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ABSTRACT

Pericyte investment into new blood vessels is essential for vascular development such
that mis-regulation within this phase of vessel formation can contribute to numerous
pathologies including arteriovenous and cerebrovascular malformations. It is critical
therefore to illuminate how angiogenic signaling pathways intersect to regulate pericyte
migration and investment. Here, we disrupted vascular endothelial growth factor-A
(VEGF-A) signaling in ex vivo and in vitro models of sprouting angiogenesis, and found
pericyte coverage to be compromised during VEGF-A perturbations. Pericytes had little
to no expression of VEGF receptors, suggesting VEGF-A signaling defects affect
endothelial cells directly but pericyte indirectly. Live imaging of ex vivo angiogenesis in
mouse embryonic skin revealed limited pericyte migration during exposure to exogenous
VEGF-A. During VEGF-A gain-of-function conditions, pericytes and endothelial cells
displayed abnormal transcriptional changes within the platelet-derived growth factor-B
(PDGF-B) and Notch pathways. To further test potential crosstalk between these
pathways in pericytes, we stimulated embryonic pericytes with Notch ligands Delta-like 4
(DIl14) and Jagged-1 (Jag1) and found induction of Notch pathway activity but no changes
in PDGF Receptor-f (Pdgfrp) expression. In contrast, PDGFRp protein levels decreased
with mis-regulated VEGF-A activity, observed in the effects on full-length PDGFRp and a
truncated PDGFRg isoform generated by proteolytic cleavage or potentially by mRNA
splicing. Overall, these observations support a model in which, during the initial stages of
vascular development, pericyte distribution and coverage are indirectly affected by
endothelial cell VEGF-A signaling and the downstream regulation of PDGF-B-PDGFRp
dynamics, without substantial involvement of pericyte Notch signaling during these early

stages.
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INTRODUCTION

Each year, millions of patients are afflicted by pathological conditions that arise from
structural abnormalities within the vascular system [1]. In particular, defective blood
vessel formation within neurological tissues can increase patient risk for sudden, life-
threatening events such as a stroke or aneurysm. Notable examples of these
cerebrovascular disorders include arteriovenous malformations (AVMs), cerebral
cavernous malformations (CCMs), and cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL) [2-4]. In addition to these
pathologies, vascular anomalies can pose severe health risks to pediatric patients, as
poorly formed cerebrovasculature can lead to a hemorrhagic stroke and numerous related
health consequences, particularly in premature infants [5]. Development of these blood
vessels depends heavily on the precise integration of spatio-temporal cues and cellular
responses to achieve proper vessel structure and patterning for adequate oxygen delivery

and nutrient exchange.

Of the molecular signals that initiate and pattern new vessel formation, vascular
endothelial growth factor-A (VEGF-A) is one of most potent, eliciting numerous
downstream effects in vascular endothelial cells [6,7]. Inputs from additional signaling
networks therefore modulate the pleiotropic effects of VEGF-A to coordinate endothelial
cell migration [8], proliferation [9], and shape change [10], among other key behaviors.
Crosstalk between the VEGF-A and Notch pathways, for example, is critical for a subset
of endothelial cells to adopt a sprouting phenotype (i.e. an endothelial “tip” cell), while
other endothelial cells trail behind these leading cells and proliferate to elongate the

nascent vessel branch [11-13]. Disrupting this intersection between VEGF-A and Notch
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signaling not only undermines endothelial sprouting, but also compromises downstream
regulation of other pathways including the platelet-derived growth factor-B (PDGF-B)
pathway [14,15]. PDGF-B signals are critical for promoting vascular network progression
through the recruitment and expansion of mural cells i.e. vascular smooth muscle cells
and pericytes [16]. These unique signaling interactions therefore orchestrate each stage
of vessel formation, from mechanisms governing angiogenic sprouting and remodeling to

those underlying vessel stabilization and maturation by mural cells.

Pericytes contribute to the development of mature vascular beds by maintaining
endothelial cell junction integrity [17,18] and synthesizing extracellular matrix (ECM)
components of the surrounding vessel basement membrane [19]. In addition to these
more established roles, unique pericyte functions are still being discovered in normal and
disease settings. For instance, pericytes in neural tissue may play a physiological role in
blood flow distribution through vasocontractility [20,21], but this function may also go awry
in certain pathological scenarios by contributing to limited tissue reperfusion following
ischemia [22,23]. To perform these and other critical functions in sustaining tissue health,
pericytes must establish sufficient coverage along the vasculature through their migration
along and investment into the vessel wall [24]. These important cellular processes that
promote pericyte coverage are also mediated, in part, by the intricate interplay between
the signaling cascades described briefly above, that is, the VEGF-A, Notch, and PDGF-B

pathways.

Notch and VEGF-A signaling have also been implicated in regulating pericyte behaviors

4
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directly [25,26], but evidence suggesting a context-dependence for these pathways in
pericytes [27-33], as well as their crosstalk with the PDGF-B pathway [4,34-39], highlights
the need for further clarification of these signaling relationships. Pericytes express PDGF
Receptor- (PDGFRp) on their surface to bind PDGF-B ligands and facilitate downstream
intracellular signaling events [40]. Pericyte coverage therefore depends on competent
PDGF-B signaling, as targeted disruption of this pathway leads to compromised pericyte
investment within the vessel wall across many tissue beds [16,41-43]. Given the
sensitivity of pericytes to PDGF-B signals, it is perhaps not surprising that soluble
isoforms of PDGFRf have recently been identified [44-47]. These observations suggest
the existence of a negative feedback loop that modulates PDGF-B signaling to “fine-tune”
pericyte behaviors in certain contexts, though this potential mechanism remains relatively

unexplored.

In the present study, we utilized in vitro and ex vivo models of sprouting angiogenesis in
which pericytes migrated along and expanded their coverage of developing blood vessels.
Because of its critical role in vessel formation, we targeted VEGF-A signaling directly by
manipulating FIt1 (VEGF Receptor-1), a negative regulator of VEGF-A that acts primarily
as a “decoy” or ligand sink during vessel development [9,11]. Although FIt1 also binds
Placental Growth Factor (PIGF) and VEGF-B, the intracellular tyrosine kinase domain of
Flt1 is dispensable for normal vascular development [48], again supporting its function as
a ligand trap. In addition, while VEGF-A signals through Flk1/Kdr (VEGF Receptor-2) on
endothelial cells, Flt1 binds VEGF-A with a 10-fold higher affinity than Flk1/Kdr [49],

