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Abstract

The migratory cardiac neural crest cells (CNCCs) contribute greatly
to cardiovascular development. A thorough understanding of the
cell lineages, developmental chronology, and transcriptomic states
of CNCC derivatives during normal development is essential for
deciphering the pathogenesis of CNCC-associated congenital
anomalies. Here, we perform single-cell transcriptomic sequencing
of 34,131 CNCC-derived cells in mouse hearts covering eight devel-
opmental stages between E10.5 and P7. We report the presence of
CNCC-derived mural cells that comprise pericytes and microvascular
smooth muscle cells (MVSMCs). Furthermore, we identify the transi-
tion from the CNCC-derived pericytes to mVSMCs and the key regu-
lators over the transition. In addition, our data support that many
CNCC derivatives had already committed or differentiated to a
specific lineage when migrating into the heart. We explore the
spatial distribution of some critical CNCC-derived subpopulations
with single-molecule fluorescence in situ hybridization. Finally, we
computationally reconstruct the differentiation path and regulatory
dynamics of CNCC derivatives. Our study provides novel insights into
the cell lineages, developmental chronology, and regulatory dynam-
ics of CNCC derivatives during development.
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Introduction

Neural crest cells (NCCs) are a multipotent, migratory cell popula-
tion that delaminates from the dorsal part of the neural tube via
epithelial-to-mesenchymal transition (Bhatt et al, 2013). During
embryogenesis, migratory NCCs give rise to a plethora of cell
lineages and contribute to the development of a variety of tissues

and organs, such as the skull bones, adrenal gland, enteric nervous
system, and heart (Szabé & Mayor, 2018). While the heart is mostly
of mesodermal origin, NCCs, which are ectodermal derivatives, contri-
bute greatly to heart development (Sieber-Blum, 2004). The subpopu-
lation of NCCs contributing to the heart is referred to as cardiac NCCs
(CNCCs) (Plein et al, 2015). Since these cells were first discovered by
Kirby et al (1983), CNCCs have been demonstrated to play essential
roles in cardiovascular development including the remodeling of the
pharyngeal arch arteries, cardiac outflow tract (OFT) septation, valvu-
logenesis, and cardiac innervation (Keyte & Hutson, 2012). Genetic or
environmental disturbance of the migration, survival, and differentia-
tion of CNCCs may result in congenital cardiovascular anomalies.
Various human syndromes involving severe congenital heart defects
have been associated with CNCCs, such as DiGeorge, Noonan, and
CHARGE syndromes (Keyte & Hutson, 2012; Plein et al, 2015). A thor-
ough understanding of the cell lineages, transcriptomic states, and
regulatory networks of CNCC derivatives during normal development
is essential for deciphering the pathogenesis of these CNCC-associated
congenital cardiovascular anomalies.

In recent decades, significant advances in understanding the
CNCC contributions to heart development have been made by using
lineage tracing mouse models such as Wnti1-Cre mice (Jiang et al,
2000), although some aspects remain contentious. In these models,
all CNCCs and their derivatives are genetically labeled by the Cre-
loxP recombinase system and observed via LacZ staining or fluores-
cence imaging (imaging-based lineage tracing) (Wu et al, 2019).
After delamination from the neural tube (embryonic day 8.5, E8.5),
CNCC derivatives first colonize the pharyngeal arch artery and ulti-
mately differentiate into vascular smooth muscle cells (VSMCs) of
the aortic arch (Plein et al, 2015). Starting at E10.5, CNCC-derived
mesenchymal cells migrate into the OFT and join the cushion
mesenchyme, where they participate in the formation of the aorti-
copulmonary septum for complete separation of the pulmonary and
systemic circulation (Lin et al, 2012). These CNCC-derived
mesenchymal cells eventually give rise to part of the smooth muscle
walls of the great arteries (Sawada et al, 2017). The remodeling of
OFT cushions also results in the formation of semilunar valvular
leaflets, among which CNCC derivatives mainly contribute to the
two leaflets adjacent to the aorticopulmonary septum (Jiang et al,
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2000; Nakamura et al, 2006). CNCCs have also been suggested to
directly contribute to the smooth muscle walls of the proximal coro-
nary arteries (Jiang et al, 2000; Arima et al, 2012). In addition to
the entry point described above (i.e., the arterial pole of the heart),
CNCC derivatives enter the heart from a second entry point, the
venous pole at E12.5, whereby they penetrate the heart and migrate
into the atrioventricular valves (Poelmann et al, 2004; Nakamura
et al, 2006). All the melanocytes in atrioventricular valves are
derived from CNCCs (Nakamura et al, 2006).

In addition, neurons and glial cells derived from CNCCs contri-
bute to the parasympathetic innervation of the heart (Nakamura
et al, 2006; Hildreth et al, 2008). CNCC-derived neurons in the heart
were first observed at E11.5 (Hildreth et al, 2008; Végh et al, 2016).
Although it has been suggested that CNCCs are required for normal
development of the cardiac conduction system (CCS), it remains
contentious whether CNCCs directly contribute to the CCS, which is
known to be derived from the myocardium (myocardial conducting
cells) (Keyte & Hutson, 2012; Plein et al, 2015). Likewise, the pres-
ence of CNCC-derived cardiomyocytes in amniotes (e.g., mice)
remains controversial (Engleka et al, 2005; Plein et al, 2015),
although the contribution of CNCCs to myocardium has been
demonstrated in non-amniotic vertebrates, for example, zebrafish
(Cavanaugh et al, 2015; Tang et al, 2019).

Mural cells include pericytes that discontinuously ensheath capil-
laries and microvascular smooth muscle cells (mVSMCs) that cover
larger caliber vessels of the microcirculation as well as their transi-
tional cells (Avolio & Madeddu, 2016; Holm et al, 2018). Neural
crest-derived mural cells have been identified in various organs,
such as the brain, retina, head, and thymus (Zachariah & Cyster,
2010; Trost et al, 2013). However, one previous study did not find
any CNCC-derived mural cells in the heart ventricle at E14.5 using
lineage tracing (Chen et al, 2016). Given that only one developmen-
tal stage was examined in the previous study, it remains an open
question whether CNCCs contribute to cardiac mural cells.

