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Abstract

The Notch pathway regulates complex patterning events in many species and is critical for the proper formation and function of
the vasculature. Despite this importance, how the various components of the Notch pathway work in concert is still not well
understood. For example, NOTCH1 stabilizes homotypic endothelial junctions, but the role of NOTCH1 in heterotypic interactions
is not entirely clear. NOTCH3, on the other hand, is essential for heterotypic interactions of pericytes with the endothelium, but
how NOTCH3 signaling in pericytes impacts the endothelium remains elusive. Here, we use in vitro vascular models to investi-
gate whether pericyte-induced stabilization of the vasculature requires the cooperation of NOTCH1 and NOTCH3. We observe
that both pericyte NOTCH3 and endothelial NOTCH1 are required for the stabilization of the endothelium. Loss of either
NOTCH3 or NOTCH1 decreases the accumulation of VE-cadherin at endothelial adherens junctions and increases the frequency
of wider, more motile junctions. We found that DLL4 was the key ligand for simulating NOTCH1 activation in endothelial cells
and observed that DLL4 expression in pericytes is dependent on NOTCH3. Altogether, these data suggest that an interplay
between pericyte NOTCH3 and endothelial NOTCH1 is critical for pericyte-induced vascular stabilization.
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INTRODUCTION

The Notch pathway is highly conserved among species and
is present in all bilateral animals (1). Notch signaling regulates
diverse cell fate decisions, generating distinct patterns inmany
contexts. Classically, Notch receptors on “receiver” cells acti-
vate by binding Notch ligands, such as delta-like ligands (DLL)
or jagged ligands (JAG), which are presented on neighboring
signal “sender” cells. After binding ligand, the Notch receptor
is cleaved to release a transcriptionally active Notch intracellu-
lar domain (NICD), a key effector of the Notch pathway (2–4).
Active Notch transcription laterally inhibits ligand expression
in these receiver cells, contributing to a feedback loop that pro-
motes distinct boundaries and pattern formation (3).

In mammals, Notch signaling is essential for vascular func-
tion (5) and regulates angiogenesis (6), vascular development
(5), and vascular barrier function (7). In endothelial cells, shear
stress is one cue that activates the protein NOTCH1 (7–9) and
stimulates transcriptionally independent reinforcement of vas-
cular endothelial (VE)-cadherin at cell-cell junctions through a
Rac1-mediated cortical actin assembly. In this way, active
NOTCH1 reduces vascular permeability (7). NOTCH1 activation
also promotes endothelial cell quiescence by upregulating con-
nexin37 and p27 through canonical signaling (9). Interestingly,
both of these mechanisms rely on the activation of NOTCH1
by presentation of the ligand DLL4 (7, 9), highlighting both the
importance of Notch in homotypic cell-cell communication

and the unique role of NOTCH1-DLL4 interactions compared
with other Notch ligands.

In addition to homotypic cell-cell interactions, endothelial
cells (ECs) engage in heterotypic interactions with mural cells.
Anatomically, the endothelium is decorated externally by mu-
ral cells: pericytes (PC), which are embedded within the base-
ment membrane of the microvasculature (10), and vascular
smooth muscle cells (VSMCs), which cover larger vessels cir-
cumferentially. Functionally, pericytes have been shown to
stimulate vascular barrier function and are required for blood-
brain barrier development (11–13). Studies have demonstrated
that several signaling pathways contribute to this heterotypic
communication, such as Ang1/Tie2 (14, 15), PDGFRb (11–13),
and others (16, 17), but the potential role of Notch in communi-
cation between ECs and PCs is less clear. TheNOTCH3 receptor
is highly expressed in mural cells. Loss of NOTCH3 causes a
marked reduction in VSMC coverage of large vessels (18–20)
and arteriole hemorrhaging in mice (18), but the precise role of
NOTCH3 in pericytes is less clear. Conflicting reports suggest
that loss of NOTCH3 does not impact pericyte localization and
distribution (18), whereas others have described progressive
loss of pericytes (20). NOTCH3phenotypes impact small vessels
where pericytes predominate, mutations in NOTCH3 cause the
vascular disease CADASIL (cerebral autosomal dominant arte-
riopathy with subcortical infarcts and leukoencephalopathy)
(21), and NOTCH3 SNPs have been linked to age-related small
vessel disease (SVD) (22). CADASIL and SVD progressively
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increase the risk of dementia and stroke (23), suggesting a role
for NOTCH3 in small vessel homeostasis and raising the ques-
tion of howNotch signaling contributes to heterotypic commu-
nication in themicrovasculature.

Here, we sought to investigate whether pericytes stabilize
endothelium by engaging in endothelial NOTCH1 signaling
and whether loss of NOTCH3 signaling in pericytes inter-
rupts this stabilizing interaction. We used in vitro microves-
sel models to systematically evaluate how NOTCH3 in
pericytes and NOTCH1 in endothelial cells contribute to the
formation of stable vascular junctions. We found that peri-
cytes stabilize vascular cell junctions in vitro; however, loss
of either pericyte NOTCH3 or endothelial NOTCH1 prevents
this stabilization from occurring. We observed that DLL4 is
the critical ligand for activating NOTCH1 in endothelial cells
and show that DLL4, but not JAG1, stimulates vascular bar-
rier enhancement. Furthermore, we observe that pericytes
upregulate DLL4 in response to JAG1 binding in a NOTCH3-
dependent manner. Altogether, we suggest a previously
unappreciated interplay between NOTCH1 and NOTCH3
that coordinates pericyte-induced vascular stability.

