'.) Check for updates

Circulation Research

ORIGINAL RESEARCH k)

Molecular and Spatial Signatures of Mouse
Embryonic Endothelial Cells at Single-Cell
Resolution
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Pingzhu Zhou®, Christine E. Seidman®, Jonathan G. Seidman®®, William T. Pu

BACKGROUND: Mature endothelial cells (ECs) are heterogeneous, with subtypes defined by tissue origin and position within the
vascular bed (ie, artery, capillary, vein, and lymphatic). How this heterogeneity is established during the development of the
vascular system, especially arteriovenous specification of ECs, remains incompletely characterized.

METHODS: We used droplet-based single-cell RNA sequencing and multiplexed error-robust fluorescence in situ hybridization
to define EC and EC progenitor subtypes from E9.5, E12.5, and E15.5 mouse embryos. We used trajectory inference to analyze
the specification of arterial ECs (aECs) and venous ECs (vECs) from EC progenitors. Network analysis identified candidate
transcriptional regulators of arteriovenous differentiation, which we tested by CRISPR (clustered regularly interspaced short
palindromic repeats) loss of function in human-induced pluripotent stem cells undergoing directed differentiation to aECs or
vECs (human-induced pluripotent stem cell-aECs or human-induced pluripotent stem cell-vECs).

RESULTS: From the single-cell transcriptomes of 7682 E9.5 to E15.5 ECs, we identified 19 EC subtypes, including Etv2*Bnip3*
EC progenitors. Spatial transcriptomic analysis of 15 448 ECs provided orthogonal validation of these EC subtypes and
established their spatial distribution. Most embryonic ECs were grouped by their vascular-bed types, while ECs from the
brain, heart, liver, and lung were grouped by their tissue origins. Arterial (Eln, Dkk2, Vegfc, and Egfl8), venous (Fam174b
and Clec14a), and capillary (Kcne3) marker genes were identified. Compared with aECs, embryonic vECs and capillary ECs
shared fewer markers than their adult counterparts. Early capillary ECs with venous characteristics functioned as a branch
point for differentiation of aEC and vEC lineages.

CONCLUSIONS: Our results provide a spatiotemporal map of embryonic EC heterogeneity at single-cell resolution and demonstrate
that the diversity of ECs in the embryo arises from both tissue origin and vascular-bed position. Developing aECs and vECs
share common venous-featured capillary precursors and are regulated by distinct transcriptional regulatory networks.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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vascular system, directing its development, form,
function, and homeostasis. During early vascular
development, ECs acquire arterial, venous, capillary, and
lymphatic identities.'? Vascular development is integrated
with organ specification and morphogenesis, and ECs
specialize in an organotypic manner.3-® These parameters,

Endothelial cells (ECs) are major components of the

vascular-bed position, and tissue origin are major com-
ponents of EC heterogeneity. Adult EC heterogeneity is
mainly determined by tissue origin® The developmental
timeline by which ECs establish their diverse, mature
expression patterns is poorly defined. Current embry-
onic EC single-cell RNA sequencing (scRNA-seq) data®’
are limited to early developmental stages and do not
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Spatiotemporal Single-Cell Map of Embryonic ECs

Novelty and Significance

What Is Known?

+ Endothelial cell (EC) heterogeneity arises from their
tissue source and vessel type, with tissue source being
the main driver of heterogeneity in adult mice.

* Arterial ECs and venous ECs are specified early in
embryogenesis although the steps and regulation of arte-
riovenous differentiation remain incompletely defined.

What New Information Does This Article

Contribute?

* A first spatiotemporal single-cell map of embryonic
ECs from E9.5 to E15.5.

+ Tissue origin predominates the heterogeneity of embry-
onic brain, heart, liver, and lung ECs, while vessel bed origin
predominates the transcriptional signature of other ECs.

» Newly identified markers of embryonic EC subtypes and
transcriptional regulators of arteriovenous specification.

* Arterial ECs and venous ECs share a common interme-
diate plexus state, and arterial ECs form via arterializa-
tion of venous-featured capillary ECs.

We constructed a single-cell map of embryonic ECs
that expand the developmental range beyond prior
single-cell studies of vascular development. Through
spatial transcriptomics, we mapped the distribution of
embryonic EC subtypes. We show that tissue-specific
signatures are established early in the development of
the embryonic brain, heart, liver, and lung. In contrast,
vessel bed type dominates the transcriptional signa-
ture of most embryonic ECs. We defined new molec-
ular markers of several subtypes of embryonic ECs,
including capillaries, veins, and tissue-specific ECs.
Our analysis of arteriovenous differentiation trajecto-
ries suggests that most arterial ECs and venous ECs
share a common intermediate precursor plexus state
and that arterial ECs form by arterialization of venous
features capillary ECs. Our spatiotemporal atlas will
facilitate the study of vascular development.

Nonstandard Abbreviations and Acronyms

aEC arterial endothelial cell
cEC capillary endothelial cell
EC endothelial cell

hiPSC human-induced pluripotent stem cell

MERFISH multiplexed error-robust fluorescence
in situ hybridization

scRNA-seq single-cell RNA sequencing

SMC smooth muscle cell

TF transcription factor

vEC venous endothelial cell

vSMC vascular smooth muscle cell

systematically clarify the origins of embryonic EC hetero-
geneity. Furthermore, current data lack spatial information.

The arteriovenous specification is a key step of early
vascular development that contributes to EC heteroge-
neity by producing arterial ECs (aECs) and venous ECs
(VECs). These EC subtypes have distinct molecular sig-
natures and functions, but the steps by which aECs and
vECs are specified remain uncertain. In classical mod-
els, they develop from different EC progenitors that are
specified at different positions in early embryos8° An
alternative model is that in certain tissues, aECs develop
from VvECs.'9"8 Recent scRNA-seq data were inter-
preted to support the embryonic conversion of vECs to
aECs."*
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The regulatory mechanisms governing arteriovenous
specification have been intensely investigated. VEGF
(vascular growth factor), Notch, and BMP (bone morpho-
genetic protein) signaling pathways regulate the differ-
entiation of aECs and vECs during embryogenesis.2'5~"7
Additionally, the cell cycle is intricately linked to arterio-
venous specification.’®® Arteriovenous specification is
transcriptionally regulated, with transcription factors (TFs)
Sox17 and Foxc1/c2 promoting aEC and Nr2f2 (also
known as COUP-TFII) promoting vEC differentiation.?0-2
However, the transcriptional mechanisms that mediate
arteriovenous specification remain incompletely defined.