consistent with a role in regulating available VEGF-A ligand. Genetic loss of Flt1 in fact
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leads to excessive and aberrant Flk1 activation via increased receptor phosphorylation, as
observed in ESC-derived vessels and the developing postnatal mouse retina [8,9,50-54].
Disrupting VEGF-A activity genetically (fit1”) or pharmacologically (exogenous VEGF-A)
impaired pericyte distribution and coverage on the developing vasculature, with pericyte
migration being restricted during exposure to elevated VEGF-A levels. These VEGF-A
gain-of-function scenarios [9,50-53] led to abnormal transcriptional changes within the
Notch and PDGF-B pathways in both pericytes and endothelial cells. Although these
transcriptional irregularities suggested potential connections between these two
pathways, we found that stimulating embryonic pericytes with Notch ligands [Delta-like 4
(DIl14) and Jagged-1 (Jag1)] did not alter Pdgfrp expression. We did however observe a
decrease in PDGFR} protein levels during disrupted VEGF-A activity and specifically in
the levels of a truncated PDGFRp isoform. These PDGFRf isoforms have been detected
in a number of settings [44-47,55], and their relative amounts appear to vary with
corresponding PDGF-B levels and potentially with proteolytic cleavage events [45],
though mRNA splice variants cannot be ruled out. Overall, these data demonstrate that,
in early developmental blood vessel formation, pericyte distribution and coverage depend
on proper VEGF-A activity and its downstream impact on PDGF-B-PDGFRp dynamics,

without substantial involvement of the Notch pathway during these initial stages.
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MATERIALS AND METHODS

Cell Culture and In Vitro Differentiation

WT and flt7” mouse embryonic stem cells (ESCs) were a gift of V.L. Bautch (University of
North Carolina at Chapel Hill) and Guo-Hua Fong (University of Connecticut).
Undifferentiated cells were maintained through leukemia inhibitory factor (LIF) exposure
as described previously [56]. After undifferentiated WT and fit1” ESCs gave rise to
spherical embryoid bodies (EBs) (i.e. over 3-4 days in culture), these EBs were released
from the culture plate and collected using 1x dispase (Gibco, Cat #17105-041) in PBS (i.e.
experimental Day 0). EBs were washed twice with PBS and re-plated in differentiation
media (see Online Resource 1 — Supplemental Materials and Methods) in 10 cm? petri
dishes (i.e. non-tissue culture treated plastic). The cell suspension in media was added at
5 mls per plate and cultured at 37°C and 5% CO,. On experimental Day 3 (i.e. 3 days
after dispase), EBs were transferred to slide flasks (ThermoFisher, Cat #170920) using
sterile wide-tip transfer pipets. Differentiating EBs were cultured for a 5-7 additional days,
feeding at Days 5 and 8, for a total of 8-10 days. Differentiated cells were washed twice
with PBS and processed for (i) immunocytochemistry (ICC) and confocal imaging or (ii)
cell-type enrichment and transcriptional profiling by quantitative Real-Time PCR (qRT-

PCR).

Immunocytochemistry and Quantitative Image Analysis

Differentiated ESCs were fixed at designated end-points with either (i) 50:50 solution of
methanol and acetone for 6 mins, or (ii) 4% paraformaldehyde (PFA) for 5 mins. Samples
were stored in PBS at 4°C until further processing. Immunostaining of differentiated

7
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ESCs in slide flasks was performed with the following primary antibodies: rabbit anti-
neural glial antigen-2 (Ng2, EMD Millipore, Cat #AB5320), rat anti-platelet-endothelial cell
adhesion molecule-1 (Pecam1/CD31, BD Pharminogen, Cat #553370), and mouse anti--
Galactosidase (p-Gal, ThermoFisher, Cat #MA1-152). Secondary antibodies included:
donkey anti-rat AlexaFluor 488 (Jackson Immunoresearch, Cat #705-545-147), donkey
anti-rabbit AlexaFluor 568 (Invitrogen, Cat #A10042), and donkey anti-mouse AlexaFluor
647 (Abcam, Cat #ab150107). Cell nuclei were labeled with 4',6-Diamidino-2-
phenylindole dihydrochloride (DAPI, Sigma, Cat #D9542). All antibodies were used at a
1:1000 concentration. Fixed ESCs were washed twice with PBS, and non-specific
antigens were blocked with a 3% bovine serum albumin (BSA, Sigma, A2153-100G)

solution in PBS (with 0.01% sodium azide as a preservative) at room temperature for 1

hour. Samples were incubated in primary antibody solutions overnight at 4°C followed by

PBS washes (3x with 10 mins per wash). Secondary antibodies plus DAP| were incubated
for 4 hours at room temperature followed by 3 more PBS washes. After PBS was
aspirated, slide flask chambers were removed, and a line of Vectashield mounting media
(Vector Labs, Cat #H-1000) was applied on the culture area. A cover slip was applied (22
mm x 60 mm — 1.5 thickness, ThermoFisher, Cat #12-544G), and slides were sealed with

clear nail polish (Electron Microscopy Sciences, Cat #72180).

Differentiated ESCs were imaged with a Zeiss LSM880 confocal microscope using a 40x
water objective. Images were collected in 5-30 confocal scans through the z-axis and
flattened. Image analysis was conducted with ImageJ/FIJI software available for download

at https://ffiji.sc/ [57]. Ng2+ cells were assessed visually in three dimensions to confirm
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direct association with Pecam1+ endothelial cells, and those not clearly associated with
developing vessels were excluded from pericyte coverage analysis. Color channels were
separated, and Pecam1+ endothelial cell area was determined through application of a
pixel intensity threshold value. Regions of overlaps between Ng2+ signal and Pecam1+
endothelial cells were established, and pixel areas of these overlapping regions were
measured. Percent of pericyte coverage was calculated by dividing the area of Ng2+
overlap with Pecam1+ cells by the total Pecam1+ vessel area. FIJI plugin cell counter and
fixed diameter macros were used to analyze the distribution of Ng2+ pericytes throughout
the ESC-derived vasculature. Ng2+ pericyte distributions were measured relative to (i)
vessel morphological features (i.e. vessel stalks, branch points, or thicker areas) and (ii)

other Ng2+ cells in close proximity (i.e. within a 50-micron radius).

Endothelial Cell and Pericyte Enrichment

Mouse WT and flt17”" ESCs were differentiated for 10 days on tissue culture-treated 10
cm? plates (Corning, Cat #430167) per cell type. Pericytes and endothelial cells were
enriched from ESC cultures using magnet-assisted cell sorting (MACS) (Miltenyi Biotec),
as described previously [11]. Briefly, cells were dissociated through incubation in 7 mL of

a 50:50 solution of dispase (2x) and type 1 collagenase (Fisher, Cat #NC9633623) at

37°C for 40 minutes. Cultures were also mechanically dissociated by pipetting until in

suspension. The resultant cell suspension was then filtered (70-micron bucket filter) to
yield single cells, which were centrifuged and dissociation enzymes aspirated. Cells were
resuspended in autoMACS® running buffer (Miltenyi Biotec, Cat #130-091-221). Fc-

Receptor blocking reagent (Miltenyi Biotech, Cat #130-092-575) was added per



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Darden et al.

