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A B S T R A C T

Congenital heart disease (CHD) is the leading cause of birth defect-related mortality. CHD is a
multifactorial, complex disease involving environmental factors playing important roles. To
elucidate the cardiac cellular and molecular mechanisms of cardiac malformation, we adminis-
tered pregnant mice with a single dose of all-trans retinoic acid (RA) at E8.5, as the CHD model.
We performed single-cell RNA sequencing on cardiac cells from developing mouse hearts span-
ning from E8.5 to E17.5 after RA administration. A total of 69,447 cells were obtained from seven
developmental stages ranging from E8.5 to E17.5. RA significantly impacted various CM sub-
populations, particularly the outflow tract CMs at E9.0 by reduction of Tdgf1 expression. RA also
influences the transition of endocardial-to-mesenchymal cells by decreasing the Stmn2 levels,
which may contribute to abnormal valve development. In addition, RA altered the metabolic
pattern of epicardial cells at E11.5 and promoted its differentiation potential. Taken together,
these results are valuable for the development of preventive and therapeutic strategies for CHDs.

1. Introduction

Congenital heart disease (CHD) is a structural defect present at birth that affects the normal function of the heart, which is the
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leading cause of mortality from birth defects worldwide with 13.3 million patients globally in 2019 [1]. There has been a global
transition in the age distribution of deaths from the pediatric to adult populations [2]. CHD has become the leading cause of death from
non-communicable diseases in populations under 20 years old [3]. Conotruncal defects, which result from abnormal development of
the conotruncus in the early stages of heart development, account for approximately 30 % of all CHDs. These include transposition of
the great arteries (TGA), double outlet right ventricle (DORV), tetralogy of Fallot (TOF), persistent truncus arteriosus (PTA), pul-
monary atresia, and other malformations. Despite significant advancements in diagnostic and therapeutic techniques, CHD remains a
major cause of infant morbidity and mortality. There is a need to better understand the molecular characteristics of CHD to better
formulate effective prevention and intervention strategies.

Single-cell RNA sequencing (scRNA-seq) has provided unprecedented resolution for the study of complex heart developmental and
disease processes [4–10]. Studies using scRNA-seq of human and murine hearts have revealed the well-characterized anatomical
features and mechanisms of cardiogenesis. Moreover, scRNA-seq can identify previously unrecognized populations of
disease-associated cells or functional states as well as potential molecular regulators of heart disease-associated processes [11,12].
Single-cell transcriptomics technology has well-studied the transcriptional characteristics of congenital heart disease caused by genetic
factors, such as NKX2-5 [13], Hand2 [11], WT1 and Tbx18 [8]. Besides that, the maternal metabolic environment also plays a crucial
role in embryonic heart development. Retinoic acid (RA) signaling plays a critical role in heart development. Excess RA acts as a
teratogen can cause abnormal heart development and CHD, mainly by affecting the outflow tract (OFT) and leading to conditions such
as TGA, DORV, TOF, and PTA. These observations closely resemble conotruncal heart defects caused by RA treatment in pregnant
women [14]. The importance of retinoic acid in embryonic development makes this model more reflective of certain mechanisms of
congenital heart disease in humans. Therefore, the RA-induced CHD model is suitable for investigating the mechanisms underlying
CHD in the maternal metabolic environment [15–17]. scRNA-seq is particularly well-suited for analyzing cellular heterogeneity,
dynamic behaviors, and transcriptional regulation changes during abnormal cardiac morphogenesis in the context of teratogens.

Based on an RA-induced CHD mice model, this study employed scRNA-seq to build a cellular landscape of RA-induced cardiac
malformation. A total of 69,447 cells from seven developmental stages spanning from E8.5 to E17.5 were obtained. Our extensive
analysis found that excess RA changed gene expression during cardiac cell development. Our scRNA-seq dataset and the associated
transcriptional features are valuable for the development preventative and therapeutic strategies for CHDs.

2. Results

2.1. Embryonic cardiac cell landscape with RA treatment by single-cell RNA sequencing

To investigate the effect of RA on early cardiac development, we successfully established a model of conotruncal defects in CD1
mice as previously described [15,17]. Briefly, pregnant mice were administered a single dose of all-trans RA (160 mg/kg b.w., Sigma)
at E8.5 (Fig. 1A). We observed a shortened outflow tract (OFT) in RA-treated embryos at E9.0 (Fig. 1B). Conotruncal defects were
observed in 70 % of embryonic hearts at E17.5, as determined using acomputer-assisted cardiac cavity tracking (CACCT) system [17]
(Table S1 and Fig. 1C).