Here, we analyzed EC heterogeneity in murine
embryos at key stages of vascular development (E9.5,
E125, and E15.5). We present a comprehensive spatio-
temporal single-EC transcriptomic map and identify the
predominant determinants of embryonic EC heterogene-
ity. Furthermore, we provide a revised developmental tree
for arteriovenous specification. We analyzed the tran-
scriptional regulation of arteriovenous differentiation and
identified USF1 (upstream transcription factor 1) as a
novel TF that promotes aEC differentiation.

METHODS
Data Availability

Detailed methods are in the Supplemental Material. All mate-
rial, data, and detailed protocols are available upon reason-
able request. Please see the Major Resources Table in the
Supplemental Material (Table S1). Animal experiments adhered
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to protocols approved by the Boston Children’s Hospital Animal
Care and Use Committee. The data have been deposited to
Gene Expression Omnibus (GEO): multiplexed error-robust
fluorescence in situ hybridization (MERFISH): GSE247450;
bulk RNA-seq: GSE247449; and scRNA-seq: GSE216970.
Raw MERFISH data are available at https://zenodo.org/
records/10655724.

RESULTS
Identification of Distinct EC Clusters in Mid-to-
Late Gestation Mouse Embryos

We dissociated single cells from E9.5, E12.5, and E156.5
mouse embryos (Figure S1A). We used a modestly

Spatiotemporal Single-Cell Map of Embryonic ECs

selective Magnetic-Activated Cell Sorting protocol for
PECAM1 that maximized cell viability, enriched ECs, and
included EC precursors (Figure 1A; Figure S1B through
S1D). We then used microdroplet technology to capture
and sequence 3b 268 high-quality cells, including ECs,
EC precursors, and other cell types. Following bioinfor-
matic correction, minimal batch effects were evident (Fig-
ure 1E and 1F; Table S2).

Initial clustering identified ECs and 11 other cell types
(Figure S2). We selected ECs based on the expression of
Pecam1, Cdhb, or Kdr. These ECs included EC progeni-
tors, which expressed Kdr, Etv2?32* and Bnip3' and had
low levels of Cdhb and Pecam1 (Figure 1B). EC cluster-
ing identified 20 subclusters with distinct marker genes
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Figure 1. Single-cell RNA-seq profiling of endothelial cells (ECs) in mid-to-late gestation mouse embryos.

A, Scheme of single-cell RNA sequencing (scRNA-seq) experiment design. B, Feature plots of ECs and Etv2* early ECs. Arrows indicate

regions enlarged in insets, showing partial coexpression of Etv2 and Kdr. Ptprc (CD45) labels blood cells. €, Uniform manifold approximation and
projection (UMAP) plot showing 19 clusters of embryonic ECs. D, UMAP plots denoting Etv2* early EC cluster. E, Bar plot showing the proportion
of time points within each EC cluster. The bracketed number denotes the number of cells in each cluster. F, Heatmap of top 10 marker genes for
each cluster. G, Hierarchical clustering and the Pearson correlation coefficient (PCC) heatmap of all EC clusters. The analysis was based on the
signature enriched genes of each cluster identified by the Seurat FindAlMarkers function.
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(Figure S3A through S3C). We excluded one distantly
related cluster that likely represented EC-erythrocyte
doublets that had escaped the doublet filter (Figure S3D
and S3E).

The remaining 7682 ECs and EC precursors were
grouped into 19 distinct droplet clusters (clusters dO—
d18; Figure 1C). d7 cells, which express the EC pro-
genitor markers Etv2 and Bnip3, were mostly from E9.5
embryos, whereas d8, d9, and d 16 cells were mostly from
E15.5 embryos (Figure 1D and 1E). The EC subtypes
had distinct gene expression signatures (Figure 1F; Fig-
ure S4; Tables S3i and S4i). Hierarchical clustering of
the 19 EC subtypes identified 9 groups of most similar
EC subtypes (dotted boxes, Figure 1G; Table S3ii). For
instance, d7 early ECs were most similar to dO, d1, and
d156 ECs.

Tissue-Specific Embryonic ECs

Prior scRNA-seq of adult ECs® demonstrated that their
transcriptional signatures reflect tissue origin more
than vessel type (Figure SBA). After we integrated
these data with our embryonic EC data, only a small
subset of embryonic ECs clustered with adult ECs
(Figure 2A).

We used 3 separate approaches to leverage adult
tissue-specific EC data to identify tissue-specific
embryonic ECs. First, we predicted the tissue origin of
embryonic ECs by transcriptome similarity to adult ECs
(Figure 2B). A minority of embryonic ECs had high pre-
diction scores: embryonic ECs from d3, d6, and d16 were
similar to adult brain ECs, db to adult heart ECs, and d9
and d15 to adult liver ECs. The remaining embryonic EC
clusters had low prediction scores or resembled mixtures
from multiple tissues.

Second, from the adult EC data, we identified highly
tissue-specific markers (Figure SbB) and used them to
classify embryonic EC single-cell transcriptomes. Most
embryonic ECs, including d7 (early ECs), did not express
these adult tissue-selective EC markers in clear patterns,
except for EC subsets that expressed brain, heart, or liver
EC markers (Figure S5C). The prediction approach sug-
gested that d9 resembled adult liver ECs (Figure 2B), but
this inference was not supported by the marker analysis
(Figure S5C).

Third, we experimentally measured marker gene
expression in ECs isolated from individual tissues (brain,
heart, lung, liver, kidney, and small intestine) dissected
from tamoxifen-treated E12.5, E15.5, or adult Cdhb-
CreERT2;Rosa26™™ma mice. We purified ECs from each
tissue by flow cytometry (Figure S6A) and verified their
purity by quantitative reverse transcription PCR (RT-
gPCR; Figure S6B). Across this panel of individual tissue
ECs, we measured 25 markers with selective expression
based on the adult data. In adult ECs, 16 markers were
validated as tissue-specific (Figure S6C). At E15.5, only
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8 remained tissue-specific, and 3 additional markers
were more specific at E15.5 than in adults (Figure SED).
A minority of adult tissue-specific EC markers were con-
served across embryonic stages.

