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Supplemental Materials and Methods 10 

Drug administration and induction in mice 11 

For Pdgfb-iCre-ERT2-IresEGFP and PAC-Cdh5-CreERT2 inductions, pregnant 12 

females were orally gavaged with 200 μL of corn oil containing tamoxifen (20 mg/mL; 13 

Sigma-Aldrich, T5648) and progesterone (10 mg/mL; Sigma-Aldrich, P0130) at the 14 

indicated embryonic stages. For Bmx-creERT2 induction, 200 μL of corn oil containing 15 

4-OH tamoxifen (7.5 mg/ml; Sigma-Aldrich, H6278) and progesterone (7.5 mg/ml) 16 

was administered to pregnant females by oral gavage at the indicated stage. Stages of 17 

injection and dissection for each embryo are listed in Supplemental Table 2. 18 

For pharmaceutical administration of TGFβ2 recombinant protein, exogenous TGFβ2 19 

at doses of 0.1 μg and 0.75 μg was injected intraperitoneally into pregnant Hand2-EKO 20 

mice from E12.5 to E14.5, one time per day. Negative controls (Wild type) and positive 21 

controls (Hand2-EKO) were treated with PBS. Hearts were harvested at E15.5 and 22 

processed for whole-mount staining (1, 2).  23 

Immunohistochemistry 24 

Cryosections within 12–14 μm were made for immunohistochemistry (IHC). After 25 

washing, sections were performed using the HRP-DAB IHC Detection Kit (Starter, 26 

S0C1001) following the manufacturer’s instructions. After primary antibody incubation, 27 

sections were washed with PBS (3×5 min), and incubated with HRP-conjugated 28 

secondary antibody at RT for 1 h. Developed with DAB substrate for 5–10 min, the 29 

reaction was stopped with distilled water. Sections were mounted with Fluoromount-G 30 
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and stored at 4°C until imaging. An Olympus BX43 microscope was used for the 31 

imaging. The antibodies used are listed in Supplemental Table 3. 32 

Single-cell RNA sequencing analysis 33 

Cell quality was assessed based on the number of detected genes, mitochondrial read 34 

fraction, doublet score, and estimated ambient RNA contamination. Cells were retained 35 

if they contained more than 400 detected genes and had mitochondrial reads accounting 36 

for less than 10% of total reads. Genes detected in fewer than three cells per group were 37 

excluded. Doublets were identified using a modified DoubletFinder-based approach (3). 38 

and removed when doublet scores exceeded 0.3. Ambient RNA contamination was 39 

estimated using DecontX (4), and cells with contamination scores ≥0.5 were excluded. 40 

After quality control filtering, 6,019 Hand2-EKO; iSure-Cre endothelial cells and 41 

7,063 Cdh5-CreERT2; iSure-Cre control endothelial cells were retained for 42 

downstream analyses. A small number of lymphatic endothelial cells and valve 43 

endothelial cells were excluded before downstream cardiac endothelial analyses. 44 

Dimensionality reduction, clustering, and annotation 45 

Dimensionality reduction and clustering were performed using Seurat. Principal 46 

component analysis was performed on the scaled expression matrix using RunPCA 47 

with 50 principal components (5). The first 30 principal components were retained for 48 

downstream analyses. Cells were embedded into a two-dimensional space using UMAP. 49 

A K-nearest-neighbor graph was constructed using Euclidean distances in PCA space 50 

with k = 30, and cell clusters were identified using the Louvain algorithm implemented 51 

in Seurat’s FindNeighbors and FindClusters functions at a resolution of 0.8. 52 
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Cluster identities were assigned based on canonical endothelial marker genes, cluster-53 

specific marker genes, and comparison with published cardiac endothelial cell 54 

annotations. 55 

Pseudotime ordering and developmental trajectory inference 56 

Pseudotime trajectories were inferred using Slingshot v2.7.0 (6). Manually annotated 57 

endothelial populations, including Endocardium, Endo-Cap, Pre-A, Art, and Pre-V, 58 

were used as cluster labels. The Endocardium cluster was designated as the root cluster 59 

based on prior knowledge of cardiac endothelial development (start.clus = 60 

"Endocardium"), and no terminal cluster was pre-specified (end.clus = NULL). 61 

For the primary analysis, trajectories were fitted in the UMAP embedding space 62 

(reducedDim = "UMAP"). Slingshot inferred lineage relationships by constructing a 63 

minimum spanning tree across endothelial populations, followed by simultaneous 64 

principal curve fitting. Principal curves were approximated using 150 equidistant points 65 

(approx_points = 150) and smoothed using the lowess algorithm (smoother = "lowess"). 66 

Curve fitting was iterated until convergence or until a maximum of 15 iterations was 67 

reached (maxit = 15), using a convergence threshold of 0.001. 68 

At branching points, curves were shrunk toward shared trajectories using cosine-69 

distance-based shrinkage (shrink = TRUE, shrink.method = "cosine"). Curves were 70 

allowed to extend beyond terminal clusters to accommodate cells near trajectory 71 

endpoints (extend = "y", stretch = 2). All cells were allowed to contribute to at least one 72 

lineage without outlier exclusion (omega = Inf). Cell weights and lineage assignments 73 



 5 

were iteratively updated during curve fitting (reweight = TRUE, reassign = TRUE). A 74 

global random seed of 42 was used for reproducibility. 75 

The inferred pseudotime values and lineage assignments were extracted and 76 

incorporated into the Seurat object metadata for downstream visualization, group-wise 77 

comparison, and analysis of gene expression dynamics along endothelial differentiation 78 

trajectories. 79 

To evaluate whether the inferred trajectory was dependent on clustering granularity, 80 

Slingshot analysis was repeated using Louvain clusters generated at multiple 81 

resolutions, including 0.5, 0.8, 1.0, and 1.5. For each resolution, the cluster with the 82 

largest overlap with manually annotated Endocardium cells was used as the root cluster. 83 