It has become increasingly evident that even at the beginning of
the migration from the neural tube, the NCCs are heterogeneous,
comprising multipotent cells, cells whose differentiation potential
are restricted to varying degrees (fate-restricted cells), and even
precursors committed to a particular lineage (Kalcheim, 2006).
Although transcriptomic states have been investigated for pre-
migratory or early migrating NCCs in the dorsal neural tube of the
embryo (Lignell et al, 2017; Tani-Matsuhana et al, 2018; Ling &
Sauka-Spengler, 2019; Soldatov et al, 2019), little is known regard-
ing the states of CNCC derivatives and their differentiation potential
when they arrive at the heart or during embryonic and neonatal
development of the heart.
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One obvious drawback of imaging-based lineage tracing is that it
cannot provide detailed molecular information about cell state tran-
sitions (Wu et al, 2019). Recent technical advances in large-scale
single-cell RNA-seq have enabled the transcriptomes of tens of thou-
sands of cells to be assayed at a single-cell resolution (Zheng et al,
2017). As a complement to conventional imaging-based lineage trac-
ing, large-scale single-cell RNA-seq allows unbiased cellular hetero-
geneity dissection, molecular signature identification, and
developmental trajectory reconstruction at an unprecedented scale
and resolution. Large-scale time-series single-cell RNA-seq is becom-
ing a powerful tool for studying the development of complex tissues,
organs, and even whole organisms (Plass et al, 2018; Cao et al,
2019). However, to our knowledge, the transcriptomic landscape of
CNCC derivatives during embryonic and neonatal development of
the heart has not yet been examined at a single-cell resolution.

Here, we performed single-cell RNA-seq of CNCC derivatives in
mouse hearts from eight developmental stages between E10.5 and
P7 (postnatal day 7). We sought to systematically characterize the
cell lineages, define the developmental chronology and elucidate the
regulatory dynamics of CNCC derivatives during embryonic and
neonatal development.

Results

Single-cell transcriptomic sequencing of CNCC derivatives during
embryonic and neonatal development

To investigate the transcriptomic landscape of CNCC derivatives
during development, we used the Wnt1-Cre;Rosa26-tdTomato mouse
model to specifically label CNCC-derived cells (Fig 1A). Whole
hearts were dissociated, and tdTomato-positive cells were sorted for
single-cell capture. The developmental stages we selected spanned
from the very early time when CNCC derivatives arrived at the
cardiac OFT during embryonic development (i.e., E10.5) (Lin et al,
2012) to neonatal stage P7 (Fig 1B). 10X Genomics Chromium
Single Cell 3’ transcriptomic sequencing libraries were constructed
and subjected to sequencing. The sequencing quality metrics were
similar across samples, reflecting relatively little technical variation
(Table EV1). After stringent quality control, we obtained high-
quality single-cell transcriptomes of 34,131 CNCC-derived cells from
eight stages. UMAP plots showing UMI count, gene count, S phage
score, G2M phase score, the proportion of the UMI count of mito-
chondrial genes, and Scrublet doublet score were in Fig EV1.
To facilitate further data exploration, we developed a web-based
interface for our dataset (http://scrnaseqcncc.fwgenetics.org) that

Figure 1. Single-cell RNA-seq and spatial distribution of the CNCC derivatives in mice.

A Schematic representation of the experimental procedure.

B The developmental stages at which the hearts were sampled. Multiple hearts were pooled as a sample for each stage.
C The spatial distribution of the CNCC derivatives labeled by tdTomato. It was stained for tdTomato, Myh11, and Pdgfra, and the same staining with all channels is

shown in Appendix Fig S1. Scale bar: 500 pm.

D-H Magnified views of the rectangular regions in (C). The same regions are indicated by the same colors. In (H), the vessel wall is indicated by the green fluorescence
of the VSMC marker Myh11. Scale bar in (D): 50 um. Scale bar in (E): 40 um. Scale bar in (F): 20 um. Scale bar in (G): 10 um. Scale bar in (H): 20 pm.

Data information: Ao, aorta; AoV, aortic valve; CA, coronary artery; LA, left atrium; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; RA, right atrium; RV, right

ventricle; TV, tricuspid valve.
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permits interactive examination of expression for any gene of
interest.

The spatial distribution of the CNCC derivatives

The visualization of tdTomato-positive cells by single-molecule fluo-
rescence in situ hybridization (smFISH) enabled us to accurately
obtain spatial distribution information for the CNCC derivatives
(Fig 1C; Appendix Fig S1). At neonatal stage P7, we observed a
large number of tdTomato-positive cells in the walls of the aorta
and pulmonary artery (Fig 1C and D) as well as the aortic
(Appendix Fig S2A) and pulmonary (Appendix Fig S2B) valve leaf-
lets (Fig 1E), reflecting the great contribution of CNCCs to the OFT
development. Notably, our smFISH results indicated that CNCC-
derived cells only populated the inner medial cells of both ascending
aorta and aortic root (Fig 1C and D; Appendix Fig S3A-H), thus
supporting the view put forth in the most recent report about the
distribution of CNCC- and SHF-derived VSMCs (Sawada et al,
2017). Consistent with previous reports (Jiang et al, 2000; Naka-
mura et al, 2006), the CNCC derivatives were found mainly in the
two leaflets adjacent to the aorticopulmonary septum of aortic and
pulmonary valves (i.e., right and left leaflets) (Appendix Fig S2).
Compared with the aortic and pulmonary valves (Fig 1E), the
CNCCs made a much smaller contribution to the atrioventricular
valves (Fig 1F), which is consistent with the previous report (Naka-
mura et al, 2006). In addition, tdTomato-positive cells were found
to be embedded in the walls of ventricles (Fig 1G), but they were
not cardiomyocytes (Fig EV2). CNCC-derived VSMCs were observed
in the coronary vasculature, as evidenced by the co-expression of
tdTomato and a specific marker for mature VSMCs (i.e., Myhll;
Fig 1H; Appendix Fig S1).

Cell lineages and states of the CNCC derivatives during
embryonic and neonatal development

After recognizing the spatial distribution of the CNCC derivatives,
we systematically dissected the cell lineages and transcriptomic
states of the CNCC derivatives. The unsupervised clustering of the
34,131 CNCC-derived cells from eight stages identified 21 cell clus-
ters, which represent different cell lineages or states during develop-
ment (Fig 2A). Six cell lineages were revealed by hierarchical
clustering of the clusters based on the average expression of 2,000
selected features (Fig 2B) and the expression of established markers
(Fig 2C). The representative molecular signatures for each cluster
are shown in Fig 2D (Dataset EV1).