Collectively, these analyses supported the assignment
of a subset of embryonic EC clusters to specific tissues:
brain: d3, d6, and d16; heart, db; liver, d15; and lung,
d8. ECs from other tissues intermingled, indicating that
their transcriptional signatures are primarily determined
by other parameters. Additionally, these results indicate
that tissue-specific EC markers change dynamically dur-
ing development. This was further evident when the adult
and embryonic EC data sets were examined for tissue-
specific EC markers with dynamic developmental expres-
sion (Figure S6E). Embryonic brain, heart, liver, and lung
selective EC markers with differential expression between
stages included Lp8, Slc38a5, Hand2, Stab2, and Scn7a,
respectively.

Embryonic EC Vascular-Bed Heterogeneity

We next studied the contribution of vascular-bed type
to embryonic EC heterogeneity. Recent scRNA-seq
studies on adult ECs provided sets of vessel-type
markers conserved among tissues.® These genes, com-
bined with canonical vessel-type markers, were used
to define the vessel types of embryonic EC clusters
(Figure 2C and 2D; Figure S7A). The early EC cluster
(d7) did not robustly express vessel-type markers, con-
sistent with its precursor identity (Figure 2C). Clusters
d4 and d18 expressed the highest level of nearly all
arterial markers and high levels of large vessel markers
(Vwf and Vecam1),>?5% indicating that they were large
artery ECs (artery_1 and artery_2). Cluster d12 showed
the highest level of most venous markers in addition to
large vessel markers Vwfand Vcam1, indicating that it
contained larger vein ECs (vein). Clusters dO, d1, d2,
d8, d11, d14, and d17 expressed varying subsets of
capillary markers. Clusters dO and d1 largely arose
from earlier stage embryos (Figure 1E) and were most
closely related to the EC progenitor cluster (d7; Fig-
ure 1G) and, therefore, were labeled as capillary plexus
(plexus). The other capillary subsets arose predomi-
nantly from later-stage embryos and were labeled as
capillaries (capil). Cells in d11 expressed arterial and
capillary markers, suggesting an intermediate identity,
leading to their designation as arteriole ECs (capil-a).
Analogously, cells in d2 expressed both venous and
capillary markers, leading us to label them as venule
ECs (capil-v). Cells in d10 highly expressed lymphatic
markers.

Embryonic EC clusters with tissue-specific markers
variably expressed vascular-bed markers (Figure 2C).
Brain ECs (d3, d6, and d16) highly expressed both brain
and capillary EC (cEC) markers, with d3 and d6 also
expressing arterial or venous markers, respectively (d3,
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Figure 2. Heterogeneity of embryonic endothelial cells (ECs).
A, Integrative uniform manifold approximation and projection (UMAP) plot of ECs from adult (data set E-MTAB-8077 from reference %) and
embryonic stages. B, Embryonic EC clusters scored for tissue-specific signatures of adult ECs. Shading indicates that the denoted cluster has
a tissue-specific signature. C, Expression of known vascular-bed type markers in embryonic EC subtypes. The colored genes are adult markers
conserved among tissues identified in reference *. D, Average arteriovenous scores of the cells in each cluster. Ovals denote the distribution
ranges of arteriovenous scores in each cluster. Dashed lines indicate threshold values. E, Embryonic EC clusters annotated for identified
expression signatures. F, Hierarchical clustering of all embryonic EC subtypes using variable genes across the data set. The bottom bar plot
shows the cell number percentage of each cluster and the color indicating the cluster identity. A indicates arterial; capil-a, capillary arterial EC;
capil-v, capillary venous EC; endolCLT, endothelial-to-immune-like cell transition; endoMT, endothelial-to-mesenchymal transition; H, heart; K|
kidney; L, lymphatic; Li, liver; Lu, lung; sinusoid_li, liver sinusoid ECs; and V, venous.

ECs, which line the coronary vessels. Cluster db highly
expressed endocardial EC markers (eg, Npr3) but not
coronary EC markers Fabp4 and Cd36, indicating that d5
contains more endocardial ECs (Figure S7B). Liver ECs
expressed sinusoid markers, such as Stab2 and Lyvel

capil-v_brain; d6, capil-a_brain; and d16, capil-brain).
Lung ECs (d8) expressed cEC markers (capil-lung). Heart
(db) and liver (d15, sinusoid) ECs were poorly annotated
by vessel-type markers. Heart ECs comprise endocar-
dial ECs, which line the heart chambers, and vascular
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(Figures S6E and S7C). Two clusters, d9 and d13, did not
show aclear pattern oftissue-specific orvessel-type mark-
ers. Based on the differentially expressed genes in these
clusters, we annotated them as endothelial-to-immune-
like cell transition®” and endothelial-to-mesenchymal
transition (Figure S7C through S7E; Table S5i).

To further characterize the vascular-bed type of each
cluster, we scored the arteriovenous characteristics of all
embryonic ECs using known arterial and venous marker
genes (see Methods; Figure 2D). Clusters with arterial
features (d4, d6, d11, and d18), especially the 2 large
artery clusters (d4 and d18), had high arterial scores
(Figure 2D). Large vein (d12) and lymphatic (d10) ECs
showed similarly high venous scores (Figure 2D), in line
with the origin of most lymphatic ECs from vECs.282°
Most cECs showed more similarity with vECs than aECs.
This analysis further supports the annotation of clusters
by vessel bed type.

Grouping of embryonic EC subtypes based on highly
variable genes showed that vessel-type ECs clustered
apart from the brain, heart, lung, and liver ECs and lym-
phatic ECs (Figure 2F) and comprised 70% of all ECs.
Collectively, multiple analytical approaches show that
transcriptomes of embryonic ECs from brain, heart, liver,
and lung EC are distinguished mainly by tissue-specific
signatures, while those of ECs from other sites are
grouped by their vascular-bed position.

