
Fig. S1. Generation of Tbx20nlacZ and Tbx20H2BGFP knock-in mice. (A) The Tbx20nlacZ/H2BGFP mouse model. A LoxP-nlacZ-polyA-LoxP-H2BGFP-
polyA cassette is introduced into exon 1 of Tbx20. Bars indicate exons. H, HindIII; S, SmaI. Mice with a knock-in allele derived from positive ESCs 
are crossed to Flippase mice to remove the Neo cassette. Tbx20H2BGFP mice are obtained by crossing Tbx20nlacZ/H2BGFP mice with Protamine-Cre mice. 
(B) Southern blot of ESC DNA digested with HindIII hybridized with a genomic fragment external to the 59 targeting construct, showing the wild-
type band at 4.4 kb and the recombinant band at 3.0 kb.



Fig. S2. Tbx20nlacZ recapitulates the endogenous Tbx20 expression pattern. (A-D) Whole-mount RNA in situ hybridization of Tbx20 at E9.5 (A), 
E10.5 (B), E11.5 (C) and E13.5 (D). (E-H) Whole-mount X-Gal staining of Tbx20nlacZ embryos at E9.5 (E), E10.5 (F), E11.5 (G) and E13.5 (H). 
Arrows indicate the heart region and arrowheads indicate the optic vesicle. (I-L) Tbx20 RNA in situ hybridization on heart sections at E9.5 (I,J) and 
E10.5 (K,L). (M-P) X-Gal staining of Tbx20nlacZ heart sections at E9.5 (M,N) and E10.5 (O,P). Tbx20nlacZ faithfully recapitulates endogenous Tbx20 
mRNA expression in the heart, including myocardium (notched arrows), endocardium (unnotched arrows) and cushion mesenchyme (arrowheads).



Fig. S3. Nfatc1Cre lineage in endocardium and mesenchyme. (A,B) Whole-mount X-Gal staining of Nfatc1Cre/+;R26RlacZ hearts at E9.5 (A) and 
E11.5 (B). (C-F) X-Gal staining of heart sections at E14.5. Nfatc1Cre/+ derivatives are found in endocardium (arrows in D) and cushion mesenchyme 
(arrows in C,E,F), but not myocardium (arrowhead in D). En, endocardium; My, myocardium.

Fig. S4. Normal atrioventricular cushion formation in Tbx20 CKO embryos at E11.5. (A-D) Transverse sections of Tbx20 CKO mutant and 
control hearts at E11.5. C,D are higher magnification images for A,B in the atrioventricular cushion region (boxed), respectively. (E) Relative 
atrioventricular cushion size. The mutant atrioventricular cushion size is normal at E11.5. n.s., not significant.



Fig. S5. Endocardial Tbx20 is not required for early EMT initiation. (A-D) Sagittal sections of control (Nfatc1Cre/+;Tbx20f/+;R26RlacZ) and mutant 
(Nfatc1Cre/+;Tbx20f/–;R26RlacZ) hearts at E10.5. Embryos containing one copy of the R26RlacZ allele are to detect Nfatc1Cre progeny in which the 
Tbx20 floxed allele is recombined. X-Gal staining shows Nfatc1Cre lineage cells including endocardium and cushion mesenchyme. Arrows indicate 
mesenchymal cells. In OFT, mesenchymal cells derived from the endocardial lineage are located in the proximal OFT (pOFT). Mesenchymal cells 
in the distal OFT (dOFT) originate from neural crest and are X-Gal staining negative (asterisk). Dashed lines indicate the junctions between the 
Nfatc1Cre lineage and the neural crest lineage. (E) Statistical analysis reveals no significant difference in the number of mesenchymal cells in AVC and 
OFT regions of mutant and control hearts at E10.5. n.s., not significant. (F-M) RNA in situ hybridization of EMT related genes in the AVC at E9.5. 
Arrows indicate the AVC region. (N-U) RNA in situ hybridization of EMT related genes in the OFT at E10.5. No differential expression is found. 
Arrows indicate the OFT region. OFT, outflow tract; AVC, atrioventricular canal.



Fig. S6. Efficient and specific disruption of Tbx20 by Nfatc1Cre in the endocardial and cushion mesenchymal cells of Tbx20 CKO embryos. 
(A-F) Co-immunostaining of Tbx20 (green) and with MF20 (red) in control (A,C,E) and mutant (B,D,F) hearts at E9.25. MF20 co-stains with 
Tbx20 in the myocardium (yellow). E,F are higher magnification images for C,D in the AVC region (boxed), respectively. In the control heart (E), 
Tbx20 is highly expressed in the endocardial (arrows) and mesenchymal (arrowheads) cells. Tbx20 immunostaining signals are barely detected in the 
endocardial and mesenchymal cells in the mutant at E9.25 (arrows in F). (G-L) Whole-mount RNA in situ hybridization of Tbx20 exon 2 in control 
(G,I) and mutant (H,J) at E9.25. I,J are higher magnification images for G,H in the AVC region (boxed), respectively. Sections of the AVC region are 
shown in K and L. Tbx20 exon 2 expression can be detected in the AVC endocardial and mesenchymal cells in the control (arrows in I,K) but not in 
these cells in the mutant (arrows in J,L).



