.0009). Brain EC density increased from P7/P10 — P14
in Rbpj'2EC mice (p<0.0001). (D) Fewer Collagen IV(+)/Cadherin5(-) EBMS structures
(arrowheads) were observed in P7 Rbpj'2EC brain vasculature than controls. Collagen 1V,
green. Cadherin5, red. Scale, 100 um. Quantified in (E), (p=0.0047). (E) Control mice had
overall decrease in EBMS number (p<0.0001), with no change from P7 — P10 and decrease
from P10 — P14 (p=0.0001). Rbpj'2EC showed no change in EBMS dynamics (p=0.3837).
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Figure 2. RBPJ knockdown led to impaired migration, directionality, and polarity of brain ECs.
(A) siScrcontrol and siRBPJhuman microvessel ECs at 0 hr and 12 hr timepoints. Yellow

outlines, cell-free areas. Scale, 100um. si”RBPJECs had reduced cell movement compared
to siScrand non-transfected cells. (B) siScrcontrol and siRBPJECs immunolabeled for
Golgi apparatus (GM130, green), F-actin (Phalloidin, grey), and nuclei (DAPI, blue) 12 hrs
post-migration. Scale, 20 um. Schematic indicates directionality with green (polarized) and
red (non-polarized) arrows. High-magnification of polarized siScr (-15°) and non-polarized
SiRBPJ(-115°) ECs. (C) Rose plots show frequency of Golgi-nuclear angles in siScrand
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SiRBPJECs. Gap represents cell-free area. (D) Average angle of polarization increased in
siRBPJECs compared to siScr. Plot shows 15t, 3 quartiles and median (N=~100 cells,
p<0.0001). (E) Percentage of polarized ECs decreased in siRBPJcompared to siScr. (F)
Number of phospho-paxillin(+) focal adhesions (green) increased in siRBPJcompared to
siScr(N=~50, p<0.0001). F-actin (Phalloidin, grey) and nuclei (DAPI, blue). Scale, 20 um.
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Figure 3. EDe{sregulated GAP/GEF expression, small GTPase activity, and vascular permeability

Cdc42 activity was increased in (A) siRBPJhuman brain ECs (N=3, p=0.0003) compared
to siScrand in P7 (N=5, p=0.0046) and P14 (N=4, p=0.0007) Rbpj2EC ECs compared

to controls. (B-C) RhoA (N=3, p=0.0009) and Racl (N=4, p=0.0144) showed increased
activity in P7 Rbpj'AEC ECs compared to controls (D) Relative gene expression of
ARHGAP18(P=0.0242), ARHGAPZ29 (P=0.0026), and DOCK®6 (P=0.0019) was increased,
while ARHGAPZ21 (P=0.0291) was decreased, in siRBPJECs compared to siScr (N=3).
Dotted line indicates no change. Relative gene expression of Arfigap18 (P=0.0068),
Arhgap21 (P=0.0340), Arhgap29 (P=0.0082), and Dock6 (P=0.0019) was increased at P7
in Rbpj'2EC mice (N=3). Relative gene expression of Arhgapl8 (P=0.0055), Arhgap29

(P=0.0028), and Docké (P=0.0027) was increased, while Arfigap21 (P=0.0069) was

decreased, at P14 in Rbpji2EC mice (N=3). (E) Ten kDa dextran (red) was extravasated
from mGFP(+) vasculature in Rbpj'2EC but not controls. Scale, 50 pm.
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Figure 4. RNA sgguencing analysis identified differentially expressed small GTPase-regulatory

A

genes in Rbpj’ versus control.

(A) Heat map of DEGs in technical replicates. Red and blue indicate increasingly
upregulated and downregulated expression, respectively. (B) Scatter plot shows gene

ontology (GO) (Y-axis) enrichment analysis. X-axis = number of DEGs/total number of
genes, within one GO term. Gene number = number of genes within GO term. Significance
increases from blue to red. (C) Scatter plot depicting KEGG pathway (Y-axis) enrichment
analysis. X-axis = number of DEGs in KEGG pathway/total number of genes annotated

in KEGG pathway. Significance increases from blue to red. (D) Volcano plot shows select

Stroke. Author manuscript; available in PMC 2024 June 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Adhicary et al.

Page 21

DEGs up- (red) or down-(blue) regulated. (E) Relative gene expression (Rbpj'2EC versus
Control) from P7 ECs. Upregulated genes (red); downregulated genes (blue). Dotted lines
indicate no change in gene expression (N>3 for triplicates of 3 independent experiments).
(F) Adm, Spp1and Aplnexpression levels were increased at P10 (P=0.0105) and P14
(P=0.0028) in Rbpj2EC compared to controls (N>3 for each of 3 replicates).
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Figure 5. ChlP sequencing analysis identified chromatin loci occupied by Rbpj.

(A) Genomic distribution of Rbpj binding, including 3" untranslated regions (UTR), 5’

Page 22

UTR, 2 kb upstream, promoter, exon, intron, 2 kb downstream, and intergenic regions. (B)
Seventeen genes were identified as DEGs via RNA-Seq and Rbpj targets via ChIP-Seq.

(C) GO enrichment analysis shows gene categories identified as Rbpj binding targets. (D)
Scatter plot depicts KEGG pathway (Y-axis) enrichment analysis. X-axis = ratio of DEGs in
KEGG pathway/total number of genes annotated in KEGG pathway. Significance increases

Stroke. Author manuscript; available in PMC 2024 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Adhicary et al.

Page 23

from green to red. (E) Rbpj enrichment peaks around Gnail, Gnaq, MefZc, Hes1, in P7 brain
ECs.
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Figure 6. Blockade of Apelin/APJ _signaling restored brain AV connection diameter, EC shape
index, and Cdc42 activity in Rbpj'A C mice.

(A) Experimental timeline. (B) Rbpj'2EC mice treated with VEH developed AV shunts
(MGFP+ ECs). Rbpj'2EC mice treated with Apj antagonist retained capillary network by
P14. Yellow lines, AV diameter measurement. Scale, 100 um. (C) Cadherin5(+) (red) ECs
were rounded in P14 VEH-treated mice; ECs were elongated in Apj antagonist-treated
mice. Outlines, area; lines, shape index. Scale, 50 um. (D) AV diameter was reduced in
Apj antagonist-treated mice compared to VEH-treated (p<0.0001). EC shape index was
increased in Apj antagonist-treated mice compared to VEH-treated (p=0.0023). Cdc42
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activity was decreased in Apj antagonist-treated mice compared to VEH-treated (p=0.0361).
Dextran extravasation was decreased in Apj antagonist-treated mice compared to VEH-
treated (p=0.007). (E) Alexa647-Dextran (10 kDa) extravasation (red) was decreased in Apj
antagonist-treated tissue compared to VEH-treated. Scale, 50 pum.
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