Wen Chen et al

The VSMC (c1, c2, c3, c4, c7, c8, cl4, cl15, and c16; marked by
the mature VSMC marker MyhI1 and the immature VSMC marker
Cxcl12) (Sinha et al, 2014; Liu et al, 2019) and mesenchymal (c0,
c5, ¢6, ¢9, cl0, cl1, cl2, and cl18; marked by Pdgfra and Lum)
(Camp et al, 2015; Farahani & Xaymardan, 2015) lineages consti-
tuted the two largest lineages of the CNCC derivatives (accounting
for 50.4 and 42.1% of the derivatives, respectively). The representa-
tive markers that distinguish each subpopulation from one another
of the VSMC and mesenchymal lineages are shown in Fig EV3A and
B, respectively, and many of them represent novel markers of these
previously unrecognized cellular states. For example, the VSMC
subpopulations c1 and c3 were distinguishable by the expression
levels of markers such as Bcam, Cebpb, and PpplriSa. Consistent
with the differentiation of mesenchymal cells into VSMCs during
development, these two lineages were aligned closely in the UMAP
embedding (Fig 2A), and some intermediate subpopulations, such
as c4, expressed markers of both lineages (Fig 2C). As expected, we
identified CNCC-derived neurons (c17; marked by the parasympa-
thetic neuron marker SicI18a3 and the sympathetic neuron marker
Th) (Hildreth et al, 2008), Schwann cells (c13; marked by Gfra3 and
Cnp) (Skelly et al, 2018), and melanocytes (c20; marked by Mlana
and Dct) (Brito & Kos, 2008; Hulin et al, 2019). The smFISH results
confirmed that the melanocytes were mainly localized in the valves,
such as aortic and mitral valves, and they were all CNCC-derived
(Appendix Fig S4A-D). We did not find any CCS or myocardial cell
clusters, so our data do not support a direct contribution of CNCCs
to the CCS and myocardium in the mouse.

Intriguingly, we observed a cluster of mural cells (c19) based on
the pericyte markers recently reported from single-cell studies:
P2ry14 (Skelly et al, 2018) and Vtn (Farbehi et al, 2019) (Fig 2B
and C), thus supporting the existence of CNCC-derived mural cells.
To further confirm their mural cell identity, we examined the
expression of canonical pericyte markers and VSMC contractile
markers (Fig 2E). Compared with the others, the c19 cluster
expressed higher levels of canonical pericyte markers including
Pdgfrb, Cspg4, Rgs5, Des, and Kcnj8 (Holm et al, 2018; Vanlandewi-
jck et al, 2018). It also exhibited high expression of VSMC contrac-
tile markers, including Acta2, Cnnl, and Myh11 (Sinha et al, 2014),
reflecting a heterogeneous microvascular mural population compris-
ing both pericytes and mVSMCs. Our smFISH results ultimately vali-
dated the presence of CNCC-derived pericytes in the heart through
the co-expression of tdTomato and Vtn (Fig 2F). Immunofluores-
cence staining of another pericyte marker Kcnj8 and tdTomato also
confirmed the presence of CNCC-derived pericytes (Appendix Fig
SS5A-H).

Figure 2. Cell lineages and transcriptomic states of CNCC derivatives during embryonic and neonatal development.

A Single-cell transcriptomes of 34,131 CNCC derivatives projected on a two-dimensional UMAP embedding. Clusters are distinguished by different colors.
Hierarchical clustering of the clusters based on the average expression of 2,000 selected features. The small panel shows cells colored by lineages.

B
C Expression of established markers for each cell lineage in each cluster.
D

Representative molecular signatures for each cluster. The area of the circles denotes the proportion of cells expressing the gene, and the color intensity reflects the

expression intensity.
Expression of canonical pericyte markers and VSMC contractile markers.

m

F smFISH validation of CNCC-derived pericytes. Hearts from P7 mice were used. Arrows indicate the co-expression of tdTomato and the pericyte marker Vtn. Scale bar:

10 pm.

Data information: MES, mesenchymal cell; MLA, melanocyte; SWN, Schwann cell; UMAP, uniform manifold approximation and projection; VSMC, vascular smooth muscle

cell.
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CNCC-derived pericytes transition to microvascular smooth
muscle cells

To understand the heterogeneity of the CNCC-derived mural cells,
we performed subclustering of the c19 cells from stage P7 (227 cells,
accounting for 48% of the cluster). Two subclusters were identified,
scl and sc2, which correspond to pericytes and mVSMCs, respec-
tively, based on the expression of markers (Fig 3A and B). RNA
velocity analysis represents a computational framework that can
infer the direction and rate of cellular state changes based on the
relative abundance of spliced and unspliced transcripts (La Manno
et al, 2018). Our RNA velocity analysis revealed a transition (trans-
differentiation) from pericytes to mVSMCs (Fig 3C), which is in
agreement with the previous report that pericytes serve as progeni-
tors for smooth muscle cells of the coronary vasculature based on
lineage-tracing evidence (Volz et al, 2015).

The single-cell data provided a unique opportunity for interrogat-
ing the regulatory changes during the transition. Pseudo-temporal
ordering of the cells using Monocle2 resulted in the construction of
a linear trajectory of cellular transition (Fig 3D and E). We further
identified 952 genes that were significantly regulated during the
progression of the transition (Fig 3F; Dataset EV2, adjusted P-value
< 1E-04). Hierarchical clustering of the identified genes revealed
three modules. Gene module I represented the molecular character-
istics of pericytes and was mainly enriched for lysosomal membrane
organization, cellular response to platelet-derived growth, cellular
response to vascular endothelial growth factor stimulus, and
response to hypoxia (Fig 3F; Table EV2). Gene module II reflected
the phenotype of transitioning cells and was mainly enriched for
mitochondrial electron transport, positive regulation of SMAD
protein signal transduction, negative regulation of vascular smooth
muscle cell proliferation, and the response to fluid shear stress.
Gene module III represented the characteristics of mVSMCs and was
mainly enriched for positive regulation of transcription from RNA
polymerase II promoter involved in smooth muscle cell differentia-
tion and substrate adhesion-dependent cell spreading. Figure 3G
shows the expression dynamics of the pericyte markers Vtn and
Pdgfrb as well as the VSMC marker Myhl1I, reflecting a continuum
of phenotypic changes in cells embedded in the walls of the
microvasculature. Interestingly, Notch3 signaling has been
suggested to be important in the pericyte to VSMC transition (Volz
et al, 2015). We found that Notch3 was significantly up-regulated

Wen Chen et al

specifically in the middle phase of the trajectory (Fig 3G; adjusted P-
value = 0.031), while other Notch receptors including Notchl,
Notch2, and Notch4 were not significantly regulated. Moreover, we
examined the transcription factors (TFs) that were significantly
regulated during the transition (Fig 3H). Notably, Fosb, Tbx2, and
Klf2 were specifically up-regulated in the middle phase of the trajec-
tory, implying that they may play roles in the transition.