MATERIALS AND METHODS

Cell Culture

Human neonatal dermal blood microvascular endothelial
cells (HMVEC-dBlNeo, Lonza) were cultured in endothelial
microvascular cell growth medium (EGM2-MV, Lonza) and
used before passage 7. Human brain vascular pericytes
(HBVPC, ScienCell) were cultured in pericyte medium (PM,
ScienCell) and used before passage 7. Human aortic smooth
muscle cells (hASMC, Lonza) were cultured in smooth muscle
medium (SMCM, ScienCell). Medium for all cell types was
replaced every 2 days between passages. All cells were cul-
tured in a humidified incubator at 37�Cwith 5% CO2.

Lentiviral Transduction and CRISPR Knockout Lines

Stable CRISPR knockout lines in theHBVPCswere generated
using the lentiCRISPRv2 system (from F. Zhang, Addgene plas-
mid #52961). The guide RNA sequences used for silencing were
generated using CRISPOR (24) and are listed in Supplemental
Table 1 (all Supplemental Tables and Figures are available at
https://doi.org/10.6084/m9.figshare.16499511.v1). Guides were
cloned into the lentiCRISPRv2 plasmid at the BsmbI site.
Lentivirus was produced by cotransfecting HEK 293 T cells
with each individual lentiviral plasmid and with the pVSVG,
pRSV-REV, and pMDLg/pRRE packaging plasmids using a cal-
cium phosphate transfection method. Virus-containing super-
natant was collected 48 h after transfection, concentrated
using PEG-it Virus Precipitation Solution (SBI), resuspended in
Optimem (Gibco) and flash frozen at �80�C. HBVPCs were
infected with the CRISPR lentivirus in growth medium for 16–
20 h, then cultured in normal growth medium until confluent.
Once confluent, 2 μg/mL of puromycin was added to normal
growthmedium for 2–3 days to select formutant cells. Western
blots were used to verify knockout efficiency.

Device Fabrication

The three-dimensional (3-D) microvessel chip has been
previously published (25). In short, polydimethylsiloxane

(PDMS, Sylgard 184, Dow-Corning) was mixed at a standard
ratio of 1:10 (w/w) of PDMS base to crosslinking reagent. This
mixture was poured over a silicon master wafer with positive
relief structures of photoresist (SU-8, microchem), degassed
in a vacuum chamber until bubbles dissipated, and cured for
2 h on a hot plate set to 80�C. This PDMS was removed from
the mold and cut into individual devices. A 1.5-mm biopsy
punch was used to form the sites for gel injection and 6-mm
biopsy punch was used to make media reservoirs. The PDMS
devices were then bonded to cover glass (VWR International,
LLC) by activation of the surface via plasma treatment for 30
s. Bonded devices were incubated in a 100�C oven overnight.
Devices were sterilized before use by 15 min of UV light
exposure.

Formation of Microvessel Networks

HMVECs and HBVPCs were lifted from the tissue culture
plates with 0.05% Trypsin-EDTA and centrifuged at 200 g
for 4 min. HMVECs were resuspended in EGM2-MV at 6.6
million cells/mL, and HBVPCs were resuspended at 8 million
cells/mL. A fibrinogen solution of 12 mg/mL (Fibrinogen
from Bovine Plasma, Sigma) was prepared by resuspending
the fibrinogen in D-PBS with calcium and magnesium
(Thermo Fisher Scientific) and was filtered through a 0.2-μm
filter before use. The lateral gel regions were not seeded with
cells in these experiments, and so 2.5 mg/mL fibrinogen þ
0.16 U/mL aprotinin (Sigma) were mixed with 1 U/mL of
thrombin (Sigma) and injected into the lateral channels
before cell seeding. A master mix was prepared with final
concentrations of HMVECs at 4 million cells/mL, fibrinogen
at 2.5 mg/mL, human fibronectin (Corning) at 10 μg/mL, and
aprotinin at 0.16 U/mL. Devices containing pericytes
included a final concentration of HBVPCs at 0.8 million
cells/mL in the master mix as well. Master mix (35 μL) was
mixed with thrombin at 1 U/mL and rapidly injected into the
central channels of three devices in succession. After poly-
merization of the fibrin gel, EGM2-MV media was added to
the reservoirs and pulled into the media channels using vac-
uum application. Fresh EGM2-MV containing additional 12.5
ng/mL VEGF-A and 12.5 ng/mL b-FGF was added to the four
media reservoirs and was replaced after 48 h. Devices were
cultured on a level surface in a humidified incubator at 37�C
with 5% CO2. Every 12 h, 15 μL of media was moved from the
right to left media reservoir to induce a 30 μL pressure gradi-
ent of flow across the central gel region. All devices were
fixed on day 3 or 4.

Antibodies and Reagents

Antibodies against VE-Cadherin (Ms, F-8: sc-9989, 1:1,000
IF, 1:5,000 WB) and Jagged-1 (Ms, sc-390177, 1:500 WB) were
from Santa Cruz Biotechnology. Antibodies against total
Notch1 (Rb, D1E11, 1:5,000 WB), cleaved Notch1-Val1744 (Rb,
4147, 1:500WB), GAPDH (Rb, 2118, 1:10,000WB), b-actin (Ms,
3700, 1:10,000 WB), anti-mouse IgG HRP-linked antibody
(7076, 1:10,000 WB), and anti-rabbit IgG HRP-linked anti-
body (7074, 1:10,000 WB) were from Cell Signaling Tech-
nology. Antibodies against Dll4 (Rb, ab7280, 1:1,000 WB)
and NG2 (Rb, ab275024, 1:1,000 IF) were from Abcam.
Rhodamine and Alexa Fluor 488-labelled phalloidin and
Alexa Fluor Plus 488, 568, and 647 goat anti-mouse and anti-
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rabbit IgG highly cross-adsorbed secondary antibodies were
from Life Technologies. Phalloidins were used at 1:100 dilu-
tion and secondary antibodies for immunofluorescence were
used at a 1:1,000 dilution. DAPI and DAPT (D5942) were
from Sigma. UEA Lectin (UEA DyLight 649, DL-1068, 1:200)
was from Vector Labs. Recombinant human DLL4 Fc
Chimera protein (10185-D4), recombinant human JAG1 Fc
Chimera protein (1277-JG), recombinant human NOTCH3
(AA 40–467) Fc chimera protein (1559-NT), recombinant
human IgG Fc (110-HG), and recombinant human VEGF-A
(293-VE) were from R&D systems. Recombinant human b-FGF
(PHG0261) was from Thermo Fisher Scientific. Reagents for
siRNA transfection were purchased from Horizon Discovery,
including Dharmafect 1 Transfection Reagent (T-2001), ON-
TARGETplus Human NOTCH1 SMARTpool siRNA (L-007771-
00-0010), and ON-TARGETplus Non-targeting Control Pool
(D-001810-10-05).