The resulting pseudotime values were compared with the baseline pseudotime using 84 

Spearman correlation across shared cells. Pairwise Spearman correlations were also 85 

calculated among trajectories inferred from different clustering resolutions to assess the 86 

stability of cell ordering across clustering granularities. 87 

To assess the effect of root-cluster specification and trajectory topology, Slingshot was 88 

repeated using alternative starting conditions. Endocardium, Endo-Cap, and Art were 89 

independently specified as root clusters, and an unconstrained analysis was also 90 

performed without specifying a root cluster. The resulting pseudotime values were 91 

compared with both the baseline pseudotime and the predefined endothelial progression 92 

order using Spearman correlation. These analyses were used to evaluate the stability of 93 

trajectory topology and the dependence of trajectory directionality on biologically 94 

informed root assignment. 95 
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To test whether the inferred trajectory was sensitive to the choice of dimensionality 96 

reduction method, Slingshot was repeated in alternative embedding spaces, including 97 

Harmony-corrected PCA and diffusion map coordinates. For each embedding method, 98 

the primary endocardial-to-arterial lineage was selected based on its agreement with the 99 

predefined Endocardium–Endo-Cap–Pre-A–Art progression order. Pseudotime values 100 

inferred from different embedding spaces were compared using pairwise Spearman 101 

correlations across cells with non-missing pseudotime values. 102 

To further assess whether the selected trajectory reflected lineage progression rather 103 

than a transient transcriptional state transition, the distribution of annotated endothelial 104 

populations and representative lineage-associated marker genes was examined along 105 

pseudotime. The relative ordering of Endocardium, Endo-Cap, Pre-A, and Art cells was 106 

compared with the predefined developmental progression order. In parallel, the 107 

expression patterns of endocardial- and arterial-associated markers, including Dll4, 108 

Gja5, Hey1, and Efnb2, were visualized along pseudotime to assess progressive 109 

changes in endothelial identity. 110 

Pseudotime-associated gene analysis 111 

Pseudotime-associated genes were identified using tradeSeq-based generalized additive 112 

models along the inferred endothelial differentiation trajectory (7). The associationTest 113 

function in tradeSeq was used to evaluate genes associated with pseudotime, and genes 114 

with p < 0.05 were retained as pseudotime-associated genes. Gene expression dynamics 115 

along the differentiation trajectory were visualized using ggplot2. 116 

Differential gene expression analysis 117 
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Cluster-specific marker genes were identified using Seurat’s FindAllMarkers function 118 

with test.use = "MAST" on log-normalized expression data without cell-cycle 119 

correction (8). Genes were tested using min.pct = 0.25 and logfc.threshold = 0.25. P-120 

values were adjusted for multiple comparisons using the Benjamini–Hochberg method, 121 

and genes with adjusted p < 0.05 were considered significantly differentially expressed. 122 

Endothelial signature scoring 123 

Endothelial transcriptional programs were quantified using the UCell method (9) 124 

implemented in the irGSEA framework. Curated arterial endothelial, venous 125 

endothelial, endocardial endothelial, and tip-cell gene signatures were used as input 126 

gene sets (Supplemental Table 5). UCell scores were calculated for each cell based on 127 

the relative ranks of signature genes within the single-cell expression profile, thereby 128 

reducing the influence of sequencing depth and global expression differences across 129 

cells. The resulting scores were added to the single-cell metadata and used for 130 

downstream visualization and comparison across endothelial subpopulations, 131 

developmental trajectories, and experimental groups. 132 

Re-analysis of E12.0 and E17.5 cardiac endothelial datasets 133 

To assess endothelial transcriptional programs across developmental stages, one E12.0 134 

and one E17.5 mouse cardiac endothelial single-cell RNA-seq dataset from the same 135 

study were jointly re-analyzed within a consistent data source (10). These datasets were 136 

processed as independent reference or validation datasets rather than as part of the 137 

primary E14.5 Hand2-EKO analysis. 138 
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Raw or processed count matrices were imported into OmicVerse (11) and analyzed 139 

using a unified workflow where applicable. Cells from different samples or 140 

experimental conditions were merged based on shared genes, while sample identity, 141 

developmental stage, and group information were retained in the metadata. Low-quality 142 

cells were removed based on gene complexity and mitochondrial read fraction. Unless 143 

otherwise specified by the original dataset, cells with fewer than 1,000 detected genes 144 

or more than 10% mitochondrial reads were excluded. 145 

Count matrices were normalized to 10,000 counts per cell and log-transformed. Highly 146 

variable genes were selected, followed by regression of technical covariates, including 147 

total UMI count, detected gene number, mitochondrial fraction, and cell-cycle scores 148 

when available. Dimensionality reduction and clustering were performed using PCA, 149 

K-nearest-neighbor graph construction, UMAP embedding, and Leiden clustering. 150 

Endothelial transcriptional programs in these additional datasets were scored using the 151 

same rank-based UCell strategy described above. The resulting arterial endothelial, 152 

venous endothelial, endocardial endothelial, and tip-cell signature scores were added to 153 

the cell metadata and used for downstream visualization and comparison across 154 

developmental stages and endothelial subpopulations. 155 

CUT&Tag sequencing analysis 156 

Adapters and low-quality bases were trimmed with fastp (v0.23.4). Bowtie2 (v2.5.3) 157 

with TF-friendly parameters (--very-sensitive --no-mixed --no-discordant -X 2000) was 158 

used to align the reads to the mm10 genome. Alignments with MAPQ<30 and 159 
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mitochondrial reads were filtered using SAMtools (v1.21). PCR duplicates were not 160 

removed, and library complexity and fragment size distributions were checked. 161 