To systematically investigate the cellular heterogeneity and transcriptomic dynamics during mouse embryonic heart development
following RA treatment (with corn oil treatment as the control), we collected embryonic mouse hearts at various developmental stages:
E8.5, E9.0, E9.5, E10.5, E11.5, E14.5, and E17.5. The hearts were digested into a cell suspension (Fig. 1D). Single-cell gene expression
profiles were obtained using a Chromium system (10x Genomics), resulting in 69,447 individual cells after stringent filtration
(Table S2). These cells were assigned to 26 clusters using t-distributed stochastic neighborhood embedding (t-SNE) analysis with
Seurat 4.1.1 (Fig. 1E and Fig. S1A). Based on well-known cell-type-specific markers [4,5] and cluster marker genes (Fig. 1F and
Fig. S1B), we identified eight major cell types (Fig. 1E), including ventricular CMs (V_CMs, Myl2) and atrial CMs (A_CMs, Nr2f1),
endocardial cells (ECs, Cdh5), vascular endocardial cells (VECs, Npr3), smooth muscle cells (SMCs, Acta2), epicardial cells (EPs, Wt1),
mesenchymal cells (MCs, Sox9), fibroblasts (FBs, Pdgfra), and immune cells (ICs, C1qa).

To understand the dynamics of cell type composition during embryonic heart development in response to RA, we calculated the
proportions of each cell type at each time point (Fig. 1G and Fig. S1C). The results revealed proportional changes in each cell type,
indicating a progressive increase in cellular complexity throughout embryonic heart development. During normal development, CMs
and ECs were the predominant cell types at E8.5 and E9.0, whereas EPs and MCs were predominantly detected at E9.5 and E11.5. FBs,
VECs, and SMCs were mainly detected at E14.5-E17.5. RA seems not exhibit any significant alterations in major cell type composition.
ECs showed a slight decrease at E9.0 after RA treatment.

2.2. Effects of excess RA on subpopulations of cardiomyocytes development

As shown in our scRNA-seq data, cardiomyocytes represented the largest proportion of cells. We reconstructed the developmental
time course of cardiomyocytes in the control group using Monocle 2 and identified five major categories of transcriptional gene
clusters with distinct patterns (Fig. S2A). Based on GO analysis, genes in clusters G1, G2, and G5 were enriched in "cell cycle,”
“translation,” and “ribosome biogenesis,”, indicating a more proliferative state of cardiomyocytes at the early time points. Conversely,
genes in clusters G3 and G4 displayed a gradually increasing trend. They were enriched in "muscle structure development," and
"oxidative phosphorylation," respectively, indicating a more mature state of cardiomyocytes at later time points than at earlier time
points. Furthermore, we used these gene sets to evaluate the effect of RA on CMs and we found that RA affected energy metabolism,
proliferation and muscle development (Fig. S2B). This result suggested that RA influences various aspects of cardiomyocyte
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development.
We performed a re-clustering analysis of the cardiomyocytes and identified nine distinct cell clusters (Fig. 2A and Fig. S2C). Based

on gene marker analysis and GO analysis (Fig. 2B–C and Fig. S2D), we identified proliferation CMs (cluster 0 and 6) expressed Mki67
and Ccnb2 associated with cell proliferation; A_CMs (cluster 1) expressed Nr2f1, Sln and Nr2f2, which marked atrial CMs; outflow tract
CMs (OFT_CMs, cluster 4) expressed Tnc and Bmp4; atrioventricular canal-specific CMs (AVC_CMs, cluster 7) expressed Rspo3; Mb+