manufacturer instructions and incubated for 20 mins at 4°C, agitating each tube every 5

mins. After centrifugation and supernatant aspiration, cells were resuspended in
autoMACS® buffer containing anti-An2 microbeads (Miltenyi Biotec, Cat #130-097-170).
An2 is a homologue of Ng2 [58]. Additionally, microbeads were 50-nm
superparamagnetic particles, avoiding cell stimulation. Following centrifugation, aspiration
of microbead solution, and resuspension in autoMACS® buffer, labeled cells were
manually passed through QuadroMACS separator LS columns (Miltenyi Biotec, Cat #130-
091-051, 30-micron pre-separation filters) per manufacturer recommendations. Cells
flowing through the column but not isolated by the magnetic field were collected for
secondary selection of endothelial cells. After centrifugation of these “flow-through” cells,
sorting buffer was aspirated, and cells were resuspended in MACS® buffer. Following
incubation with Pecam1/CD31 primary antibodies conjugated to R-phycoerythrin (PE) (BD
Pharminogen, Cat #553373), cells were then incubated with anti-PE microbeads, as
described above. After each MACS column separation, target populations were collected,
as well as the final “flow through” cells, all of which were centrifuged and resuspended in
buffers formulated for additional analysis of mMRNA transcripts (TRIzol, Invitrogen, Cat

#15596018) or protein [radioimmunoprecipitation assay (RIPA) buffer].

Transcription Analysis by Quantitative RT-PCR

We chose day 10 for our transcriptional analysis with the prediction that gene expression
changes might be more pronounced and potentially cumulative, reflecting the decrease in
pericyte coverage. Endothelial cell and pericyte-enriched mRNA samples were extracted
and purified using Quick-RNA MiniPrep kits (Zymo Research, Cat #R1055) following

10
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manufacturer instructions. Reverse transcription of mMRNA to cDNA was achieved using
SuperScript® VILO™ and RNase H reagents (Invitrogen Cat #11754-050 and #18021-
071, respectively) and following manufacturer instructions. Quantitative RT-PCR was
conducted in triplicate utilizing Tagman® Universal Master Mix II, with UNG (Life
Technologies, Cat #4440038). “Best Coverage” murine Tagman® probes for gene
expression analysis (Applied Biosystems, ThermoFisher) included primers for TATA
binding protein (Tbp, for expression normalization) and the following targets: Flt1, Dil4,
Jag1, Notch1, Notch3, Hes1, Hey1, Hey2, HeylL, Pdgf-b, Perlecan/Hspg2, and Pdgfrp.
Samples were run in Standard 96-well plates on a QuantStudio6 Flex (Applied
Biosystems, ThermoFisher), and results processed with QuantStudio Expression qRT-

PCR software applying comparative AAT method to determine expression changes.

Live Imaging of Ex Vivo Angiogenesis and Quantitative Movie Analysis

All animal experiments were conducted with review and approval from the Virginia Tech
IACUC. All protocols were reviewed and approved by IACUC boards. The Virginia Tech
NIH/PHS Animal Welfare Assurance Number is A-32081-01 (expires 7/31/2021).
Embryonic tissue culture assay (ETCA) experiments were conducted as previously
described [50]. Briefly, following mating with FIk1-eGFP; Ng2-DsRed males, pregnant
C57BL/6 female mice were sacrificed at embryonic day 14.5 (E14.5) by CO; inhalation
and cervical dislocation. Embryos were retrieved from the uterus in 4°C dissection media,
and genotype was evaluated by fluorescence microscopy. Embryos positive for both
Ng2-DsRed (i.e. pericyte signal) and Flk1-eGFP (i.e. endothelial cell signal) were selected

for micro-dissection to isolate dorsal skin (i.e. tissue absent of Ng2+ glia). Dermal tissues
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were placed in single wells of a glass-bottom 6-well plate and embedded in a fibrin matrix
with the hypodermis (subcutaneous layer) facing the glass. Basic culture media was
added at 3 mL per well. The following day, spent media was replaced with culture media
containing PBS (vehicle control) or VEGF-A (50 ng/ml, Peprotech, Cat #450-32). Plates
were then transferred to an incubation chamber (37°C, 5% CO,, humidity controlled)
mounted on a Zeiss LSM880 confocal microscope for live imaging. Multi-position, time-
lapse confocal scans were acquired through each sample thickness (z-stacks: 6-8 images
with 4-6 microns between planes) at 10-25 minute intervals for a minimum of 12 hours
using a 20x objective. Each time point was compressed from the raw z-stack and
exported as a video file in RGB channel format. Representative movie sequences shown

are from non-consecutive images.

Movies of ex vivo blood vessel development in the ETCA experiments were analyzed for
pericyte migration during control and VEGF-A-treated conditions. Pericyte migration was
classified as persistent in a particular direction (“Directional Persistence”) or static without
movement in a clear direction (“Static Movement”). In addition, Ng2-DsRed+ pericyte
distribution was evaluated at the beginning and end of each movie sequence by

quantifying the number of neighboring pericytes within a 50-micron radius.

Embryonic Pericyte Culture on Immobilized Notch Ligands

In a separate study, Ng2-DsRed+ pericytes were isolated from embryonic mice at E12.5
and validated by standard approaches as well as in functional assays (see Online

Resource 1 — Supplemental Materials and Methods) [59]. These cells were grown to

12
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confluence before enzymatic release and cultured on Notch ligand-coated plates. Ligand-
coated plates were prepared by applying AffiniPure mouse anti-human IgG (Fcy fragment

specific, Jackson ImmunoResearch, Cat #209-005-098) to 10 cm? cell culture dishes

(Corning, Cat #430167) overnight at 37°C. Plates were washed twice with PBS (10 mins /

wash), and non-specific epitopes were blocked with 10% FBS (Gibco) in PBS for 2 hours

at room temperature in a cell culture hood. This blocking solution was aspirated, and

each plate was treated overnight at 37°C with PBS (control), 10% FBS in PBS blocking

solution (serum block control), or 50 nM of one of the following: Human 1gG only control
(Fc fragment, Jackson ImmunoResearch, Cat #009-000-008), Recombinant rat Jagged-1-
human IgG Fc chimera protein (R&D Systems, Cat #599-JG-100), or Recombinant mouse
Dll4-human IgG Fc chimera protein (Adipogen, Cat #AG-40A-0145-C050). Plates were
then washed twice with PBS (10 mins / wash), and pericytes were added to each plate
condition in pericyte media. Media was replenished 3 days after plating, and mRNA was
collected in lysis buffer after 2 more days (i.e. cultured in each condition for 5 days total).
RNA isolation, reverse transcription, and qRT-PCR was conducted as described above,
applying the TagMan probes (gene expression analysis) for: Tbp, Hes1, Hey1, Hey?2,

HeyL, Notch1, Notch3, and Pdgfrp.

