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Extended Data Fig. 4 | hand2 eh22 enhancer-driven reporter labels early 
cardiac precursors. a, Schematic representation of ATAC-seq and H3K27ac 
ChIP-seq experimental design; a Tg(myl7:EGFP) line was used to isolate EGFP+ 
(that is, myocardial) cells and EGFP− (that is, non-myocardial) cells at 24 hpf. 
a’, Graphs showing the FACS gating strategies to sort 24 hpf Tg(myl7:EGFP + ) 
CMs. b, Genome browser view showing ATAC-seq and ChIP-seq peaks 
enriched in myocardial cells at the hand2 locus; red boxes indicate 3 of the 
putative enhancers that were tested. c, Confocal images of representative 
Tg(myl7:mCherry-CAAX) hearts from 75 hpf larvae that were injected at the one-

cell stage with a hand2 eh2:EGFP, hand2 eh16:EGFP, or hand2 eh22:EGFP plasmid. 
c’, Percentage of EGFP+ embryos that were injected at the one-cell stage with a 
myl7:EGFP, hand2 eh2:EGFP, hand2 eh16:EGFP, or hand2 eh22:EGFP plasmid.  
d, In situ hybridization showing hand2, EGFP, and myl7 expression in 12, 14, 16, 
and 24 hpf WT and Tg(hand2 eh22:EGFP) sibling embryos; schematics of the 
expression pattern shown on the right. The proportion of embryos matching the 
image shown is indicated in the top right corner of each image. Scale bar applies 
to all images. Panel a created with BioRender.com.
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Extended Data Fig. 5 | hand2 expression in hand2 OE lines. a, Proportion (a) 
and percentage (a’) of rescued 48 hpf hand2 FLD−/− embryos after injection at the 
one-cell stage with the constructs as listed (as in Fig. 2b). b, Confocal images of 
representative Tg(myl7:mCherry-CAAX) hearts from 98 hpf Tg(hand2 eh22:hand2-
p2a-EGFP), Tg(hand2 eh22:hand2 EDE-p2a-EGFP), Tg(hand2 eh22:hand2 
P-p2a-EGFP), and Tg(hand2 eh22:hand2 AA-p2a-EGFP) larvae. c, Proportion (c) 
and percentage (c’) of rescued 20 hpf Tg(hand2 eh22:hand2-p2a-EGFP);hand2 
FLD−/−, Tg(hand2 eh22:hand2 EDE-p2a-EGFP);hand2 FLD−/−, Tg(hand2 eh22:hand2 
P-p2a-EGFP);hand2 FLD−/−, and Tg(hand2 eh22:hand2 AA-p2a-EGFP);hand2 
FLD−/− embryos. d, Relative mRNA levels of hand2 in 20 hpf Tg(hand2 eh22:EGFP), 
Tg(hand2 eh22:hand2-p2a-EGFP), Tg(hand2 eh22:hand2 EDE-p2a-EGFP), Tg(hand2 
eh22:hand2 P-p2a-EGFP), and Tg(hand2 eh22:hand2 AA-p2a-EGFP) EGFP+ cells; 

error bars are mean ± s.e.m.; n = 3 hand2 eh22:EGFP, n = 5 hand2 eh22:hand2, n = 3 
hand2 eh22:hand2 EDE, n = 3 hand2 eh22:hand2 P, n = 4 hand2 eh22:hand2 AA.  
e, Western blot analysis comparing the levels of FLAG-tagged Hand2 protein in 14 
hpf 3xFLAG-hand2, 3xFLAG-hand2 EDE, 3xFLAG-hand2 P, and 3xFLAG-hand2 AA 
mRNA injected embryos. f, Western blot analysis comparing the levels of FLAG-
tagged Hand2 protein in 4 hpf 3xFLAG-hand2, 3xFLAG-hand2 P, and 3xFLAG-
hand2 AA mRNA injected embryos with different exposure times for protein 
detection. g, Modeling of the structure of Hand2, Hand2 Δ27, Hand2 Δ3, Hand2 
EDE, Hand2 P and Hand2 AA by Alphafold2. P values in d were calculated using a 
one-way ANOVA multiple comparison test. The proportion of larvae matching 
the image shown is indicated in the top right corner of each image. Scale bar 
applies to all images. Ct values of qPCR data are listed in Supplementary Table 1.
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Extended Data Fig. 6 | Deleting cloche/npas4l promotes myocardial 
migration in hand2 mutants. a, In situ hybridization showing myl7 expression 
in 24 hpf hand2 FLD+/+, hand2 FLD−/−, npas4l−/−, and hand2 FLD−/−; npas4l−/− sibling 
embryos. b, In situ hybridization showing fn1a expression in 20 hpf hand2 FLD+/+, 
hand2 FLD−/−, npas4l−/−, and hand2 FLD−/−; npas4l−/− sibling embryos. To prevent 
overstaining hand2 FLD−/− and npas4l−/− embryos, we stopped staining reaction 
once some embryos became dark. Consequently, hand2 FLD+/+ embryos appear 