Immunofluorescence

Vascular networks were fixed at 37�C for 15 min using
warm 4% paraformaldehyde diluted in PBS containing cal-
cium and magnesium (PBSþ þ ). All staining solutions were
diluted in PBSþ þ and rinses were performed with sterile
PBSþ þ . Samples were rinsed with three times after fixation
then permeabilized with 0.2% triton-X-100 for 15 min at
room temperature. Samples were then blocked in 3% bovine
serum albumin (Sigma) for 3 h at room temperature. Primary
and secondary antibodies were added into cold blocking so-
lution and stained overnight at 4�C using 50 μL of pressure-
driven flow across the central channel. Antibodies were
rinsed by pressure-driven flow at room temperature.

Imaging

Fluorescent images were captured on a Leica SP8 confocal
microscope (Leica, Wetzlar, Germany) using either a Leica
�10/0.30 NA or �25/0.95 NA water objective and the Leica
LAS X imaging software. Identical laser intensities and
microscope settings were held constant across all samples
for each experiment.

Quantification of Vascular Area Coverage

To quantify the area covered by vasculature in the micro-
vessel devices, �10 images through the full depth of the vas-
culature were captured. In ImageJ (26), the 3-D image stack
was reduced to 2-D with a max projection. This projected
image was “smoothed” and “despeckled” to reduce noise
then a manual threshold was used to generate a binary
image of the vasculature. The percentage of nonzero area for
each image was measured and reported as the percentage of
area covered by vasculature. Vascular area was quantified
across three independent experiments and quantified from
two to three technical replicates per experiment.

Junctional Width Quantification

To prevent fluorescent image bleed through between junc-
tional stains, vessels were stained and imaged with p120-cat-
enin in green (488 nm) and VE-cadherin at far red (647 nm).
Maximum z-projections of confocal images at �25 magnifi-
cation were compiled to isolate single sides of a vessel using
ImageJ (26). These images were then separated for each

color channel and identical lines were drawn perpendicular
to a single junction on both the p120 and VE channel image.
These lines were quantified using the “plot profile” com-
mand then the data points were combined onto a single plot,
and the data were extracted and saved in a comma-separated
values (.csv) file. These data were exported into MATLAB,
where a script was applied to fit a polynomial to the data set
and the width of the junction at ¼ of maximum height was
measured and recorded. The polynomial and original data
points were overlaid on a plot to verify an accurate fit, and
the fit parameters were adjusted to correct poor fits as
needed. Data were gathered across three independent
experiments. For each experiment, 1–2 confocal images
were collected from each of the 3 technical replicates, and
12–20 junctions measured per image.

Junctional Intensity Quantification

The intensity of VE-cadherin and p120-catenin at cell
junctions was obtained frommaximum z-projections of con-
focal images. A consistent threshold was applied to all
images per experimental batch to remove background signal.
The total fluorescent signal intensity per channel was then
quantified and normalized to the junctional area, yielding an
average intensity per pixel. Data were gathered across three
independent experiments. For each experiment, one to two
confocal images were collected from each of the three tech-
nical replicates. To compare between experiments, intensity
per pixel values were normalized to the maximum value per
experiment, yielding a range of intensities from 0 to 1.

Quantitative Polymerase Chain Reaction

Pericytes were lysed in Trizol (Life Technologies). To
purify RNA, the aqueous phase was isolated with phenol-
chloroform extraction, mixed 1:1 with 70% ethanol, loaded
onto an RNA micro column (Qiagen), and recovered by fol-
lowing the kit protocol. Isolated RNA (800 ng) was converted
to cDNA with qScript cDNA Supermix (QuantaBio). Real-
time PCR was performed with Power SYBR Green Master
Mix (Thermo Fisher Scientific) on an Applied Biosystems
QuantStudio three Real-Time PCR System (Thermo Fisher
Scientific). Specific primers used for qPCR are listed in
Supplemental Table 2.

siRNA Transfection

Endothelial cells were plated into a 6-well plate in anti-
biotic-free EGM2-MV 24 h before siRNA transfection.
Transfection reagents and siRNA were diluted in Optimem
and added to the well of 80% confluent cells, according to
manufacturer instructions. For HMVECs, 2 μL of transfec-
tion reagent was used per well, and siRNA were added for
a final concentration of 40 nM. After 24 h, cells were lifted
and used in downstream experiments. Cells were lysed for
Western blot at 96 h posttransfection to quantify knock-
down. This timepoint coincided with the end point of the
3-D microvessel experiments.

