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APPLIED SCIENCES AND ENGINEERING

Notch3 directs differentiation of brain mural cells from
human pluripotent stem cell-derived neural crest

Benjamin D. Gastfriend't, Margaret E. Snyder‘, HopeE. Holt', Richard Daneman?,

Sean P. Palecek'*, Eric V. Shusta'3*

Brain mural cells regulate development and function of the blood-brain barrier and control blood flow. Existing
in vitro models of human brain mural cells have low expression of key mural cell genes, including NOTCH3. Thus,
we asked whether activation of Notch3 signaling in hPSC-derived neural crest could direct the differentiation of
brain mural cells with an improved transcriptional profile. Overexpression of the Notch3 intracellular domain
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(N3ICD) induced expression of mural cell markers PDGFR@, TBX2, FOXS1, KCNJ8, SLC6A12, and endogenous Notch3.
The resulting N3ICD-derived brain mural cells produced extracellular matrix, self-assembled with endothelial
cells, and had functional Karp channels. ChIP-seq revealed that Notch3 serves as a direct input to relatively few
genes in the context of this differentiation process. Our work demonstrates that activation of Notch3 signaling is
sufficient to direct the differentiation of neural crest to mural cells and establishes a developmentally relevant dif-

ferentiation protocol.

INTRODUCTION
Vascular mural cells, which encompass microvessel-associated peri-
cytes and large vessel-associated vascular smooth muscle cells
(VSMCs), regulate blood vessel development, stability, and vascular
tone (1, 2). In the brain, mural cells regulate resting cerebral blood
flow, neurovascular coupling, blood-brain barrier (BBB) develop-
ment and maintenance, and neuronal survival (3-15). Several peri-
cyte and VSMC subtypes have been identified in vivo based on
morphology, location on the vascular tree, marker expression, and
single-cell transcriptome profiles, and their relative contributions to
the aforementioned mural cell functions remain the subject of active
investigation (8, 16-18). Brain mural cells are also implicated in the
pathogenesis of neurological disorders including Alzheimer’s dis-
ease (19-21) and cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL) (22, 23).
In contrast to the mesodermal origin of most mural cells, those
in the face and forebrain are derived from the neural crest (24-27).
During embryogenesis, cranial neural crest-derived mesenchyme
surrounds the anterior neural tube, and mural cells are specified
and invade the developing prosencephalon alongside mesoderm-
derived endothelial cells from the perineural vascular plexus (13, 28).
This neural crest-derived mesenchyme also forms portions of the
meninges, facial cartilage and connective tissue, and skull (27, 29).
Molecular signals controlling specification of neural crest-derived
mesenchyme to these diverse fates are poorly understood. In vivo
loss-of-function experiments have suggested roles for transforming
growth factor-p (TGF-p), platelet-derived growth factor (PDGEF),
and Notch signaling in this process (30-34). Notably, NOTCH3 mu-
tations form the genetic basis of CADASIL (22, 23), and loss-of-
function studies in zebrafish have implicated Notch signaling in
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brain pericyte proliferation (33) and specification of pericytes from
naive mesenchyme (32). Further, global Notch3 knockout mice have
reduced arterial VSMC coverage, which correlates with deficits in
BBB function (35). Similarly, mice lacking mural cell expression of
RBPJ, the DNA binding protein that forms a complex with Notch
intracellular domains (NICDs) to regulate transcription, exhibit ar-
teriovenous malformations and defects in pericyte coverage (36).
In vitro gain-of-function studies may provide complementary in-
sight into the effects of molecular factors on neural crest differentia-
tion to mural cells (37).

Human pluripotent stem cells (hPSCs) are an in vitro model sys-
tem well suited for such developmental studies, as they can generate
multipotent neural crest cells (38, 39) and potentially account for
species differences in mural cell phenotype (40, 41). Further, in con-
trast to primary cell cultures, hPSCs permit longitudinal analysis of
cell fate determination and differentiation. The resulting mural cells
could be further used in diverse in vitro modeling applications (42).
We recently demonstrated that brain pericyte-like cells could be dif-
ferentiated from hPSC-derived neural crest via treatment with
serum-supplemented E6 medium (43, 44). Other protocols for
generating hPSC-derived brain pericyte-like cells via a neural crest
intermediate use PDGF-BB and/or fibroblast growth factor 2 (FGF2)
in serum-containing medium (45, 46). The sufficiency of serum to
cause differentiation of neural crest cells makes interrogation of spe-
cific molecular factors difficult, motivating development of a serum-
free differentiation scheme. Furthermore, existing hPSC-derived
pericyte-like cells lack expression of several key brain mural cell
genes and have aberrant expression of some fibroblast-associated
genes, features also observed in cultured primary brain pericytes
(41). This further motivates development of a new method for dif-
ferentiation of hPSCs to cells having an improved molecular pheno-
type. Additional desired features of hPSC-derived brain mural cells
include organotypic, central nervous system (CNS)-specific gene
expression (e.g., ZIC1) (41), and species—specific attributes observed
in vivo (e.g., expression of FNI and lack of VTN in human brain
mural cells) (40, 41).

In this work, we found that expression levels of NOTCH3 and
canonical transcriptional targets of Notch signaling were very low in
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existing hPSC-derived brain pericyte-like cells compared to human
brain pericytes in vivo. We therefore tested the hypothesis that acti-
vation of Notch3 signaling would direct the differentiation of hPSC-
derived neural crest to brain mural cells. We activated Notch
signaling by lentiviral overexpression of the human Notch3 intracel-
lular domain (N3ICD) in neural crest cells maintained in serum-
free medium. The resulting cells were PDGFRB* and displayed
robust up-regulation of mural cell markers including Tbx2, HEYL,
RGS5, FOXS1, KCNJ8, ABCCY, and endogenous Notch3 (16, 47).
The resulting N3ICD-derived mural cells produced extracellular
matrix (ECM) that supported endothelial cord formation, self-
assembled into compact aggregates with endothelial cells, and had
functional adenosine triphosphate—sensitive potassium channel
(Karp) channels. Last, we used chromatin immunoprecipitation se-
quencing (ChIP-seq) to identify the direct transcriptional targets of
N3ICD and define the first level of the Notch3-regulated mural cell
gene regulatory network during differentiation of neural crest to
mural cells. Overall, our work suggests that Notch3 signaling is suf-
ficient to direct differentiation of neural crest to brain mural cells,
and establishes a new, serum-free protocol for generation of brain
mural cells from hPSCs.

RESULTS

Transcriptome analysis of hPSC-derived brain

pericyte-like cells

We analyzed RNA-sequencing (RNA-seq) gene expression profiles
of brain pericyte-like cells differentiated from hPSCs from three
independent studies (table S1) (43, 45, 46). While methodologies
differ slightly, all three protocols proceed through a neural crest in-
termediate and yield cells with molecular and functional character-
istics similar to cultured primary brain pericytes. We compared
these cells to acutely isolated human brain pericytes, using single-
cell/nucleus RNA-seq data from a previous meta-analysis (41).
There was modest correlation between the transcriptome of hPSC-
derived pericyte-like cells and in vivo pericytes, with similar ex-
pression of some canonical markers such as PDGFRB, ANPEP,
CSPG4, COL4A1, IGFBP7, and MYL9 (Fig. 1A and file S1). Com-
pared to in vivo pericytes, however, hPSC-derived pericyte-like
cells had markedly lower expression of several signaling mediators
and transcription factors, including RGS5, NOTCH3, HEYL, HEY?2,
HES4, TBX2, FOXS1, and FOXF2 (Fig. 1, A and B, and file S1). Crit-
ically, many of these genes are expressed not only in pericytes but
also in VSMCs (16, 41) and are enriched in these brain mural cells
compared to both neural crest and other mesenchymal derivatives
(fig. S1A) (48). Furthermore, many of these same genes have re-
duced expression in cultured primary brain pericytes (fig. S1B)
(41). These results therefore suggest that key molecular factors for
induction and maintenance of the brain mural cell phenotype are
absent under traditional culture conditions, and that augmentation
of these factors during hPSC differentiation might yield mural cells
with improved phenotype.

Overexpression of N3ICD as a strategy to derive mural cells

Given low expression of NOTCH3 and Notch target genes (e.g., HEYL,
HEY2, and HES4) in existing hPSC-derived pericyte-like cells and the
known roles of Notch signaling in mural cell development (32), we
asked whether overexpression of the human N3ICD in hPSC-derived
neural crest cells could direct mural cell differentiation. We also
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evaluated overexpression of Tbx2, a mural cell-enriched transcrip-
tion factor with similarly low expression in existing hPSC models.
We cloned the portion of the NOTCH3 coding sequence (CDS) cor-
responding to the intracellular domain, and the TBX2 CDS, into bi-
cistronic lentiviral vectors also encoding green fluorescent protein
(GFP) (Fig. 1, C and D). We differentiated neural crest cells from
hPSCs according to a previously established protocol (43). After 15 days
of differentiation in E6-CSFD medium, we selected p75* cells via
magnetic-activated cell sorting (MACS), resulting in a homogeneous
population of p75* HNK-1" neural crest cells that were briefly
expanded before transduction (Fig. 1, C and E). We transduced neu-
ral crest cells with GFP-only, N3ICD-GFP, or TBX2-GFP lentiviruses
and, after 6 days, either analyzed the resulting populations or per-
formed fluorescence-activated cell sorting (FACS) to isolate only the
GFP* cells for further analysis.

Six days after lentiviral transduction, N3ICD-GFP-transduced
cells had significantly elevated transcript expression of HEYL and
endogenous NOTCH3 (using primers targeting the 3’ untranslated
region, which is not present in transgene-derived transcripts) com-
pared to GFP controls (Fig. 1F). Notably, these cells also had in-
creased transcript expression of other transcription factors present
in mural cells but not other mesenchymal cell populations in vivo
(TBX2 and FOXSI) and canonical mural cell markers (PDGFRB,
RGS5, and KCNJ8), suggesting that Notch3 signaling may be suffi-
cient to activate a genetic program for mural cell differentiation
(Fig. 1F). In contrast, while TBX2-GFP-transduced cells had elevated
expression of TBX2, suggesting successful overexpression, and a
slight increase in PDGFRB expression, all other mural cell genes
evaluated were unchanged versus GFP controls (Fig. 1F). To con-
firm that N3ICD-GFP-mediated transcriptional changes occurred
via a canonical Notch transactivation mechanism, we used coim-
munoprecipitation to assess whether Notch3 was associated with
RBPJ, the DNA binding protein in the Notch transactivation
complex. RBPJ clearly associated with Notch3 in N3ICD-GFP-
transduced but not GFP-transduced cultures (fig. S2, A and B). We also
performed a loss-of-function experiment with CB-103, a small-
molecule inhibitor of NICD-RBP] assembly (49), which ablated the
effects of N3ICD overexpression on mural cell gene expression sig-
nature (fig. S2, C and D). We also asked whether overexpression of
an alternative NICD would achieve a similar effect; N1ICD-GFP-
transduced neural crest cells underwent similar transcriptional
changes to N3ICD-GFP-transduced cells (fig. S3, A and B). We
elected, however, to conduct further experiments using cells derived
via N3ICD overexpression, given enrichment of Notch3 compared
to other Notch receptors in brain mural cells, and loss-of-function
studies establishing the necessity of Notch3 for mural cell develop-
ment (32, 33).