CMs that highly expressed Mb (cluster 2), Prmt1+ CMs that highly expressed Prmt1 (cluster 3), and Slit2+ CMs (cluster 5) that highly
expressed Slit2. Proliferation CMs, Mb+, Prmt1+, and Slit2+ CMs were ventricular CMs (V_CMs). To study the effect of RA on CM
subpopulations gene expression, we analyzed differential gene expression in each cardiomyocyte subpopulation at different time
points (Fig. 2D). The cell subtype with the largest number of differentially expressed genes (DEGs) was the Prmt1+ CMs (cluster 3) at
E17.5, followed by the OFT_CMs (cluster 4) at E9.0. Scoring the cells using gene set G1-G5, RA-regulated genes, and CHD-related
genes, we found that Cell proliferation and oxidative phosphorylation score decreased, and RA signaling score increased in
OFT_CMs at E9.0 (Fig. 2E). These results suggested that excess RA induced RA signaling pathway, and affected cell proliferation,
metabolic pattern in OFT_CMs at earlier timepoint. Meanwhile, the muscle structure development score and CHD score increased in
Prmt1+ CMs at E17.5 (Fig. 2F), suggesting that Prmt1+ CMs may play a significant role in the cardiac remodeling associated with the
TGA phenotype. We also have conducted the analysis on Slit2+ CMs at E11.5, which is the time point when Slit2+ CMs are most
affected. The upregulated genes were enriched in metabolic process and downregulated genes were enriched in heart morphogenesis
(Figs. S2E and F). These findings indicate that RA affects cardiomyocyte subpopulations metabolic patterns may be involving in heart
morphogenesis.

Excess RA acts as a teratogen during development and can cause abnormal heart development and CHD, particularly affecting the
OFT. OFT_CMs is dramatically affected at E9.0 which seems to more sensitive to RA (Fig. 2D). We analyzed differential gene expression
in OFT_CMs at E9.0 and E9.5 (Fig. 3A–B). At E9.0, 12 h after RA treatment, we observed significant upregulation of Cyp26a1, an
enzyme involved in RA metabolism. In addition, Tbx20, Rspo3, and Tdgf1 were downregulated by RA, whereas Mdk and Cck were
upregulated. GO analysis showed that genes downregulated at both E9.0 and E9.5 were enriched in outflow tract development and
neural crest cell development (Fig. 3C). In contrast, upregulated genes were enriched in cardiac chamber morphogenesis, muscle cell
development, and glucose metabolism (Fig. S3). Immunofluorescence staining confirmed the decrease in Tdgf1 expression (Fig. 3D).
These results suggested that RA treatment affects outflow tract development which may related to Tdgf1 reduction.

At E17.5, when transposition of the great arteries (TGA) had already occurred. We analyzed the differential gene expression in
Prmt1+ CMs (Fig. 3E). GO analysis of the differentially expressed genes indicated that the upregulated genes were primarily enriched
in muscle cell differentiation and muscle cell development (Fig. 3F). In contrast, the downregulated genes were mainly enriched in
energy metabolism, such as oxidative phosphorylation (Fig. 3G). These results suggested that RA affected Prmt1+ CMs energy
metabolism in TGA.

2.3. Effects of excess RA on ECs and MCs development

Considering that the endocardial-to-mesenchymal transitions (EndoMT) is a key process in outflow tract formation, we refined the
clustering analysis among cardiac ECs and MCs to study cellular heterogeneity under RA treatment (Fig. 4A–B and Figs. S4A–B). We
found that Cluster 4 highly expressed Ccdc141, Aqp1, and Klf2, which consisted of EC and MC, predominantly obtained from E8.5-
E11.5 (Figs. S4A–D). The highly expressed genes were enriched in “regulation of vasculature development,” “vasculogenesis,” and
“heart morphogenesis” (Figs. S4E–F). These results indicated that this cluster may be related to EndoMT. We re-clustered cluster 4,
which possessed the potential to transition into mesenchymal cells, into three clusters (Fig. 4 C). The upregulation of Cyp26a1 and
Cyp26b1 indicated the influence of RA (Figs. S4G–H). C4-0 highly expressed Stmn2, C4-1 highly expressed Sox9, and C4-2 highly
expressed Cav1 (Fig. 4D–E). To recover the gene expression dynamics that characterize EndoMT progression, we ordered the cells to
build a pseudotemporal trajectory (Fig. 4 F and Fig. S5). We found that the development of endocardial cells into mesenchymal cells
followed a continuum program and pseudotime ordering closely matched the graph-based clustering results. C4-0 was isolated cen-
trally along this differentiation axis, supporting the notion that C4-0 is an intermediate transition state between ECs and MCs. We
identified Stmn2, a neuronal growth-associated protein involved in neuronal differentiation, as a specific marker of this subtype and
verified it by immunofluorescence (Fig. 4G). The expression levels of the Nrp1 decreased in the endocardial region over the pseu-
dospatial trajectory and the expression levels of Limd2 increased sharply in mesenchymal cells. Stmn2 and Pdlim3, which are reported
to influence cancer metastasis by promoting epithelial-to-mesenchymal transition [18], were specifically expressed in C4-0 cells
(Fig. S6G), suggesting they may play an important role in EndoMT.