Cell Lysis andWestern Blot

All cells were lysed in RIPA buffer þ 2X protease & phos-
phatase inhibitors (Thermo Fisher Scientific, 78442), homog-
enized 3X through a 25-g needle, spun at 15,000 g for 15 min.
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Protein content was quantified using the Pierce BCA protein
assay kit (Thermo Fisher Scientific, 23225). The supernatant
was then diluted with LDS loading buffer (Thermo Fisher
Scientific, NP0007), b-mercaptoethanol was added to a final
5% concentration, and samples were boiled at 100�C for 5
min. Samples were frozen at �20�C until analysis by
Western blot. For western blots, protein loading was normal-
ized by protein content across wells. NuPAGE Bis-Tris gels
(Thermo Fisher Scientific) were run at 180 V in MOPS buffer
(Thermo Fisher Scientific) then gels were blotted onto a
PDVF membrane in NuPAGE transfer buffer (Thermo Fisher
Scientific) at 125 mA for 2 h. Blots were blocked in TBSTþ
5% milk for 1 h then primary antibodies were added in milk
overnight on a rocker. After rinsing 3X at room temperature,
secondaries were applied at 1:5,000 for 1 h, rinsed 3X, devel-
oped for 4 min with SuperSignal West Dura Extended
Duration Substrate (Thermo Fisher Scientific), and imaged
on an iBright Imaging System (Thermo Fisher Scientific)
using the automatic exposure option. Western blots were
quantified by integrated density using ImageJ (26), normal-
ized for background, and normalized to a loading control per
sample. All Western blot samples were gathered across three
independent experiments and quantification represents
these independent samples.

Recombinant Ligand Coatings

For all coating experiments, proteins were diluted in PBS
to final concentrations of 0.4 μg/mL for IgG1, 1 μg/mL for
rDLL4, 2 μg/mL for rJAG1, and 1 μg/mL for rN3-ECD. These
protein concentrations were chosen to normalize for the mo-
lecular weight (MW) of each protein of interest. For 2-D
Western blot experiments, 1 mL of diluted ligand was added
to a tissue culture treated 6-well plate at 37�C for 2 h to coat.
Wells were then rinsed before plating cells onto the coated
surfaces. Pericytes were plated onto these coated wells at
100,000 cells/well, ECs were plated at either a low density of
75,000 cells/well (Fig. 5A and Supplemental Fig. S4) or a
high density of 310,000 cells/well (Supplemental Fig. S4).
Cells were lysed after 24 h. For low density wells, 3-wells were
pooled together per condition. For ligand-coated human-engi-
neered microvessel (hEMV) channels, 100 μL of ligand con-
taining PBS was added into the reservoirs, and the devices
were incubated on a rocker overnight. Channels were rinsed
before introducing HMVECs, and permeability was measured
after 24 h.

hEMV and Permeability

The method for preparing the single microvessel device
has been previously described in great detail (27). Vessels
containing pericytes were formed by seeding pericytes at a
1:5 ratio to endothelial cells. The pericytes were introduced
into the channel first and allowed to adhere for 1 h before
seeding the endothelial cells. hEMV devices were cultured
on a rocking platform in the incubator to introduce oscilla-
tory flow through the channels until permeability was
measured.

The method for measuring the permeability of vessels has
been previously described by our laboratory in great detail
(27). After 24 h of seeding, hEMV devices were removed from
the rocker and placed on a static incubator shelf for 1 h.

Permeability was measured using 70 kDa Texas Red conju-
gated dextran (Thermo fisher Scientific). Samples were
imaged on a Yokogawa CSU-21-Zeiss Axiovert 200 M inverted
spinning-disk microscope using a Zeiss �10 air objective and
an Evolve EMCCD camera (Photometrics). Images were cap-
tured every 5 s for 2 min, and permeability coefficients were
calculated usingMATLAB image analysis.

RESULTS

Microvessel Model for Studying the Effect of Pericytes
on Developing Vasculature

We used a 3-D in vitro microvessel model to investigate
the impact of pericytes on developing vasculature. For this
model, human microvascular endothelial cells (ECs) and
human brain vascular pericytes (PCs) weremixed into a solu-
tion composed of 2.5 mg/mL fibrinogen and 10 μg/mL
fibronectin, then injected into a PDMS mold where it poly-
merized to form a gel in the mold. This model has been pre-
viously been utilized for the formation of rapid and robust
vascular networks (25). After 3 days, vascular networks were
formed both with and without pericytes present, but cocul-
ture with pericytes resulted in significant condensation and
narrowing of the conduits within the vascular network (Fig.
1A), consistent with prior observations (28, 29). Two-dimen-
sional projections of the 3-D vascular structures were used to
quantify the approximate area covered by the vasculature.
This vascular area decreased from 67.3 ±3.6% with endothe-
lial cells alone to 44.0 ± 9.6% in vasculature cocultured with
pericytes. To document cellular distribution in these net-
works, we observed that NG2-expressing pericytes were asso-
ciated with lectin positive endothelium (Fig. 1, B and C),
indicating that pericytes did localize to the endothelium
within these vascular networks. Cross-sectional images at
higher magnification revealed an association of the NG2þ
pericytes with the vasculature. Line sampling of the intensity
within the XY imaging plane revealed a phalloidin signature
at the borders of both the UEA lectin-stained endothelium
and the NG2þ pericytes (Fig. 1C).

Pericytes Maintain Their Identity and Support
Vasculogenesis without NOTCH3

To investigate the role of NOTCH3 in these pericytes, we
generated pericytes harboring stable CRISPR-Cas9-mediated
NOTCH3 gene knockout (N3KO) and nontargeting control
(Scr) pericytes. Despite the knockout strategy, the mutant
N3KO cell population used in this study still expressed
11±4.1% of NOTCH3 protein compared with Scr controls (Fig.
2A). Given the importance of NOTCH3 formural cell differen-
tiation (19, 20, 30, 31), we sought to verify that the absence of
NOTCH3 had not caused a phenotype change in these cells
by using qPCR to assess whether NOTCH3 loss impacted the
expression of key pericyte markers. The interaction of peri-
cyte NOTCH3 and endothelial JAG1 has been shown to be
essential for pericyte recruitment and differentiation (30, 32);
therefore, we assessed the pericytes in three different Notch
activation states, a neutral state, plated on a recombinant
IgG1 control protein, an active state, plated on rJAG1 protein,
or an inactive state, plated on rJAG1 with c-secretase inhibi-
tor DAPT added to the media. After 12 h of plating, we
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observed robust activation of the Notch downstream genes
HEY1, HES1, and HES6 in our Scr PC, whereas only HES1
expression was maintained in the N3KO PC. Inhibition of
c-secretase with DAPT abrogated the upregulation of HEY1
and HES1. Interestingly, HES6 expression was robustly
increased on JAG1 in a NOTCH3-dependent manner, but
HES6 expression was not blocked by the addition of DAPT
(Fig. 2B). Next, we investigated whether N3KO would impact
the expression of pericyte markers in these cells. The N3KO