Spatial Distribution of Embryonic ECs

To verify the EC subtypes identified by scRNA-seq and
map their spatial distribution, we performed MERFISH3°
experiments on sagittal sections obtained from E9.5 and
E15.5 embryos (Figure 3A). We designed a 300-gene
panel comprising classical EC and smooth muscle cell
(SMC) markers and the top markers for each EC sub-
type identified by scRNA-seq (Figure 3B). All 3 samples
showed high data quality, and 295 genes were success-
fully decoded and passed quality control (Figure S8A
through S8F). EC and SMC markers were expressed
in expected patterns, confirming the good quality of the
MERFISH data (Figure S9A and S9B). We integrated
all cells and selected ECs and SMCs based on scores
calculated from known markers (15 448 ECs: Etv2 Kdr,
Cdhb, and Pecam1; 5134 SMCs: Myh11, and ActaZ, Fig-
ure SOC through S9I). These ECs were grouped by gene
expression into 25 clusters (pO—-p24) with distinct spa-
tial distributions (Figure 3C through 3E). The majority of
cells in each cluster originated from E15.5, except for the
early EC cluster (p20), marked by Etv2 and found mostly
at E9.5 (Figure 3F).

To interrelate MERFISH and scRNA-seq data, we coem-
bedded ECs from both data sets3' ECs from scRNA-seq
and MERFISH intermingled well (Figure 4A; Figure ST10A).
MERFISH clusters p2, p4, p6, p9, p19, and p24 did not
have scRNA-seq counterparts. We used 2 approaches to
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annotate the MERFISH ECs. First, we used the scRNA-seq
ECs as areference to predict the identity of each MERFISH
EC and then scored MERFISH clusters by the fraction of
cells with the highest prediction score for each scRNA-seq
EC subtype (Figure 4B; Figure S10B). For example, most
pO ECs scored highest for d2 (capil-v); mostp1 ECs scored
highest for d1 (plexus_2). Other such mappings were p4
and p12, d6 (capil-a brain); pb, db (endocardial); p7, d4
(artery_1); p10, d10 (lymphatic); and p18, d9 (endothelial-
to-immune-like cell transition; Figure 4B; Figure S9). Sec-
ond, for each MERFISH cluster, we calculated the score
of each scRNA-seq subtype’s marker panel. These meth-
ods had excellent overall agreement, except for p20, which
most highly expressed the d7 (early EC) marker panel but
was predicted to most closely match d1 (pIexus_Q), another
immature EC cluster (Figure 4C). ECs of several MERFISH
clusters mapped to multiple scRNA-seq EC subtypes, sug-
gesting cell heterogeneity. For example, subsets of p2 cells
resembled dO (plexus_1), d1 (plexus_2), d3 (capil-v_brain),
and d15 (sinusoid_liver) and subsets of p3 cells resem-
bled d2 (capil-v), d5 (endocardial), d13 (endothelial-to-
mesenchymal transition), and d18 (artery_2; Figure 4B).
Subclustering on these heterogeneous MERFISH EC clus-
ters revealed cell subsets that scored highest for different
scRNA-seq cluster marker panels (Figure 4D through 4J).
For example, subclusters p2-2 and p2-5 are mapped to dO
(plexus_1) and p2-3 mapped to d15 (sinusoid_liver); sub-
clusters p3-3 and p3-5 were similar with d18 (artery_2),
while p3-2 and p3-4 resembled d5 (endocardial). Collec-
tively, MERFISH clusters showed good correspondence
with scRNA-seq clusters (summarized in Figure 4K).

We measured neighborhood enrichment to investigate
the spatial correlation of the MERFISH EC clusters. This
separated ECs into tissue-specific (x60% of total ECs
analyzed) and widespread EC sets (Figure bA). Tissue-
specific ECs showed the highest enrichment score with
themselves and a low score with other clusters (Figure BA
through 5D), while widespread ECs did not show high
enrichment scores with themselves and had relatively high
scores with several other clusters (Figure 5A, 5E, and 5F).
Notably, brain ECs (p4, p6, p9, p12, and p14) were divided
into 2 groups: p4, p6, and p12 were widespread within
the brain but not at its surface, while p9 and p14 were
mostly from the brain surface (Figure 5C). The spatial
distributions ofthe 2 specialized clustersd9(endothelial-to-
immune-like cell transition) and d13 (endothelial-
to-mesenchymal transition) were also different: the
counterparts of d9 (p0-6 and p18) were widespread
without tissue specificity (Figure bF; Figure S11A), while
most d13 (endothelial-to-mesenchymal transition) coun-
terparts showed tissue-specific distributions: p24 (lung
and digestive system; Figure 5B), p1-7 and p21 (digestive
system; Figure BD; Figure S11B), and part of p7-3 (lung,
digestive system, and kidney; Figure S11F). Subclusters
of lung and kidney ECs in p1 had tissue-specific distri-
butions: p1-1/3/4, which mapped to d8:capil_lung, was
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Figure 3. Single-cell spatial transcriptomics map of mouse embryonic endothelial cells (ECs) using multiplexed error-robust

fluorescence in situ hybridization (MERFISH).

A, Experimental overview of spatial transcriptomics using the MERFISH platform. Red lines indicate the approximate positions of sample slices.
B, Composition of the MERFISH panel. C, Spatial distribution of ECs and EC progenitors identified from MERFISH data. D, Spatial distribution
of ECs and EC progenitors annotated by gene expression cluster (designated p for probe-based). E, MERFISH clusters can be distinguished
from one another by pairs of marker genes. F, Distribution of the developmental stage for ECs in each MERFISH cluster. The cell number of each
cluster is shown in brackets. AG indicates adrenal gland; B, brain; Di, digestive system; H, heart; K, kidney; Li, liver; and Lu, lung.

located in the lung, and p1-2, corresponding to d2:capil-
v, was mostly from the kidney (Figure S11B). Subcluster
p2-3, the counterpart of d15 (sinusoid_liver), was specifi-
cally distributed in the liver (Figure S11C). Overall pb was
similar to d5 (endocardial; Figure 4), but subclustering
revealed that only a subset, pb-1, distributed in the inner
part of the heart and closely resembled d5 (endocardial),
whereas pb-2 resided in both outer and inner parts of the
heart and was more similar to heart vascular ECs (Figure

Circulation Research. 2024;134:529-546. DOI: 10.1161/CIRCRESAHA.123.323956

S11E). These results further demonstrate that ECs may
become specialized early in embryonic development
along with the specialization of organs.

Collectively, we applied orthogonal methods, MERFISH
and scRNA-seq, and identified subtypes of embryonic ECs
with distinct transcriptome signatures and spatial distribu-
tions. The excellent agreement between these approaches
demonstrates the reproducibility of our data and analyses
and spatially mapped embryonic EC subtypes.
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Figure 4. Correspondence between multiplexed error-robust fluorescence in situ hybridization (MERFISH) and single-cell RNA

sequencing (scRNA-seq) clusters.