MACS2 (v2.2.7.1) was used for peak calling in narrow-peak mode with the following 162 

parameters: callpeak -f BAMPE -q 0.01 --keep-dup all. For each replicate, the 163 

corresponding IgG control was used to estimate background enrichment. Signal tracks 164 

were generated using deepTools (bamCoverage, bin = 25 bp, normalized by RPGC) for 165 

visualization in IGV. Annotation, motif analysis, and differential binding peaks were 166 

annotated using ChIPseeker (v1.38.0) against TxDb. Mmusculus. UCSC.mm10. 167 

knownGene, assigning the nearest TSS (±50 kb) and classifying promoter (±3 kb), 168 

intragenic, and distal sites. Aggregate plots and heatmaps around HAND2 motifs or 169 

peak summits were created using deepTools(v3.5.1) (computeMatrix reference-point + 170 

plotHeatMap/ plotProfile). 171 

In vitro HUVEC culture and transfection 172 

Human umbilical vein endothelial cells (HUVECs) (PromoCell, c-12208) were 173 

cultured in Medium 199 (Gibco) containing 20% (v/v) fetal bovine serum (FBS), 10 174 

IU/mL basic fibroblast growth factor (bFGF/FGF2), and 1% penicillin-streptomycin. 175 

The cell culture was maintained under standard conditions at 37°C in a humidified 176 

incubator with 5% CO₂. 177 

For transient transfection, HUVECs were seeded into antibiotic-free medium 24 h 178 

before treatment. Cells were transfected with either the pLV3-GFP control vector or the 179 

pLV3-HAND2 overexpression plasmid (P82357; Wuhan Miaoling Biotechnology Co., 180 
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Ltd.) using Lipofectamine 2000 (11668-019; Invitrogen) according to the 181 

manufacturer’s instructions. At 24 h post-transfection, cells were harvested for 182 

subsequent functional assays. 183 

Tube Formation Assay 184 

To evaluate capillary-like tube formation, 24-well plates were coated with Matrigel 185 

(0827015; ABWbio) diluted according to the manufacturer’s instructions. The coated 186 

plates were incubated at 37°C in a 5% CO₂ for 30 min to allow matrix polymerization. 187 

Subsequently, transfected HUVECs were seeded onto the polymerized Matrigel at a 188 

density of 1 × 10⁵ cells per well. Endothelial tube formation was monitored and 189 

captured photographically at 3 and 6 h post-seeding. 190 

Scratch wound migration assay 191 

To assess cell migration, HUVECs were seeded into 6-cm dishes and cultured for 24 h 192 

to attain approximately 85% confluency, followed by transfection for HAND2 193 

overexpression for an additional 24 h. A uniform mechanical scratch was introduced 194 

into the confluent cell monolayer using a sterile 200-μL pipette tip. Cellular debris and 195 

detached cells were removed by washing the monolayers twice with phosphate-196 

buffered saline (PBS). To monitor migratory progress, phase-contrast micrographs of 197 

the wound area were acquired at 0, 12, and 24 h post-wounding. 198 
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Supplemental Figure Legends 199 

Supplemental Figure 1. Endothelial Hand2 deletion impairs coronary angiogenesis 200 
and ventricular chamber development. (A) Wholemount staining showing defects of 201 
venous plexus morphogenesis in Hand2-EKO; iSure-Cre mice at E14.5. 202 
Immunostaining of TdTomato represents the cre recombination efficiency, n=3 hearts 203 
per group. (B) Wholemount staining showing absence of large coronary arteries in 204 
Hand2-EKO; iSure-Cre mice at E15.5, n=3 hearts per group. (C) Confocal images 205 
indicate normal connection between artery and aorta stem, but exhibits poorly artery 206 
development, n=3 hearts per group. AO, Aorta. (D-E) Representative images and 207 
quantitative analyses of arterial markers UNC5B and JAG1 showing lack of main artery 208 
formation, n=4 hearts per group. (F) Experimental strategy of Hand2 ablation with 209 
Tamoxifen induction at E11.5-12.5 and samples harvested at E15.5. (G-H) 210 
Representative images (G) and quantitative analyses (H) of EdU positive (EdU+) CMs 211 
and TMs from NKX2-5 and EdU immunofluorescence performed on E15.5 WT and 212 
Hand2-EKO hearts, n=3 hearts per group. (I) Immunostaining of a-Actinin reveals 213 
trabecular-like sarcomere morphology (yellow arrows) in the intermediate myocardium, 214 
n=3 hearts per group. (J) qPCR analysis of compact and trabecular myocardial marker 215 
genes of E15.5 WT and Hand2-EKO hearts, n=3 samples per group. (K) Confocal 216 
micrographs reveal downregulated CM marker TBX20 and upregulated TM marker 217 
CX40 expression in Hand2-EKO hearts. (L-M) Representative images (L) and 218 
quantitative analyses (M) of EdU positive (EdU+) TMs and CMs from ERG and EdU 219 
immunofluorescence performed on E15.5 WT and Hand2-EKO hearts, n=3 hearts per 220 
group. Data represent mean ± SEM. Statistical significance was assessed using multiple 221 
unpaired two-tailed t tests with Benjamini–Krieger–Yekutieli FDR correction for (H) 222 
and (M), and unpaired two-tailed Student's t tests for (E) and (J).. *P < 0.05, **P < 223 
0.01, ***P < 0.001. Scale bars (A, B, C, D, G, I, K and L), 200μm. CM compact 224 
myocardium, TM trabecular myocardium, IM intermediate myocardium, AO aorta. 225 