Fig. 1. Single-cell transcriptome analysis of the mouse embryonic heart development under retinoic acid (RA) treatment. (A) Schematic repre-
sentation of the congenital heart disease mice model construction.CTRL: corn oil treatment, RA: retinoic acid treatment. (B) Shorted outflow tract
(OFT) length was detected in RA-treated embryos at E9.0. scale bar: 2000 μm. (C) The phenotype of heart at E17.5 induced by RA. TGA: trans-
position of the great arteries. scale bar: 300 μm. (D) Schematic representation of the experimental procedure for preparation of cardiac cell
preparation for single-cell RNA-seq analysis. RA: retinoic acid treatment, CTRL: corn oil treatment. (E) t-distributed stochastic neighbor embedding
(t-SNE) plots of mouse embryo cardiac cell clusters, timepoints and conditions. Clusters, conditions and time points are shown in different colors.
ventricular cardiomyoytes (V_CMs), atrial cardiomyoytes (A_CMs), endocardial cells (ECs), vascular endocardial cells (VECs), smooth muscle cells
(SMCs), epicardial cells (EPs), immune cells (ICs), mesenchymal cells (MCs), fibroblasts (FBs). (F) t-SNE projection of cells and typical gene ex-
pressions. (G) Proportion of cell types per sample with or without RA treatment. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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We analyzed the differential gene expression in C4-0 and C4-1obtained from E9.0-E11.5. We found that Stmn2, Tbx20, and Twist1
expression decreased in C4-0 after RA treatment. Spint2 levels increased, S100a4 and Sox9 levels decreased in C4-1 after RA treatment
(Fig. 4H). The decreased Sox9 was verified by immunofluorescence (Fig. 4I). GO analysis revealed that RA promoted glycolysis and
ATP generation (Fig. 4J). These results suggested that RA reduced Stmn2 level in cells at intermediate transition state to disturb
EndoMT, which may explain the cardiac valve defect.

2.4. Molecular characteristics of epicardial cells development after RA treatment

To further characterize the EPs populations which is important for heart development in RA-treated and control hearts, we re-

Fig. 2. Excess RA disturbed cardiomyocytes development. (A) t-distributed stochastic neighbor embedding (t-SNE) plots of mouse embryo cardiac
CM subpopulations by cluster (left) and condition (right). (B) heatmap of marker genes of CM subpopulations. (C) Featureplot of representing gene
expressions. (D) the number of DEGs of RA treatment in clusters during different time point. (E) cell proliferation, oxidative phosphorylation score
reduced and RA signaling score increased in cluster 4 in E9.0. (F) muscle structure development score and CHD score increased in cluster 3 in E17.5.
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analyzed the EPs. EPs were clustered into two subpopulations that showed a temporal distribution despite removing batch effects using
harmony (Fig. 5A–B and Fig. S6A). Cluster 0 mainly consisted of cells from E9.0 to E11.5, which showed characteristics distinct from
Cluster 1, primarily included cells from E11.5 to E14.5 (Figs. S6B–D). EPs with high stemness were enriched in Cluster 0 (Fig. 5C and
Fig. S6E). The epicardium is also a progenitor cell type, and Cluster 0 exhibited a higher differentiation potential. We found that only
the E11.5 time point included cells from both clusters (Fig. 5D), indicating that epicardial cells start to differentiate at this time point.
However, RA significantly promoted the differentiation potential of EPs at E11.5 (Fig. S6E).

To further investigate the differences between these two cell populations, we performed a differential analysis of Cluster 0 and
Cluster 1 of E11.5 (Fig. 5E).We found that Cluster 0 showed high expression of cell proliferation genes enriched in proliferation-related
biological processes. Genes highly expressed in Cluster 1 were enriched in the extracellular matrix and extracellular structure orga-
nization (Fig. 5F). We examined the effects of RA on EPs subpopulations using differential analysis. In cluster 0, RA promoted glucose
metabolism in the proliferative epicardial cells, reducing steroid metabolism, extracellular matrix, and cell proliferation (Fig. 5G,
upper). In cluster 1, RA promoted glucose metabolism and downregulated extracellular matrix, suggesting a significant effect of RA on
cell metabolism (Fig. 5G, bottom). We also conducted scMetabolism analysis and found that RA influenced metabolism at E11.5. RA
promotes glycolysis and pyruvate metabolism. These results indicated that glucose metabolism is the important energy metabolism
pattern of Eps after RA treatment.