We validated protein-level overexpression of N3ICD via West-
ern blotting with a Notch3 antibody detecting a C-terminal (intra-
cellular domain) epitope. As expected, we observed a significant
increase in the intensity of a low molecular weight band corre-
sponding to the Notch transmembrane fragment and intracellular
domain in N3ICD-GFP-transduced cultures compared to GFP-
transduced cultures (Fig. 2, A and B). A high molecular weight
band corresponding to full-length Notch3 also had increased abun-
dance in N3ICD-GFP-transduced cultures, suggestive of positive
feedback and consistent with enrichment of Notch3 in brain mural
cells compared to neural crest in vivo (16, 48, 50). The canonical
mural cell marker PDGFRp and transcription factor Tbx2 were also
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Fig. 1. Overview of differentiation strategy. (A) Comparison of protein-coding transcript abundances in hPSC-derived brain pericyte-like cells versus in vivo human
brain pericytes. Data for hPSC-derived brain pericyte-like cells were generated by averaging transcripts per million (TPM) across 11 bulk RNA-seq datasets: 5 datasets from
(43), 3 datasets from (45), and 4 datasets from (46) (table S1). Data for in vivo human brain pericytes were obtained from a previous meta-analysis of five single-cell RNA-
seq datasets (47). The Pearson correlation coefficient r is shown. Genes of interest are annotated in red (transcription factors) or blue (others). Orange lines represent fold
changes of +2. (B) Transcript abundance of selected genes in the five in vivo human brain pericyte datasets (black circles) and hPSC-derived brain pericyte-like cell data-
sets [blue squares (43), green triangles (45), and red diamonds (46)]. Bars indicate mean values. (C) Timeline of the differentiation protocol. (D) Schematic of lentiviral
overexpression constructs. A fragment of the human NOTCH3 CDS encoding the intracellular domain of Notch3 and the human TBX2 CDS was cloned into the bicistronic
lentiviral vector pWPI. The parental pWPI vector was used as a GFP-only control. IRES, internal ribosome entry site; AA, amino acids. (E) Flow cytometry analysis of p75 and
HNK-1 expression in day 15 neural crest cells before and after p75 MACS. (F) RT-gPCR analysis of mural cell gene expression 6 days after transduction with GFP, N3ICD-GFP,
or TBX2-GFP lentiviruses. Analysis was performed on non-FACS-purified cultures. Expression of each gene is shown relative to ACTB expression and normalized to expres-
sion in GFP-transduced cells. Points represent replicate wells from a differentiation of the H9 hPSC line, and bars indicate mean values. P values: analysis of variance
(ANOVA) followed by Dunnett’s test versus GFP-transduced cells.
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Fig. 2. Results of N3ICD overexpression in neural crest cells. (A) hPSC-derived neural crest cells were transduced with GFP or N3ICD-GFP lentiviruses. After 6 days in
culture, Western blots were performed and membranes were probed with Notch3, PDGFRp, Tbx2, fibronectin, GFP, and p-actin antibodies. On the Notch3 Western blot,
arrows indicate the full-length (FL) and Notch transmembrane/intracellular domain (NTM/ICD) bands. The NTM and ICD fragments are similar in molecular weight, and
thus, bands are not distinguishable. A representative blot from the H9 hPSC line is shown. (B) Quantification of Western blots. Band intensities were normalized to -actin
band intensities. Points represent replicate wells from two independent differentiations, one in the H9 hPSC line (black circles) and one in the WTC11 hPSC line (blue cir-
cles). Bars indicate mean values + SD, with values normalized within each differentiation such that the mean of the GFP condition equals 1. P values: two-way ANOVA on
unnormalized data. (C) Confocal immunocytochemistry analysis of Notch3, PDGFRp, Thx2, and fibronectin expression in mixed transduced cultures having both GFP* and
GFP™ cells 6 days after transduction with GFP or N3ICD-GFP lentiviruses. Hoechst nuclear counterstain overlaid in all images. Scale bars, 25 pm. (D) Flow cytometry analy-
sis of GFP expression 6 days after transduction of neural crest cells with N3ICD-GFP lentivirus. GFP* and GFP™~ gates are representative of those used to isolate populations
via FACS. (E) Immunocytochemistry analysis of GFP and Thx2 expression in cells expanded in E6 medium for 4 days after FACS. Hoechst nuclear counterstain is overlaid in

all images. Scale bars, 50 pm.

upregulated in N3ICD-GFP-transduced cultures (Fig. 2, A and B).
We also observed a marked increase in fibronectin abundance in
N3ICD-GFP-transduced cultures (Fig. 2, A and B), consistent with
human (but not mouse) brain mural cell expression of FNI in vivo
(41). Confocal immunocytochemistry corroborated these findings
and revealed clear nuclear localization of Notch3 and Tbx2 in
N3ICD-GFP-transduced cells (Fig. 2C). Consistent with transcript-
level observations, N1ICD overexpression also achieved similar ef-
fects to N3ICD on the protein level (fig. S3, C and D). Together,
these results suggest that activation of Notch signaling in neural
crest cells is sufficient to drive mural cell differentiation.

To confirm that N3ICD-GFP-transduced cells (and not non-
transduced cells in the culture) adopt mural cell identity, we used
FACS to isolate GFP* and GFP™ cells from cultures 6 days after
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N3ICD-GFP lentiviral transduction (Fig. 2D). We compared acute-
ly isolated GFP* and GFP~ cells by reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR); GFP* cells had
significantly reduced expression of NGFR, consistent with loss of
neural crest identity, and significantly higher expression of markers
of mesenchyme (e.g., TBX18) and mural cells (e.g,, NOTCH3,
TBX2, HEYL, FOXSI, and KCNJ8); the VSMC-enriched gene
ACTA2 was not differentially expressed (fig. S4). These results were
consistent across multiple hPSC lines. Immunostaining conducted
4 days after FACS confirmed that Tbx2 was selectively expressed in
GFP™ cells (Fig. 2E). These results suggest that N3ICD-GFP func-
tions cell-autonomously to direct neural crest-to-mural cell differ-
entiation and that the resulting cells have molecular hallmarks of
brain mural cells at this time point. KCNJ8 distinguishes mature
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pericytes from VSMCs (fig. S1A) (16, 48); Ando and colleagues
(47), however, recently demonstrated that brain VSMCs develop
from a KCNJ8" progenitor. We therefore assessed whether our
GFP* (KCNJ8™) cells could be further differentiated to VSMCs. We
previously observed induction of the VSMC-enriched protein a-
smooth muscle actin (a-SMA) in neural crest cells cultured in min-
imal E6 medium (44). We therefore asked whether E6 medium
would facilitate further specification of N3ICD-overexpressing mu-
ral cells to VSMCs. After replating FACS-isolated GFP* cells in E6
medium for 2 to 10 days, the cells upregulated ACTA2 and down-
regulated KCNJ8 while maintaining expression of pan-mural cell
markers NOTCH3, PDGFRB, RGS5, and the transgene (fig. S5A).
The resulting cells had protein-level expression of a-SMA, calponin,
and smooth muscle protein-22a after 4 days in E6 medium (fig. S5B).
Together, these results support culture of GFP* cells in E6 medium
as a strategy to derive VSMCs.