Developmental chronology and transcriptomic state change
dynamics of CNCC derivatives during development

The study of the developmental chronology of CNCC derivatives has
previously been limited by improper or limited cell markers for each
developmental stage. The large-scale single-cell RNA-seq dataset
gave us an unpreceded opportunity since the cells were clustered in
an unbiased manner based on the whole transcriptome, without the
need for a priori knowledge about the cell markers. Figure 4A and B
shows the proportion of each cluster in each stage and the propor-
tion of cells from each stage in each cluster, respectively.
Figure EV4A shows the relative proportion of each subpopulation in
the VSMC and mesenchymal lineages. Figure EV4B shows the rela-
tive proportion of each subpopulation in each stage. As shown in
cluster I of Fig 4B, the melanocyte lineage first appeared at E11.5
and then greatly expanded at E14.5. These results are consistent
with a previous report that Dct (a melanocyte marker) expression is
first observed at E11.5 and that a larger number of melanocytes are
found in the atrioventricular endocardial cushions at E14.5 (Brito &
Kos, 2008), reflecting the reliability of our dataset. Surprisingly,
CNCC-derived neurons were found to appear first at E10.5, which
was earlier than previously recognized (E11.5) (Poelmann et al,
2004; Hildreth et al, 2008). Although only six E10.5 neuron cells
were captured, they all expressed neuron-specific markers
(Table EV3), thus excluding errors from data integration and clus-
tering.

As expected, the VSMC lineage expanded mainly at the later
stages of development (after E14.5; cluster II in Fig 4B), and the
mesenchymal lineage expanded mainly at the early stages (before
E14.5; cluster III in Fig 4B). Notably, the mural cells expanded
greatly postnatally (especially at P7), in line with the increase in
capillary growth during the postnatal development of the heart
(Riley & Smart, 2011). The transcriptomic state change dynamics
during the development of the CNCC-derived lineages can be

Figure 3. Cellular transition from CNCC-derived pericytes to microvascular smooth muscle cells.

A Subclustering of the mural cell cluster c19 reveals two subpopulations. mVSMC, microvascular smooth muscle cells. Only P7 cells were considered in this analysis.
B The expression distribution of the VSMC-specific marker Myh11 and the pericyte marker Vtn.
C RNA velocity analysis reveals a transition from CNCC-derived pericytes to mVSMCs. The direction and length of the arrow reflect the direction and rate of cellular

state changes, respectively.
D Linear trajectory constructed via pseudo-temporal ordering of cells.
E Transition trajectory colored according to pseudotime.

F Hierarchical clustering of the genes that were significantly regulated during the progression of the transition reveals three gene modules. Only genes with an
adjusted P-value < 1E-04 are shown here. The number in the parentheses represents the percentage of genes associated with the Gene Ontology term for which the
gene module is significantly enriched (adjusted P-value < 0.05). The density curves of the pseudotime for the two subpopulations are shown.

G The expression changes in Myh11, Vtn, Pdgfrb, and Notch3 during the progression of the cellular transition. Likelihood ratio tests implemented in the

“differentialGeneTest” function of Monocle were used.

H Transcriptional factors that were significantly regulated during the transition. The density curves of the pseudotime for the two subpopulations are shown.
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visualized in Fig 4C. Notably, the earliest sample from E10.5
included multiple cell lineages, supporting the view that many
CNCC derivatives had already committed or differentiated to a speci-
fic lineage when they arrived at the heart.

Gradual loss of proliferation and the neural crest molecular
signature with development in CNCC derivatives

We further characterized the CNCC derivatives concerning their
proliferation ability and differentiation potential when they arrived
at the heart as well as during embryonic and postnatal development.
We found that the CNCC derivatives were highly proliferative when
they arrived at the heart (E10.5) and switched from a proliferative
to a quiescent state with the progression of development (Fig 5A).
Some clusters, such as c18, c12, ¢8, c5, and c7, were highly prolifer-
ative (Fig 5B). We further investigated the differentiation potential
of CNCC derivatives by examining the expression of a list of mark-
ers for pluripotency and pre-migratory NCCs that was compiled by a
previous study (Lignell et al, 2017). No cell clusters were found to
exhibit high expression of pluripotency genes such as Nanog and
PouSfl (Oct4), suggesting that the CNCC-derived cells generally did
not possess stemness after migrating into the heart (Fig 5C). More-
over, we observed a gradual loss of the neural crest molecular signa-
ture with development in the CNCC derivatives (Fig 5D). Notably,
the CNCC-derived cell lineages exhibited differences in the neural
crest molecular signature (Fig SE). Surprisingly, the melanocytes,
rather than the mesenchymal cells, were most similar to pre-
migratory NCCs. The melanocytes also showed high expression of
other neural crest markers, including Pax3 and Kit (Hatzistergos
et al, 2015) (Appendix Fig S6A and B), which may reflect a rela-
tively late consolidation of melanocytic fate as previously proposed
(Soldatov et al, 2019).

Spatial distribution of some critical subpopulations of CNCC
derivatives during development

We next explored the spatial distribution of some critical CNCC-
derived subpopulations with smFISH. Cluster c1, c2, and c3 exhib-
ited high expression of MyhlIl, thus representing relatively mature
VSMCs (Fig 2C). However, c2 was aligned distant from c1 and c3 in
the UMAP space (Fig 2A), suggesting that c2 represents another
branch of the VSMC lineage distinct from c1 and c3, while the last
two clusters aligned together closely. Interestingly, compared with
cl and c3, c2 expressed significantly higher levels of contractile
markers such as Myhll and Cnnl as well as pericyte markers such
as Rgs5 and Kcnj8 (Fig 6A). Cluster cl and c3 expressed significantly
higher levels of extracellular matrix genes such as Eln and Fbin2
than c2. Our smFISH results confirmed that the coronary arteries
expressed significantly higher levels of Myh11 than the great arteries
(Fig 6B and C). Taken together, c2 represents the CNCC-derived
VSMCs of the coronary vasculature, while cl and c3 represent the
CNCC-derived VSMCs of the great arteries.

The mesenchymal cluster c11 showed high expression of the TF
Tcf21 (Fig 6D); however, it did not display specifically high expres-
sion of other markers for epicardium or epicardium-derived cells
such as WtI, Tbx18, Upklb, and Upk3b (Appendix Fig S7) (Braitsch
et al, 2013; Liu et al, 2019). The cluster c11 thus represents neither
contaminated epicardial cells nor epicardium-derived cells. Our
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smFISH (Fig 6E) and immunofluorescence staining (Appendix Fig
S8A-H) results revealed that the Tcf21™M8® tdTomato" cells were
mainly localized in the valve annulus region, thus indicating that
the mesenchymal cluster c11 represents a subpopulation of CNCC-
derived valve interstitial cells specifically localized in the valve
annulus region. Notably, this finding is in line with the previous
reports regarding the presence of Tcf2I1™&" valve interstitial cells
(Acharya et al, 2011; Hulin et al, 2019).