3. Discussion

Here, we present scRNA-seq data on 69,447 cardiac cells from control and RA-treated hearts spanning seven developmental stages
between E8.5 and E17.5. In addition to characterizing the molecular features of different cell types, we established developmental
cardiac cellular profiles in an RA-induced CHD model and identified cardiac cell cellular and molecular dynamics under ectopic RA
signaling.

The maternal metabolic environment plays a crucial role in embryonic heart development. RA signaling affects the patterning of
cardiac progenitors and can cause a spectrum of congenital anomalies, especially OFT and septal defects, in mice. Using the RA-
induced CHD model, the extensive effects of RA also changed the cellular molecular characteristics. As the most abundant cell type
captured, CMs subpopulations showed different susceptibility to RA. At E9.5, OFT-CMs were affected dramatically by excess RA
signaling. We found that RA reduced Tdgf1 levels of OFT-CMs. Tdgf1 is a direct transcriptional target of Mef2c in OFT alignment [19].
The reduction of Tdgf1levels in OFT-CMs may be responsible for OFT shortening, which may be the main reason for conotruncal
malformations. This observation is similar to the loss of Hand2 resulting in disrupted OFT-fated cell specification [11]. At the mo-
lecular level, RA downregulated genes in OFT-CMs enriched in the GO terms ‘cardiac chamber morphogenesis’ and ‘outflow tract
morphogenesis.’ We observed that the upregulated genes in OFT-CMs were enriched for the GO term “muscle cell contraction,” which
may indicate that RA impaired myocardial cell shape related to OFTmalformation [20,21]. At E11.5, Slit2+ CMs undergone significant
transcriptional changes. The upregulated genes were enriched in metabolic process and downregulated genes were enriched in heart
morphogenesis. After TGA formation, the muscle structure development score and CHD score increased in Prmt1+ CMs at E17.5,
suggesting that Prmt1+ CMs may play a significant role in the cardiac remodeling.

We analyzed heterogeneity and lineage relationships among endothelial cells during EndoMT. Our data revealed that Stmn2, a
protein that regulates neuronal growth, was enriched in ECs with the potential to differentiate into MCs. Loss-of-function studies have
shown that abnormal EndoMT (resulting in deficient or excessive OFT cushion formation) can lead to structural OFT defects [22],
particularly alignment defects. RA reduced Stmn2 level in cells at intermediate transition state between ECs and MCs during EndoMT.
Morever, Some signaling molecules (Tbx20 and Twist1) required for EndoMT in endocardial cushion development were down-
regulated, indicating that the activation of endothelial cells lining the OFT region was affected. We also found S100a10, which is
reported to promote cancer cell proliferation, migration and invasion [23], were also decreased at E9.0 and E9.5. Further studies need
to reveal the role of S100a10 in EndoMT. Moreover, at E9.0, the down-regulated genes involved in EndoMT, which affects cardiac
cushion development, may be responsible for the decrease in MCs at E9.5. These results indicate that cardiac cushion development was
disrupted, which may be one of the reasons for conotruncal malformation.

EPs involved in the formation of the heart’s structure could migrate into the myocardium through differentiate into different cell
types. This plasticity is vital for the proper formation of the heart and its associated structures. In our study, the EPs at earlier time point
were distinct from EPs at later time point. We found that E11.5 is an important time point when epicardial cells start to differentiate.
However, EPs’ plasticity was affected for that the differentiation potential increased at E11.5 after RA treatment. Moreover,we found
that RA influences the metabolic patterns of a subset of cells with stem-like properties. It seems that glucose metabolism is the
important energy metabolism pattern of EPs after RA treatment. Whether the metabolic patterns changes are related to its plasticity
should be further studied.