pericytes robustly expressed pericyte markers, including
NG2, RGS5, PDGFRB, and CDH2 among others and this
expression did not appear to change with Notch signaling,
with no significant differences of �DCt values between Scr
and N3KO pericytes (Fig. 2C). In addition, there were no sig-
nificant differences between Notch-activated or Notch-inhib-
ited conditions, indicating that NOTCH3 knockout did not
cause a loss of pericyte identity.

We then examined the effect of these cells in the in vitro
vascular network formation assay. Representative images of
the resulting vessels (Fig. 2D) depict UEA lectin-stained en-
dothelium and endothelial nuclei stained with the transcrip-
tion factor ERG. Although this condensation was reduced in
comparison with vasculature cocultured with wild-type (WT)
pericytes, vessels formed with the Scr and N3KO pericytes
condensed the vasculature to the same extent (Fig. 2E), sug-
gesting some background effect of the CRISPR system.

Nonetheless, loss of NOTCH3 did not significantly alter the
architecture of the vasculature compared with vessel net-
works formed with Scr PC. Of note, the endothelial cells used
in these experiments do not express NOTCH3, whereas both
the endothelial cells and pericytes express NOTCH1
(Supplemental Fig. S1).

Pericyte-Induced Stabilization of the Endothelium
Requires Pericyte NOTCH3

Although the macrostructure of the vessels cocultured
with pericytes was not significantly altered by N3KO, we
did observe a difference in the junctional morphology of
vessels formed with Scr versus N3KO pericytes. Staining for
VE-cadherin, the primary adherens junction molecule in
endothelial cells (33), and for p120-catenin, a multifaceted
scaffolding protein that binds VE-cadherin to prevent cad-
herin endocytosis (34, 35), revealed differences in the in-
tensity and width of junctions in the N3KO vasculature (Fig.
3). Quantification of the intensity and distribution of VE-
cadherin and p120-catenin at the cell junctions showed that
vessels cocultured with Scr PCs had significantly increased
VE-cadherin intensity at junctions compared with vessels
formed with endothelial cells alone or with N3KO pericytes
(Fig 3Bii), and that intensity was distributed more tightly to
form a well-delineated, thin, linear cell-cell interface (Fig
3Biii). In contrast, vessels formed with N3KO pericytes

Figure 1. Pericytes support vasculogenesis. A: UEA lectin-stained vasculature after 3 days of coculture with human brain vascular pericytes (left), and
quantification of the vascular area (right). Box plot with whiskers calculated using Tukey’s method. P values calculated with two-tailed unpaired
Student’s t test. ����P < 0.0001. Scale bar 150 μm. B: �10 images of vasculature showing NG2þ pericytes (magenta) overlaid with UEA lectin (gray) en-
dothelium. Scale bar 150 μm. C: cross-sectional views of a vessel and associated pericyte. Yellow dotted lines indicate the locations for the correspond-
ing YZ and XZ planes. The white line indicates the location where a line scan was used to generate the corresponding intensity profiles (right). Scale bar
50 μm.
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showed no significant increase in VE-cadherin intensity
compared with the vessels formed with endothelial cells
alone, and the distribution of intensity across junctions sug-
gested more broad and jagged cell-cell interface that has
previously been associated with less stable junctions (36).
The intensity of p120-catenin at the cell junctions showed
a similar trend, except that coculture with N3KO pericytes
also showed a statistically significant increase in p120 in-
tensity, though not to the same extent as Scr PCs (Fig. 3C).
All samples were treated identically through the fixing,
staining, and imaging process, therefore, normalized in-
tensity differences between samples were considered to be
representative of biochemical changes in protein accumu-
lation, an approach that has been effectively used previ-
ously (37, 38). Together, these results indicate that
NOTCH3 contributes to the stabilization of endothelial
junctions, and loss of NOTCH3 reduces pericyte-induced
stabilization of the endothelium.

To verify that our junctional observationwas representative
of a physiological difference in vascular barrier, we used a

human engineered microvessel (hEMV) that was previously
been developed by our laboratory (7, 27, 39) to measure per-
meability on vessels formed with and without pericytes.
Consistent with our junctional width and intensity observa-
tions, we observed that vessels cultured with endothelial
cells alone were highly permeable, whereas the vessels
cocultured with pericytes showed a reduced permeability.
Interestingly, we observed a significant decrease in vascular
permeability with both Scr and N3KO pericytes but the N3KO

pericytes had a significantly reduced capacity to stabilize the
vascular barrier (Fig. 3D, Supplemental Movie 1; see https://
doi.org/10.6084/m9.figshare.16499517.v1).