Molecular properties of cells derived via
N3ICD overexpression
To determine the extent to which N3ICD-overexpressing cells have
global molecular similarity to brain mural cells, we next used RNA-
seq to obtain transcriptomic profiles of neural crest cells and FACS-
isolated GFP™ and GFP* cells from N3ICD-GFP-transduced
cultures from four hPSC lines (file S1). In principal component
analysis, the three cell types segregated along principal component
1, which explained 66% of the variance, demonstrating global repro-
ducibility across multiple cell lines and differentiations (Fig. 3A).
Visualization of RNA-seq reads confirmed that in addition to transgene-
derived NOTCHS3 transcripts, endogenous NOTCH3 was also up-
regulated in GFP™ cells (Fig. 3B), consistent with RT-qPCR results.
We identified differentially expressed genes in GFP* cells compared
to neural crest (Fig. 3C, fig. S6A, and file S2) and in GFP* cells
compared to GFP™ cells (Fig. 3D, fig. S6B, and file S2). In both
comparisons, GFP™ cells were enriched for mural cell marker genes,
including the key transcription factors HEYL, HES4, TBX2, FOXS1,
FOXF2, and FOXCI, some of which have established functional
roles in brain mural cell development and function (Fig. 3, C to E,
and fig. S6) (51, 52). PDGFRB, RGS5, NDUFA4L2, KCNJ8, ABCC9,
HIGDI1B, IGFBP7, PLXDCI, CSPG4, and ADAMTS1 were similarly
enriched in GFP" cells (Fig. 3, C to E, and fig. $6). Several of these
upregulated genes (KCNJ8, ABCC9, and HIGDI1B) have been identi-
fied as enriched in adult brain pericytes compared to VSMCs (16).
Consistent with results of RT-qPCR, ACTA2 was expressed at mod-
erate levels [~40 to 60 transcripts per million (TPM)] in all cell types
but was not differentially expressed in GFP* cells (Fig. 3, C to E).
The canonical neural crest marker NGFR was downregulated in
GFP* cells compared to both neural crest and GFP™ cells, as was
LIN28A, which plays a role in neural crest multipotency (53). PDG-
FRA, which is enriched in fibroblasts compared to mural cells in vivo
(16, 54), was nearly absent in GFP* cells, but expressed by GFP™ cells
(Fig. 3E). Although GFP™ cells also expressed PDGFRB, they lacked
several other mural cell markers, retained some expression of neural
crest genes, and expressed several fibroblast markers (DCN, LUM,
ADAMTS2, MMP2, MFAP4, PTGDS, and PODN) (16, 48, 55, 56)
(Fig. 3E and fig. S6D), suggesting that interactions with N3ICD-
overexpressing GFP" cells could cause partial differentiation of these
cells to a nonmural fate. Hierarchical clustering revealed a gene
module with highly enriched expression in GFP™ cells compared to
both GFP™ cells and neural crest; this module contained known
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mural transcripts, including FOXDI1, GJA4, PTGIR, and MCAM
(CD146), in addition to many of those mentioned above (fig. S6, C
and D), further supporting the mural identity of cells derived via
Notch3 activation. Genes with known enrichment in brain mural
cells compared to those of other organs, including PTN, GPERI, and
SLC6A17 (16, 41), were also enriched in GFP™ cells (fig. S6, Cand D,
and file S2), supporting the notion that brain-enriched expression is
at least partially attributable to the neural crest origin. Furthermore,
the y-aminobutyric acid (GABA) transporter gene SLC6A 12, which
we and others recently identified as enriched in human compared to
mouse brain pericytes (40, 41, 54), was robustly upregulated in GFP*
cells compared to neural crest and GFP™ cells (Fig. 3, C to E).
SLC6A1, another human-enriched pericyte gene (41, 54), however,
was not expressed (fig. S6D), highlighting that while Notch signaling
activates a mural cell transcriptional program, other factors are like-
ly required for complete acquisition of mural cell phenotype. We also
observed minimal expression of VTN in all cells (approximately 1
TPM), consistent with observations that human brain pericytes lack
VTN, despite robust expression in mouse brain pericytes (40, 41, 57),
while other ECM-related genes (FNI, COL4A1, COL4A2, COLIAL,
and LAMA4) were upregulated in GFP™ cells (Fig. 3, C to E). To-
gether, these results suggest that cells derived from hPSCs via this
strategy (i) are mural cells, (ii) have molecular hallmarks that distin-
guish brain and nonbrain mural cells, and (iii) can at least partially
capture species-specific differences in mural cell gene expression ob-
served in vivo.

We next identified gene sets enriched in GFP* cells compared to
neural crest using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology-Biological Process (GO-BP) databases
(Fig. 3F, fig. S7, and file S2). As expected, the Notch Signaling Path-
way gene sets from both KEGG and GO-BP databases were enriched
(fig. S7 and file S2). Additional enriched gene sets included GO-BP
Vasculogenesis, GO-BP Nitric Oxide-Mediated Signal Transduc-
tion, and KEGG Vascular Smooth Muscle Contraction, which was
driven by enrichment of genes encoding guanylate and adenylate
cyclases (e.g., GUCY1BI, GUCY1A2, and ADCYY5) and regulators of
actomyosin contraction and cytoskeleton (e.g., PPPIR14A, MYLK,
and ROCK1), consistent with vascular mural cell identity (Fig. 3F
and fig. S7). Other vasculature-related GO-BP gene sets were simi-
larly enriched (file S2). Consistent with previously noted upregula-
tion of ECM-related genes, the KEGG gene set ECM-Receptor
Interaction was enriched (Fig. 3F and fig. S7). Notably, we observed
enrichment of the KEGG gene set Neuroactive Ligand-Receptor In-
teraction, which we previously reported as depleted in cultured pri-
mary brain pericytes compared to in vivo pericytes (Fig. 3F) (41).
Highly enriched genes in this set included PTGIR, PTHIR, EDNRA,
and GIPR (fig. S7), but some genes encoding key mural cell recep-
tors such as P2RY 14 were not expressed (fig. S7 and file S1), suggest-
ing that other cues may be required to obtain cells with the complete
mural cell receptor repertoire. Last, we directly compared the aver-
age transcriptome profile of GFP* cells to that of in vivo human
brain pericytes (Fig. 3G). While the overall correlation across all
genes was similar to that of existing hPSC-derived brain pericyte-
like cells (Fig. 1A), GFP™ cells exhibited a notable improvement in
the expression of key mural cell transcription factors and other
markers, including NOTCH3, HEYL, HEY2, ZIC1, FOXS1, FOXF2,
KCNJ8, ABCCY, RGS5, HIGDIB, and NDUFA4L2 (Fig. 3G and
fig. S6, E and F), reflective of the key role of Notch signaling in driv-
ing the mural cell genetic program.
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Fig. 3. RNA-seq of neural crest, GFP~, and GFP* cells. (A) Principal component analysis of whole-transcriptome data. Points are colored by cell type: neural crest (ma-
genta), GFP™ cells (gray), GFP* cells (green). Data are from four independent differentiations, one each from the DF19-9-11T (squares), H9 (circles), IMR90-4 (triangles), and
WTC11 (diamonds) hPSC lines. (B) Representative genome browser plots (from DF19-9-11T-derived cells). The orange line indicates the region of NOTCH3 encoding the
intracellular domain. (C and D) Differential expression analysis of GFP* cells compared to neural crest (C) and GFP* cells compared to GFP™ cells (D). Differentially ex-
pressed genes (adjusted P < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction) are highlighted, and the numbers of upregulated and downregulated genes are
shown. Complete results of differential expression analysis are in file S2. (E) Transcript abundance (TPM) of selected transcripts. The top row displays expression of trans-
gene (eGFP), total NOTCH3 (endogenous and transgene-derived transcripts), neural crest markers (NGFR, LIN28A, and GJAT), nonmural PDGFRA, and VSMC-enriched
ACTA2.The second row displays mesenchymal and mural transcription factors; the third row displays mural markers, including those enriched in adult pericytes compared
to VSMCs (NDUFA4L2, ABCCY9, KCNJ8, HIGD1B, and SLC6A12); the fourth row displays genes encoding components of ECM. Abundance data for all genes are in file S1.
(F) Results of Gene Set Enrichment Analysis. Gene sets from the KEGG and GO-BP databases enriched in GFP™ cells compared to neural crest (FDR < 0.05) are shown. NES,
normalized enrichment score. Complete results are provided in file S2. (G) Comparison of protein-coding transcript abundances in GFP* cells versus in vivo human brain
pericytes. In vivo data are as described in Fig. 1 (47). The Pearson correlation coefficient r is shown. Genes of interest are annotated in red (transcription factors) or blue

(others). Orange lines represent fold changes of +2.
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Functional attributes of N3ICD-derived brain mural cells

Production of vascular basement membrane is a key function of
mural cells. We observed with the naked eye an apparent thick layer
of ECM in N3ICD-GFP-transduced cultures but not GFP-transduced
cultures. We confirmed this finding by decellularization followed
by quantification of remaining total protein. Compared to GFP-
transduced cultures, N3ICD-overexpressing cultures generated
approximately 10 to 20 times more ECM per cell (Fig. 4, A and B),
consistent with the marked up-regulation of ECM-encoding genes
in RNA-seq data and protein-level enrichment of fibronectin. Cell
yield in N3ICD-transduced cultures represented an approximately
60-fold expansion relative to neural crest input (see Materials
and Methods and Fig. 4A). We next evaluated the ability of these
decellularized matrices to support formation of endothelial cords, a
widely used in vitro proxy for angiogenic potential (43, 46, 58, 59).
While human umbilical vein endothelial cells (HUVECs) cultured
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on ECM from GFP-transduced cultures adopted the same cobble-
stone morphology as HUVECs cultured directly on tissue culture-
treated polystyrene (no ECM), HUVECs cultured on ECM from
N3ICD-GFP-transduced cultures formed cords, albeit more vari-
ably than on the positive control Matrigel substrate (Fig. 4, C and D,
and fig. S8A). We also directly cocultured neural crest cells and
GFP* and GFP~ cells 5 days after FACS with HUVECs on the Matri-
gel substrate. Twenty-four hours after cell seeding, neural crest co-
culture did not affect HUVEC cord formation (Fig. 4E), while cords
in GFP™ cell cocultures were longer, consistent with the ability of
many mesenchymal cell types to modulate cord formation (59, 60).
In GFP* cell cocultures, however, we observed highly reproducible
formation of mural-endothelial aggregates, a phenomenon previ-
ously observed in primary pericyte-endothelial cell cocultures at
later time points (46) and in cocultures of HUVECs with immature
smooth muscle cells derived from hPSCs (Fig. 4E) (59). Aggregate

No ECM GFP ECM N3ICD-GFP ECM

Fig. 4. Mural cell ECM production and endothelial cell interaction. (A) Number of cells 6 days after transduction of neural crest with GFP or N3ICD-GFP lentiviruses.
Points represent replicate wells from three differentiations of the H9 line (black) and three of the IMR90-4 line (red), with each differentiation indicated with a different
shape. Bars indicate mean values + SD. P value: two-way ANOVA. (B) Total ECM production 6 days after transduction of neural crest. Each point represents average ECM
quantity from three wells of a differentiation of the H9 line (black) or IMR90-4 line (red), normalized to average cell number from three parallel wells, with each differen-
tiation indicated with a different shape. P value: paired Student’s t test. (C) HUVEC cord formation assay on decellularized ECM from GFP- or N3ICD-GFP-transduced cul-
tures, and from no ECM and Matrigel controls. Scale bars, 200 pm. (D) Quantification of HUVEC cord formation for the conditions described in (C). Blinded images were
scored from 0 (no cords) to 3 (virtually all cells associated with cords); see Materials and Methods and fig. S8A. Data from the GFP ECM and N3ICD-GFP ECM conditions are
from two differentiations of the H9 line and one of the IMR90-4 line; data from no ECM and Matrigel controls are from two independent experiments. P values: Kruskal-
Wallis test followed by Steel-Dwass test. (E) Coculture cord formation assay with HUVECs, HUVECs and neural crest cells (+NC), HUVECs and GFP~ cells from an N3ICD-
GFP-transduced culture (5 days after FACS; +GFP~), and HUVECs and GFP* cells from an N3ICD-GFP-transduced culture (5 days after FACS; +GFP*). Representative
images are shown from 24 and 72 hours after initiating assay, from a differentiation of the H9 line. Images from a differentiation of the IMR90-4 line are shown in
fig. S8D. Scale bars, 200 pm.
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formation was observed with GFP* cells derived from two different
hPSC lines (fig. S8B). Aggregates contained both GFP™ cells and
HUVECs, and GFP* cells did not form such large aggregates in the
absence of HUVEC: (fig. S8, C and D).