However, the study has several limitations. Our datasets may be constrained regarding replication, sampling regions, lineage

Fig. 3. Retinoic acid induced CM subpopulation dysregulated gene expression. (A) Volcano plot displaying the differentially expressed genes (DEGs)
of outflow tract CMs (OFT_CMs) between the control and RA-treated cells at E9.0 and E9.5. (B) Vlnplot of differential expression of representative
genes. Significance was assessed compared with the controls using wilcoxon rank sum test. ***: P < 0.001, ns: no significance. (C) Gene ontology
(GO) analysis of downregulated genes of OFT_CMs at E9.0 and E9.5. (D) Immunofluorescence for Tdgf1 and cTnT at E9.0. OFT: outflow tract. scale
bar: 20 μm (E) Volcano plot displaying the DEGs of cluster 3 between the control and RA-treated cells at E14.5 and E17.5. (F) GO analysis of
upregulated genes of cluster 3 at E17.5. (G) GO analysis of downregulated genes of cluster 3 at E17.5.
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Fig. 4. The molecular features of endocardial cells (ECs) and mesenchymal cells (MCs) under ectopic RA treatment. (A–B) t-SNE showing the re-
clustering of control and RA-treated ECs and MCs. (C) t-SNE showing the re-clustering of cluster 4 in Fig. 4A. (D) Dotplot of clusters marker genes.
(E) Featureplot of representative genes expression. (F) Pseudotime trajectory and representative genes expression. (G) Immunofluorescence for
STmn2 in control and RA-treated embryos at E9.5. scale bar: 20 μm (H) Vlnplot of representative genes expression. *: P < 0.05, **: P < 0.01, ***: P
< 0.001, ns: no significance. (I) Immunofluorescence for Sox9 in control and RA-treated embryos at E9.0. A: atrium. V: ventricle. scale bar: 50 μm
(J) GO analysis of upregulated genes of cluster 0 (C4-0) under RA treatment.
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tracing of progenitor cells, and the lack of anatomical region information. In addition, the lack of experimental validation for some
results is a significant limitation, necessitating further experimental verification to fully understand how dysregulated genes induced
by RA contribute to heart defects.

Overall, employing single-cell RNA-seq, we constructed embryonic cardiac cell developmental trajectories spanning E8.5 and
E17.5 and revealed the spatiotemporal dynamics of regulatory network of cardiogenesis. Excess RA induced ectopic RA signaling and
disrupted the CM subpopulations, EndoMT and EPs development. These results are valuable for developing preventative and thera-
peutic strategies for the broad etiology of CHDs in the further.

4. STAR★Methods

4.1. Mouse model

Pregnant CD1 mice (female, 8–10 weeks old) were obtained from SPF Biotechnology Co., Ltd and housed under specific pathogen-
free conditions. To generate a congenital heart disease mouse model, pregnant females were administered a single oral dose of all-trans
retinoic acid (160 mg/kg b.w., Sigma) dissolved in corn oil (Sigma) on embryonic day 8.5. Pregnant mice administered corn oil (160
mg/kg b.w., Sigma) via oral gavage was used as controls. Cardiac malformations in mouse embryos were assessed on embryonic day
17.5 using a computer-assisted cardiac cavity tracking system (CACCT).

4.2. Mouse embryonic heart collection and single-cell preparation

To prepare single cells for RNA-seq, CD1 mouse embryonic whole hearts at embryonic days (E) 8.5, E9.0, E9.5, E10.5, E11.5, E14.5
and E17.5 were excised into PBS under a stereo microscope (V8, Carl Zeiss). Hearts collected from one pregnant mouse were pooled
together. Two embryonic hearts were collected at E11.5. At E14.5 and E17.5, one embryo heart was collected and its phenotype was
identified under a stereo microscope. Samples from E8.5, E9.0, E9.5, and E10.5 were digested into single cells with 0.25 % trypsin-
EDTA incubated at 37 ◦C with gentle shaking every 2–3 min, depending on stages. Samples from E11.5, E14.5, and E17.5 were
digested into single cells with a Neonatal Heart Dissociation Kit (Miltenyi Biotec) incubated for 20–40 min at 37 ◦C with gentle shaking
every 10 min. Single-cell suspensions were filtered through a 70 μm filter to remove residual undigested tissue pieces, centrifuged at
200 g for 3 min, and resuspended at 1 × 106 cells per milliliter in PBS with 0.04 % bovine serum albumin (Sigma) for single-cellRNA
sequencing.