Our laboratory previously identified a Penk" mesenchymal
subpopulation in the developing OFT; however, whether this
subpopulation is derived from CNCCs was not answered (Liu et al,
2019). In this study, we found the mesenchymal cluster ¢9 showed
high expression of Penk (Fig 6F). Secondary clustering of the c9
cells further revealed three subclusters (Fig EV5A and B) and the
expression of Penk was heterogeneous across the subclusters
(Fig EV5C). Secreted Frizzled Related Protein 2 (Sfrp2) had a similar
expression pattern to Penk (Fig EV5C and D). The subcluster sc2
expressing relatively low levels of Penk was mainly from early
stages, thus representing progenitor states of the Penk™®" cells. The
smFISH results showed that the Penk" cells were mainly localized in
the OFT cushions where the aortopulmonary septum formed, and
all the Penk" cells in the heart were derived from CNCCs (Fig 6G).
The cluster c9 thus represents a CNCC-derived mesenchymal
subpopulation involved in the formation of the aortopulmonary
septum.

Reconstruction of the differentiation path and regulatory
dynamics of CNCC derivatives after migrating into the heart

We next sought to understand the path and regulatory dynamics
governing the differentiation of CNCC derivatives after migrating
into the heart. We applied a probabilistic method implemented in
scdiff2 (Ding et al, 2018), which integrates single-cell time-series
expression data with TF-target regulatory information to reconstruct
the developmental path. Given that during early migration NCCs
have already become specified for a particular lineage, including
neural or glial cells (Soldatov et al, 2019), here we focused on the
mesenchymal and VSMC lineages. This analysis revealed a
branched developmental path and uncovered the relative position of
each cluster along the path (Fig 7). Notably, the mesenchymal clus-
ter ¢5, which comprised cells mainly from the early stages (Fig 4B),
was inferred by the algorithm to represent the earliest state of the
CNCC-derived mesenchymal cells after migrating into the heart.
Consistent with that Crabpl is the top marker of CNCC-derived
mesenchymal cells at E9.25 (Soysa et al, 2019), c5 showed high
expression of Crabpl and Crabp2 (Appendix Fig S9A and B). As
expected, starting from c5, the trajectory was split into two major
branches: mesenchymal cell and VSMC developmental branches
(Fig 7). We noted that c9, a CNCC-derived mesenchymal subpopula-
tion involved in the formation of aortopulmonary septum, was
ordered as the terminal node of a developmental path (c5—cl2—
c18—-c6—cl0—c9). This path therefore represents CNCC-derived
OFT cushion mesenchyme development. The cluster c11, CNCC-
derived valve interstitial cell subpopulation, was ordered at the
terminal node of the other mesenchymal developmental path (c5—
cl2—c0—cl1), which thus represents CNCC-derived valve intersti-
tial cell development. In addition, we found that the development
path for VSMCs of the great arteries (c5—cl2—cl6—cl—c3) was

© 2021 The Authors
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Figure 4. The developmental chronology and transcriptomic state change dynamics of CNCC derivatives.

A The proportion of cells of each cluster in each stage.

B The proportion of cells from each stage in each cluster. All samples are normalized to the same number of cells (2,026). The dendrogram shows the hierarchical
clustering of the cell clusters based on the proportion of cells from each stage.

C Dynamic changes in the transcriptomic states of CNCC derivatives during development. The cells are colored according to the clusters.

Data information: MES, mesenchymal cell; MLA, melanocyte; SWN, Schwann cell; UMAP, uniform manifold approximation and projection; VSMC, vascular smooth muscle
cell.
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Figure 5. Gradual loss of proliferation and the neural crest molecular signature with development in the CNCC derivatives.

A Ridge plot showing that CNCC derivatives switched from a proliferative to a quiescent state with the progression of development. The cycling score of each cell was
calculated by summing the log-normalized expression of the cycling genes (“g2m.genes” and “s.genes” in Seurat).

B Ridge plot showing the proliferative ability of each cell cluster.

(@}

The expression of pluripotency and pre-migratory neural crest markers in each cell cluster.

D Ridge plot showing that the divergence in molecular signatures between the CNCC derivatives and pre-migratory neural crest cells increased during development.
The neural crest molecular signature score was calculated by summing the log-normalized expression of the pre-migratory neural crest markers (shown in C).
E Ridge plot showing the distribution of the neural crest molecular signature score in each cluster.

clearly separated from the path for VSMCs of the coronary vascula-
ture (c5—cl2—cl5-c2).

We also inferred the differentiation path of CNCC derivatives
through RNA velocity analysis using a likelihood-based dynamical
model implemented in scVelo (Bergen et al, 2020). Strikingly, the
latent time (the relative position of each cell during the differentia-
tion) predicted by the scVelo analysis, which is solely based on the
transcriptional  dynamics, approximated the sampling time
(Appendix Fig S10A and B), reflecting the reliability of the analysis.
Albeit with distinct underlying algorithms, the scVelo and scdiff anal-
yses predicted generally similar differentiation paths (Appendix Fig
S10C). Staring from c5, the “root” state, as reflected by the inferred
latent time, the trajectory was split into two major branches:
mesenchymal cell and VSMC developmental branches (Appendix Fig
S10C). Specifically, most differentiation paths were well recapitulated
by the scVelo analysis. For example, the paths for VSMCs of the great
arteries (c16—cl—c3) and valve interstitial cells (cO—c11).

The scdiff analysis also enables the identification of the potentially
important TFs (Dataset EV3) and target genes (Dataset EV4) underly-
ing the progressive fate changes across the clusters (Fig 7). Notably,
known regulators involved in cardiac NCC differentiation, such as
Etsl1, Sox4, Sox11, and Sox10 (Gao et al, 2010; Paul et al, 2014), were
found to be important in the early state transitions, for example, c5—
c12. Nfatcl was identified as a critical regulator across multiple transi-
tions, for example, the developmental path for CNCC-derived valve
interstitial cells (c5—cl2—c0—cl1). The role of Nfatcl in cardiac
valve formation has been elucidated by a recent study, which reported
that Nfatcl mutants formed significantly fewer valve interstitial cells
due to reduced proliferation and impaired recruitment of CNCC-
derived cells (Gunawan et al, 2020). Our results thus reinforce the
established role of NfatcI. In addition, we identified a series of regula-
tors with limited knowledge about their roles during the differentiation
of CNCC derivatives, such as early growth response (Egr) genes (e.g.,
Egrl, Egr2, Egr3, and Egr4) and Hox genes (e.g., Hoxa4, Hoxb7, and
Hoxb8), which may serve as candidates for further exploration.