Mural cells regulate vascular tone, and while the relative contri-
butions of different mural cell subtypes to neurovascular coupling
remain the subject of debate, virtually all mural cells appear capable
of contraction, at least under artificial stimuli (18). Potassium (at
concentrations causing depolarization) is widely used to assess con-
tractility of pericytes and smooth muscle cells in vitro and in vivo
(45, 61). We first used calcium imaging of an N3ICD-GFP-
transduced culture (at 6 days after transduction) to confirm that
application of 40 mM KCl led to depolarization and calcium influx
(Fig. 5A). Because the cell density at this time point precludes as-
sessment of cell size, we asked whether KCl application would cause
contraction of GFP* cells isolated via FACS and replated at low cell
density (Fig. 5B). Two days after FACS, cells underwent an average
reduction in area of approximately 7% 15 min after KCI addition,
compared to an average 0% change after addition of a water vehicle
control, with cells in both conditions extending and withdrawing
cellular processes (Fig. 5, B and C). These results support the con-
tractile ability of mural cells derived from neural crest via N3ICD
overexpression.

KCNJ8 and ABCC9 encode subunits of the Karp channel, which
has been implicated in pericyte propagation of hyperpolarizing
signals during neurovascular coupling (62). Our RNA-seq data
demonstrated upregulation of KCNJ8 and ABCC9 (but not KCNJ11
or ABCCS, which encode alternative Korp subunits) in acutely iso-
lated GFP* cells (Fig. 3E). We therefore used the Karp channel
opener pinacidil (62) to assess the functionality of this channel in
our cells. Hyperpolarization caused by K* outflow through open
Karp channels would be expected to partially counteract KCI-
induced depolarization, reducing calcium influx and/or release from
intracellular stores. N3ICD-GFP-transduced cultures (at 6 days
after transduction) pretreated with pinacidil exhibited reduced
intracellular calcium after KCl application compared to control
[dimethyl sulfoxide (DMSO)]-treated cells; such a difference was
not observed in GFP-transduced cultures (Fig. 5D). These results

Ca?

Phase contrast

AF/F

100 s

suggest that Karp channels are functional in mural cells derived via
N3ICD overexpression.

CREs underlying Notch3 function in mural

cell differentiation

In the canonical model of Notch signaling, NICDs activate tran-
scription of a small number of transcription factors (i.e., HES and
HEY family members); however, the genome contains tens of thou-
sands of putative RBPJ binding sites, and NICDs regulate a diverse
array of genes in a cell type-specific/tissue-specific context (63). We
wondered whether in our system N3ICD serves as a direct input to
a large number of the observed upregulated genes, or whether
N3ICD directly regulates only a small number of genes that subse-
quently activate the differentiation cascade. Thus, as a first step to-
ward defining this gene regulatory network, we used Notch3
ChIP-seq to identify cis-regulatory elements (CREs) directly bound
by N3ICD in N3ICD-GFP-transduced cultures. In principal com-
ponent analysis based on all Notch3 peaks (called by comparison of
Notch3 IP and matched input controls), N3ICD-GFP-transduced
cells clustered distinctly from control GFP-transduced cells along
principal component 1, which explained 71% of the variance
(Fig. 6A). Peak enrichment analysis using the DiffBind package (64)
revealed 139 peaks enriched in N3ICD-GFP-transduced cells
(“N3ICD-enriched peaks”), 90 nonenriched peaks, and no Notch3
peaks enriched in GFP-transduced cells (Fig. 6B and fig. S9A), con-
sistent with the lack of Notch3-RBP] coimmunoprecipitation in
GFP-transduced cells (fig. S2, A and B). The RBPJ consensus motif
GTGGGAA (65) was overrepresented in N3ICD-enriched peaks
(Fig. 6C), and N3ICD-enriched peaks were located proximal to ca-
nonical transcriptional targets of Notch3 signaling, including HEYL,
HES4, HEY2, and NRARP (Fig. 6D; fig. S9, A and B; and file S3). We
also identified a putative enhancer peak within the first intron of the
NOTCHS3 gene (Fig. 6D), consistent with the positive feedback ob-
served on the transcript and protein levels. Additional N3ICD-
enriched peaks were proximal to genes including MCAM, GUCY1A1,
GUCY1B1, CIRBP, ZNF335, RNF180, and TAF6L, in addition to a
small number of distal intergenic peaks (fig. S9, A and B, and file
S3). N3ICD-enriched peaks aligned with single-cell assay for
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Fig. 5. Mural cell contractility and Karp channel function. (A) Calcium response (FLIPR Calcium 6 dye) of cells in an N3ICD-GFP-transduced culture (6 days after trans-
duction) to KCl application. KCI (40 mM) was added at t = 50 s. (B) Phase contrast images of GFP™ cells from an N3ICD-GFP-transduced culture (2 days after FACS) at t =
0 min and t = 15 min after treatment with 40 mM KCl. Scale bars, 50 pm. (C) Change in area of GFP™ cells (2 days after FACS) 15 min after treatment with water (vehicle) or
40 mM KClI. Points represent replicate wells from three differentiations of the H9 hPSC line, each differentiation indicated with a different shape. Bars indicate mean values
+ SD. P value: two-way ANOVA. (D) Intracellular calcium 30 s after addition of 40 mM KCI to GFP-transduced or N3ICD-GFP-transduced cultures (6 days after transduction)
pretreated with pinacidil or DMSO (vehicle). Points represent replicate wells from three differentiations of the H9 hPSC line, each differentiation indicated with a different
shape. Bars indicate mean values + SD. P values: Tukey’s honest significant difference test following ANOVA, P = 0.0011 for interaction (DMSO versus pinacidil) x (GFP

versus N3ICD-GFP).
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Fig. 6. Notch3 ChIP-seq of N3ICD-GFP- and GFP-transduced cells. (A) Principal component analysis based on all peaks. Points are colored by cell type: GFP-transduced
cells (gray) and N3ICD-GFP-transduced cells (green). Data are from three independent differentiations of the H9 hPSC line. (B) Profile plots for the 139 N3ICD-enriched
peaks. Each line represents one sample. Profiles are generated by averaging the ChiP-seq signals across the 139 genomic loci containing an N3ICD-enriched peak. Ge-
nomic coordinates and annotations for all peaks are provided in file S3. (C) Motif logo for the overrepresented motif in N3ICD-enriched peaks. P value as reported by
MEME-ChIP (708). (D) Representative genome browser plots for the HEYL, HES4, and NOTCH3 loci. From top, tracks are Notch3 ChIP-seq signal from GFP-transduced cells,
Notch ChIP-seq signal from N3ICD-GFP-transduced cells, N3ICD-enriched peaks as identified by DiffBind (purple bars), ATAC-seq signal from a human cortex endothelial/
mural cell cluster (66), endothelial/mural ATAC-seq peaks as identified by MACS (66), ENCODE cCREs (red, promoter-like signature; orange, proximal enhancer-like signa-
ture; yellow, distal enhancer-like signature) (67), and putative RBPJ binding sites from the JASPAR database (68). Additional genome browser plots are shown in fig. S5B.
(E) RNA-seq log,(fold change) data from comparison of GFP* (mural) and neural crest cells for genes associated with N3ICD-enriched Notch3 ChiP-seq peaks (Up; n = 134)
and genes associated with nonenriched peaks (ns; n = 75). On average, genes associated with (proximal to) N3ICD-enriched peaks have larger fold upregulation in RNA-
seq data than genes associated with nonenriched peaks. P value: Student’s t test. (F) Comparison of RNA-seq log,(fold change) data [GFP™ (mural) versus neural crest cells]
and ChlP-seq log,(fold change) data (N3ICD-GFP-transduced versus GFP-transduced cells) for genes associated with N3ICD-enriched Notch3 ChiIP-seq peaks. Points are
colored by differential expression in RNA-seq data, and the numbers of upregulated, downregulated, and nonsignificant genes are shown in the legend.

upregulated in RNA-seq data, including HEYL, HES4, HEY2,
NRARP, NOTCH3, GUCY1A1, GUCYIBI, EGRI, and FOS (Fig. 6F).

transposase—accessible chromatin (ATAC)-seq peaks from a hu-
man cortex mural cell/endothelial cell cluster (66), putative promot-

er and enhancer signatures from the ENCODE candidate CRE
database (67), and putative RBP] binding sites from the JASPAR
database (68) (Fig. 6D and fig. S9B). Together, these results support
the potential functional relevance of N3ICD-bound CREs identified
in our model system.

In RNA-seq differential expression analysis of GFP* mural cells
and neural crest, the average fold change of genes associated with
N3ICD-enriched peaks exceeded that of nonenriched peaks
(Fig. 6E). Many genes associated with N3ICD-enriched peaks were

Gastfriend et al., Sci. Adv. 10, eadi1737 (2024) 2 February 2024

Other peak-associated genes, including the transcriptional regula-
tors ZNF335 and TAF6L, were not differentially expressed and thus
likely do not regulate the observed downstream differentiation pro-
cesses (Fig. 6F). Notably, non-HES/HEY family mesenchymal and
mural cell transcription factors such as FOXF2, FOXCI, FOXSI,
TBX18, and TBX2, which were upregulated on the transcript level,
were not associated with Notch3 ChIP-seq peaks (file S3), suggesting
transcriptional regulation downstream of HEYL, HES4, HEY2, and
potentially other upstream factors. In summary, these data suggest
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that Notch3 regulates mural cell differentiation by serving as an in-
put to a relatively small number of transcriptional targets.