Fig. S7. Genes essential for early endocardial cushion development are expressed normally in Tbx20 CKO embryos. (A-H) RNA in situ 
hybridization indicates that genes crucial for endocardial cushion and valve formation, including Bmp4 (A,B), Notch1 (C,D), Gata4 (E,F) and Tbx5 
(G,H), are expressed normally in the mutant hearts (arrows).



Fig. S8. Nfatc1 is expressed normally in Tbx20 CKO heart. (A-D) Immunostaining of Nfatc1 (red) in control (A,C) and mutant (B,D) hearts 
at E12.5. Nfatc1 is expressed normally in valve endocardial cells in both pulmonary valve (arrows in A,B) and mitral valve (arrows in C,D). (E) 
Relative expression of Nfatc1 in E12.5 control and mutant heart as determined by RT-qPCR. n.s., not significant. PA, pulmonary artery.

Fig. S9. Lef1 is co-expressed with Nfatc1 in cushion endocardial cells. (A-D) Immunostaining of Lef1 (green) and Nfatc1 (red) in the mitral valve 
(A,C) and pulmonary valve (B,D) at E12.5. Nfatc1 marks valve endocardial cells. C,D are higher magnification images for A,B in the valve region 
(boxed), respectively. Arrows indicate co-staining of Lef1 and Nfatc1 in valve endocardial cells (white).



Fig. S10. Wnt/β-catenin signaling activity in the heart determined in TOPGAL mice. (A-L) Whole-mount X-Gal staining of TOPGAL mouse 
hearts at E9.5 (A-C), E10.5 (D-F), E11.5 (G-I) and E12.5 (J-L). Arrows indicate that active Wnt/β-catenin signals are specifically located in the 
primitive endocardial cushion and valve regions from E10.5 to E12.5. OFT, outflow tract; AVC, atrioventricular canal; AVCu, atrioventricular 
cushion; PV/AoV, pulmonary/aortic valve; TV/MV, tricuspid/mitral valve.
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Table S1. Primers 
 

 Forward (5’-3’) Reverse (5’-3’) 
RT-qPCR 

Actb TGAACCCTAAGGCCAACCGTGAAA CAGGATGGCGTGAGGGAGAGCATAG 
Acan GTGATGATCTGGCATGAGAGAGG CACCAGGGAGCTGATCTCG 
Col1a1 TGGTTTGGAGAGAGCATGACC GATCCCTGGAGGAGCAGG 
Has2 CACAGCCTTCAGAGCACTGG GCTGAGGAAGGAGATCCAGG 
lacZ GCCCATCTACACCAACGTAACC AGTAACAACCCGTCGGATTCTC 
Lef1 ACGCTAAAGGAGAGTGCAGC ATTGTCTCGCGCTGACCA 
Mmp2 CTTTGCAGGAGACAAGTTCTGG AATAAGCACCCTTGAAGAAGTAGC 
Mmp9 CCATGCACTGGGCTTAGATCA GGCCTTGGGTCAGGCTTAGA 
Mmp13 GGAAGACCCTCTTCTTCTCT TCATAGACAGCATCTACTTTGTT 
Postn AATGCTGCCCTGGCTATATG GTAGTGGCTCCCACAATGC 
Vcan TCCTGATTGGCATTAGTGAAGAGT CTGGTCTCCGCTGTATCCAG 
Wnt4 GGGCACTCATGAATCTTCACAAC GCCAGCACGTCTTTACCTC 
Wnt7b CGTCTTCGGGCAAGAACTCC GGTCACAGCCACAATTGCTCA 
Wnt9b GAGGAAGCAAGGACCTGAGG GGGAGAGCTGCTTCCAACAG 

   
ChIP-PCR 

P1 CCACGTGGCTGCAAAATCTCTA  
P2 GCTGTTGGTTTTTCTCCTCCTG  
P3 AGAGTCACAACTCTTCTGTTTGC  
P4 CTCTTCTTCTCTTGCCGACC  

   
Lef1 promoter fragments 

3.9 kb GGACAGTGTTCCCTCCACCC CCCTCGGTCAAAGCAAAGAGCTGC 
2.9 kb AATTAAATCACATCAAAACGCCCC CCCTCGGTCAAAGCAAAGAGCTGC 
1.7 kb CAACCACGTCCTATGCAGCAAACC CCCTCGGTCAAAGCAAAGAGCTGC 

 

Table S2. Genes identified by DEGseq R packages and differentially expressed >1.5-fold.
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