Discussion

The formation, migration, and differentiation of NCCs and NCC-
associated pathologies have been the subject of intense research
since the discovery of these cells 150 years ago (Prasad et al, 2019).
CNCCs play critical roles in the evolution and development of the
vertebrate cardiovascular system (Keyte et al, 2014). In this study,
we systematically investigated the transcriptional landscape of
CNCC derivatives during cardiac development at a single-cell resolu-
tion. Based on large-scale single-cell RNA-seq analyses and smFISH

© 2021 The Authors

validation, we reported the presence of CNCC-derived mural cells
associated with the microvasculature. Furthermore, we found the
transition from CNCC-derived pericytes to mVSMCs and identified the
genes that were significantly regulated during the transition through
pseudo-temporal ordering analysis. We defined the developmental
chronology of the CNCC-derived lineages and found that the CNCC-
derived neurons first appeared at E10.5, which was earlier than previ-
ously recognized. Our data indicated that many CNCC derivatives had
already committed or differentiated to a specific lineage when they
arrived at the heart. We found that the CNCC derivatives were highly
proliferative when migrating into the heart, and switched from a
proliferative to a quiescent state with the progression of development.
Gradual loss of the neural crest molecular signature with development
was also observed in the CNCC derivatives. We confirmed some criti-
cal subpopulations of the CNCC derivatives with smFISH. Finally, we
reconstructed the differentiation path and regulatory dynamics of
CNCC derivatives after migrating into the heart.

Understanding the origin and regulators driving the development of
the cardiac vasculature is an important topic in developmental biology.
Microvascular mural cells, comprising microvascular pericytes and
microvascular smooth muscle cells, have recently been recognized as
playing a critical role in cardiac vascular homeostasis and disease
(Holm et al, 2018). The plasticity of microvascular pericytes makes
them promising cells for application in cardiac regenerative medicine
(Avolio & Madeddu, 2016). Nevertheless, the phenotypes of microvas-
cular mural cells are variable, and canonical markers such as Pdgfrb,
Des, and Cspg4 do not specifically label them, as also shown in our
data (Fig 2E), thus impeding the identification of the source and role of
this important but heterogeneous population of cells. Using lineage
tracing and canonical markers, previous studies have reported the
embryonic origin of cardiac mural cells from epicardium or endocardial
endothelial cells (Zhou et al, 2008; Chen et al, 2016). Based on single-
cell clustering and novel markers recently reported from single-cell
studies, we identified a third source of mural cells in the heart (i.e.,
CNCC-derived mural cells; Fig 2B and C). This finding makes sense
because NCCs have been reported to give rise to mural cells in many
other organs, such as the brain, retina, and thymus (Zachariah &
Cyster, 2010; Trost et al, 2013). We also found that the mural cells
expanded greatly postnatally (especially at P7, Fig 4B), in line with the
increase in capillary growth during the postnatal development of the
heart (Riley & Smart, 2011). This may be one of the reasons why the
CNCC-derived mural cells were not identified in a previous study
(Chen et al, 2016) since the CNCC-derived mural cells are relatively
few at E14.5 (the stage that study only examined). Consistent with the
phenotypic heterogeneity of cardiac mural cells, our results reflected a
more complex embryonic origin of cardiac mural cells than previously
recognized. Whether cardiac mural cells of different origins behave
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Figure 6. Spatial distribution of critical cell subpopulations of CNCC derivatives during development.

A Heatmap showing the difference between VSMC clusters c2 and c1 + ¢3. The significance threshold was set to an adjusted P-value < 0.05 and log,-fold
change > 0.25.

B smFISH results showing significantly higher expression of the contractile marker Myh11 in VSMCs of the coronary arteries than in VSMCs of the great arteries. Scale
bar (long): 200 um. Scale bar (short): 50 pum.

C Quantitative analysis of the fluorescent intensity of Myh11 expression confirms significantly higher expression of Myh11 in VSMCs of the coronary arteries than in
VSMCs of the great arteries. The bar height represents the average intensity of five biological replicates (mean =+ SE). One-way ANOVA with post hoc test (LSD). n.s.
not significant.

D Mesenchymal cluster c11 exhibits a high expression of Tcf21. The dashed area indicates cluster c11.

E  smFISH results showing that the CNCC-derived Tcf21"'" cells represent valve interstitial cells localized in the valve annulus. PV: pulmonary valve. The white circle
indicates the valve annulus region where the CNCC-derived Tcf21"8" cells are localized. Scale bar: 20 pum.

F Mesenchymal cluster c9 shows high expression of Penk. The dashed area indicates cluster c9.

SMFISH results showing that the Penk™" cells are mainly localized in the OFT region and are all derived from CNCC. The upper panel shows the expression of Penk in
the whole heart, and the lower panel shows the expression in the cross section of OFT. Scale bar in the upper panel: 100 um. Scale bar in the lower panel: 50 pm.

Data information: Ao, aorta; CA coronary artery; LV, left ventricle; OFT, outflow tract; PA, pulmonary artery; RV, right ventricle.
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Figure 7. Reconstruction of the differentiation trajectory and regulatory dynamics of CNCC derivatives after migrating into the heart.

Nodes represent cell clusters. Potentially key TFs underlying the transition between nodes are shown and are color-coded based on the log, fold change of expression.

differentially during pathological processes of the microvasculature
deserves further study. Although a previous study indicated that peri-
cytes can transition to mVSMCs (Volz et al, 2015), the gene expression
dynamics underlying this transition are not yet fully elucidated.
Through pseudo-temporal ordering of single cells, we confirmed the
linear trajectory of the pericyte-to-mVSMC transition and, for the first
time, elucidated the previously unknown regulatory changes and
potentially important regulators during the transition (Fig 3F).
However, functional experiments remain to be performed to confirm
their functions in the process.

Although our data do not support a direct contribution of CNCCs
to the CCS and myocardium, our results highlight the contribution of

© 2021 The Authors

CNCCs to cardiac vessels of different calibers, from the VSMCs of the
great arteries to mural cells wrapping the microvasculature. More-
over, we found that the phenotypes of the cells wrapping the cardiac
vessels may vary as a function of the caliber of the vessels. For exam-
ple, the coronary arteries expressed significantly higher levels of the
contractile marker MyhlI than the great arteries (Fig 6A and C). Our
results reflect a continuum of cell phenotypes along the cardiac
vascular tree with VSMCs and pericytes at the two ends of the pheno-
typic spectrum. The heterogeneity of the phenotypes of vessel-
associated cells in the brain vasculature has been dissected using
single-cell RNA-seq (Vanlandewijck et al, 2018). The phenotypic
heterogeneity of the cardiac vasculature is also complex and deserves
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to be explored at a single-cell resolution in the future by integrating
single-cell RNA-seq data with spatial transcriptomic data.