DISCUSSION

In vivo loss-of-function experiments have demonstrated that Notch
signaling is required for mural cell development from both mesoderm-
and neural crest-derived progenitors (32, 33). Here, using hPSC-
derived neural crest, we show that Notch signaling is sufficient
to direct specification and differentiation of mural cells in vitro.
Overexpression of the N3ICD in neural crest cells caused cell-
autonomous differentiation to cells with molecular and functional prop-
erties of mural cells. Compared to controls, N3ICD-overexpressing
cells exhibited increased expression of PDGFR, increased ex-
pression of full-length Notch3, and induction of mural cell tran-
scription factors such as HEYL, HES4, TBX2, FOXS1, FOXF2, and
FOXCI, some of which have previously reported roles in mural cell
development (51, 52). Cells derived via N3ICD overexpression pro-
duced abundant ECM, which supported endothelial cell cord for-
mation; these cells also self-assembled with endothelial cells and
contracted in response to KCl-induced depolarization. Overexpres-
sion of the Notch1 intracellular domain had similar effects, consis-
tent with promiscuous binding of intracellular domains from all
Notch family members to RBP] and MAML (49, 63). Other signal-
ing pathways implicated in mural cell development such as PDGF-B
and TGF-p (30, 69, 70) were not required for mural cell differentia-
tion in our model system, suggesting that these pathways may regu-
late other aspects of mural cell development such as recruitment to
vessels and/or maturation. PDGF-BB and TGF-f, however, merit
future examination for their potential ability to achieve aspects of
mural cell phenotype not observed using Notch3.

Using RNA-seq of N3ICD-derived mural cells after 6 days of
transduction, we observed Notch-induced upregulation of genes
previously identified as enriched in brain mural cells compared to
mural cells of other organs, such as PTN, GPERI, SLC6A12,
SLC6A17, SLC38A11, and ZIC1 (16, 41). Observation of this brain-
enriched mural cell gene signature in our in vitro culture system,
which lacks CNS tissue-derived factors, suggests that the neural
crest origin at least partially defines the brain-specific molecular
profile. Future work evaluating the results of N3ICD overexpression
in mesodermal progenitors derived from hPSCs could further in-
form these findings and permit functional comparisons of mural
cells derived from these two distinct lineages. Similarly, we observed
up-regulation of genes previously identified as enriched in human
compared to mouse mural cells, including FN1 and SLC6A12 (40,
41, 54, 57). In addition, VTN, which is highly expressed by mouse
brain mural cells, but not expressed by human brain mural cells
invivo (16, 40, 41, 54, 57, 71), was negligibly expressed in our hPSC-
derived cells. These results suggest that species differences in brain
mural cell gene expression are at least partially attributable to cell-
intrinsic genetic programs.

A common approach for differentiating mural cells from hPSCs,
via both mesodermal and neural crest intermediates, has been to use
medium supplemented with fetal bovine serum (FBS) and growth
factors such as PDGF-BB, TGF-f1, activin A, and/or FGF2 (45, 46,
59, 72-75), but the necessity and/or sufficiency of each factor to
drive mural cell differentiation has not been rigorously established.
Several studies have used commercially available “pericyte medi-
um,” which includes FBS and a proprietary cocktail of growth
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factors (45, 46, 75), precluding systematic examination of molecular
mechanisms. Our work here establishes a serum-free method for
mural cell differentiation that relies on a single, defined molecular
factor, which should enable future mechanistic studies. Further-
more, while the molecular profile of existing hPSC-derived brain
pericyte-like cells is remarkably similar across studies and to cul-
tured primary brain pericytes (43, 45, 46), this molecular profile has
notable departures from the in vivo phenotype. For example, cul-
tured cells coexpress mural and fibroblast-associated markers and
lack robust expression of canonical mural and pericyte genes such as
HEYL, FOXS1, and KCNJ8. Our approach achieves robust induction
of these mural cell transcripts without concomitant up-regulation of
fibroblast-associated PDGFRA. We used a lentiviral overexpression
system, which achieves moderate-to-high transduction efficiency
and offers the flexibility to use the same lentivirus across multiple
hPSC lines, which will facilitate future disease modeling applica-
tions. Alternative approaches to activate Notch signaling that permit
temporal- and dose-control and target nearly 100% of cells (e.g., en-
gineering an hPSC line for inducible N3ICD expression) merit fu-
ture development. In addition, the duration of the differentiation
protocol (~25 days) may be a limitation for some applications. Al-
though hPSC differentiations are constrained to some extent by in-
trinsic temporal programs, future work could evaluate strategies to
accelerate the differentiation process.

Among the genes upregulated by N3ICD overexpression were
markers that distinguish adult pericytes from VSMCs in vivo [e.g.,
KCNJ8, ABCCY, and HIGDIB (16, 41)] (Figs. 1 and 3 and figs. S4
and S6). These results are consistent with rapid expression of abcc9
upon zebrafish mural cell emergence (32) and suggest that pericytes
may be the “default” mural cell fate and that additional molecular
signals may be required for VSMC specification. An alternative hy-
pothesis is that immature mural cells adopt an intermediate
pericyte-VSMC phenotype and that additional factors would be re-
quired to fully achieve either fate. This hypothesis is supported by
recent data demonstrating that brain VSMCs develop from a
KCNJ8*ABCC9" mural cell progenitor, but the extent to which
these common progenitors resemble mature pericytes with respect
to function and global transcriptional profile remains unknown
(47). We further demonstrated that N3ICD-derived mural cells iso-
lated via FACS and replated in minimal E6 medium downregulated
KCNJ8 and acquired expression of a-SMA, calponin, and SM22aq,
representing a potential strategy to achieve further specification of
VSMCs. These results motivate future functional evaluation of these
putative VSMCs; for example, given expression of contractile pro-
teins, it will be important to determine whether these cells exhibit
increased KCl-induced contraction compared to acutely isolated
N3ICD-derived mural cells. Last, our hPSC-based mural cell model
is well suited to identify molecular drivers of further pericyte/ VSMC
differentiation using either candidate factor or genetic/pharmacologic
screening approaches. Nonetheless, given expression of many adult
pericyte-enriched genes, N3ICD-mural cells may be useful in
modeling pericyte functions, as we demonstrated by assessing Karp
channel function.

We found that mural cells derived from neural crest via N3ICD
overexpression produce ECM capable of supporting endothelial
cord formation, consistent with expression data suggesting that
brain mural cells produce components of the vascular basement
membrane (16, 41), and with a previous study using placental peri-
cyte-derived ECM (76). We also observed that the resulting GFP*
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cells self-assemble with endothelial cells into compact aggregates, a
phenomenon distinct from that observed in this work with neural
crest and GFP™ cells from an N3ICD-transduced culture, and from
that previously observed with hPSC-derived pericyte-like cells and
primary brain pericytes (43). These aggregates permit direct cell-cell
contact and three-dimensional cytoarchitecture, features that are
not readily achievable in monolayer cultures, and therefore repre-
sent a potential system for interrogating mural-endothelial interac-
tions. Such interactions are important in physiological processes,
such as BBB development and maintenance, and in disease (4, 11-
13, 19, 20, 77). hPSC-based models have been used to advance un-
derstanding of neurovascular unit physiology and pathology (42,
78-80), motivating similar use of mural cells derived from hPSCs
via N3ICD overexpression and their incorporation into multi-
cellular models. Last, ChIP-seq suggested that Notch3 induces mu-
ral cell differentiation through direct binding to a small number of
target genes, including the transcription factors HEYL, HES4, and
HEY?2. These results motivate further characterization of the gene
regulatory network controlling mural cell differentiation, for exam-
ple, by profiling targets of these HEY/HES family members. In sum-
mary, we show that activation of Notch signaling in hPSC-derived
neural crest is sufficient to direct the differentiation of brain mural
cells, and establish an improved in vitro model that should facili-
tate improved understanding of brain mural cell development and
function.

MATERIALS AND METHODS

hPSC maintenance

Matrigel-coated plates were prepared by resuspending a frozen 2.5-mg
aliquot of Matrigel, Growth Factor Reduced (Corning, Glendale,
AZ) in 1 ml of Dulbecco’s modified Eagle’s medium (DMEM)/F12
(Life Technologies, Carlsbad, CA) and diluting the resulting solu-
tion in 29 ml of DMEM/F12. One milliliter of this solution was used
to coat each well of five six-well plates. Plates were stored at 37°C for
atleast 1 hour before use and up to 1 week. The following hPSC lines
were used: H9 human embryonic stem cells (hESCs) (81) (WiCell,
Madison, WI), IMR90-4 induced pluripotent stem cells (iPSCs) (82)
(WiCell), DF19-9-11T iPSCs (83) (WiCell), and WTC11 iPSCs (84)
(Gladstone Institutes, San Francisco, CA). hPSCs were maintained
at 37°C, 5% CO, on Matrigel-coated plates in E8 medium (STEM-
CELL Technologies, Vancouver, Canada) with daily medium chang-
es. When hPSC colonies began to touch, cells were dissociated as
colonies using ~7 min of Versene (Life Technologies) treatment and
transferred to a new Matrigel-coated plate at a split ratio of 1:12.

Neural crest differentiation

Neural crest was differentiated according to a previously established
protocol (43, 44). When hPSC colonies began to touch, three to four
wells of cells were dissociated using ~7 min of Accutase (Innovative
Cell Technologies, San Diego, CA) treatment, 1 ml per well. The
Accutase/single-cell suspension was transferred to 4X volume of
DMEM/F12 medium, and cells were counted using a hemocytome-
ter. Cells were centrifuged for 5 min at 200g. The cell pellet was re-
suspended in 1 ml of E8 medium, and a volume of the resulting
suspension containing 2.84 x 10° cells was transferred to a tube con-
taining 6.5 ml of E8 medium supplemented with 10 pM ROCK in-
hibitor Y-27632 (Tocris, Bristol, UK). The resulting cell suspension
was distributed to three wells of a Matrigel-coated six-well plate,
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2 ml per well. Cells were incubated at 37°C, 5% CO,. The following
day, differentiation was initiated by changing medium to E6-CSFD
medium. E6-CSFD medium is E6 medium prepared according
to (85) supplemented with 1 pM CHIR 99021 (Tocris), 10 pM
SB431542 (Tocris), FGF2 (10 ng/ml; Waisman Biomanufacturing,
Madison, WI), 1 pM dorsomorphin dihydrochloride (Tocris), and
heparin sodium salt (22.5 pg/ml) from porcine intestinal mucosa
(Sigma-Aldrich, St. Louis, MO). E6-CSFD medium was replaced
daily for 15 days. Cells were passaged when confluent: One well of
cells was dissociated with 1 ml of Accutase for ~5 min. The
Accutase/single-cell suspension was transferred to 4X volume of
DMEM/F12 medium and centrifuged for 5 min at 200g. The cell
pellet was resuspended in 600 pl of E6-CSFD medium, and 100 pl of
the resulting suspension was transferred to each of three to six wells
of a six-well plate each containing 2 ml of E6-CSFD medium (for a
split ratio of 1:6).