 12 

Supplemental Figure 2. Late deletion of endothelial Hand2 leads to ventricular 226 
noncompaction but independent of artery formation. (A) Experimental strategy of 227 
Hand2 ablation with Tamoxifen induction at E13.5-14.5 and samples harvested at E17.5. 228 
(B-C) Immunostaining (B) and quantitative analyses (C) of EMCN showing decreased 229 
myocardial thickness and increased trabecular layers in E17.5 Hand2-EKO hearts, n=5 230 
hearts per group. (D-E) Representative images (D) and quantitative analyses (E) of 231 
EdU positive (EdU+) TMs and CMs from Nkx2-5 and EdU immunofluorescence 232 
performed on E17.5 WT and Hand2-EKO hearts, n=3 hearts per group. (F-G) 233 
Representative images (F) and quantitative analyses (G) of EdU positive (EdU+) TMs 234 
and CMs from ERG and EdU immunofluorescence performed on E17.5 WT and 235 
Hand2-EKO hearts, n=3 hearts per group. (H) Confocal images showing upregulation 236 
of well-known trabecular markers BMP10 and CX40 in Hand2 mutants at E17.5, n=3 237 
hearts per group. (I) qPCR analysis of ventricular noncompaction associated genes, n=3 238 
samples per group. (J) Wholemount staining of DLL4 and quantitative analyses 239 
showing the normal artery morphology in E17.5 Hand2-EKO hearts, n=5 samples per 240 
group. Data represent mean ± SEM. Statistical significance was assessed using multiple 241 
unpaired two-tailed t tests with Benjamini–Krieger–Yekutieli FDR correction for (C), 242 
(E), (G) and (J), and an unpaired two-tailed Student's t test for (I). *P < 0.05, **P < 243 
0.01, ***P < 0.001, NS not significant. Scale bars (B, D, F, H and J), 200μm. CM 244 
compact myocardium, TM trabecular myocardium, IM intermediate myocardium. CA 245 
coronary artery. 246 
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Supplemental Figure 3. Deficiency of Hand2 in SV-derived ECs doesn’t impair 247 
normal cardiovascular development. (A) Experimental strategy of Hand2 ablation in 248 
coronary endothelium with Pdgfb-creERT2 lineage. (B) Bright field images of E15.5 249 
gross embryos and hearts. (C) Immunostaining of EMCN indicates the thickness of 250 
myocardial wall is normal in Hand2-EKOPdgfb hearts, n=3 hearts per group. (D) 251 
Wholemount staining of EMCN and ERG in coronary vein showing relatively normal 252 
venous plexuses formation in E15.5 Hand2-EKOPdgfb hearts with quantification 253 
analysis, n=4 hearts per group. (E) Wholemount staining of PECAM, DLL4 and CX40 254 
in coronary artery showing relatively normal artery formation at E15.5 in Hand2-255 
EKOPdgfb hearts with quantification analysis, n=6 E15.5 hearts per group. (F) 256 
Wholemount staining for coronary artery markers (PECAM, DLL4, CX40) and 257 
coronary vein marker (EMCN) shows intact arteriovenous formation in E17.5 Hand2-258 
EKOPdgfb hearts with quantification analysis, n=5 E17.5 hearts per group. (G) Confocal 259 
images of E17.5 sectional analysis showing normal coronary arteries appear in Hand2 260 
mutants, n=3 hearts per group. Data represent mean ± SEM. Statistical significance was 261 
assessed using multiple unpaired two-tailed t test with Benjamini–Krieger–Yekutieli 262 
FDR correction for (C), and unpaired two-tailed Student's t tests for (D), (E), and (F). 263 
*P < 0.05, NS not significant. Scale bars (B), 500μm. Scale bars (C, D, E, F and G), 264 
200μm. 265 
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Supplemental Figure 4. RNA-seq analysis of E14.5 WT and Hand2-EKO ECs. (A) 266 
Volcano plot showing the DEGs between control and Hand2 mutants. (B) GO terms 267 
and KEGG pathway analysis of DEGs, which were identified by the criteria of |log2FC| > 268 
0.25 and q-value < 0.05, n=4 samples per group. (C) Circos heatmap showing 269 
dysregulated gene signatures based on GO and KEGG enrichment analyses in control 270 
and Hand2-EKO hearts., n=4 samples per group. (D-F) qPCR analysis of expression of 271 
Endo-MT related genes, ECM associated genes and p53 downstream target genes, n=3 272 
samples per group. (G) Pseudotime trajectory analysis of the Endo - Endo-Cap - Art 273 
axis. (H-J) Dynamic expression of endocardium, coronary vessel, and arterial marker 274 
genes along the Endo- Endo-Cap -Art axis. Data represent mean ± SEM. Statistical 275 
significance was assessed using unpaired two-tailed Student’s t-tests for (D), (E) and 276 
(F). *P < 0.05, **P < 0.01, ***P < 0.001. Endo, endocardium; Endo-cap, Endocardial-277 
derived capillaries; Art, artery. 278 
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Supplemental Figure 5. Validation of scRNA-seq cluster annotation and 279 
robustness of endocardial–arterial trajectory inference. (A) Scoring analysis of 280 
well-known cardiac endothelial markers based on E14.5 scRNA-seq data in this study.  281 
(B-C) Publicly available E12.5 and E17.5 scRNA-seq datasets were retrieved from 282 
Gaetano D’Amato et al. 2022 (GSE214942). (D-E) Cell cycle phases span the entire 283 
trajectory (D), and regressing out cell cycle effects retains cell ordering (E). (F-G) 284 
Exclusion of stress, dissociation, hypoxia and inflammation confounding in the 285 
Slingshot pseudotime trajectory, shows weak correlation with pseudotime (F); 286 
regressing each score out independently preserves the arterial ordering (G). (H) 287 
Correlation analysis results under different resolutions. Pairwise correlation 288 
coefficients among all tested resolutions were higher than 0.99. 289 
 290 
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Supplemental Figure 6. Enhanced hypoxia pathway in Hand2-EKO hearts impairs 291 
cardiac development and mouse survival. (A) Bubble plot showing upregulated gene 292 
sets with KEGG analysis, DE genes were identified by the criteria of |log2FC| > 0.46 293 
and q-value < 0.05. (B) Intersection circle plot showing hypoxia and glycolysis 294 
associated genes. Purple fonts indicate genes overlapped with CUT&Tag data. (C) 295 
Global and histological analysis showing defects of embryos and hearts in Vhl-EKOBmx 296 
mice. Immunostaining of EMCN indicates decreased myocardial wall thickness, n=3 297 
hearts per group. (D) Confocal images and quantitative analysis showing coronary 298 
artery developmental and remodeling defects. Arteries are labeled with JAG1 and CX40, 299 
n=4 hearts per group. (E) Wholemount staining of EMCN and ERG in coronary vein 300 
showing normal venous plexuses formation with quantification analysis, n=4 hearts per 301 
group. (F) Heatmap analysis showing increased tip cell marker genes in Hand2-EKO 302 
mice. (G) Confocal images showing decreased expression of pericyte marker genes, 303 
including PDGFRb, aSMA, NG2 and OLFML3, n=3 hearts per group. (H) 304 
Immunostaining of sections from E15.5 controls, Hand2-EKO, and Hand2/Hifs 305 
mutants with EMCN indicates that myocardial development is relatively normal after 306 
repressing the HIF pathway, n=3 hearts per group. (I-J) Global and histological 307 
analyses of Hand2 and Hand2/Hifs double mutant hearts at E13.5 and E14.5 with 308 
Nfatc1-cre lineage, n=3 hearts per group. (K) Survival table indicates extend lifespan 309 
in Hand2-EKONfatc1-cre mice after interrupting HIFs in endocardium. Data represent 310 
mean ± SEM. Statistical significance was assessed using unpaired two-tailed Student’s 311 
t-tests for (D) and (E). ***P < 0.001, NS not significant. Scale bars (C, I and l), 500μm. 312 
Scale bars (D, E and G), 200μm. 313 