Due to the limitations of imaging-based lineage tracing used in the
previous studies (Jiang et al, 2000; Nakamura et al, 2006), we know
little about the states of CNCC derivatives when they migrate to the
heart or the molecular change dynamics during development. The
large-scale single-cell RNA-seq dataset gave us an unprecedented
opportunity to explore these questions. Notably, the earliest sample
from E10.5 contained multiple cell lineages and exhibited the expres-
sion of lineage-specific mature markers, for example, mature neuron
markers including Sic18a3 and Th (Fig 4C; Table EV3). The neuron,
Schwann, and melanocyte lineages aligned relatively distant from the
mesenchymal lineage in the UMAP embedding (Fig 4C), suggesting
that most cells of these lineages were not differentiated from the
mesenchymal cells after migrating into the heart. Taken together, our
results support that many CNCC derivatives have already committed or
differentiated to a specific lineage when they arrived at the heart. In a
recent paper that focused on the early states of cranial and trunk neural
crest (E8.5 to E10.5), the cell fate bifurcations of lineages including
neuron, glia, and mesenchyme are found to have occurred during early
migration (Soldatov et al, 2019). Our study fills the gap in knowledge
on the cellular states of CNCC derivatives after migrating into the heart,
and our results support the proposed cell fate decision model of the
neural crest. In addition, we reconstructed the differentiation path of
CNCC-derived mesenchymal and VSMC lineages (Fig 7), which
account for most of the CNCC derivatives and are closely related during
heart development. Intriguingly, we found that the development path
for the VSMCs of the coronary vasculature (c5—cl2—cl15—c2) was
clearly separated from that of the great arteries (c5—cl2—cl6—cl—
c3). It has been reported that neural crest-derived VSMCs of the coro-
nary vasculature and the great vessels have different spatial origins of
neural crest (preotic region for the coronary vasculature and postotic
region for the great vessels) (Arima et al, 2012). However, we know
little about how the development of neural crest-derived VSMCs of the
coronary vasculature diverged from that of the great vessels. Our
results provide a detailed map of the developmental path of CNCC-
derived mesenchymal and VSMC lineages during heart development.

Although the WntI-Cre line is well-established for neural crest
lineage tracing, phenotypic variances may exist among different tracing
models (Debbache et al, 2018). Thus, the current study may be limited
by using only one tracing model. It is helpful to use additional driver
lines (e.g., PO-Cre and Pax3-Cre) or a different recombination system
such as Wntl-Flpe to confirm the findings of this study in the future.

In conclusion, our study provides novel insights into the cell
lineages, molecular signatures, developmental chronology, and
regulatory dynamics of CNCC derivatives during embryonic and
neonatal development. Our dataset constitutes a valuable resource
that will facilitate future efforts to explore the roles of CNCC deriva-
tives in development and disease.

Materials and Methods
Mice
The WntI-Cre;Rosa26-tdTomato mice were obtained by crossing a

Wntl-Cre transgenic line (Jax Labs; 003829) with a ROSA26-
tdTomato reporter line (Jax Labs; 007909). The Wnti-Cre; Rosa26-
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tdTomato mice were confirmed by the presence of fluorescence in
the heart using a Discovery V20 stereomicroscope equipped with a
550 nm laser and a Texas Red filter set (Carl Zeiss AG). The
ROSA26-tdTomato reporter line was purchased from Beijing Vital-
star Biotechnology Co., Ltd. The WntI-Cre mouse line was trans-
ferred from Dr. Zhen Zhang’s laboratory at Children’s Hospital of
Shanghai. All experiments were approved by the ethics committee
of Fuwai Hospital (2017-877). Randomization and blinding are not
applicable to this study. The embryos and neonatal mice were not
selected by sex. All animal experiments complied with the ARRIVE
guidelines.

Single-cell suspension preparation and cell sorting

The whole hearts of embryonic or postnatal WntI-Cre;Rosa26-
tdTomato mice were microdissected under a Stemi 305 compact
stereo microscope (Carl Zeiss AG, Germany). The dissected hearts
were rinsed with cold Dulbecco’s phosphate-buffered saline to
remove most of the red blood cells. To ensure a sufficient number
of tdTomato-positive cells for single-cell capture, we pooled multiple
hearts as a sample for each developmental stage (the numbers of
hearts are indicated in Fig 1B). Then, the heart tissues were dissoci-
ated using a Pierce Primary Cardiomyocyte Isolation Kit (Thermo
Fisher Scientific, #88281) according to the manufacturer’s instruc-
tions. The obtained single-cell suspensions were filtered using a 40-
mm strainer to remove any cell debris or large clumps. The
tdTomato-positive cells in the whole heart suspensions were sorted
using a BD FACSAria™ 1I cell sorter (BD Biosciences, USA). There-
after, the cell suspensions were pelleted and washed twice at 400 g
for 5 min at 4°C, and the pellets were resuspended in Hank’s
balanced salt solution with 0.04% bovine serum albumin. Cell
viability and concentrations were measured with a TC20 automated
cell counter (Bio-Rad, USA). Cell viability was determined with a
0.4% trypan blue staining solution.

Single-cell RNA-seq library preparation and sequencing

Single-cell Gel Beads-in-Emulsion (GEM) generation, barcoding,
post-GEM-RT cleanup, cDNA amplification, and cDNA library
construction were performed using Chromium Single Cell 3’ Reagent
Kit v2 chemistry (10X Genomics, USA) following the manufacturer’s
protocol. The resulting libraries were sequenced on a NovaSeq 6000
System (Illumina, USA).

Sample demultiplexing, barcode processing, and UMI counting

The official software Cell Ranger v3.0.2 (https://support.10xge
nomics.com) was applied for sample demultiplexing, barcode
processing, and unique molecular identifier (UMI) counting. Briefly,
the raw base call files generated by the sequencers were demulti-
plexed into reads in FASTQ format using the “cellranger mkfastq”
pipeline. Then, the reads were processed using the “cellranger
count” pipeline to generate a gene-barcode matrix for each library.
During this step, the reads were aligned to the mouse (Mus muscu-
lus) reference genome (version: mm10) and the tdTomato sequence.
The resulting gene-cell UMI count matrices of all samples were ulti-
mately concatenated into one matrix using the “cellranger aggr”
pipeline.
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Data cleaning, normalization, feature selection, integration, and
scaling

The concatenated gene-cell barcode matrix was imported into Seurat
v3.0.2 (Butler et al, 2018; Stuart et al, 2019) for data preprocessing.
To exclude genes likely detected from random noise, we filtered out
genes with counts in fewer than three cells. To exclude poor-quality
cells that might have resulted from doublets or other technical noise,
we filtered cell outliers (> third quartile + 1.5 x interquartile range
or < first quartile — 1.5 x interquartile range) based on the number
of expressed genes, the sum of UMI counts, and the proportion of
mitochondrial genes. To further remove doublets, we filtered out cells
based on the predictions by Scrublet (Wolock et al, 2019). In addition,
cells enriched in hemoglobin gene expression were considered red
blood cells and were excluded from further analyses. The sum of the
UMI counts for each cell was normalized to 10,000 and log-
transformed. For each sample, 2,000 features (genes) were selected
using the “FindVariableFeatures” function of Seurat under the default
settings. Genes on the sex chromosomes were removed from the list
of selected features. To correct for potential batch effects and identify
shared cell states across datasets, we integrated all the datasets via
canonical correlation analysis (CCA) implemented in Seurat. To miti-
gate the effects of uninteresting sources of variation (e.g., the cell
cycle), we regressed out the mitochondrial gene proportion, UMI
count, S phase score, and G2M phase score (calculated by the
“CellCycleScoring” function) with linear models using the “ScaleData”
function. Then, the data were centered for each gene by subtracting
the average expression of that gene across all cells and were scaled by
dividing the centered expression by the standard deviation.