MACS of neural crest

On day 15, three to six wells of neural crest cells were dissociated
using ~5 min of Accutase treatment, 1 ml per well. The Accutase/
single-cell suspension was transferred to 4X volume of DMEM/F12
medium, and cells were counted using a hemocytometer. Cells were
centrifuged for 5 min at 180g, 4°C. MACS buffer was prepared by
supplementing Dulbeccos phosphate-buffered saline (DPBS), no
calcium, no magnesium (Life Technologies) with 0.5% bovine se-
rum albumin (Sigma-Aldrich) and 2 mM ethylenediaminetetraace-
tic acid (Sigma-Aldrich). The cell pellet was resuspended in 60 pl of
MACS buffer per 107 cells. FcR blocking reagent, human (Miltenyi
Biotec, Auburn, CA) and neural crest stem cell microbeads, human
(Miltenyi Biotec) were added to the cell suspension at 20 pl each per
107 cells. Cells were incubated for 15 min at 4°C. Cells were sorted
through an LS column in a MidiMACS Separator (Miltenyi Biotec)
according to the manufacturer’s protocols. Briefly, the column was
primed with 3 ml of MACS buffer, cells were loaded onto the col-
umn, the column was washed three times with 3 ml of MACS buffer,
the column was removed from the MidiMACS Separator, and the
cells were eluted with 5 ml of MACS bulffer. The eluate was centri-
fuged for 5 min at 180g, 4°C and sorted through another LS column.
Cells in the eluate were counted using a hemocytometer. The eluate
was centrifuged for 5 min at 180g, 4°C. The resulting cell pellet was
resuspended in a volume of E6-CSFD medium required to achieve a
concentration of 10° cells/ml. The resulting cell suspension was dis-
tributed to Matrigel-coated six-well plates, 2 ml per well. For some
experiments, Matrigel-coated 12-well plates (1 ml of cell suspension
per well), 24-well plates (500 pl of cell suspension per well), or 48-
well plates (250 pl of cell suspension per well) were used. Cells in-
tended for confocal imaging were seeded on Matrigel-coated #1.5
glass-bottom plates (Cellvis, Sunnyvale, CA). Cells were incubated
at 37°C, 5% CO,.

Flow cytometry

On day 15 of the neural crest differentiation, two aliquots of 10° cells
were transferred to conical tubes before MACS and kept on ice until
MACS was complete. Cells (10°%) from the final MACS eluate were
also transferred to a conical tube. These three cell suspensions were
centrifuged for 5 min at 180g, 4°C. One pre-MACS cell pellet and
the post-MACS cell pellet were each resuspended in 100 pl of DPBS
containing 0.2 pl of p75 antibody and 0.2 pl of HNK-1 antibody
(table S2). The other pre-MACS cell pellet was resuspended in 100 pl
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of DPBS containing the mouse immunoglobulin G1 (IgG1) isotype
control antibody and the mouse IgM isotype control antibody (ta-
ble S2) at concentrations matched to the corresponding p75 and
HNK-1 antibodies. Samples were incubated for 30 min on ice,
washed by adding 2 ml of DPBS, and centrifuged for 5 min at 180g,
4°C. Each cell pellet was resuspended in 100 pl of DPBS containing
1:500 goat anti-mouse IgG1 Alexa Fluor 647 antibody and 1:500
goat anti-mouse IgM Alexa Fluor 488 antibody. Samples were incu-
bated for 30 min on ice protected from light, washed by adding 2 ml
of DPBS, and centrifuged for 5 min at 180g, 4°C. Cell pellets were
fixed in 500 pl of 4% paraformaldehyde (Electron Microscopy Sci-
ences, Hatfield, PA) for 15 min at room temperature protected from
light. Samples were centrifuged for 5 min at 180g, resuspended in
300 pl of DPBS, transferred to 5-ml flow cytometry tubes, and ana-
lyzed on a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA) with excitation at 488 and 635 nm, Alexa Fluor 488 emission
detected with a 530/30 filter and Alexa Fluor 647 emission detected
with a 661/16 filter. FlowJo software (BD Biosciences) was used
for analysis.

Lentivirus production
The lentiviral plasmids pWPI (Addgene plasmid no. 12254), psPAX2
(Addgene plasmid no. 12260), and pMD2.G (Addgene plasmid no.
12259) were obtained from Addgene (Watertown, MA) as gifts from
D. Trono. To generate pWPI-N3ICD, we amplified a cDNA fragment
encoding the intracellular domain of Notch3 from a ¢cDNA library
generated from hPSC-derived neural crest. This fragment spans nu-
cleotides 5074 to 7056 of National Center for Biotechnology Infor-
mation (NCBI) Reference Sequence NM_000435.3, corresponding
to amino acids 1662 to 2321 of NP_00426.2. To generate pWPI-
N1ICD, we amplified a cDNA fragment encoding the intracellular
domain of Notchl from the neural crest cDNA library. This frag-
ment spans nucleotides 5522 to 7930 of NM_017617.5, correspond-
ing to amino acids 1754 to 2556 of NP060087.3. For N3ICD and
N1ICD, the forward primers (table S3) contained a Kozak consensus
sequence and start codon; forward and reverse primers (table S3)
included Pac I restriction enzyme sites. To generate pWPI-TBX2, we
amplified the TBX2 CDS from pcDNA3.1-TBX2 (NCBI Reference
Sequence NM_005994.4) (GenScript, Piscataway, NJ). The forward
primer (table S3) contained a Kozak consensus sequence; forward
and reverse primers (table S3) included Pac I restriction enzyme
sites. pWPI and the resulting PCR fragments were digested with Pac
I. Ligation was performed with Instant Sticky-end Ligase Master
Mix (New England Biolabs, Ipswich, MA), and resulting products
were transformed into NEB Stable Competent Escherichia coli (New
England Biolabs). Single ampicillin-resistant colonies were picked
and PCR-screened for the presence of insert using primers anneal-
ing to the EF-1a promoter and internal ribosomal entry site (IRES)
(table S3). Sanger sequencing was used to identify clones with
forward-oriented inserts. pWPI, pWPI-N3ICD, pWPI-N1ICD, and
pWPI-TBX2 plasmids were expanded and purified using the Endo-
Free Plasmid Maxi Kit (Qiagen, Germantown, MD). These plas-
mids have been deposited to Addgene: pWPI-N3ICD (Addgene no.
185524), pWPI-N1ICD (Addgene no. 185525), and pWPI-TBX2
(Addgene no. 185526).

293TN cells (System Biosciences, Palo Alto, CA) were maintained
on uncoated six-well plates in DMEM (Life Technologies) supple-
mented with 10% FBS (Peak Serum, Wellington, CO), 1 mM sodium
pyruvate (Life Technologies), and 0.5 GlutaMAX Supplement (Life
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Technologies). When 293TN cells reached 90% confluence, psPAX2
(1 pg per well), pMD2.G (0.5 pg per well), and pWPI or pWPI-
N3ICD or pWPI-N1ICD or pWPI-TBX2 (1.5 pg per well) were co-
transfected using FuGENE HD Transfection Reagent (9 pl per well)
(Promega, Madison, WI). Medium was replaced 16 hours after
transfection, and virus-containing supernatants were collected 24,
48, and 72 hours later. Supernatants were filtered through a 0.45-pm
filter and concentrated 100X using Lenti-X Concentrator (Takara
Bio, Mountain View, CA).

Lentiviral transduction

When neural crest cells reached ~40 to 50% confluence (~2 to 3 days
after MACS), lentiviral transduction was performed by replacing
medium in each well E6-CSFD medium containing 30 to 50 pl of
N3ICD-GFP, N1ICD-GFP, or TBX2-GFP lentivirus per milliliter, or
5 to 8 pl of GFP (control) lentivirus per milliliter, which achieved
transduction efficiencies of 50 to 80%. E6-CSFD medium was re-
placed every other day for 6 days. In some experiments, culture me-
dium was supplemented with 10 pM CB-103 (MedChemExpress,
Monmouth Junction, NJ). The resulting cultures were either used
directly for analysis or sorted to isolate GFP* and GFP~ cells as de-
scribed below.

Reverse transcription quantitative PCR

RNA extraction was performed using the RNeasy Plus Micro Kit
(Qiagen). Cells were lysed with 350 pl of Buffer RLT supplemented
with 1% B-mercaptoethanol (Sigma-Aldrich) and transferred to ge-
nomic DNA (gDNA) Eliminator spin columns. Three hundred fifty
microliters of 70% ethanol was added to each lysate, and lysates
were loaded onto RNeasy MinElute spin columns. Columns were
washed with Buffer RW1, Buffer RPE, and 80% ethanol according
to the manufacturer’s protocols. RNA was eluted with ribonuclease
(RNase)-free water, and the concentration was quantified using a
NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham,
MA). RNA (250 to 1000 ng) was reverse-transcribed for 1 hour at
37°Cusing the OmniScript RT Kit (Qiagen) and 1 pM Oligo(dT)2-15
primers (Life Technologies). RNaseOUT (1 U/ul; Life Technolo-
gies) was included in the reverse transcription reactions. Reaction
products were diluted to 10 ng/pl. Twenty microliters of qPCR reac-
tions was carried out with 10 ng of cDNA and 500 nM each forward
and reverse primers (table S3) using PowerUp SYBR Green Master
Mix (Life Technologies) and an AriaMx Real-Time PCR System
(Agilent Technologies, Santa Clara, CA). An annealing temperature
of 60°C was used for all reactions.