 314 
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Supplemental Figure 7. Suppression of HIF activity or reinforcement of TGF-315 
signalling partially restore Hand2-EKO defects at the molecular levels. (A-B) qPCR 316 
analysis of Hand2, Hif1a, Hif2a and metabolism-associated genes in E14.5 control, 317 
Hand2-EKO, and Hand2/Hifs mutant cardiac ECs, n=3 per group. (C-D) qPCR analysis 318 
of tip cell-enriched genes in cardiac ECs (C); n = 3 per group. Cardiac sections 319 
immunostained for vWF and CAV1 (D); n = 3 per group. (E-G) qPCR analysis of Endo-320 
MT‑ and ECM‑associated genes in cardiac ECs (E, F), n = 3 per group. Cardiac sections 321 
immunostained for ZO-1 and VIM (G), n = 3 per group. (H-I) qPCR analysis of TGF-322 
β signaling pathway associated genes in cardiac ECs (H), n = 3 per group. Cardiac 323 
sections immunostained for TGFβ2, TGFBR3, P-SMAD2/3 and P-P38 (I), n = 3 per 324 
group. (J) qPCR analysis showing Hand2 deletion efficiency after TGFβ2 treatment in 325 
E14.5 Hand2-EKO and control cardiac ECs, n=3 per group. (K-L) qPCR analysis 326 
shows that dysregulated venous and arterial gene expression in E14.5 Hand2-EKO 327 
cardiac ECs was partially rescued following 2.25µg TGFβ2 treatment, n=3 per group. 328 
(M-Q) qPCR analysis of tip cell-enriched, Endo-MT- and ECM-associated genes in 329 
cardiac ECs, together with immunofluorescence staining of cardiac sections for 330 
vWF/CAV1 and ZO-1/VIM; n = 3 per group for all assays. Data represent mean ± SEM. 331 
Statistical significance was assessed using an unpaired two-tailed Student’s t-test (J, K, 332 
L, M, O and P) or two-way ANOVA (A, B, C, E, F and H) followed by Tukey’s 333 
multiple-comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, NS not significant. Scale 334 
bars (D, G, I, P and Q), 100μm. 335 