Pericyte-Induced Stabilization of the Endothelium
Requires Endothelial NOTCH1

Next, we investigated the role of endothelial cell NOTCH1
on the developing vasculature with and without pericytes.
Prior work has shown that activation of NOTCH1 within en-
dothelial cells enhances vascular junction stabilization (7, 8),

Figure 2. Pericytes maintain their identity and support vasculogenesis without NOTCH3. A: Western blot of NOTCH3 expression in Scr and N3KO peri-
cytes (left) and quantification of NOTCH3 content in both cell types, normalized to loading control (right). Means ± SD. P values calculated with two-tailed
unpaired Student’s t test, ����P < 0.0001. B: fold change in gene expression 12 h after plating the pericytes on surfaces coated with either rIgG1, rJAG1,
or rJAG1 with DAPT. Fold change is relative to IgG1 condition and GAPDH. P values calculated with ordinary two-way ANOVA with multiple comparisons.
�P < 0.05. C: heat map depicting qPCR �DCt values for pericyte genes relative to GAPDH housekeeping gene. Scr and N3KO pericytes were plated in
three different Notch states (on IgG1: neutral, on JAG1: active, on JAG1 þ DAPT: inactive) for 24 h before lysis. C: representative images of vascular net-
works formed with endothelial cells alone, in coculture with Scr pericytes and in coculture with N3KO pericytes. Scale bar 150 μm.D: quantification of vas-
cular area coverage in the three different culture conditions from C. E: box plot with whiskers calculated using Tukey’s method. P values calculated with
ordinary one-way ANOVA with multiple comparisons. �P< 0.05, ��P< 0.01.
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but that the presence of inactive NOTCH1, such as in condi-
tions where the c-secretase inhibitor DAPT is used to inhibit
cleavage of the NOTCH1 intracellular domain is not suffi-
cient to stabilize junctions (7). Therefore, we hypothesized
that pericytes could be directly activating NOTCH1 within
the endothelium to stabilize vascular junctions. To test this,
we treated endothelial cells with either nontargeting siRNA
control (siCtrl) or siRNA targeting NOTCH1 (siN1) to see
whether the loss of endothelial NOTCH1 impacted the ability
for pericytes to enhance vascular junctions. For this experi-
ment, we chose to use siRNA instead of CRISPR-guided
NOTCH1 knockout to avoid the severe defects in endothelial
cells caused by complete NOTCH1 loss of function (7).
Endothelial cells were transfected with siRNA for 24 h before
seeding devices, and the vessels were fixed at 96 h posttrans-
fection, at which point remaining siRNA-treated ECs were
lysed and verified for knock down. The relative amount of
NOTCH1 protein in the siN1 ECs at this timepoint was
63.1 ± 11% (Supplemental Fig. S2). In coculture, pericytes con-
densed the vasculature to largely the same extent regardless
of the NOTCH1 expression state of the endothelial
cells (Supplemental Fig. S3). However, staining for VE-cad-
herin and p120-catenin revealed a decreased capacity for the

pericytes to stabilize junctions in ECs depleted of NOTCH1
(Fig. 4). Representative images of the staining of these ves-
sels are shown in Fig. 4A. Quantification of the intensity
and distribution of VE-cadherin and p120-catenin at the
cell-cell junctions of siCtrl ECs cocultured with pericytes
as with wild-type ECs demonstrated a significant increase
in staining intensity and linearity of both VE-cadherin and
p120-catenin. In contrast, for the siN1 ECs, there was no
significant increase in VE-cadherin staining intensity
upon PC coculture with a more jagged junctional distribu-
tion of staining across junctions (Fig. 4B, ii and iii), there
was, however, a significant increase of p120-catenin inten-
sity but the junctional distribution remained jagged and
less linear (Fig. 4C, ii and iii). These data indicate that the
pericytes need endothelial NOTCH1 to stabilize the endo-
thelial cell junctions.

DLL4 Stimulates NOTCH1 Activation and Barrier
Enhancement

We next sought to verify whether vascular junction rein-
forcement relied on signaling from a specific Notch ligand.
Based on our results, we considered two possible hypothe-
ses to explain how pericytes might activate NOTCH1 in the

Figure 3. Pericyte-induced stabilization of the endothelium requires NOTCH3. A: representative images of endothelial junctions in vascular networks
formed with endothelial cells alone, in coculture with Scr pericytes, or in coculture with N3KO pericytes. VE-cadherin in white, p120-catenin in green, and
DAPI in blue. Scale bar 50 μm. B: i) Higher magnification inset of VE-cadherin staining. Scale bar 15 μm. ii) Quantification of junctional VE-cadherin inten-
sity. iii) Quantification of junctional widths for VE-cadherin. C: i) higher magnification inset of p120-catenin staining. Scale bar 15 μm. ii) Quantification of
junctional p120-catenin intensity. iii) Quantification of junctional widths for p120-catenin. For Biii and Ciii, outliers were removed with ROUT test with Q of
1%. D: quantification of the coefficient of diffusive permeability of 70 kDa dextran for hEMV seeded with endothelial cells (ECs) alone, ECs with Scr PC, or
ECs with N3KO PC. For Bii, Cii, and D, whiskers were calculated using Tukey’s method. For all, P values calculated using ordinary one-way ANOVA with
multiple comparisons. �P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001.
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endothelial cells. First, DLL4 expressed by pericytes could
directly bind to EC NOTCH1, causing receptor activation.
Second, it is possible that NOTCH3 could indirectly alter
the ligands dominating the junctions between endothelial
cells. If pericyte NOTCH3 preferentially binds the JAG1
expressed by endothelial cells, this could sequester JAG1
from endothelial-endothelial NOTCH1 engagement, leav-
ing a higher proportion of NOTCH1 available to bind DLL4
between endothelial cells. To test these possibilities, we
examined the effects of seeding cells onto tissue culture
plates coated with recombinant DLL4, JAG1, NOTCH3
extracellular domain (rN3ECD), or an IgG1 control. For
rDLL4 and rJAG1, we plated endothelial cells on top of these
coated surfaces at low density to minimize cell-cell contacts
and maximize binding with the coated ligand (Fig. 5A). For
rN3ECD, we tested both a low-density and confluent layer of
endothelial cells on the coated surfaces in case cell-cell con-
tacts were required for the sequestration mechanism to occur
(Supplemental Fig. S4). In all conditions, endothelial cells
were lysed after 24 h and assessed for alterations in NOTCH1
activation. For the endothelial cells on rN3ECD, we did not
observe significant changes in NOTCH1 activation at either