Immunoprecipitation

Cells were washed once with DPBS and lysed with cell lysis buffer
(Cell Signaling Technology, Danvers, MA) supplemented with 1x
Halt Protease Inhibitor Cocktail (Thermo Scientific). Lysates were
sonicated with three 5-s pulses at 40% power with a '/g-inch probe
and centrifuged at 4°C for 5 min, 14,000g. Supernatants were trans-
ferred to new tubes, and protein concentrations were quantified us-
ing the Pierce BCA Protein Assay Kit (Thermo Scientific). Lysates
were diluted with lysis buffer to 1 mg/ml. Each lysate (420 pl) was
precleared by adding 40 pl of prewashed Protein A Magnetic Beads
(Cell Signaling Technology) and incubating with rotation for
20 min at room temperature. Beads were removed using a magnetic
separation rack. To reduce nonspecific adsorption of DNA to
magnetic beads, DNA was fragmented by adding 2 pl (2000 U) of
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micrococcal nuclease to each lysate and incubating for 30 min at
37°C. Digestion was stopped by adding 10 pl of 0.5 M EDTA to each
lysate. A 20-pl aliquot of each lysate was removed and stored at
—80°C to serve as a 10% input control for total immunoprecipitation
prey (RBPJ) abundance. The remaining 400 pl of each lysate was
split between two new tubes, and Notch3 or isotype control anti-
body (at matched concentration, table S2) was added. Lysates were
incubated with rotation overnight at 4°C. Twenty microliters of pre-
washed Protein A Magnetic Beads was added to each lysate and
incubated with rotation for 20 min at room temperature. Beads
were pelleted using a magnetic separation rack, supernatant was re-
moved, and beads were washed with 500 pl of lysis buffer. This step
was repeated for a total of five washes. After the final wash, beads
were pelleted, supernatant was removed, and beads were resus-
pended in 20 pl of Western blot sample buffer. Western blot sample
buffer (20 pl) was also added to each 10% input sample. All samples
were heated at 95°C for 5 min. Beads were pelleted via centrifuga-
tion, and the resulting supernatants and 10% input samples were
processed for anti-RBP] Western blotting as described below, ex-
cept that a mouse anti-rabbit IgG conformation-specific secondary
antibody (table S2) was used for detection.

Western blotting

Cells were lysed with radioimmunoprecipitation assay (RIPA) buf-
fer (Rockland Immunochemicals, Pottstown, PA) supplemented
with 1Xx Halt Protease Inhibitor Cocktail and centrifuged at 4°C for
5 min, 14,000g. Supernatants were collected and transferred to new
tubes, and protein concentrations were quantified using the Pierce
BCA Protein Assay Kit. For each sample, ~20 pg of protein was di-
luted to equal volume with water, mixed with sample buffer, and
heated at 95°C for 5 min. Samples were resolved on 4 to 12% tris-
glycine gels and transferred to nitrocellulose membranes. Mem-
branes were blocked for 1 hour in tris-buffered saline plus 0.1%
Tween 20 (TBST) supplemented with 5% nonfat dry milk. Primary
antibodies (table S2) were diluted in TBST supplemented with 5%
nonfat dry milk and were added to membranes and incubated over-
night at 4°C on a rocking platform. Membranes were washed five
times with TBST. Secondary antibodies (table S2) were diluted in
TBST supplemented with 5% nonfat dry milk and were added to
membranes and incubated for 1 hour at room temperature on a
rocking platform, protected from light. Membranes were washed
five times with TBST and imaged using an Odyssey 9120 (LI-COR,
Lincoln, NE). Band intensities were quantified using Image Studio
software (LI-COR).

FACS and post-FACS culture

Six days after lentiviral transduction, cells were dissociated using
~30 min of Accutase treatment, 1 ml per well. The Accutase/single-cell
suspension was transferred to 4x volume of DMEM/F12 medium
and centrifuged for 5 min at 200g. The cell pellet was resuspended
in MACS buffer supplemented with 4',6-diamidino-2-phenylindole
(DAPI; 2 pg/ml; Life Technologies). A FACSAria III cell sorter (BD
Biosciences) was used to isolate DAPI"GFP* cells (live, N3ICD-
overexpressing cells) and DAPI”"GFP™ cells (live, nonoverexpressing
cells). Excitation was at 405 and 488 nm, with DAPI emission de-
tected with a 450/50 filter and GFP emission detected with a 502LP
dichroic and 530/30 filter. Cells from a nontransduced well were used
as a gating control. The resulting cell suspensions were centrifuged
for 5 min at 200g, 4°C. Cell pellets were resuspended in E6 medium
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and seeded on Matrigel-coated plates at 2 x 10* cells/cm®. Medium
was replaced daily.

Immunocytochemistry

Cells were washed once with DPBS and fixed with 4% para-
formaldehyde for 15 min. Cells were washed three times with DPBS
and blocked/permeabilized with DPBS supplemented with 10%
goat serum (Life Technologies) and 0.1% Triton X-100 (Sigma-
Aldrich) for 1 hour at room temperature. Primary antibodies (ta-
ble S2) diluted in DPBS supplemented with 10% goat serum were
added to cells and incubated overnight at 4°C on a rocking plat-
form. Cells were washed three times with DPBS. Secondary anti-
bodies (table S2) diluted in DPBS supplemented with 10% goat
serum were added to cells and incubated for 1 hour at room tem-
perature on a rocking platform, protected from light. Cells were
washed three times with DPBS. Cells were incubated for 5 min in
DPBS supplemented with 4 pM Hoechst 33342 (Life Technologies).
Images were acquired using an Eclipse Ti2-E epifluorescence micro-
scope (Nikon, Tokyo, Japan) with a 20X objective or an A1R-Si+
confocal microscope (Nikon) with a 100X oil objective.

RNA sequencing

RNA-seq was performed on cells from the H9, IMR90-4, DF19-9-
11T,and WTC11 hPSClines. For each line, differentiation-matched
samples of neural crest cells and GFP~ and GFP™ cells isolated via
FACS 6 days after transduction of neural crest with N3ICD-GFP
lentivirus were analyzed. Neural crest cells were dissociated with
Accutase for ~5 min. The Accutase/single-cell suspension was
transferred to 4X volume of DMEM/F12 medium and centrifuged
for 5 min at 200g, 4°C. FACS was performed as described above;
resulting GFP~ and GFP™ populations were centrifuged for 5 min
at 200g, 4°C. Supernatants were aspirated, and the resulting cell
pellets were immediately lysed with Buffer RLT Plus (Qiagen) sup-
plemented with 1% p-mercaptoethanol and frozen at —80°C. RNA
extraction was performed using the RNeasy Plus Micro Kit
(Qiagen). Lysates were thawed on ice, processed through gDNA
Eliminator spin columns, processed through RNeasy MinElute
spin columns per the manufacturer’s instructions, and eluted into
RNase-free water.

RNA quality control, library preparation, and sequencing were
performed by Novogene (Sacramento, CA). RNA quantity was as-
sessed using a NanoDrop spectrophotometer; RNA quality was as-
sessed using an Agilent 2100 Bioanalyzer. Poly(A) mRNA enrichment
was performed using poly(T) oligo-conjugated magnetic beads,
first-strand cDNA synthesis was performed using random hexamer
primers, second-strand cDNA synthesis was performed, and librar-
ies were prepared using the NEBNext Ultra II RNA Library Prep Kit
for Illumina (New England Biolabs). Libraries were sequenced on a
NovaSeq 6000 (Illumina, San Diego, CA) with approximately 20 mil-
lion 150-base pair (bp) paired-end reads obtained for each sample.

RNA-seq data analysis

A DNA sequence from lentiviral transfer plasmid pWPI extending
from the Pac I site to the 3’ end of the woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE) (containing the
IRES and eGFP CDS) was added to the reference genome (hg38) to
permit quantification of transgene-derived transcripts. RNA-seq
FASTQ files from the experiment described above and from the lit-
erature (obtained from the Gene Expression Omnibus, see table S1)
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were aligned to the resulting reference genome using STAR (version
2.5.3a) (86). Gene-level counts were generated using the feature-
Counts function from Subread (version 2.0.3) (87). TPMs were
calculated using gene lengths derived from featureCounts as previ-
ously described (40).

Transcriptome comparison between hPSC-derived brain peri-
cyte-like cells, GFP" cells from this work, and in vivo human brain
pericytes was performed for protein-coding genes (based on the list
at genenames.org/download/statistics-and-files). Data for in vivo
brain pericytes were obtained from a previous meta-analysis of
single-cell RNA-seq studies (41). In this meta-analysis, a mock bulk
RNA-seq dataset was constructed from each source dataset (88-92)
by (i) averaging gene counts across the pericyte cluster, (ii) obtain-
ing the subset of protein-coding genes, and (iii) generating mock
TPM values by normalizing total counts to 10°. Bulk RNA-seq TPM
values from hPSC-derived brain pericyte-like cells (from the litera-
ture) and GFP? cells (this work) were similarly renormalized to 10°
after obtaining the subset of protein-coding genes. To generate the
scatterplots in Figs. 1A and 3G, resulting TPM values for each gene
across the 11 hPSC-derived brain pericyte-like cell datasets or
4 GFP™ cell datasets were averaged, and TPM values for each gene
across the 5 in vivo human brain pericyte datasets were averaged,
followed by log transformation as log,(TPM + 1). The Pearson
correlation coeflicients were calculated on the basis of the log-
transformed average TPM values.

Raw counts from featureCounts were input to DESeq2 (version
1.32.0) (93) for differential expression and principal component
analyses. The DESeq2 variance stabilizing transformation was used
to generate counts data for input to principal component analysis
and hierarchical clustering. Hierarchical clustering on genes and
samples (one minus Pearson correlation with average linkage) was
performed using Morpheus (software.broadinstitute.org/morpheus/).
Differential expression analysis was performed using the DESeq2
Wald test with Benjamini-Hochberg correction. The DESeq2 design
included differentiation (hPSC line) matching as described above.
Genes with adjusted P values <0.05 were considered differentially
expressed. Gene Set Enrichment Analysis (GSEA; version 4.2.3)
(94) was performed using DESeq2-normalized counts for neural
crest and GFP™" cell samples. GSEA was performed with gene set
permutation and otherwise default settings. Genes enriched in
GFP™ cells compared to neural crest were tested against the KEGG
(95) and GO-BP (96) databases (version 7.5.1). Gene sets with false
discovery rates < 0.05 were considered enriched. Visualization of
reads aligned to the human genome was performed using Integrative
Genomics Viewer (version 2.5.0) (97).

Analysis of single-cell RNA-seq data from developing mouse
brain (48) was performed in Scanpy (version 1.9.1) (98). The loom
file containing expression data and metadata was obtained from the
authors’ website (see table S1). Clusters annotated as neural crest and
mesenchymal cell types by the authors were selected for analysis.
A complete list of the authors’ subclass identifiers is shown in
fig. S1A. A dot plot was used to visualize expression of neural crest,
pan-mesenchymal, fibroblast, pan-mural, pericyte, and VSMC markers.