A Integrative uniform manifold approximation and projection (UMAP) plot of all endothelial cells (ECs) characterized in scRNA-seq and MERFISH
experiments. Unique MERFISH clusters are labeled. B, Prediction of MERFISH cell identity from scRNA-seq data (main UMAP) compared with
MERFISH cell identities from MERFISH data (inset). Heatmap shows the fraction of cells from MERFISH clusters (rows) predicted to have

each scRNA-seq cluster label (columns; right). C, Enrichment scores of scRNA-seq marker gene panels measured in the MERFISH data set. D
through J, Subclustering of MERFISH EC clusters with high complexity. Adjacent heatmaps show the similarity between MERFISH clusters and
scRNA-seq clusters. K, Summary of corresponding MERFISH and scRNA-seq clusters.
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Figure 5. Spatial heterogeneity of mouse embryonic endothelial cells (ECs).

A, Neighborhood enrichment of multiplexed error-robust fluorescence in situ hybridization (MERFISH) EC clusters. The bottom bar plot shows
the cell number percentage of each cluster, and the color denotes the cluster identity. B through F, Spatial distribution of tissue-specific (B-D)
and widespread (E and F) ECs identified by MERFISH. Tables show the corresponding single-cell RNA sequencing (scRNA-seq) and MERFISH
clusters. AG indicates adrenal gland; Di, digestive system; H, heart; K, kidney; Li, liver; Lu, lung; and NA, not applicable.

Next, we used MERFISH data to further character-  developmental stages (Figure S6D)—Slcolc! and

ize the expression of adult tissue-specific EC mark- Spock2 (brain), Cpe (heart), Foxf1 (lung), Pbx1 (kid-
ers. Markers that we found to be conserved across ney), and Nkx2-3 (intestines)—were validated using
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the MERFISH data (Figure S12A). We also verified
embryonic tissue-specific markers identified in our
scRNA-seq data (Figure S12B) and noted that some
additional markers of tissue-selective ECs—0Odc1 and
Car2—were highly enriched in the liver, Stra6 was most
highly expressed in the kidney, and Casz1 was relatively
enriched in muscle tissues (Figure S12C). These results
reinforce the establishment of tissue-specific EC sub-
types during embryonic development and the dynamic
changes of many but not all tissue-specific EC markers
between embryonic and adult stages.

Molecular Signatures of Vascular-Bed-Specific
ECs

To further understand the differences between ECs
from different vascular beds, we focused on clusters
that were grouped by vessel type. We aggregated the
capillary subtypes (dO, d1, d8, d14, and d17) into a
single capillary cluster (capil; Figure 6A). We then ana-
lyzed the expression of established arterial-capillary-
venous markers across EC subtypes and observed
clear patterns (Figure 6B). The capillary cluster
showed lower levels of known capillary markers, pos-
sibly because this cluster predominantly comprised
less mature ECs from plexus_1 (dO) and plexus_2
(d1), which share similar features with EC progenitors
(d7; Figures 1G and 2F). Cxcr4, Dlli4, and Notch1 were
highly expressed in artery_1 (d4) and capil-a (d11),
while Jag? and Fbin2 were exclusively expressed in
artery_2 (d18; Figure 6B). The distinct signatures of
these vascular-bed EC types were further highlighted
by an analysis of their top 10 marker genes (Figure 6C;
Tables S3iii and 4ii). Most of these top markers were
specifically expressed in individual types of vessel bed
ECs, suggesting their value as vessel bed type markers
(Figure 6C and 6D). For example, Lbp and Fam174b
were specifically expressed in vECs (d12), Dkk2 and
Eln in artery_2 ECs (d18), Vegfc and Egfi8 in artery_1
(d4; Figure 6D), and Kcne3 in capil-a (d11), capil, and
capil-v (d2; Figure 6D).

EC proliferation and angiogenesis are intrinsic to the
rapid growth of the embryonic vasculature. By transcrip-
tome analysis, we assessed the cell-cycle phase of each
EC. Most aECs and vECs were in G1 (Figure 6E). A small
fraction of cECs were also in G1 (capil_2), but most
were in S (plexus_1 and capil-lung) or G2M (plexus_2).
Plexus_2 was enriched for cell-cycle-related Gene
Ontology (GO) terms, further confirming its proliferative
activity (Figure 6F; Table Sbii). Capil_2 was enriched for
angiogenic signature genes, indicating that it contained
angiogenic ECs (Figure S7F and S7G; Table Sbi). Taken
together, these results further illustrate the plasticity and
heterogeneity of cECs.

To verify these identified markers for aEC-vEC, we
explored their expression in our MERFISH data and by
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targeted RNA in situ hybridization. Arteries and veins,
identified by their anatomic positions, were probed for
expression of canonical aEC and vVEC markers Gja4 and
Nr2f2, respectively (Figure 6G; Figure S13A through
S13D). Gja4 was specifically expressed in aECs. Nr2f2
was highly expressed in VECs, but low levels could also
be detected in aECs. In addition, Nr2f2 was expressed
strongly in non-ECs adjacent to vessels (white arrow-
heads, Figure S13C). Consistent with bioinformatic pre-
diction, Eln was specifically and highly expressed in aECs
(Figure 6G; Figure S13E). Other predicted aEC genes,
Dkk2, Egfi8, and Vegfc, were highly expressed in aECs
and lowly expressed in vECs (Figure 6G; Figure S13D
and S13F). Kcne3 was highly expressed in cECs (Figure
S13G and S13H). aEC expression of Vegfc may provide
guidance cues for lymphatics to migrate alongside arter-
ies.323% Unlike arterial markers, most predicted venous
markers were not specific. Among the more highly spe-
cific vEC markers was Clec14a (Figure 6G).

In addition to transcriptional differences, aECs and
vECs are also distinguished by their different spatial
relationship with vascular SMCs (vSMCs)—arteries
have significantly more vSMCs. Therefore, we explored
the spatial correlation of ECs and vSMCs with our
MERFISH data (Figure S14). Computationally selected
SMCs (Figure S8) are grouped into 8 subtypes by their
molecular signatures (Figure S14A and S14B). Most
SMC subtypes localized to specific organs, whereas
a less localized SMC subset was identified as vSMCs
(Figure S14C). We then examined the spatial distribu-
tion of vascular-bed ECs and SMCs (Figure S14D and
S14E). Neighborhood enrichment analysis showed that
artery_1 neighbored vSMCs, artery_2, was close to
capil-v, capil_2 was close to muscle, capil-a was close
to heart SMCs, and plexus_1 was close to liver SMCs
(Figure S14F). Spatial plots further verified the spatial
correlation and confirmed that artery_1 was mostly
derived from big arteries (eg, carotid artery and dorsal
aorta), while artery_2 and vein clusters included ECs
from both big and small vessels (Figure S14G).