density (Supplemental Fig. S4), suggesting that sequestra-
tion of JAG1 by N3ECD was not sufficient to activate endo-
thelial NOTCH1. Endothelial cells plated on rDLL4,
however, increased NOTCH1 cleavage (Val1744) compared
with cells plated in IgG1, whereas cells plated on rJAG1
showed an insignificant increase of NOTCH1 cleavage (Fig.
5A). These data corroborate prior observations that DLL4
is the key ligand that activates NOTCH1 in endothelial
cells.

We next sought to verify that DLL4 was also stimulating a
functional change in vascular barrier function using the
hEMV permeability assay. Here, we coated the collagen
channels with recombinant protein, seeded endothelial cells
into these channels, and measured the permeability 24 h
later. We found that rDLL4 coating improved vascular bar-
rier function and reduced the coefficient of diffusive perme-
ability, whereas rJAG1 coating did not significantly reduce
vascular leak compared with the IgG1 control (Fig. 5B,
Supplemental Movie 2; see https://doi.org/10.6084/m9.
figshare.16499547.v1). These data suggest that DLL4 is a
key ligand for inducing NOTCH1-mediated changes in en-
dothelial cell-cell junctions.

Figure 4. Pericyte-induced stabilization of the endothelium requires NOTCH1. A: representative images of endothelial junctions in vascular networks
formed with siCtrl of siN1 endothelial cells alone, or in coculture with pericytes. Overlay with VE-cadherin in gray, p120-catenin in green, and DAPI in
blue. Scale bar 50 μm. B: i) higher magnification inset of VE-cadherin staining. Scale bar 15 μm. ii) Quantification of junctional VE-cadherin intensity. iii)
Quantification of junctional widths for VE-cadherin. C: i) Higher magnification inset of p120-catenin staining. Scale bar 15 μm. ii) Quantification of junc-
tional p120-catenin intensity. iii) Quantification of junctional widths for p120-catenin. For Biii and Ciii, outliers were removed with ROUT test with Q of 1%.
For Bii and Cii, whiskers were calculated using Tukey’s method. For all, P values calculated using ordinary one-way ANOVA with multiple comparisons.
�P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001.
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Pericyte Expression of DLL4 Is Enhanced by NOTCH3-
JAG1 Interaction

Thus far, our data suggest a need for both ECNOTCH1 and
PC NOTCH3 for microvessels to form stable junctions. In
addition, we had observed that DLL4 was a key ligand that
could stimulate NOTCH1 activation and junctional stabiliza-
tion in endothelial cells. Together, these data suggested the
possibility that DLL4 expression in pericytes could be de-
pendent on NOTCH3 transcription. It has been shown that
mural cells interact with the endothelium by binding endo-
thelial JAG1 (30, 32, 40), so we plated the Scr and N3KO peri-
cytes on either IgG1- or rJAG1-coated substrates and
assessed the levels of DLL4 and JAG1 protein in these cells
after 24 h (Fig. 5C). In the control condition, there was no dif-
ference in the baseline level of DLL4 or JAG1 expressed by
the Scr or N3KO pericytes. However, interaction with JAG1
increased the expression of DLL4 in Scr PCs twofold relative
to PCs plated on IgG1 and this increase was absent in N3KO

pericytes (Fig. 5C). JAG1 expression did not vary significantly

in PCs plated on rJAG1. To test whether the upregulation of
DLL4 upon activation of NOTCH3 was a general mural cell
property, we repeated this experiment with human aortic
smooth muscle cells (hASMCs). These hASMCs did not
increase DLL4 expression upon plating on JAG1 and generally
expressed less NOTCH3 protein than the PCs (Supplemental
Fig. S5B), suggesting a PC-specific behavior. Based on these
data, we propose that interaction of NOTCH3-JAG1 stimulates
DLL4 upregulation in pericytes and this DLL4 contributes to
the activation of endothelial NOTCH1, thus stabilizing the
vascular barrier (Fig. 5D).

DISCUSSION

Here, we show that both pericyte NOTCH3 and endothe-
lial NOTCH1 are required to stabilize endothelial cell junc-
tions, that DLL4 activates NOTCH1 to stimulate vascular
barrier, and that the interaction of NOTCH3 with JAG1
increases DLL4 in pericytes. Therefore, we suggest a