Decellularization and quantification of ECM

Decellularization was performed 6 days after transduction of neural
crest cultures in 12-well plates with GFP or N3ICD-GFP lentiviruses
as described above. The decellularization protocol was adapted from
(99). The following buffers were prewarmed to 37°C: DPBS, wash
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buffer 1 (100 mM disodium phosphate, 2 mM magnesium chloride,
and 2 mM EDTA, pH 9.6), lysis buffer (8 mM disodium phosphate
and 1% Triton X-100, pH 9.6), and wash buffer 2 (10 mM disodium
phosphate and 300 mM potassium iodide, pH 7.5). Cells were
washed twice with 1 ml of DPBS and three times with 1 ml of wash
buffer 1. Cells were incubated with 1 ml of lysis buffer for 15 min at
37°C. Lysis buffer was replaced with 1 ml of fresh lysis buffer; cells
were incubated for 1 hour at 37°C. Lysis buffer was replaced with
1 ml of fresh lysis buffer; cells were incubated for an additional
1 hour at 37°C. Lysis buffer was removed, and the resulting ECM was
washed three times with 1 ml of wash buffer 2 and four times with
1 ml of water. Water was removed, and 250 pl of RIPA buffer was added.
ECM was scraped from the bottom of the well. The resulting solution
was transferred to a microcentrifuge tube and sonicated with two
10-s pulses at 40% power with a !/g-inch probe. Protein concentra-
tion in the resulting solution was quantified using the bicinchoninic
acid (BCA) assay. For normalization of total protein to cell number,
cells from a parallel well of the 12-well plate were dissociated using
Accutase and counted using a hemocytometer.

Cord formation assays
To assess the ability of ECM from GFP- and N3ICD-GFP-
transduced cells to support endothelial cord formation, neural crest
cultures in 48-well plates 6 days after transduction with GFP or
N3ICD-GFP lentiviruses were decellularized. The decellularization
protocol was as described above, except that all wash and incubation
steps were performed using 200 pl of solution, and the protocol was
terminated after the final wash with water. This procedure was also
performed on parallel cell-free wells to serve as a no-ECM control.
Additional parallel wells were coated with 200 pl of Matrigel, Growth
Factor Reduced, which was allowed to gel at 37°C for 1 hour.
HUVECs (2.75 X 10%) in 250 il of EGM-2 medium were added to each
well. Phase contrast images were acquired 16 hours after addition of
HUVECs using an Eclipse Ti2-E microscope with a 4X objective.
Cells were subsequently fixed and processed for VE-cadherin immu-
nocytochemistry as described above. To quantify the extent of cord
formation, blinded phase contrast images were scored on the follow-
ing four-point scale: 0, no cords apparent; 1, few cords apparent,
most cells not associated with cords; 2, many cords apparent, most
cells associated with cords; 3, virtually all cells associated with cords.
The coculture cord formation assay was performed 5 days after
isolation of GFP* and GFP™ cells via FACS from an N3ICD-GFP-
transduced culture as described above. Eight-well chamber slides
were coated with Matrigel, Growth Factor Reduced, at 250 pl per well.
Matrigel was allowed to gel at 37°C for 1 hour. HUVECs (American
Type Culture Collection, Manassas, VA) maintained in EGM-2 me-
dium (Lonza, Walkersville, MD) were dissociated using a ~15-min
treatment with 0.25% trypsin-EDTA (Gibco). The resulting cell sus-
pension was transferred to a 4X volume of DMEM supplemented
with 10% FBS. Neural crest cells, GFP* cells, and GFP™ cells were
dissociated using 5 to 15 min of Accutase treatment, and the resulting
cell suspensions were transferred to 4x volumes of DMEM/F12 me-
dium. Cells were counted using a hemocytometer and centrifuged for
5 min at 200g. Supernatants were removed, and cell pellets were resus-
pended in 1 ml of EGM-2 medium. For the HUVEC-only control,
HUVEC cell suspension and EGM-2 medium were combined to yield
a suspension containing 2.2 X 10* HUVECs per 500 pl. For the cocul-
ture conditions, HUVEC cell suspension, coculture cell suspension
(neural crest, GFP™, or GFP™ cell suspension), and EGM-2 medium
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were combined to yield suspensions containing 2.2 x 10* HUVECs
and 6.6 x 10* coculture cells per 500 pl. Five hundred microliters of
the resulting cell suspensions was added to the prepared wells of the
eight-well chamber slides. Phase contrast and GFP images were ac-
quired after 24 and 72 hours using an Eclipse Ti2-E microscope with
a 4X objective.

Calcium imaging and contraction assay

Calcium imaging was performed 6 days after transduction of neural
crest cultures with N3ICD-GFP lentivirus as described above.
FLIPR Calcium 6 dye (Molecular Devices, San Jose, CA) was pre-
pared according to the manufacturer’s instructions. The prepared
dye (500 pl) was added to the existing 500 pl of culture medium, and
cells were incubated at 37°C, 5% CO, for 2 hours. The plate was
transferred to a microscope environmental chamber at 37°C, 5%
CO; and equilibrated for 30 min. Images were acquired every 5 s for
300 s using an Eclipse Ti2-E microscope with a 4X objective. At
t=50s,a 1:114 dilution of saturated KCl solution (4.56 M, for a final
concentration of 40 mM) was added to the well. FIJI/Image] (100)
was used to quantify mean fluorescence intensity F; at each time
point, and data are displayed as AF/F = (F; - F;)/F.

To assess function of Karp channels, cells 6 days after transduc-
tion with GFP or N3ICD-GFP lentiviruses were labeled with FLIPR
Calcium 6 dye as above, and 20 pM pinacidil (Santa Cruz Bio-
technology, Dallas, TX) or DMSO was added 1.5 hours after addi-
tion of dye. After an additional 30 min of incubation, the plate was
transferred to the microscope environmental chamber. Images were
acquired every 5 s for 60 s, and 40 mM KCl was added at t = 20 s.
Mean fluorescence intensity was quantified as above.

The contraction assay was performed 2 days after isolation of GFP*
cells via FACS from an N3ICD-GFP-transduced culture as described
above. The plate was transferred to a microscope environmental
chamber at 37°C, 5% CO, and equilibrated for 30 min. At t = 0 min, a
1:114 dilution of saturated potassium chloride solution, or an equiva-
lent volume of water, was added to the culture medium and the plate
was briefly rocked to mix. Phase contrast images were acquired im-
mediately upon addition of potassium chloride or water and 15 min
thereafter using an Eclipse Ti2-E microscope with a 20X objective.
The Freehand Selection Tool in FIJI/Image] was used to trace the out-
lines of 16 cells per 20X field at times 0 and 15 min, and the Measure
function was used to obtain Ag and A;s, the cell areas at times 0 and
15 min, respectively. For each cell, the percent change in area was
computed as (A5 — Ag)/Ag X 100%. These values were averaged across
the 16 cells in each field to generate the values shown in Fig. 4.

Chromatin immunoprecipitation sequencing

ChIP-seq was performed on cells 6 days after transduction of neural
crest cultures with GFP and N3ICD-GFP lentivirus as described
above. Three independent differentiations were performed, with av-
erage transduction efficiency of GFP-transduced cultures 82 + 9%
GFP™" and N3ICD-GFP-transduced cultures 87 + 3% GFP™. Cells
were dissociated with Accutase and transferred to DMEM/F12.
Cross-linking was performed with 1% formaldehyde for 10 min,
and the reaction was quenched with glycine. Cells were centrifuged
for 5 min at 2000g, 4°C. Supernatants were removed, and cell pellets
were stored at —80°C. Nuclei isolation and chromatin digestion with
micrococcal nuclease were performed using the SimpleChIP Enzy-
matic Chromatin IP Kit (Magnetic Beads) (Cell Signaling Technol-
ogy) according to the manufacturer’s protocols. Fifty microliters of
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resulting chromatin preparation from a GFP-transduced sample
was subject to cross-link reversal and DNA purification to confirm
appropriate digestion and estimate chromatin concentration. Ap-
proximately 60 pg of chromatin was used for each immunoprecipi-
tation. Samples were diluted to 500 ul, and Notch3 antibody
(table S2) was added. Samples were incubated overnight with rota-
tion at 4°C. Antibody-bound fragments were isolated using protein
G magnetic beads. Resulting chromatin samples and matched 10%
input control samples were subjected to cross-link reversal and
DNA purification using the SimpleChIP Enzymatic Chromatin IP
Kit, per the manufacturer’s protocols. DNA quality control, library
preparation, and sequencing were performed by Novogene. Librar-
ies were sequenced on a NovaSeq 6000 with approximately 30 mil-
lion 150-bp paired-end reads obtained for each sample.

ChiIP-seq data analysis

Sequencing reads were aligned to the human genome (hg38) using
bowtie2 (version 2.2.1) (101). Sambamba (version 0.8.2) (102) and
bedtools (version 2.30.0) (103) were used to remove unmapped reads,
reads mapped to blacklist regions (using the database available at
https://github.com/Boyle-Lab/Blacklist) (104), and reads mapped to
decoys and nonchromosomal assemblies. Peakcalling was performed
with MACS (version 3.0.0a7) (105), using IP and matched input con-
trol samples, paired-end mode, and a P value cutoft of 0.0005. Diff-
Bind (version 3.2.7) (64) calling DESeq2 (93) was used to identify
peaks enriched in N3ICD-GFP-transduced samples compared to
GFP-transduced samples (adjusted P < 0.05, DESeq2 Wald test with
Benjamini-Hochberg correction). ChIPseeker (version 1.28.3) (106)
was used for peak annotation. DeepTools (version 3.5.1) (107) was
used to generate bigWig files and peak profile plots. MEME-ChIP
(https://meme-suite.org/meme/tools/meme-chip, version 5.4.1) (108)
was used for motif enrichment analysis. Genome browser visualiza-
tions were created using the UCSC Genome Browser (109).

Statistical analysis

Individual wells of cultured cells that underwent identical experimen-
tal treatments are defined as replicates. Details of replication strategy
are provided in figure legends. Students unpaired or paired ¢ tests
were used for comparison of means from two experimental groups.
One-way analysis of variance (ANOVA) was used for comparison of
means from three or more experimental groups. Two- or three-
way ANOVA was used for comparison of means and blocking of
differentiation-based variability if data from multiple differentiations
were combined [one/two factors being the experimental treatment(s)
and one factor being the differentiation]. Following ANOVA, Dunnett’s
post hoc test was used for comparison of multiple treatments to a
single control, or Tukey’s honest significant difference test was used
for multiple pairwise comparisons. For cord formation score data,
the nonparametric Kruskal-Wallis test was used followed by the
Steel-Dwass test for multiple pairwise comparisons.
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