lighter in color. c, Normalized read count for fn1a expression in kdrl:mCherry+ 
endothelium from 20 hpf hand2 FLD+/? and hand2 FLD−/− sibling embryos.  
P value in c was calculated using an unpaired Student’s t-Test. Error bars are 
mean ± s.e.m.; n = 3 biologically independent samples. The proportion of 
embryos matching the image shown is indicated in the top right corner of each 
image. Scale bars apply to all images.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Hand2 promotes pdgfra expression in zebrafish 
cardiomyocytes. a, Maximum intensity projections of confocal images of 
Tg(myl7:EGFP) expression in 20 hpf hand2 FLD+/+ and hand2 FLD−/− sibling 
embryos. b, Heat map of DEGs comparing the Tg(myl7:EGFP) + cells hand2 FLD+/? 
and hand2 FLD−/− sibling embryos at 20 hpf. c, Gene ontology (GO) term analysis 
of molecular function shows enrichment of platelet-derived growth factor alpha-
receptor activity genes downregulated in 20 hpf hand2 FLD−/− Tg(myl7:EGFP)+ 
cells. d, Spearman correlation coefficient (ρ) between hand2 expression and 
pdgfra expression during early embryonic stages from the Zebrahub datasets. 

e, Double fluorescence in situ hybridization showing hand2 (green) and pdgfra 
(red) expression patterns illustrating their overlap in the 14.5 hpf anterior LPM.  
f, Violin plots showing pdgfra expression within cluster 3 (cardiac precursors).  
f’ UMAP representation of cells from different samples within cluster 3. g. 
Relative mRNA levels of pdgfra and hand2 in Tg(myl7:EGFP)+ cells from 24 hpf 
hand2 Δ27+/? and hand2 Δ27−/− sibling embryos; error bars are mean ± s.e.m.; 
n = 4 biologically independent samples. P values in g were calculated using an 
unpaired Student’s t-Test. Scale bars apply to all images.
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Extended Data Fig. 8 | pdgfra is a potential effector of Hand2 during early 
zebrafish cardiogenesis. a, Gene set enrichment analysis (GSEA) revealed that 
the PDGF signaling pathway is enriched in hand2 OE myocardial cells. b, Heat 
map of DEGs comparing the Tg(myl7:mCherry)+ cells in Tg(myl7:hand2-p2a-EGFP) 
and WT sibling embryos. c, In situ hybridization showing myl7 expression in 
24 hpf hand2 FLD+/+ and hand2 FLD−/− sibling embryos that were injected at the 
one-cell stage with a myl7:fgf17, myl7:fgfr3, myl7:fgfr4, myl7:jam2b, myl7:postnb, 

myl7:rhag, myl7:bmp5, or myl7:pdgfra plasmid. c’, Percentage of 24 hpf hand2 
FLD−/− embryos that displayed evidence of cardiac cell migration after injection 
at the one-cell stage with a myl7:fgf17, myl7:fgfr3, myl7:fgfr4, myl7:jam2b, 
myl7:postnb, myl7:rhag, myl7:bmp5, or myl7:pdgfra plasmid. All embryos are 
shown in dorsal views, anterior to the top. The proportion of embryos matching 
the image shown is indicated in the top right corner of each image. Scale bar 
applies to all images.
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Extended Data Fig. 9 | 3xFLAG-Hand2 pull down experiment. a, FLAG IP 
of lysates from 14 hpf 3xFLAG-hand2 and 3xFLAG-hand2 EDE mRNA injected 
embryos blotted with antibodies against FLAG and β-actin. b, b’, Absolute protein 
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EDE protein complexes by mass spectrometry; error bars are mean ± s.d.; n = 3 
biologically independent samples; list of the mean of absolute protein intensity 
shown in b’.
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Extended Data Fig. 10 | mESC differentiation into cardiac cells. a, Schematic 
of mESC differentiation into cardiac cells. b, Relative mRNA levels of mESC 
(pluripotency) markers in mESC (V6.5)-derived cardiac cells; error bars are 
mean ± s.e.m.; n = 6 biologically independent samples. c, Relative mRNA levels 
of CM markers in mESC (V6.5)-derived cardiac cells; error bars are mean ± s.e.m.; 
n = 6 biologically independent samples. d, Relative mRNA levels of mESC 
(pluripotency) markers in mESC (E14)-derived cardiac cells; error bars are 
mean ± s.e.m.; n = 3 biologically independent samples. e, Relative mRNA levels 
of CM markers in mESC (E14)-derived cardiac cells; error bars are mean ± s.e.m.; 

n = 3 biologically independent samples. f, Relative mRNA levels of Hand2 in 
Hand2 OE mESC (E14)-derived cardiac cells; error bars are mean ± s.e.m.; n = 3 
biologically independent samples. g, Relative mRNA levels of Pdgfra in Hand2 OE 
mESC (E14)-derived cardiac cells; error bars are mean ± s.e.m.; n = 3 biologically 
independent samples. P values were calculated using an unpaired Student’s 
t-Test in b-e, and using a one-way ANOVA multiple comparison test in f, g. The 
average mRNA level in mESCs was set at 1.0. Ct values of qPCR data are listed in 
Supplementary Table 1.
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