Protein Analysis

Western blot analysis was performed on cell lysates from MACS-enriched cell populations
from ESC cultures differentiated for 10 days. Protein from ESC-derived endothelial cells

and pericytes was collected in RIPA buffer. DC Protein Assay with Reagents A, S, and B

13
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(Bio-Rad) facilitated quantification of protein concentrations for each sample. Protein
samples of equivalent concentration were separated by SDS-PAGE in standard running
buffer (Bio-Rad) on 4-15% Mini PROTEAN® Pre-cast TGX gels (Bio-Rad, Cat # 456-
1086). Separated proteins were transferred to Immobilon-FL PVDF Membrane for
fluorescent and chemifluorescence (EMD Millipore, Cat # IPFLO0010). Blocking solution
[5% BSA in Tris-buffered solution with 0.1% Tween 20 (TBS-T)] was applied to
membranes overnight at 4°C. Primary antibodies were incubated overnight at 4°C on a
rotator. After washing 4x with TBS-T, secondary antibodies were incubated for 2 hours at
room temperature. Following 4 washes with TBS-T, membranes were imaged on a
ChemiDoc system (BioRad). Primary antibodies included: goat anti-Pdgfrp (R&D
Systems, Cat #AF1042) and rabbit anti-GAPDH (Abcam, Cat #ab9485). Recombinant
Pdgfrp (R&D Systems, Cat #1042-PR-100) was also run on a gel, transferred, and
immunostained to validate primary antibody specificity. Secondary antibodies used were:
donkey anti-goat AlexaFluor 488 (Jackson ImmunoResearch Cat #705-545-003), and
donkey anti-rabbit AlexaFluor 647 (Jackson ImmunoResearch Cat #711-605-152) at
recommended dilutions. Relative protein levels were evaluated using BioRad Image Lab

5.1.

Pdgfrg Isoform Characterization by PCR and Gel Electrophoresis

Targeted regions of cDNA derived from MACS-enriched An2+ pericyte samples were
amplified via PCR using Taq Core Kit (Qiagen, Cat #201225). Amplicons were separated
by gel electrophoresis using 2% agarose in Tris-acetate-EDTA buffer with SYBR Safe

DNA gel stain (Invitrogen, Cat #S33102). Fragment bands were visualized by UV

14
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excitation. Primer sequences were designed using PrimerQuest, mapped in LaserGene,

to target short fragments (<850bp) of mouse Pdgfr (Mus musculus, accession number

NM_001146268).

Exons 1-5

Exons 5-10

Exons 10-16

Exons 16-21

Exons 21-23

Statistics

Forward

5’- ACATCAGAAGCCATCTGTAGC-3’

5- GCAATGATGTGGTGAACTTCC-3’

5-TGGGAGGAAGATCAGGAATACG-3’

5’- CAAATACGCAGACATTGAGTCC-3

5- GAGGCTTCTGGGTGAAGG-3’

Reverse

5-CGGATGGTGATGCTCTCG-3

5- CGTTTCTAGCTGGCTCTCC?

5- CTCCTTTCATGTCCAACATGGG-3

5’- ATAGCCTTCACCCAGAAGC?Z

5’- GTAGAGCAATCCAGCTGAGG-3’

Using GraphPad Prism 6 software, statistical analysis by Student’s two-tailed t-test was

applied to pericyte coverage and distribution measurements as well as to pericyte

migration and distribution measurements from ETCA live imaging observations. Relative

changes in gene expression (as quantified by gqRT-PCR) were analyzed statistically using

pair-wise Student’s two-tailed t-tests. P-values less than or equal to 0.05 were considered

significant.
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RESULTS

Pericyte coverage and distribution depend on FIt1 expression during early blood
vessel formation.

FlIt1 provides essential regulation of VEGF-A signaling to coordinate a range of
endothelial cell behaviors during discrete stages of blood vessel branching [11,50,60,61].
Recent studies have suggested that, in addition to its unique roles in a variety of
angiogenic contexts [62-65], FIt1 may directly or indirectly impact vascular mural cells
during blood vessel maturation [27,28,66-68]. Here, we hypothesized that a VEGF-A
gain-of-function, through genetic loss of Flt1, disrupts mechanisms facilitating pericyte-
endothelial crosstalk such that early pericyte coverage and distribution along newly
forming vessels are also impaired. Mouse embryonic stem cells (ESCs) give rise to
numerous cell types when differentiated in the absence of specific cues to induce a
particular lineage [56]. Endothelial cells organize into primitive vessel-like structures and
ramify into larger networks through initial vasculogenic coalescence, subsequent
angiogenic sprouting and anastomosis, and ultimately lumen formation, comparable to the
progression of vascular development seen in vivo [69]. We observed ESC-derived vessels
in WT and Fit1” cultures via immunostaining for platelet-endothelial cell adhesion
molecule-1 (Pecam1) 8-10 days after the start of differentiation. Fit1”" ESC-derived
vessels were overgrown and poorly branched as compared to WT vessels (Figure 1),
consistent with previous observations from this model [9,11,50,61]. Flt1”- ESC-derived
vessels also suffer from elevated and aberrant FIk1 phosphorylation and activation, as
previously shown [9,50-53]. To identify vascular pericytes within these networks, we
selected neural glial antigen-2 (Ng2; chondroitin sulfate proteoglycan-4, Cspg4) as our

target for immunolabeling (Figure 1). This molecule is a well-accepted marker for
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pericytes [70], is only expressed by other cell types such as oligodendrocyte precursors
(OPCs) at later stages of development [71], and poses fewer challenges in cell type
identification as compared to labels such as alpha-smooth muscle actin (aSMA; Acta2)
and Desmin (Des) [70]. In WT vessels, Ng2+ pericytes were prevalent at vessel branch
points, as often observed in vivo [72], as well as along vessel lengths and thicker vessels
(Figures 1 and 2). In contrast, pericytes on FIt1” vessels were less numerous, exhibiting
a significant reduction in overall vessel coverage and particularly at branch point and
vessel length locations (see Online Resource 2 — Supplemental Figure 1 for additional
representative images of distinct morphological locations for each genotype). Pericytes in
the WT context steadily became more widespread over time (Figures 1 and 2), as their
density within a 50-micron radius of one another steadily decreased. This shift in pericyte
distribution may reflect recent observations of pericytes establishing their own unique
‘domains” of vessel coverage and avoiding spatial overlap [73]. Changes in pericyte
density along FIt1” vessels were however more variable over time and displayed a later-
stage trend towards increased accumulation i.e. more pericytes within a 50-micron radius
of each other (Figure 2). To exclude the potential involvement of Placental Growth Factor
(PIGF) and VEGF-B, which can also bind to FIt1 [74], we exposed WT ESC-derived
vessels to ectopic VEGF-A and found a similar reduction in pericyte coverage (Online
Resource 1 for experimental details, and Online Resource 3 — Supplemental Figure 2 for
results). Taken together, these observations suggest that the loss of Flt1 activity and a
gain-of-function for VEGF-A impairs pericyte distribution along nascent vessels such that
pericyte coverage cannot match new vessel growth, likely due to direct effects on
endothelial cell signaling that lead to a disconnect in mechanisms underlying pericyte-

endothelial crosstalk.