Together, our data show that ECs in different vas-
cular beds can be distinguished with molecular signa-
tures, markers, and spatial distributions identified by our
analyses.

Arterialization of Venous-Featured Plexus
During Embryonic Arterial Specification

The establishment of aEC and vECs is critical for
embryonic vascular development. To identify the steps
by which aECs and vECs are specified, we performed
developmental lineage trajectory analysis with Sling-
shot3* We excluded capil_1 from this analysis of
arteriovenous differentiation because it had transcrip-
tomic features of more mature capillaries rather than
of angiogenic ECs and predominantly originated from
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Figure 6. Molecular signatures of vascular-bed-specific endothelial cells (ECs).

A, Uniform manifold approximation and projection (UMAP) plot showing vascular-bed types of embryonic ECs. B, Expression of known arterial EC
(aEC, red), venous EC (VEC; blue), and capillary (black) marker genes. C, Expression of the top 10 marker genes within each EC subtype shown
in A. D, Expression of selected genes that were highly enriched in specific EC subtypes. E, Cell-cycle phases in arterial, venous, and capillary

ECs (cECs) inferred by transcriptomic analysis. F, Top 10 enriched Gene Ontology (GO) terms of cECs in plexus_2. G, Sagittal section of E15.5
embryo stained with multiplexed error-robust fluorescence in situ hybridization (MERFISH) probes. Images were captured by the MERFISH
imaging platform. G”: polyT staining. G to G””: MERFISH fluorescent signals, amplified and merged by Imaged. Arrows and arrowheads highlight
higher expression in aECs and vECs, respectively. The anatomic positions of selected artery (A), vein-1 (V1), and vein-2 (V2) (Continued)
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later-stage embryos (Figures 1E and 2D; Figure S7F).
Starting from EC progenitors (d7), the EC developmen-
tal tree inferred by Slingshot contained 4 branches: an
arterial branch, a venous branch, and branches related
to proliferating or specialized cEC subsets (Figure 7A).
In the venous trajectory, EC progenitors pass through
an immature capillary intermediate state (do, plexus_1)
to form cECs with venous features (d2, capil-v), which
then differentiate into vVECs (d12) through an angio-
genic intermediate state (d17). In the arterial trajectory,
EC progenitors follow the same path to form venous-
featured cECs (d2, capil-v) and then diverge to differ-
entiate into cECs with arterial features (d11, capil-a)
and subsequently into aECs (d4 and d18, artery_1 and
artery_2).

This analysis identifies the venous-featured plexus
(d2, capil-v) as a lineage decision point, with aEC dif-
ferentiation occurring through arterialization of venous-
featured cECs. Trajectory analysis by another tool,
URD,* identified similar trajectories between EC pro-
genitors and aECs and vECs, again with d2 (capil-v) as
the predominant branch point (Figure S15A and S15B).
Independent validation of this trajectory inference came
from RNA velocity analysis, which infers cell relationships
based on the kinetics of mMRNA splicing.?® RNA velocity
results were largely consistent with Slingshot and URD:
it identified aEC and vEC trajectories originating from
EC progenitors and diverging at venous-featured capil-
laries (d2, capil-v) to yield aECs and vECs (Figure 7B).
Close inspection showed diverging RNA velocity streams
within plexus_1 (d0), with some streams crossing a nar-
row isthmus of venous-featured capillaries (d2, capil-v) to
terminate on vECs (d12) and other streams crossing the
main body of venous-featured capillaries toward aECs
(d11,d4, and d18). Together, the different computational
methods define similar arteriovenous differentiation tra-
jectories that proceed from EC progenitors to venous-
featured cECs, which further differentiate toward vECs
or undergo arterialization to yield aECs.

To validate these trajectories, we analyzed the expres-
sion of representative aEC and vEC marker genes along
the arterial and venous differentiation pseudotime. Over
the aEC trajectory, we observed upregulation of estab-
lished aEC marker genes, Efnb2, Sox17, Gja4, Dll4,
and Mecom, and downregulation of vVEC marker genes,
Ephb4, Nr2f2 Nrp2, and Firt2 (Figure 7C). In contrast, we
observed the opposite pattern during vEC development
pseudotime. Notch pathway activation, which promotes
arterial differentiation, was observed in aEC but not vEC
differentiation (Figure S15C). Consistent with our ear-
lier cell-cycle activity analysis, cell-cycle marker expres-
sion declined during both arterial and venous trajectories

Spatiotemporal Single-Cell Map of Embryonic ECs

(Figure S15D). These analyses further validated the
inferred aEC and vEC differentiation trajectories.

Next, we scored each cell for arterial or venous char-
acter based on their expression of known marker genes.
EC progenitors and cECs exhibited venous character,
which increased during venous differentiation pseu-
dotime (Figure 7C; Figure S15E). In contrast, arterial
character increased following bifurcation of the arterial
trajectory at d2 (capil-v). This analysis further highlights
the arterialization of venous-featured ECs during arterial
differentiation.

We then investigated the dynamic transcriptional fea-
tures of embryonic arteriovenous differentiation. Eight
major gene modules (M1-M8) along the arterial and
venous differentiation paths were identified based on
differential gene analyses (Figure 7D). Module 6 genes
were most highly expressed in the capil-v state and
showed enrichment of signaling pathways involved in cell
death, herpesvirus infection, and protein phosphorylation
(Figure 7D and 7E; Table Sbiii), suggesting that these
genes regulate this special intermediate state of arterio-
venous differentiation.