Figure 5. Pericytes upregulate DLL4 in a Notch-dependent manner to stabilize the endothelium. A: Western blot of endothelial cells (ECs) plated on
plates coated with recombinant IgG1, rJAG1, or rDLL4 (left) and quantification of the ratio of active (cleaved) NOTCH1 to total NOTCH1 in each condition
(right). Means ± SD. B: permeability of human-engineered microvessel (hEMV) where collagen channels were coated with recombinant IgG1, rJAG1, or
rDLL4 before EC seeding. Representative images of the leak of 70 kDa dextran dye through hEMV at 0 and 105 s (left) and quantification of the coeffi-
cient of diffusive permeability of 70 kDa dextran (right). Scale bars 50 μm. Whiskers calculated using Tukey’s method. C: Western blot for DLL4 and JAG1
in Scr and N3KO pericytes cultured on rIgG1- or rJAG1-coated plates for 24 h (top), and quantification relative to loading control (bottom). Means ± SD. D:
schematic of the proposed mechanism. In pericytes (green), NOTCH3 is activated by JAG1, stimulating an increase in DLL4 expression. DLL4 binds
NOTCH1 in adjacent endothelial cells (pink), activating NOTCH1 and stabilizing junctions. For A and B, P values calculated using ordinary one-way
ANOVA with multiple comparisons. For C, P values calculated using two-way ANOVA with multiple comparisons. �P < 0.05, ��P < 0.01, ���P < 0.001,
����P< 0.0001.
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complex handshake between endothelial cells and pericytes
that supports vascular stability. Endothelial cells express
JAG1 ligand, which activates NOTCH3 on pericytes, and thus
stimulates DLL4 upregulation in pericytes. This DLL4 then
activates NOTCH1 on the endothelial cells and promotes vas-
cular junction stabilization. This study sheds light on the
interplay between different Notch receptors in the vascula-
ture and suggests interconnection between the NOTCH1 and
NOTCH3 pathways. Prior work has shown that deficiency of
NOTCH1 and NOTCH3 has combinatorial effects on in vivo
vasculature development, disrupting plexus density, base-
ment membrane integration, and pericyte coverage (41);
however, this study did not look in-depth at endothelial
adherens junctions. Our results suggest complementary
roles for NOTCH1 and NOTCH3 in the maintenance of endo-
thelial cell-cell junctions. Our study did not observe the
same dramatic alteration of the vascular network structure
and pericyte coverage, but this could be due to a context-de-
pendent difference between our in vitro systems compared
with the in vivomouse studies.

The vascular effects of NOTCH3 mutations in pericytes
remain inconclusive due to conflicting reports (18, 20),
although Notch transcription within pericytes has been
shown to be key for the maintenance of endothelial junctions
(42). Our results suggest that NOTCH3 specifically contributes
to pericyte-induced stabilization of vascular junctions.
NOTCH3KO pericytes did not stabilize the barrier or recruit
p120-catenin and VE-cadherin to endothelial adherens junc-
tions to the same extent as control pericytes. These findings
could relate to the vascular pathologies reported in CADASIL,
a disease where aberrant NOTCH3 signaling may impact dis-
ease phenotype (43). Perhaps the cross talk with endothelial
NOTCH1 signaling in our study also plays a role in such dis-
ease settings. In addition, pericytes may play a key role in
inflammatory conditions (44) and Alzheimer’s disease (45),
but it is not yet clear whether there is a role for NOTCH1-
NOTCH3 cross talk in these situations. Despite the impor-
tance of NOTCH3 in this work, we observed that the
NOTCH3KO pericytes were still able to partially support vascu-
lar stabilization compared with vessels formed without peri-
cytes. This partial effect could be explained by the NOTCH3KO

pericyte maintenance of a basal, NOTCH3-independent, level
of DLL4 expression that is sufficient to partially stimulate en-
dothelial junctions. It is also possible that NOTCH3KO peri-
cytes continue to impact endothelial cells through alternate
mechanisms. For instance, pericytes have previously been
shown to interact with endothelial cells through Ang1 (14, 15),
PDGFR-b (11–13), TGF-b (46–48), gap junctions (47–50), and
N-cadherin engagement (39, 46, 51–53) among other mecha-
nisms (17). Here, we suggest that Notch signaling between
pericytes and endothelial cells adds to the complex interac-
tion of these two cell types.

In addition to pericytes, vascular smooth muscle cells
(VSMCs) have been reported to regulate vascular permeabil-
ity (54). Despite the importance of NOTCH3-JAG1 interac-
tions on VSMC differentiation and localization (19, 20, 30,
31), we did not observe an increase in DLL4 expression in
VSMCs plated on rJAG1, suggesting that this mechanism
may be primarily at play within capillaries. Interestingly,
high levels of shear robustly activate NOTCH1 as a direct
mechanism to support barrier function in arteries (8),

whereas in capillaries, shear is typically more intermittent.
Taken together, it is tempting to speculate that presentation
of DLL4 by pericytes may act to stabilize endothelial junc-
tions to compensate for the intermittent shear in small ves-
sels. Future efforts to investigate hierarchy-specific vascular
models will shed light on the balance of NOTCH1 activation
by shear ormural cells through the vascular system.

There is still much to learn about how Notch drives differ-
ent tissue functions, but recent work has begun to uncover
cross talk between different Notch receptors. A study by
Ohashi et al. (55) demonstrated NOTCH1-stimulatedNOTCH3
gene expression, which together coordinated to regulate
esophageal squamous differentiation. Complex interaction of
multiple Notch signaling components has also been shown to
impact macrophage phenotype and it has been hypothesized
that feedback loops between Notch signaling and inflamma-
tory signaling may help promote and sustain macrophage
activation (56). One study demonstrated that differentiation
of monocytes to macrophages triggered an upregulation of
NOTCH3 and stimulation of these macrophages with LPS
increased DLL4 and JAG1 expression. Furthermore, macro-
phage interaction with rDLL4-activated NOTCH1 and upregu-
lated proinflammatory genes, suggesting interplay between
Notch signaling and inflammation in macrophages (57).
Notch signaling cross talk between two different cell types
have been reported by Delgado-Calle et al. (58), where the
interaction of osteocytes with multiple myeloma (MM) cells
promoted NOTCH3 expression and activation, and stimula-
tion by DLL1 triggered osteocyte apoptosis. Meanwhile, osteo-
cytes-activated Notch in MM cells to stimulate NOTCH3 and
NOTCH4 expression and enhance MM proliferation, suggest-
ing a role for reciprocal Notch signaling onmultiple myeloma
progression (58). Here, we add another example of Notch
cross talk to coordinate two different cell types in a vascular-
specific context. Given the central role of both Notch signal-
ing and heterotypic cell-cell interactions in many tissue con-
texts, we anticipate that Notch cross talk will emerge as a
widely used mechanism to coordinate bidirectional cell-cell
interactions.
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