17



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Darden et al.

Pericytes along nascent ESC-derived vessels lack FIt1 expression.

Based on our observation of disrupted pericyte coverage and distribution on Fit1”
vessels, we then tested the hypothesis that, in addition to endothelial cells [61], pericytes
might also express Flt1, and their behavior may be directly affected by this genetic
deletion. FIt1 expression by vascular pericytes and mural cells remains an open question
in the field, with contrasting observations across various models [27-33]. Our FIt1”" ESCs
express the LacZ reporter gene under the control of the endogenous Flt1 promoter, thus
providing a means to observe which cells actively express the Flt1 gene. Immunostaining
ESC-derived vessels for -galactosidase, the product from the Flt1-LacZ gene, along with
Ng2 labeling, demonstrated that Ng2+ pericytes had little to no Flt1 gene activity relative
to neighboring endothelial cells (Figure 3 and Online Resource 4 — Supplemental Figure
3). To further test for pericyte expression of Flt1, we used magnetic-activated cell sorting
(MACS) to isolate and enrich for WT pericytes and endothelial cells from day 10 ESC-
derived vessels, as described previously [11,75]. Using qRT-PCR for gene expression
analysis, we found that WT pericyte expression of Flt1 was significantly lower relative to
WT endothelial cells in our differentiated ESCs (Figure 3 and Online Resource 4 —
Supplemental Figure 3). Additional analysis of Flk1/Kdr (VEGF Receptor-2, VEGFR2)
expression revealed that WT ESC-derived pericytes have little to no expression of this
VEGF receptor relative to endothelial cells, which was verified further using our recently
derived embryonic pericyte cell line (see Online Resource 4 — Supplemental Figure 3).
Our data suggest that pericytes do not express appreciable levels of Flt1 or Flk1, if any,
during the early stages of vessel formation that we observed within our model. These

results are consistent with previous observations from other developing vascular beds
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[29-33], though pericyte Flt1 expression may potentially be stage or model specific
[27,28]. Furthermore, these observations suggest that F/t71 loss likely results in direct
disruption of endothelial cell signaling and that downstream effects on pericyte dynamics
and coverage presumably occur indirectly, as pericytes express few to no VEGF

receptors and therefore are unlikely to experience relevant levels of VEGF-A signaling.

Excess VEGF-A limits pericyte distribution by disrupting pericyte migration along
sprouting endothelial cells.

Increased pericyte clustering, along with reduced pericyte coverage and distribution on
developing Fit1” vessels, suggested that limited pericyte migration might be one of the
primary defects caused indirectly by the loss of Flt1 regulation of the VEGF-A signaling in
endothelial cells. To test this idea, we utilized an ex vivo model of early vessel formation
that permitted real-time observation of pericyte and endothelial cell dynamics in the
angiogenic context, as described previously [50]. Specifically, we used time-lapse
confocal imaging to observe Flk1-eGFP+ endothelial cells and Ng2-DsRed+ (Cspg4-
DsRed+) pericytes within the developing vasculature of explanted mouse embryonic skin
[embryonic day 14.5 (E14.5)]. Angiogenic sprouting of Flk1-eGFP+ endothelial cells
occurred during vehicle control treatment, with more robust sprouting observed in the
VEGF-A-treated cultures (Figure 4). Additional analysis confirmed this increase in
endothelial cell sprouting and revealed a net decrease in vessel branching for cultures
exposed to ectopic VEGF-A (see Online Resource 5 — Supplemental Figure 4). Although
no statistically significant differences were detected, these results were consistent with
previous observations of Flt1” vessel dysmorphogenesis and the accumulation of

remodeling defects [9,11,50,76]. Under vehicle control conditions, pericytes associated
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with sprouting endothelial cells migrated in a persistent manner towards the direction of
the extending sprout. In contrast, ectopic VEGF-A caused pericyte migration to become
more static and randomized and much less directed towards endothelial cell sprouting
and anastomotic connection events (Figure 4). VEGF-A-induced defects in pericyte
migration were also reflected in the observation that pericyte density within a 50-micron
radius increased from the first movie frame to the last (Figure 4). These data further
highlight that mis-regulated VEGF-A signaling stunts pericyte coverage and distribution
likely by severing the crosstalk among mechanisms coordinating endothelial cell formation

of new vessels with pericyte expansion along a developing vascular network.

Loss of FIt1 leads to dysregulated gene expression in the Notch and PDGF-B

pathways.

During the initial stages of sprouting angiogenesis, endothelial cells integrate VEGF-A
signals with cues received from neighboring endothelial cells, primarily via the Notch
pathway [11-13], to establish an emerging “tip” cell and proliferative “stalk” cells. As the
endothelial “tip” cell migrates outward from an existing vessel, it up-regulates production
of PDGF-B [14,16,15], which is localized in the surrounding extracellular matrix (ECM) by
heparin sulfate proteoglycans (HSPGs) [16,77,78]. We therefore hypothesized that losing
FIt1 regulation of VEGF-A activity in endothelial cells leads to mis-regulation within the
Notch and PDGF-B pathways; these gene expression defects in turn likely contribute to
impaired pericyte-endothelial cell crosstalk and potentially lead indirectly to the observed
reduction in pericyte coverage. As described above, we used MACS to obtain endothelial

cells and pericytes from day 10 WT and Fit1”- ESC-derived vessels. Gene expression
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analysis by qRT-PCR revealed that, as reported previously [11], FIt1”- endothelial cell
expression of the Notch ligand DIl4 was significantly increased, as were the downstream
Notch-regulated transcription factors Hes1, Hey1, and Hey2 (Figure 5). Transcripts for
the Notch receptors Notch1 and Notch3 and the transcription factor HeyL were
unchanged in FIt1”- endothelial cells, which aligns with previous reports from various
populations of endothelial cells exposed to excess VEGF-A [79]. In addition, we observed
a significant decrease in endothelial expression of Jagged1 (Jag1) in FIt1” vessels,
suggesting a down-regulation of this Notch ligand that has been implicated in mediating
endothelial cell-mural cell crosstalk [4,38,34,35]. In contrast, Fit17” pericytes showed no
significant changes in Notch pathway gene expression, though Notch1, Hey1, and HeyL
displayed trends towards increased expression (Figure 5). In exploring the PDGF-B
pathway, we found that expression levels of the ligand Pdgfb and the associated
anchoring protein Hspg2 (Perlecan) were significantly increased in Flt1” endothelial cells
relative to WT, consistent with previous observations of endothelial cells in elevated
VEGF-A environments [14]. Interestingly, we found that pericytes from Fit1”- ESC-derived
vessels had decreased expression of Pdgfr (PDGF Receptor-f gene) relative to WT
pericytes. Collectively, these observations demonstrate that the genetic loss of Flt1,
which is known to disrupt VEGF-A signaling in endothelial cells [9], has downstream
effects on the Notch and PDGF-B pathways, likely disrupting signals that intersect or

contribute indirectly to regulating pericyte coverage of developing blood vessels.