 336 
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Supplemental Figure 8. HAND2 physically interacts with promoters of core 337 
cardiac TFs and hypoxia-associated genes. (A) Schematic illustration of strategies of 338 
EMCN+ ECs sorting for qPCR analysis. (B) qPCR analysis of core cardiac transcription 339 
factors in EMCN+ sorted ECs, n=3 samples per group. (C) Confocal images showing 340 
decreased expression of key TFs, including FOXC1 and GATA4, n=3 hearts per group. 341 
(D) CUT&Tag tracks of core cardiac transcription factors loci (Foxc1, Gata4, Gata6, 342 
Tbx20, Hey2 and Nfatc1) in control and Hand2-KO groups. (E) CUT&Tag tracks of 343 
hypoxia& glycolysis genes loci (Eno1, Epas1, Hk2, Igfbp3, P4ha1, Pdk1 and Slc2a1) 344 
in control and Hand2-KO groups. Data represent mean ± SEM. Statistical significance 345 
was assessed using an unpaired two-tailed Student’s t-test for (B). *P < 0.05, **P < 0.01, 346 
***P < 0.001. Scale bars (C), 100μm. 347 
 348 
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Supplemental Figure 9. Expression pattern of endothelial Gata4 and 349 
cardiovascular defects in Gata4 mutants. (A) Confocal images showing endothelial 350 
Gata4 were specifically restricted in endocardium in E12.5 and E15.5 hearts, n=3 hearts 351 
per group. (B) Experimental strategy for Gata4 deletion in cardiac endothelium. (C) 352 
Bright field images of E15.5 gross embryos and hearts showing defective 353 
embryogenesis. (D) Wholemount staining of EMCN and ERG in coronary vein 354 
showing decreased density of coronary veins and ERG numbers in E15.5 Gata4-EKO 355 
hearts with quantification analysis, n=5 hearts per group. (E-F) Wholemount staining 356 
of JAG1 and DLL4 in coronary artery showing coronary artery defects in E15.5 Gata4-357 
EKO hearts, n=8 hearts per group. (G) Experimental strategy of Gata4 deletion in 358 
endocardium with Nfatc1-cre lineage. (H) Bright field images of E14.5 gross embryos 359 
and hearts showing defective embryogenesis and dilated hearts. (I) Histological and 360 
Immunostaining analyses showing thinning of myocardial wall in Gata4-EKO hearts. 361 
(J) Wholemount staining of JAG1 showing defects of coronary artery extension and 362 
branching. (K) Quantification analysis of (I), n=5 hearts per group. and (J), n=6 hearts 363 
per group. (L) Wholemount staining of EMCN and ERG in coronary vein showing 364 
relative normal venous plexuses formation in E15.5 Gata4-EKONfatc1 hearts with 365 
quantification analysis, n=4 hearts per group. Data represent mean ± SEM. Statistical 366 
significance was assessed using two-tailed paired t-test with Benjamini–Krieger–367 
Yekutieli false discovery rate (FDR) correction for (A), and unpaired two-tailed 368 
Student's t tests for (D), (F), (K) and (L). **P < 0.01, ***P < 0.001, NS not significant. 369 
Scale bars (A, D, E, F, I, J and L), 200μm. Scale bars (C and H), 500μm. 370 
 371 
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Supplemental Figure 10. Overexpression of HAND2 in HUVECs promotes EC 372 
angiogenesis and arterialization. (A) Experimental strategy for HAND2 373 
overexpression in HUVECs. (B-C) qPCR and western blotting validation of HAND2 374 
mRNA and protein expression in HUVECs. (D-E) Tube formation assay in HUVECs 375 
and quantification analysis of branching length, length, and junctions after HAND2 376 
overexpression, n=3 samples per group. Scratch assays in HUVECs and relative 377 
migration rate quantification after HAND2 overexpression, n=3 samples per group. (F) 378 
qPCR analysis of tip cell-enriched genes and arterial marker genes, n=3 samples per 379 
group. Data represent mean ± SEM. Statistical significance was assessed using one-380 
way ANOVA for (B), two-way ANOVA for (E), followed by Tukey’s multiple-381 
comparison test, and unpaired two-tailed Student's t tests for (F). **P < 0.01, ***P < 382 
0.001, NS not significant. Scale bars (D, E), 100μm 383 
 384 
 385 
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Supplemental Table1: Genotyping primers 386 

387 

Genotype Primer  

Hand2 Floxed 
For: CTGCAATAGCAGGAAGGGAA WT band:320bp 

Mut band:480 bp Rev: CGAGAGGGAGAGAAATGGAAAG 

Vhl Floxed 
F1: CTGGTACCCACGAAACTGTC 

WT band:300bp 
Mut band:400 bp 

F2: CTAGGCACCGAGCTTAGAGGTTTGCG 
R: CTGACTTCCACTGATGCTTGTCACAG 

Hif1 Floxed 
For: CGTGTGAGAAAACTTCTGGATG  WT band:600 bp 

Mut band:630 bp Rev: AAAAGTATTGTGTTGGGGCAGT 

Hif2 Floxed 
For: GAGAGCAGCTTCTCCTGGAA WT band:180 bp 

Mut band:220 bp Rev: TGTAGGCAAGGAAACCAAGG 

Gata4 Floxed 
For: CTGTTTTCATGAGCTCTAGGTTCC WT band:162 bp 

Mut band:227 bp Rev: TAGAATTCTCAACCATTGGGTGGC 
PAC-Cdh5-
CreERT2 

For: GACTAGCTTACCATTCTGCTGGTGT 
Mut band: 300bp 

Rev: GGACAGAAGCATTTTCCAGGTATG 
PAC Pdgfb-iCre-
ERT2-IresEGFP 

PdgiCre-For: GCCGCCGGGATCACTCTCG 
Mut band: 450bp 

PdgiCre-rev: CCAGCCGCCGTCGCAACTC 

Bmx-CreERT2 
For: AAATACCTTCAGTTTTCATCT 

Mut band: 750bp 
Rev: TTGCGAACCTCATCACTCGTT 

Nfatc1-Cre 
5arm_Sense: AATAAGCCTGCCGTGGTCACTGG 

WT band: 300bp 
Mut band: 1000bp 

3arm_Antis: AACCCTGGACGCCTGGGACAC 
CRE_Sense:GAAGCAACTCATCGATTGATTTACG 

iSure Cre 

Sv40 pA F: CCCCCTGAACCTGAAACATA 
WT band:104bp           
Mut band: 260bp 

AVT Tomato R: CCTTGCTCACCATGGTCTTG 
Chr 17 R: GTGTCTGTACCAGGTTGGTTTG 
Chr 17 F: GCTCTGCATGTTGCAAGAAA 
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Supplemental Table 2: Tamoxifen inductions and dissection stages 388 
 389 

Genotype 
Tamoxifen 
injection 

Dosing Analysis 

Hand2F/F; Cdh5-CreERT2 
E11.5 and E12.5 4mg Tamoxifen E15.5 

E13.5 and E14.5 4mg Tamoxifen E17.5 

Hand2F/F; HIF1F/+; Cdh5-CreERT2 E11.5 and E12.5 4mg Tamoxifen E15.5  

Hand2F/F; HIF2F/+; Cdh5-CreERT2 E11.5 and E12.5 4mg Tamoxifen E15.5 
Hand2F/F; HIF1F/+; HIF2F/+; Cdh5-
CreERT2 