To further verify the arteriovenous trajectories, we
integrated our data set (E9.5, E12.5, and E15.5) with a
data set by Hou et al” (E9.0 and E10.0) from the same
microdroplet platform to expand the cell number and
the coverage of the developmental stages and the num-
ber of cells (Figure 7F). cECs (plexus_1, plexus_2, and
capil_lung) from the current data set intermingled well
with the cells annotated by Hou et al as venous VEC
(Figure 7F, left) and also functioned as an intermediate
following progenitor ECs for arteriovenous specification
(Figure 7F, right). Moreover, trajectory analysis showed
that both large artery ECs (artery_1 and artery_2) and
ECs annotated as arterial plexus ECs (Vwal+VEC)
by Hou et al. differentiated from venous cECs (capil-v;
Figure 7F, right). These analyses further validated the
arterialization of venous-featured cEC during embryonic
arterial development.

Transcriptional Regulation of Arteriovenous
Differentiation

To study the underlying molecular mechanisms driving
arteriovenous differentiation, we used single-cell regu-
latory network inference and clustering, which identifies
regulons (groups of genes coregulated by the same TF)
based on gene coexpression network analysis, TF motif
enrichment, and TF expression.?” Single-cell regulatory
network inference and clustering analysis predicted
that different regulons predominate in different EC sub-
types (Figure 8A). For instance, ETV2 and ETS1 regulon

Figure 6 Continued. are marked by dotted lines. G”: classical arterial and venous markers confirmed the arteriovenous identities of selected
vessels. G”” and G””: newly identified arterial and venous marker genes, respectively. Capil indicates capillary EC (cEC; union of capil-lung,
capil_1, capil_2, plexus_1, and plexus_2); capil-a, capillary arterial EC; and capil-v, capillary venous EC.
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Figure 7. Developmental cell lineage tree of embryonic arteriovenous differentiation.

A, Trajectory of arteriovenous differentiation inferred by Slingshot. B, RNA velocity vector field displayed on the uniform manifold approximation
and projection (UMAP) plot. A randomly selected early endothelial cell (EC) was specified as the starting point. C, Expression of the indicated
venous and arterial marker genes along the arterial and venous differentiation paths inferred by Slingshot. Cells are ordered on the x axis by
differentiation pseudotime. Arteriovenous scores are shown at the bottom of each plot. Red and blue shading toward the right-hand side of each
plot indicates arterial ECs (aECs) and venous ECs (vECs), respectively. D, Gene expression during the Slingshot arteriovenous differentiation
trajectory. Eight major gene modules (M) were identified, with peak expression in arteries (M1 and M2), capil-a (M3), early EC and capillary
plexus (M4), early EC (M5), capil-v (M6), capil_2 (M7), and vein (M8). E, The top 10 enriched Gene Ontology (GO) terms for M6, in which gene
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Figure 8. Transcriptional regulation of arteriovenous differentiation.

A, Transcription factor (TF) gene-regulatory networks inferred by single-cell regulatory network inference and clustering. Columns: individual
endothelial cell (EC) clusters. Rows: extended TF regulons. Selected regulons mentioned in the text are highlighted. B, TF expression in each
cluster. Each row represents 1 TF and each column represents 1 cell, grouped by EC cluster. Representative TFs are highlighted. C, Expression of
selected TFs in arteriovenous clusters. D, Schematic of iPSC platform for differentiation into human-induced pluripotent stem cell (hiPSC)-arterial
EC (aECs; aDiff-3S) or hiPSC-venous ECs (VECs; vDiff-4S). Modified from Ang et al®® with permission. E, Quantitative reverse transcription PCR
(RT-gPCR) showing expression of selected TFs at day 1 (hiPSC), the start point of differentiation. F, Expression of selected TFs during hiPSC-
aEC and hiPSC-vEC differentiation. D-1 serves as the starting point. G, Gene targeting strategies to knockout (KO) USF1, XBP1, MECOM, and
IRX5 in iPSCs. H and I, Quantification of hiPSC-aEC and hiPSC-vEC differentiation efficiencies of wild-type (WT) and KO hiPSCs as quantified
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activities were upregulated in early ECs (d7) and capil-
a (d11), respectively, whereas an SOX7 network was
enriched in artery_1 and artery_2 (d4 and d18), and vECs
(d12) showed increased activity of an NR2F2 network.
These predictions are consistent with known functions of
these TFs in EC and arteriovenous specification.20232439
Mecom, recently reported to regulate arteriovenous dif-
ferentiation, was predicted to regulate arterial clusters.*
Unexpected TF regulons identified included USF1 in
early ECs; MSX1, IRX5, and XBP1 in arterial clusters;
and IRF3 and NR1H2 in venous clusters (Figure 8A).

To further investigate TFs that govern arteriovenous
differentiation, we analyzed the TF markers of embryonic
EC subtypes. Each embryonic EC class expressed a dis-
tinct TF set (Figure 8B; Table S6). For example, aECs
more highly expressed Mecom and Msx1 and vVECs Nr2f2
(Figure 8B and 8C). The expression patterns of several
of the TFs implicated by single-cell regulatory network
inference and clustering to regulate arteriovenous differ-
entiation did not show selective expression in expected
EC subtypes: Usfl, Xbp1, Nrih2, and Irf3 were widely
expressed, and /x5 was not detected (Figure 8C).

To mechanistically study arteriovenous differentia-
tion, we differentiated human-induced pluripotent stem
cells (hiPSCs) into aECs or vECs® (hiPSC-aECs and
hiPSC-vECs; Figure 8D). In this system, we profiled
single-cell regulatory network inference and clustering
candidate genes MECOM, IRX5, USF1, and XBP1 and
control genes OCT4, T (Brachyury), and ETV2 by RT-
gPCR (Figure 8E and 8F). As expected, stem cell marker
OCT4 was highly expressed in iPSCs and subsequently
downregulated, and expression of EC progenitor marker
ETV2 peaked at day 2, just before arteriovenous differ-
entiation. USF1 and XBP1 were robustly expressed at all
stages with a peak at day 1. MECOM increased in both
hiPSC-aECs and hiPSC-vECs but reached higher levels
in hiPSC-aECs. IRX5 was nearly undetectable in EC lin-
eages. These expression patterns suggested that USF1
and XBP1 may function in EC differentiation and Mecom
may participate more in arterial differentiation.