Pericytes produce a truncated PDGFRf isoform during ESC-derived vessel

formation.
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Recent evidence suggests that vascular pericytes differentially regulate PDGFRp
depending on the particular microenvironment, such as during hypoxia, nutrient
deprivation, or increased cell proliferation [44-47,55], consistent with our own data from
the developing postnatal mouse brain (J. Darden and C. Jenkins-Houk, unpublished
data). In observing altered Pdgfrp transcriptional regulation in Fit1” ESC-derived
pericytes, we hypothesized that these PDGFRp isoforms, which may arise independent of
Notch signaling [45], might be the more predominant PDGFRf species in our ESC-
derived vessels. To test this hypothesis and concurrently assess the relationship between
PDGFR$ transcriptional changes and protein levels, we dissociated day 10 WT and Fit1”
ESC-derived vessels, enriched for pericyte and endothelial populations using MACS as
described above, and collected protein for Western Blot analysis. After using recombinant
PDGFR} to validate that our antibody was capable of detecting this protein (Figure 6), we
applied this PDGFRp antibody to detect PDGFRf isoforms and their respective levels in
each of our cell populations under WT and Flt1” conditions. Interestingly, we found an
~60 kDa PDGFRp isoform present in both WT and Fit1” pericyte populations, with Fit1”
pericytes containing around 3-fold less full-length PDGFRp and this PDGFRp isoform

compared to WT pericytes (Figure 6).

In observing the differential regulation of this PDGFRp isoform, we next asked how
this isoform might be generated such as through alternative splicing on the mRNA level or
post-translational cleavage as suggested by several previous studies [44-47]. We
examined pericyte cDNA derived from ESC-derived vessel lysates for the presence of
alternative splice variants. Specifically, we designed primer sets to amplify short, multiple

exon-spanning regions of the complete, full-length Pdgfrf transcript. PCR amplification
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with primers spanning exons 1-5 produced two distinct bands when separated by gel
electrophoresis, with migration bands corresponding to the expected ~730bp (full-length
PDGFRf) and a smaller ~370bp. All other PCR fragments yielded a single band of
expected size. This indicates an alternative splice variant that is modified within the first 5
exons of PDGFR}, likely coding for a shorter N-terminus or a skipped exon. This is
consistent with a human PDGFR} transcript variant that yields a shorter N-terminus
(accession number NM_001355016). Sanger sequencing of these bands indicated
skipping of exons 2 and 3 in the smaller band, which corresponds to loss of the PDGF-B
binding domain of the transcribed protein (Figure 6). Functional relevance of such a
splicing event suggests loss of PDGF-B ligand binding, although more extensive analyses
on the protein and mRNA levels are needed. However, this spice variant (shorter by
~360bp) does not correspond to a ~60kDa translated protein. While the primer sets tested
would likely detect a shorter mRNA variant due to exon skipping, they may not detect a
truncated 3’-end variant. Therefore, the shorter protein isoform observed may be due a
truncated transcript or translational cleavage. Further investigation is needed to determine
the exact mechanism. Hutter-Schmid and Humpel (2016) demonstrate that cleavage
modifications may actually be PDGF-B-dependent, consistent with Pdgfb transcriptional

changes described above (Figure 5).

Embryonic pericytes respond to stimulation by immobilized DII4 but not Jag1, but

neither ligand induces changes in Pdgfrg transcription.

Pericytes and smooth muscle cells engage in Notch signaling across a range of

developmental contexts to promote their differentiation and augment overall vessel
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maturation [4,38,34,35,37]. While Notch signals have been implicated in pericyte
recruitment through regulation of Pdgfr expression [38,39], not all Notch pathway
manipulations alter pericyte Pdgfr3 expression and impair pericyte coverage [35,36].
Observing lower Jag1 expression in FIt1”- endothelial cells and a concomitant decrease in
Pdgfrp expression in Fit1” pericytes suggested that Jag1 might regulate pericyte
PDGFRf in our model. Thus, a loss of Jag1 stimulation might impair embryonic pericyte
migration and recruitment via reduced PDGFRf activity. We tested this hypothesis using
a functionally validated pericyte cell line recently derived in our lab from embryonic day
12.5 (E12.5) mice harboring the Ng2-DsRed reporter gene [59]. To stimulate Notch
signaling in these embryonic pericytes, we cultured them on substrates of immobilized
Dll4 or Jag1 as previously described [80-82], as well as on control substrates (untreated
plate, Fc-y with blocking serum only, and Fc-y with human IgG, Fc fragment). Pericytes
stimulated by immobilized DIl4 displayed significant increases in the downstream Notch
targets Hey1, Hey2, and HeyL (notably a more than 35-fold increase), though not Hes1,
and Notch1 receptor transcription was also up-regulated (Figure 7). Jag1 ligands
influenced pericyte transcription levels of downstream Notch targets, though statistically
significant changes were not detected, and neither DII4 nor Jag1 induced any changes in
Pdgfrp transcription. These results indicate that DII4, but not Jag1, can stimulate Notch
signaling in embryonic pericytes, but neither Notch ligand induces increased Pdgfr3 gene
expression in these pericytes. To gain further insight into the potential role, or lack
thereof, for Notch signaling in regulating pericyte coverage during early vessel formation,
we exposed our WT and Flt1” ESCs to a Notch inhibitor during vessel formation (see

Online Resource 1 — Supplemental Materials and Methods). We found that Notch
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inhibition had no effect on pericyte coverage in either background (see Online Resource 6
— Supplemental Figure 5), further supporting the notion described in previous studies
[35,37] that, at early stages in vessel development, pericyte coverage may not require

Notch signaling.
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DISCUSSION

Pericytes are critical components in the maturation of developing blood vessels into
stable, higher-order vascular networks. In the current study, we show that mis-regulated
VEGF-A signaling in endothelial cells indirectly compromises pericyte distribution and
coverage along developing embryonic vessels, in part, by limiting pericyte migration.
Defective VEGF-A regulation perturbed the Notch and PDGF-B pathways in both
endothelial cells and pericytes, though direct stimulation of embryonic pericytes with
Notch ligands did not affect Pdgfrps expression. Interestingly, the indirect reduction in
pericyte PDGFRf that occurred with disrupted endothelial VEGF-A signaling was also
detected on the protein level, that is, decreased levels of both full-length and truncated
PDGFRp isoforms. These PDGFR} isoforms have been identified in unique biological
contexts [44-47,55], and their relative abundance appears to be dependent on PDGF-B
levels and proteolytic cleavage events [45], which is consistent with results from the
current study. Taken together and summarized in Online Resource 7 — Supplemental
Figure 6, these observations suggest pericyte coverage of developing vessels requires
precise coordination of endothelial VEGF-A signaling, as this pathway provides important
downstream regulation of pericyte distribution via PDGF-B-PDGFRp activity, in a

seemingly Notch-independent manner during early developmental stages.