E11.5 and E12.5 4mg Tamoxifen E15.5 

Hand2F/F; Pdgfb-CreERT2 E11.5 and E12.5 4mg Tamoxifen E15.5 or E17.5 

Hand2F/F; Bmx-CreERT2 

E10.5 and E11.5 
3mg 4-OH 
Tamoxifen 

E15.5 

E11.5 
1.5mg 4-OH 
Tamoxifen 

E12.0(Explant) 

E10.5 
1.5mg 4-OH 
Tamoxifen 

E15.5(Lineage 
tracing) 

Bmx-CreERT2 
E11.5 

1.5mg 4-OH 
Tamoxifen 

E12.0(Explant) 

E10.5 
1.5mg 4-OH 
Tamoxifen 

E15.5(Lineage 
tracing) 

Hand2F/F; Nfatc1-Cre 

    

E13.5 to E15.5 

Hand2F/F; HIF1F/+; Nfatc1-Cre E13.5 to E15.5 

Hand2F/F; HIF2F/+; Nfatc1-Cre E13.5 to E15.5 

VhlF/F; Bmx-CreERT2 E10.5 and E11.5 
3mg 4-OH 
Tamoxifen 

E15.5 

Gata4F/F; Nfatc1-Cre     E14.5 or E15.5 

Gata4F/F; Cdh5-CreERT2 E12.5 2mg Tamoxifen E15.5 
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Supplemental Table 3: List of antibodies  390 

Antibodies SOURCE IDENTIFIER 

Anti-Pecam1 BD Biosciences Cat# 551262 

Anti-HAND2 Abcam Cat# ab200040 

Anti-CD31 APC BD biosciences Cat# ab551262 

Anti-endomucin eFluor 660 Thermo Fisher Scientific Cat# 50-5851-82 

Anti-ERG-AF-647 Abcam Cat# ab196149 

Anti-Nkx2.5 santa cruz Cat# sc-14033 

Anti-endomucin santa cruz Cat# sc-53941 

Anti-DLL4 R&D Systems Cat# AF1389 

Anti-CX40 Alpha Diagnostic Cat# CX40-A 

Anti-Plvap BD biosciences Cat# 550563 

Anti-FOXC1 Cell Signaling Technology Cat# 8758s 

Anti-GATA4 santa cruz Cat# sc-9053 

Anti-FABP4 abclonal Cat# A2579（20ul） 

Anti-BMP10 R&D Systems Cat# MAB6038 

Anti-VE-cadherin R&D Systems Cat# 555289 

Anti-ZO-1 Thermo Scientific Cat# 33-9100 

Anti-vimentin affinity Cat# bf8006 

Anti-N-cadherin abcam Cat# ab98952 

Anti-SLUG Howard hughes medical institute Cat# '62.1E6 

Anti-p-SNAIL bioworld Cat# BS4606 

Anti-HIF-1α Cell Signaling Technology Cat# 36169S 

Anti-HIF-2α Novus Biologicals Cat# NB100-122 

Anti-GLUT1 HUABIO Cat# ET1601-10 

Anti-ENO1 HUABIO Cat# ET1705-56 

Anti-Hexokinase II HUABIO Cat# HA500186 

Anti-LDHA HUABIO Cat# ER00702 

Anti-PDK1 HUABIO Cat# ET1704-66 

Anti-Triosephosphate isomerase HUABIO Cat# HA500283 

Anti-Angiopoietin 2 aifang Cat# AF301451 

Anti-VWF Millipore Cat# AB7356 

Anti-Caveolin 1 BD Biosciences Cat# 610407 

Anti-p-SMAD2/3 Cell Signaling Technology Cat# 8828S 

Anti-SMAD2/3 Aifang Cat# AF03499 

Anti-β-ACTIN Proteintech Cat# 66009-1-Ig 

Anti-phospho-p38(T180/Y182) MAPK Cell Signaling Technology Cat# 9211L 

Anti-p38 MAPK Cell Signaling Technology Cat# 9212 

Anti-Phospho-p44/42MAPK(Erk1/2) 

(Thr202/Tyr204) 

Cell Signaling Technology Cat# 9101s 

Anti-ERK Cell Signaling Technology Cat# 9102s 
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 391 
392 

Anti-p-JNK Cell Signaling Technology Cat# 9251S 

Anti-JNK Cell Signaling Technology Cat# 9252 

Anti-PDGFRB Invitrogen Cat# 14-1402-82 

Anti-SM22 alpha antibody abcam Cat# ab14106 

Anti-JAG1 R&D Systems Cat# AF599 

Anti-UNC5B Cell Signaling Technology Cat# 13851S 

Anti-E-cadherin bioworld Cat# BS1098 

Anti-N-cadherin santa cruz Cat# SC-7939 

Anti-NG2 Millipore Cat# AB5320 

Anti-OLFML3 Abiocode Cat# R3884-2 

Anti-TAB1 HUABIO Cat# HA500400 

Anti-aSMA SIGMA Cat# C6198 

Anti-TGFβ2 santa cruz Cat# sc-374658 

Anti-TGFBR3 R&D Systems Cat# AF242-PB 
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Supplemental Table 4: qPCR primers393 

 394 
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Supplemental Table 5: Marker gene list 395 
 396 

EC subtype Marker genes 

Arterial EC (12, 13) 
Gja5, Jag1, Cxcr4, Dll4, Unc5b, Sox17, Gja4, Hey1, Hey2, 
Ptp4a3, Kcnj8, Efnb2, Slc45a4 

Venous EC (12, 13) Aplnr, Nrp2 

Endocardial EC (14) 
Olfml3, Cdkn1c, H19, Adgrg6, Blvrb, Irx5, Igf2r, Tmem108, Bmx, 
Npr3, Nrk, Ece1, Plvap, Gsta4 