Dimensional reduction and clustering

The integrated data were imported into the Scanpy v1.4 toolkit
(Wolf et al, 2018) for dimensional reduction and clustering. Briefly,
the expression of the selected genes was subjected to linear dimen-
sional reduction through principal component analysis (PCA). Then,
the first 30 principal components of the PCA were used to compute
a neighborhood graph of the cells. The neighborhood graph was
ultimately embedded in two- or three-dimensional space using the
non-linear dimensional reduction method of uniform manifold
approximation and projection (UMAP) (Becht et al, 2019). The
neighborhood graph of cells was clustered using Louvain clustering
(resolution = 1) (Blondel et al, 2008).

Differential expression and function enrichment analysis

The gene signature of each cell cluster was obtained using the
“scanpy.tl.rank_genes_groups” tool implemented in Scanpy. The
significance threshold was set to a corrected P-value < 0.05. The top
100 genes were retained as the gene signature of each cluster. Dif-
ferentially expressed genes between two groups of cells were
detected with the likelihood ratio test (test.use: “bimod”) imple-
mented in the “FindMarkers” function of Seurat. The significance
threshold was set to an adjusted P-value < 0.05 and a log,-fold
change > 0.25. Functional enrichment analyses of a list of genes
were performed using ClueGO (Bindea et al, 2009) with an adjusted
P-value threshold of 0.05 and a percentage of genes associated with
the Gene Ontology term > 10%.
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RNA velocity analysis

RNA velocity analysis was performed using scVelo v0.2.2 (Bergen
et al, 2020). First, the expression of the spliced and unspliced
mRNAs of each gene in each cell was determined separately for each
sample using the Velocyto v0.17 tool (https://github.com/velocyto-
team/velocyto.py). The first 30 PCA components were used to
calculate the first- and second-order moments. Then, the velocities
were estimated using the “scvelo.tl.velocity” function (mode =
’dynamical’), and velocity graphs were constructed using the
“scvelo.tl.velocity_graph” function. The latent time was inferred
through the function “scvelo.tl.latent_time”. Finally, the velocities
were visualized as streamlines and were projected onto a two-
dimensional UMAP embedding.

Pseudo-temporal ordering of single cells along the
differentiation trajectory

Pseudo-temporal ordering of the cells along the differentiation
trajectory was performed using Monocle2 (Qiu et al, 2017). Briefly,
the ordering was based on 1,000 genes that differed in expression
between clusters selected via an unsupervised procedure: “dpFea-
ture”. Then, the data space was reduced to two dimensions with the
method “DDRTree”. The cells were ultimately ordered in pseudo-
time, and cells exhibiting high expression of pericyte markers were
considered to represent the beginning of the trajectory. Once the
pseudotime was assigned for each cell, we identified genes that
were significantly regulated as differentiation progressed using the
“differentialGeneTest” function. The statistically significant thresh-
old was set to a g-value < 1E-04.

Single-molecule fluorescence in situ hybridization and
quantitative analyses of the fluorescent signal intensity

To detect the expression of the target gene in vivo, we performed
single-molecule fluorescence in situ hybridization (smFISH) using
RNAscope® technology for formalin-fixed paraffin-embedded (FFPE)
tissues. In brief, the dissected embryo or heart tissues were
subjected to formalin fixation, alcohol dehydration, and paraffin
embedding. Then, we cut the embedded tissues into sections of
4 ym in thickness and performed smFISH using the RNAscope®
Multiplex Fluorescent Reagent Kit v2 (Cat. No. 323100, Advanced
Cell Diagnostics, USA) according to the manufacturer’s instructions.
Fluorescent signals were scanned with the Vectra® Polaris™ pathol-
ogy imaging system (PerkinElmer, USA). The fluorescent signal
intensities in different parts of the heart were quantified with the
ImageJ v1.48 tool (Schneider et al, 2012).

Immunofluorescence staining

The whole heart tissues from each stage were fixed with neutral
buffer formalin. Then, they were washed by current water, dehy-
drated using graded ethanol, vitrified by dimethylbenzene, and
deposited in paraffin. All samples were sliced into 5-um sections
using a paraffin slicing machine (Leica, RM2235). After dewaxing,
EDTA antigen retrieval solution (ZSGB-Bio, Cat#ZLI-9069) was used
for antigen retrieval, and then, blocking solution (ZSGB-Bio,
Cat#ZL1-9022) was used to block the antigens at room temperature
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for 1 h. The primary antibody was added at 4 overnight, and the
secondary antibody was added at room temperature for 40 min. Anti-
Cardiac Troponin T antibody (cTnT; Abcam, Cat#ab8295) was used
to label cardiomyocytes, Anti-Kir6.1/KCNJ8 antibody (Kcnj8; Abcam,
Cat#ab241996) was used to label pericytes, and the Anti-RFP (Abcam,
Cat#ab62341) was used to label tdTomato-positive cells.

Developmental path and regulatory dynamics reconstruction

The differentiation path and the underlying regulatory dynamics
were reconstructed using scdiff2 (Ding et al, 2018) under default
settings, which was developed for analyzing single-cell time-series
data. In addition to single-cell expression data, sampling time and
TF-target information were considered in this analysis.

Statistical analysis

All statistical analyses were performed using R. P-values were calcu-
lated using two-tailed tests, and Bonferroni corrections were
conducted for multiple testing. The significance threshold was set to
an adjusted P-value < 0.05. The effect of vessel caliber on the fluo-
rescence intensity of Myhll was determined by one-way ANOVA,
and the statistical significance between groups was tested with post
hoc tests (LSD).

Data availability

The raw sequencing reads generated for this study can be accessed at
Sequence Read Archive with the accession number: PRINA562135
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA562135/).

Expanded View for this article is available online.
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