Pericytes perform a broad range of functions in modulating blood vessel formation and
remodeling [83-85], with new roles still being discovered [86,87]. Pericytes have been
shown to directly and indirectly regulate VEGF-A signaling during vascular development,

in part, via production of the VEGF receptor Flt1 [66,27,67,68], though this regulation
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appears to be largely context dependent [28-32]. Our expression analysis of pericytes
within ESC-derived vasculature indicated that these cells lack Flt1 and Flk1 expression
levels comparable to that of endothelial cells at early embryonic time points. In another
developmental model, a similar in vivo analysis of Flt1 promoter activity [i.e. FIt1?°“* gene
yielding p-galactosidase (-gal)] in the developing postnatal retina revealed an expression
pattern consistent with our current findings, as little to no f-gal signal was detected in
perivascular cells [Ref. [61], and J. Chappell, unpublished data]. Because pericyte
expression of Flt1 and Flk1 may be significantly lower relative to endothelial cells [27],
additional analysis may be necessary to incorporate methods with enhanced sensitivities
for FIt1 and FIk1 production and activity. Additionally, pericyte FIt1 may be more
abundant at later developmental stages or in disease-specific contexts [28,31], beyond
the early stages of vascular development that we observed herein. Thus, the apparent
context-dependence for FIt1 synthesis from pericytes warrants further investigation to
establish if this mode of VEGF-A regulation might be a potential therapeutic target in

certain disease states.

Following their recruitment to the abluminal surface of developing vessels, perivascular
cells migrate along the vasculature to establish sufficient coverage of the emerging
vascular network [88,73]. Angiogenic endothelial cells secrete several molecular cues
that modulate pericyte migration along the endothelium including PDGF-B, among others.
For instance, Angiopoietin-2 (Angpt2) over-expression can induce pericyte migration off
existing and remodeling vasculature [89], while Angpt1 promotes more stable interactions

of pericytes with endothelial cells [90-92]. The Angpt-Tie pathway may also intersect with
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heparin-binding EGF-like growth factor (HB-EGF) signaling [93], presumably through Erb1
and Erb4 receptors [94], to coordinate pericyte recruitment and subsequent migration
along developing vessels. While our current data demonstrate how Flt1 regulation of
VEGF-A influences downstream PDGF-B-PDGFRp dynamics and subsequent pericyte
coverage, we cannot rule out the influence of secondary effects from vessel
dysmorphogenesis or the likely intersection(s) among a number of these collateral
pathways, including the Angpt-Tie pathway [95]. In fact, additional transcriptional profiling
and image analysis revealed that, in our ESC-derived vessel model, VEGF-A mis-
regulation disrupted synthesis of important extracellular matrix (ECM) components such
as Type IV Collagen (J. Darden and H. Zhao, unpublished data), which may play a critical
role in pericyte migration dynamics. Additional studies are therefore essential for
dissecting the unique contribution of these and other factors in regulating pericyte-
endothelial cell interactions during the early stages of vessel formation as well as during

vascular maturation.

The Notch pathway has emerged as a convergence point for many signaling pathways,
most notable is the crosstalk with VEGF-A signaling in endothelial cells during sprouting
angiogenesis [11-13]. Notch signaling in mural cells is also critical for vascular
development, as disrupting Notch cues such as Jagged1 and Notch3 can compromise
smooth muscle cell differentiation and investment [96,35,37]. Pericytes also appear to
experience Notch signaling, though the downstream effects of Notch perturbations on
pericytes are somewhat unclear, with pericyte Pdgfrf3 expression and vessel coverage

being affected in certain contexts [4,38,39] but not others [35-37,34]. In the current study,
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embryonic pericytes stimulated by the Notch ligands DIl4 and Jag1 did not up-regulate
Pdgfrf3 expression, suggesting that the reduced expression of Pdgfrg in pericytes was not
directly downstream of the decreased endothelial expression of Jag17 in the Fit1”- ESC-
derived vessels. In addition, pericyte coverage of ESC-derived vessels was not
influenced by the addition of the Notch inhibitor DAPT. These observations are consistent
with other embryonic vascular development studies in which loss of Notch signaling did
not compromise pericyte PDGFRf synthesis or pericyte coverage within the
microcirculation [35,37]. Collectively our data, along with others, suggest that pericyte
Pdgfrf expression is Notch-independent in certain contexts. PDGFRp activity may depend
on alternate modes of regulation such as via other pathways e.g. Wnt or Transforming

Growth Factor-p (TGFp) signaling [97,98] or through a ligand-dependent feedback loop.

Pericyte coverage and stabilization of the developing vasculature requires competent
PDGF-B signaling via full-length PDGFRf on pericytes [99,16,43,100]. Interestingly,
recent studies have suggested that perivascular cells may produce truncated PDGFRp
isoforms in certain scenarios like hypoxia, nutrient starvation, or rapid cellular proliferation
[44-47 55]. Although less abundant in the Flt1” background, a PDGFRp isoform shorter
than full-length PDGFRp (~60 kDa) was detected in pericytes from WT and Fit1” ESC-
derived vessels. Sequence analysis suggested that this PDGFRf isoform is presumably
not the product of alternative splicing on the mRNA level, but rather from post-
translational modification such as proteolytic cleavage, consistent with previous studies
[45]. Receptor isoforms, particularly soluble ones, are a conserved element of numerous

signaling pathways, including the VEGF-A axis [50,11,61], often functioning to regulate
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ligand abundance and spatial distribution. It is therefore intriguing to speculate that this
PDGFRp isoform might also act in this way to modulate pericyte signaling, thereby “fine-
tuning” vessel growth and maturation in certain contexts, such as in the germinal matrix
regions of the developing brain [5]. If this or any other PDGFRf isoforms are indeed
functionally relevant, additional studies will be needed to establish the exact nature of

their contribution to PDGF signaling and pericyte biology.