To test the requirement of USF1, XBP1, MECOM, and
IRX5 in EC differentiation, we used CRISPR (clustered
regularly interspaced short palindromic repeats) genome
editing to create knockout hiPSC lines (Figure 8G). For
each gene, we isolated 2 knockout clones (Figure S16).
Then, we differentiated the clonal lines and measured
hiPSC-aEC and hiPSC-vEC differentiation efficiencies
on day 4. IRX5, MECOM, or XBP1 knockout did not
impair either hiPSC-aEC or hiPSC-vEC differentiation.
Ablation of USFT consistently reduced hiPSC-aEC dif-
ferentiation efficiency in 2 different hiPSC clones, but its
inhibitory effect on venous differentiation varied between

Spatiotemporal Single-Cell Map of Embryonic ECs

clonal lines (Figure 8H and 8l). Collectively, these data
demonstrated USF7 functions in efficient hiPSC-aEC
differentiation. Further work will be needed to test its role
in arteriovenous specification in vivo.

DISCUSSION

We established a single-cell transcriptome map of embry-
onic ECs during key stages of vascular development,
identified 19 distinct EC subtypes, and mapped their
spatial distribution. Our study provides novel insights into
arteriovenous differentiation and the sources of endo-
thelial heterogeneity during embryonic development.

Tissue origin and vessel type are major determinants
of EC heterogeneity. Among adult ECs, heterogeneity pri-
marily arises from tissue rather than vessel-type specific-
ity.3 A prior study of E14.5 embryos also concluded that
ECs group by their tissue origins® but this study did not
verify the embryonic expression patterns of adult tissue-
specific markers used to reach this conclusion. Another
scRNA-seq study of E8-E11 embryos showed that ECs
from different parts of the embryo, except the yolk sac,
intermingle with each other and cluster by vessel type.”
We curated tissue-specific EC markers and then charac-
terized their expression in embryonic and adult ECs from
individual tissues. Only a subset of adult tissue-specific
EC markers had similar specificity in embryonic ECs.
Moreover, only a small subset of embryonic ECs were
grouped by their tissue origin, while most were grouped
by vessel type. Spatial transcriptomics validated these
analyses and demonstrated that most embryonic ECs fall
into a widespread category that is not defined by tissue-
specific markers. Together, these data demonstrate that
vascular-bed heterogeneity predominantly contributes to
embryonic EC heterogeneity. This suggests that murine
tissue-specific EC differentiation mostly occurs after
E15.5, during late organ development.

Marker genes are vital for biologists to study differ-
ent cell types. Several markers of aECs and vECs have
been described.*' Arterial markers such as Dil4 and Gja4
are generally robust and were validated in embryonic
ECs by this study. However, classical venous markers
are often less specific. For example, Ephb4, Nip2, and
Nr2f2 are also highly expressed in lymphatic ECs and
can be detected in some early ECs, cECs, and aECs.
Here, we identified and validated new embryonic vEC
markers Lbp, Fam174b, and Clec14a and cEC marker
Kcne3. In addition, we identified tissue-specific EC mark-
ers that are conserved between embryonic and adult
stages (eg, Slc2al [brain], Foxf1 [lung], Pbx1 [kidney],
and Nkx2-3[small intestine], respectively) or are specific
for embryonic stages (eg, Slc38ab [brain], Hand2 [heart],

Figure 8 Continued. Each point represents an independent differentiation sample. BSD indicates blasticidin; BGH polyA, the bovine growth
hormone polyadenylation; CAG promoter, the cytomegalovirus (CMV) enhancer fused to the chicken beta-actin promoter; LM, lateral mesoderm;

PAM, protospacer adjacent motif; and mid PS, mid primitive streak.
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and Stab2[liver]). These markers will facilitate the further
study of ECs.

The cellular origins of aECs and vECs remain contro-
versial. Lineage tracing studies at early embryonic stages
demonstrated that aECs and vECs develop from differ-
ent progenitors with different embryonic positions and
stages.f® Developing zebrafish cardinal veins arise from
the dorsal aorta,*? whereas a subset of aECs in develop-
ing heart, brain, and retina develops from vECs through
a fate conversion.'®"® Here, by single-cell sequencing
of E9.b to E156.5 embryos, we captured ECs at differ-
ent states of arteriovenous differentiation, including pre-
cursors, intermediate plexus, and immature and mature
capillary, artery, and vein ECs. We integrated these data
with previously published data from earlier embryos to
construct complete differentiation trajectories from early
EC progenitors to mature aECs and vECs. Both aEC and
vEC developmental paths proceed through a special
capillary plexus state with venous characteristics and
high proliferative potential. This venous capillary plexus
state is a branch point. One branch leads to mature
vECs. A second branch leads to mature aECs, suggest-
ing that arterialization of a venous-featured capillary
plexus is the predominant pathway for arterial specifi-
cation in the mouse embryo, consistent with a study of
E8to E11 embryos’ that identified venous arterialization
as a source for a subset of aECs. Together, this study
reveals a more complete and detailed model for embry-
onic arteriovenous differentiation.

Prior studies of signaling pathways and transcrip-
tional mechanisms that govern arterial and venous
specification identified Notch and high VEGFA (vas-
cular endothelial growth factor A) as critical for arte-
rial specification, while BMP signaling and NR2F2
are vital for venous specification.'®'7204344 This study
revealed the transcriptional dynamics of arterial and
venous specification and the expression pattern and
regulons of TF enriched along aEC and vEC differ-
entiation trajectories. These analyses predicted novel
transcriptional regulators of arteriovenous specifica-
tion. We tested these predictions in a hIPSC to aEC or
vEC differentiation system. These experiments showed
that USF1, a widely expressed TF, promotes effective
aEC specification. However, USF1 knockout mice do
not have overt vascular development defects,* possibly
due to genetic compensation by other factors such as
USF2. Further studies to interrogate USF1 function in
vivo are warranted.

Some limitations of this study are that we dissociated
whole embryos for scRNA-seq rather than individual tis-
sues. Our approach minimized the batch effect between
tissues but may have limited our sensitivity to tissue-
specific differences. Our analyses focused on integra-
tive analyses across developmental stages. This strategy
allowed us to analyze cells from multiple developmental
time points at once and use them to build a cohesive
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arteriovenous differentiation trajectory but may have
reduced sensitivity for stage-specific changes in gene
expression or cell states.

CONCLUSIONS

Our results provide a spatiotemporal map of embryonic
EC heterogeneity at single-cell resolution and demon-
strate that the diversity of ECs in the embryo arises from
both tissue origin and vascular-bed position. Developing
aECs and vECs share common venous-featured capillary
precursors and are regulated by distinct transcriptional
regulatory networks.
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