Tip cells (12, 13) 
Angpt2, Apln, Plxnd1, Adm, Mcam, Esm1, Dll4, Unc5b, Cxcr4, 
Igfbp3, Rasgrp3, Spry4, C1qtnf6, Kcnj8, Inhbb, Ptp4a3, Rhoc, 
Sox7, Guk1, Plaur, Nid2, Kcne3, Trp53i11, Spry1 

Endo-MT ECs (15-18) 

Zeb1, Zeb2, Cdh2, Serpine1, Col1a2, Snai2, Col5a1, Col6a3, 
Tgfbi, Tgfb2, Tgfb3, Tgfbr3, Olfml3, Ecm2, Postn, Tbx20, Acvr1, 
Thsd4, Tmem100, Ltbp1, Hand2, Twist1, Ecm1, Snai1, Nfatc1, 
Fbn1, Smtnl2, Gata6, Mfap4, Loxl, Col26a1, Col11a1, Col15a1, 
Pdgfrb, Smoc1, Id2. 

 397 



 27 

Supplemental references 398 

1. Zhang YS, Xiong GF, and Peng JP. Effects of TGF beta-1 on mouse embryo 399 
implantation and expression of H2-D1 and H2-DM. Front Biosci (Elite Ed). 400 
2010;2(1):351-60. 401 

2. Zhao M, Zhang H, Liu X, Jiang Y, Ren L, and Hu X. The Effect of TGF-β on 402 
Treg Cells in Adverse Pregnancy Outcome upon Toxoplasma gondii Infection. 403 
Front Microbiol. 2017;8:901. 404 

3. McGinnis CS, Murrow LM, and Gartner ZJ. DoubletFinder: Doublet Detection 405 
in Single-Cell RNA Sequencing Data Using Artificial Nearest Neighbors. Cell 406 
Syst. 2019;8(4):329-37 e4. 407 

4. Yang S, Corbett SE, Koga Y, Wang Z, Johnson WE, Yajima M, et al. 408 
Decontamination of ambient RNA in single-cell RNA-seq with DecontX. 409 
Genome Biol. 2020;21(1):57. 410 

5. Hao Y, Stuart T, Kowalski MH, Choudhary S, Hoffman P, Hartman A, et al. 411 
Dictionary learning for integrative, multimodal and scalable single-cell analysis. 412 
Nat Biotechnol. 2024;42(2):293-304. 413 

6. Street K, Risso D, Fletcher RB, Das D, Ngai J, Yosef N, et al. Slingshot: cell 414 
lineage and pseudotime inference for single-cell transcriptomics. BMC 415 
Genomics. 2018;19(1):477. 416 

7. Van den Berge K, Roux de Bezieux H, Street K, Saelens W, Cannoodt R, Saeys 417 
Y, et al. Trajectory-based differential expression analysis for single-cell 418 
sequencing data. Nat Commun. 2020;11(1):1201. 419 

8. Finak G, McDavid A, Yajima M, Deng J, Gersuk V, Shalek AK, et al. MAST: a 420 
flexible statistical framework for assessing transcriptional changes and 421 
characterizing heterogeneity in single-cell RNA sequencing data. Genome Biol. 422 
2015;16:278. 423 

9. Andreatta M, and Carmona SJ. UCell and pyUCell: single-cell gene signature 424 
scoring for R and Python. Bioinformatics. 2026;42(2). 425 

10. D'Amato G, Phansalkar R, Naftaly JA, Fan X, Amir ZA, Rios Coronado PE, et 426 
al. Endocardium-to-coronary artery differentiation during heart development 427 
and regeneration involves sequential roles of Bmp2 and Cxcl12/Cxcr4. Dev Cell. 428 
2022;57(22):2517-32 e6. 429 

11. Zeng Z, Ma Y, Hu L, Tan B, Liu P, Wang Y, et al. OmicVerse: a framework for 430 
bridging and deepening insights across bulk and single-cell sequencing. Nat 431 
Commun. 2024;15(1):5983. 432 

12. Luo W, Garcia-Gonzalez I, Fernandez-Chacon M, Casquero-Garcia V, Sanchez-433 
Munoz MS, Muhleder S, et al. Arterialization requires the timely suppression 434 
of cell growth. Nature. 2021;589(7842):437-41. 435 

13. Cano E, Schwarzkopf J, Kanda M, Lindberg EL, Hollfinger I, Pogontke C, et 436 
al. Intramyocardial Sprouting Tip Cells Specify Coronary Arterialization. Circ 437 
Res. 2024;135(6):671-84. 438 

14. Phansalkar R, Krieger J, Zhao M, Kolluru SS, Jones RC, Quake SR, et al. 439 
Coronary blood vessels from distinct origins converge to equivalent states 440 



 28 

during mouse and human development. Elife. 2021;10. 441 
15. Deshmukh AP, Vasaikar SV, Tomczak K, Tripathi S, den Hollander P, Arslan E, 442 

et al. Identification of EMT signaling cross-talk and gene regulatory networks 443 
by single-cell RNA sequencing. Proc Natl Acad Sci U S A. 2021;118(19). 444 

16. de Soysa TY, Ranade SS, Okawa S, Ravichandran S, Huang Y, Salunga HT, et 445 
al. Single-cell analysis of cardiogenesis reveals basis for organ-level 446 
developmental defects. Nature. 2019;572(7767):120-4. 447 

17. Lu P, Wu B, Wang Y, Russell M, Liu Y, Bernard DJ, et al. Prerequisite 448 
endocardial-mesenchymal transition for murine cardiac trabecular angiogenesis. 449 
Dev Cell. 2023;58(9):791-805 e4. 450 

18. Yoshimatsu Y, and Watabe T. Emerging roles of inflammation-mediated 451 
endothelial-mesenchymal transition in health and disease. Inflamm Regen. 452 
2022;42(1):9. 453 

 454 