Given the importance of pericytes in promoting vascular stability and maturation
throughout the human body [101-104,70], it is critical to expand our understanding of their
basic behaviors during vessel development and specifically how different signaling
pathways intersect to coordinate pericyte coverage of vascular networks. Here, we
provided evidence for how mis-regulated VEGF-A activity impairs pericyte coverage and
distribution by disrupting pericyte migration. The onset and progression of several
pathological conditions such as cerebrovascular malformations (i.e. AVMs, CCMs, etc.),
and neonatal germinal matrix hemorrhage involve a component of VEGF-A signaling
occurring beyond a physiological range. The vascular abnormalities associated with
these conditions result, in part, from downstream defects in pericyte behaviors and their
underlying signaling mechanisms. Our data, along with others, suggest that therapeutic
strategies designed to target Notch or PDGF-B signaling in pericytes will need to consider
how a given disease context may alter or limit therapeutic efficacy via the effects of

abnormal VEGF-A activity on pericyte responsiveness.
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FIGURE LEGENDS

Fig. 1 Genetic loss of Flt1 impairs Ng2+ pericyte coverage of ESC-derived blood vessels.
A Representative images of WT (i-iv) and Flt1” (v-viii) Day 9 ESC-derived blood vessels
labeled for endothelial cells (Pecam: i and v, green in iv and viii), pericytes (Ng2: ii and
vi, red in iv and viii), and cell nuclei (DAPI: iii and vii, blue in iv and viii). Scale bars, 50 um.
B Average percentages of Ng2+ pericyte coverage on Days 9 (n=6 of biological
replicates) and 10 (n=10 of biological replicates) ESC derived vessels for WT (black bars)
and FIt1” (white bars) conditions. Values are averages + Standard Error of the Mean

(SEM). *P<0.05 vs. WT at the same time point

Fig. 2 Fit1” ESC-derived vessels display defects in pericyte distribution. A Schematic of
ESC-derived vasculature with specific morphological locations denoted with dotted boxes:
1- vessel stalks, 2- branch points, and 3- thick areas. B Average number of Ng2+
pericytes at the indicated vessel locations within Day 9 WT (black bars, n=23 cells) and
FIt1”~ (white bars, n=28 cells) ESC-derived vasculature. Values are averages + SEM.
*P<0.05 vs. WT at the same vessel location. C Percent distribution of pericytes at each
vessel location (stalk: blue, branch point: red, thick area: gray) for Day 9 WT and Fit1”
vessels (WT: n=158 cells, and FIt1”: n=127 cells). *P=0.0002, Chi-square test of WT and
Fit1” distributions. D Schematic of approach to quantifying pericyte density, specifically
pericytes within a 50 um radius of one another (dashed arrow and circle). E Average
number of Ng2+ pericytes within a 50 um radius of one another on Day 8-10 WT (black

bars, Day 8: n=7, Day 9: n=23, Day 10: n=56) and Fit1” (white bars, Day 8: n=18, Day 9:
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n=28, Day 10: n=53) ESC-derived vessels. Values are averages + SEM. *P<0.05 vs. WT

at Day 9 and Day 10, and **P<0.05 for Day 8 WT vs. Day 10 WT.

Fig. 3 ESC-derived pericytes display little to no F/t1 promoter activity or gene expression.
A Representative images of Ng2+ pericytes (Ng2: i, red in iv and v) and Flt1 promoter
activity as indicated by p-galactosidase (f-gal: ii, blue in iv and v) production from the Flt-
1:LacZ gene. Cell nuclei are labeled by DAPI (iii, white in v). Scale bar, 5 um. B Fold
change in Flt1 expression between endothelial cells (yellow bar) and pericytes (purple
bar) enriched from WT ESC-derived vessels. Values are averages + SEM, n=4 biological

replicates. *P<0.05

Fig. 4 Exogenous VEGF-A disrupts pericyte migration and limits pericyte distribution on
developing embryonic blood vessels. A Representative sequential images from movies of
vehicle control- (i-iii) and VEGF-A- (iv-vi) treated embryonic skin vessels in which
endogenous pericytes (Ng2-DsRed+ and arrows, left column and red in right column)
migrated along sprouting endothelial cells (FIk1-eGFP+ and arrowheads, middle column
and green in right column). Time in upper right corner, hours:minutes (hh:mm). Scale
bars, 100 um. B Average percent of pericytes migrating on sprouts with directional
persistence (tan bars) or static movement (dark blue bars) in control (n=23 movies) and
VEGF-A-treated (n=15 movies) embryonic vessels. Values are averages + SEM. *P<0.05.
C Schematic of approach to quantifying pericyte density, specifically pericytes on

sprouting endothelial cells within a 50 um radius of one another (dashed arrow and circle).
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D Average number of Ng2-DsRed+ pericytes within a 50 um radius of one another in the
first (black bars) and last (red bars) frames of movies from control (n=6 biological
replicates) and VEGF-A-treated (n=4 biological replicates) embryonic vessels. Values are

averages + SEM. *P<0.05 vs. First Frames of VEGF-A-treated group

Fig. 5 Loss of Flt1 disrupts transcriptional regulation within the Notch and PDGF-B
pathways. A Fold change in Notch pathway gene expression between WT (dark blue
bars) and Fit1” (yellow bars) endothelial cells enriched from ESC-derived vessels.

Values are averages + SEM, n=4-8 biological replicates per gene. *P<0.05 vs. WT. B Fold
change in Notch pathway gene expression between WT (blue bars) and Fit17” (purple
bars) pericytes enriched from ESC-derived vessels. Values are averages + SEM, n=4-8
biological replicates per gene. C Fold change in PDGF-B pathway gene expression
between WT (dark blue bars) and Flt1” (yellow bars) endothelial cells enriched from ESC-
derived vessels. Values are averages + SEM, n=4-8 biological replicates per gene.
*P<0.05 vs. WT. D Fold change in Pdgfr3 expression between WT (blue bars) and Flt1”
(purple bars) pericytes enriched from ESC-derived vessels. Values are averages + SEM,

n=4-8 biological replicates per gene. *P<0.05 vs. WT

Fig. 6 Fit1” pericytes produce less PDGFRp than WT pericytes, and pericytes in both
backgrounds produce a truncated PDGFRp isoform. A Representative images of Western
Blots of recombinant PDGFRf protein (top, antibody validation) and lysates from ESC-
derived pericytes (bottom). Full-length (~180 kDa) and truncated (~60 kDa) isoforms of

PDGFRf were detected in WT and Fit17” pericyte lysates, and GAPDH (loading control)
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was used to normalize and compare relative amounts of full-length PDGFRp (0.29) and
this truncated isoform (0.34) between groups. n=4 biological replicates. B Map of Pdgfrf
exons with important features denoted as well as arrows indicating the location of forward
and reverse primers used to identify potential mMRNA splice variants. C Representative
image of Pdgfr3 amplicons separated on an agarose gel. Number ranges indicate PCR
products within indicated primer sets. * indicates the presence of a potential mMRNA splice

variant.

Fig. 7 Immobilized DIl4, but not Jag1, induces changes in embryonic pericyte gene
expression, but neither ligand alters Pdgfrfs expression. A Schematic of experimental
setup for coating plates with Notch or control ligands, deriving Ng2-DsRed+ embryonic
pericytes, and cultures these cells on Notch ligands to measure changes in gene
expression. B Fold change in Pdgfrfs and Notch pathway gene expression between
embryonic pericytes cultured under control conditions (black bars), exposed to Fc-y and
blocking serum only (white bars), on Fc-y with Human Fc (gray bars), on Fc-y with DIl4:Fc
(red bars), or on Fc-y with Jag1:Fc (light blue bars). Values are averages + SEM, n=5

biological replicates. *P<0.05 vs. control conditions for specified gene target.
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