4.3. Single-cell RNA sequencing and data processing

Cardiac cell count and viability were determined using trypan blue staining by Automated Cell Counter (Countstar® BioTech). Cells
from each time point were loaded for capture onto the Chromium System using the Chromium Single Cell 3′ Reagent Kits v2 (10X
Genomics). Following capture and lysis, cDNA was synthesized and amplified according to the manufacturer’s instruction (10X Ge-
nomics). The amplified cDNA from each channel of the Chromium Systemwas used to construct a sequencing library and sequenced on
on a HiSeq X10 (Illumina) with a paired end of 150 bp. Each litter’s control and RA-treated replicate libraries were pooled and
sequenced in the same lane.

Cell Ranger v1.3 (10X Genomics) was used to process raw sequencing data and generate gene expressionmatrix files. We performed
further filtering and clustering analyses of these cells using R software (version 4.2.1) and Seurat (version 4.1.1). As a further quality-
control measure, we filtered out doublets that were perceived on the basis of the DoubletFinder package (version 2.0.3). Cells with
<400 unique genes expressed, or >25 % of the reads mapped to mitochondria were filtered. The integrated data were normalized
(NormalizeData), scaled (ScaleData). Harmony software (version 0.1.0) was used to correct for the batch effects. Downstream graph-
based clustering into distinct populations using the FindClusters function, and t-distributed stochastic neighborhood embedding (t-
SNE) dimensionality reduction were used to project these populations in two dimensions. We removed blood clusters based on the
expression of known blood markers, such as the hemoglobin genes (Gypa and Hba-a2) and repeated the clustering approach for these
retained cells, as mentioned above. Differentially expressed genes (DEGs) were identified among the clusters in Seurat using the
FindAllMarkers function (Wilcoxon rank-sum test) to identify the marker genes. Genes with the log-fold change |logFC| ≥ 0.25 and
false discovery rate (FDR) < 0.05 were considered significant. Cell proportion was calculated using the speckle package [24]. We used
the Gene Set Variation Analysis (GSVA) enrichment to obtain Hallmark gene set (MSigDB) scores through the R package GSVA (version
1.44.2). Gene Ontology (GO) gene enrichment analysis was conducted using the ClusterProfiler package (version 4.4.4). The R package
scMetabolism (version 0.2.1) evaluated metabolic activity using mouse Kyoto Encyclopedia of Genes and Genomes pathways built
based on Kyoto Encyclopedia of Genes and Genomes (https://www.genome.jp/kegg/).We calculated cell scores using the

Fig. 5. EPs were affected by ectopic RA. (A) t-SNE showing the second-level clustering of control and RA-treated EPs by cluster and timepoint (B).
(C) t-Distributed Stochastic Neighbor Embedding (tSNE) depicting the distribution of CytoTRACE scores among EPs. Dark-green indicates lower
scores (low stemness) while dark-red indicates higher scores (high stemness). (D)Percentage of cluster 0 and 1 in control and RA-treated group at
E11.5. ***: P<0.001(E) Dotplot of clusters marker genes of Eps at E11.5. (F) GO analysis of marker genes of clusters at E11.5. (G) GO analysis of
upregulated (upper) and downregulated genes (bottom) of cluster 0 at E11.5. (H) Gene set variation analysis (GSVA) showed the effect of RA on
subclusters of EPs at E11.5. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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“AddModuleScore” function in the Seurat package with default parameters. Cell Proliferation scores were computed using G1, G2, and
G5 (Table S3). RA response score used previously reported RA regulated gene sets [25]. CHD score used gene reported associated with
CHD [26].The Monocle 2 package was used to analyze single-cell trajectories and identify developmental transitions. R package
CytoTRACE v0.3.3 was applied to calculate the CytoTRACE [27] scores for the EPs. CytoTRACE scores range from 0 to 1, with higher
scores indicating higher stemness (less differentiation), and vice versa.

4.4. Immunofluorescent staining

Hearts were fixed in 4 % PFA overnight at 4 ◦C, dehydrated in a serial ethanol, xylene, and embedded in paraffin (Thermo Sci-
entific). Thin 40 - μm cryosections were collected using a Leica CM3050S cryostat. For immunohistochemistry, heat-induced antigen
retrieval was performed using ethylenediaminetetraacetic acid (EDTA). The sections were incubated with primary antibody overnight
at 4 ◦C. After washing three times with phosphate-buffered saline (PBS), the slides were incubated with appropriate fluorescence-
labeled secondary antibodies for 1 h at room temperature. Binding was visualized using Alexa Fluor 488, 594, or 647 fluorophore-
conjugated secondary antibodies (Life Technologies). Cell nuclei were stained using DAPI (Life Technologies).
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