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Supplemental Fig. 1 Differentiation of RA-induced SE cells into functional keratinocytes 
[bookmark: OLE_LINK3]A Gene set enrichment analysis of gene set that were upregulated in mouse SE at embryonic day 9 in the gene expression matrix of RA-induced SE versus iKC. B Phase contrast images and immunostaining of iKCs (top panels) and differentiated iKCs (bottom panels) derived from RA-driven SE. Scale bar, 100μm. C Heatmap showing expression levels of representative genes in SE, iKCs and differentiated iKCs. D qRT-PCR analysis of representative genes in iKCs (left panel) and differentiated iKCs (right panel). qRT-PCR values were normalized to the values in control group. Values are presented as means ± SD (n = 3 biological replicates; *P < 0.05; **P < 0.01; ***P < 0.001 t test). E Representative GO terms (biological process) identified from the genes highly expressed in iKCs or differentiated iKCs. F The expression trends of representative genes of the four clusters identified from (Fig. 1D). G Immunostaining for KRT7, KRT18, and TP63 in the differentiated cells on D2, D3, and D4. Scale bar, 100μm.
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Supplemental Fig. 2 RXRA and RXRB function redundantly in SE commitment 
[bookmark: OLE_LINK4]A Top panels, immunoblot analysis of the expression of RXRA in WT and RXRA-KO cells after two days of differentiation. Bottom panels, immunoblot analysis of the expression of RXRB in WT and RXRB-KO cells after two days of differentiation. B Phase contrast images of WT, RXRA-KO and RXRB-KO cells after three days, five days and seven days of differentiation. Scale bar, 100μm. C qRT-PCR analysis of SE genes in WT, RXRA-KO and RXRB-KO hESCs after three days and seven days of differentiation. qRT-PCR values were normalized to the values in WT group. Values are presented as means ± SD (n = 3 biological replicates). D Immunoblot analysis of the expression of RXRA and RXRB in WT and RXRA/B DKO cells after two days of differentiation. E PCA analysis of RNA-seq of RXRA/B DKO-differentiated cells after two days and seven days of differentiation, and hESC at each time points during RA-driven SE differentiation. F qRT-PCR analysis of representative genes in WT and RXRA/B DKO cells after seven days of differentiation. qRT-PCR values were normalized to the values in WT group. Values are presented as means ± SD (n = 3 biological replicates; **P < 0.01; ***P < 0.001 t test). G Volcano map of RNA-seq data from WT and RXRA/B DKO cells after seven days of differentiation. Fold change ≥ 2 and q-value < 0.05 was significant. H Histogram showing the distribution of the distance between RXRA or RXRB peaks and transcription start sites. I Heatmap of chromatin states identified in the differentiated cells on D2 based on ChromHMM analysis.
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Supplemental Fig. 3 Loss of MSX2 impairs SE fate determination
A and B qRT-PCR analysis of representative genes in shMSX2- and scrambled shRNA-treated hESCs after three days (A) and seven days (B) of differentiation. qRT-PCR values were normalized to the values in scrambled shRNA group. Values are presented as means ± SD (n = 3 biological replicates; *P < 0.05; **P < 0.01; ***P < 0.001 t test). C GSEA for Cluster Ⅲ genes in the gene expression matrix of shMSX2- versus scrambled shRNA-treated hESCs after three days of differentiation. D and E GSEA for Cluster I genes (D) and upregulated genes upon BMP4 knockdown (E) in the gene expression matrix of shMSX2- versus scrambled shRNA-treated hESCs after three or seven days of differentiation. F Histogram showing the distribution of the distance between MSX2 peaks and transcription start sites. G Violin and boxplots comparing the expression levels of genes associated with MSX2 binding sites between hESCs and cells after three days of differentiation (***P < 0.001).
















Table S1 The sequences of shRNAs and gRNAs used in this study
	Gene name
	Sequences

	scramble
	CCTAAGGTTAAGTCGCCCTCG

	shBMP4-1
	GCGAGCCATGCTAGTTTGATA

	shBMP4-2
	CCACGAAGAACATCTGGAGAA

	shTCF7-1
	CCTTCCGATGACAGTGCTCTA

	shTCF7-2
	CAACTCTCTCTCTACGAACAT

	[bookmark: OLE_LINK2]shMSX2-1
	TAAGGAAGACCAGATCAATAG

	shMSX2-2
	TGCAGGCAGCGTCCATATATG

	RXRA KO #1
	GGCGGGCCCATGCCGTTGAT

	RXRA KO #2
	AGCTCCCCCATCAACGGCAT

	RXRB KO #1
	TGCATTGTGGGGTCGCGTCC

	RXRB KO #2
	GCCCTGCGGCATGCCGCTGA

	RXRA/B DKO (RXRA #1)
	GGCGGGCCCATGCCGTTGAT

	RXRA/B DKO (RXRA #2)
	AGCTCCCCCATCAACGGCAT

	RXRA/B DKO (RXRB #1)
	TGCATTGTGGGGTCGCGTCC















Table S2 List of primers used in this study
	Primers for RT-qPCR

	Gene name
	Forward
	Reverse

	BMP4
	TTCCTGGTAACCGAATGCTGA
	CCTGAATCTCGGCGACTTTTT

	COL7A1
	ACCAGCAATGGCTATGCTAAAA
	GCCTCGTGTGCTTCCAGTT

	FLG
	TGAAGCCTATGACACCACTGA
	TCCCCTACGCTTTCTTGTCCT

	GAPDH
	CTGAGAACGGGAAGCTTGT
	GGGTGCTAAGCAGTTGGT

	GATA3
	GCGGGCTCTATCACAAAATGA
	GCCTTCGCTTGGGCTTAAT

	GRHL2
	TCAATACCCGAAGAGCCTACA
	CTTGGCTGTCACTTGCTTTGC

	GRHL3
	GGACCTCACTCCCCTTGAAAG
	CAGTGGTGGGTAACAGGTAGC

	ITGB4
	CTGTACCCGTATTGCGACT
	AGGCCATAGCAGACCTCGTA

	KRT1
	CAGCATCATTGCTGAGGTCAAGG
	CATGTCTGCCAGCAGTGATCTG

	KRT10
	TCCTACTTGGACAAAGTTCGGG
	CCCCTGATGTGAGTTGCCA

	KRT14
	TGCCGAGGAATGGTTCTTCACC
	GCAGCTCAATCTCCAGGTTCTG

	KRT18
	CCGTCTTGCTGCTGATGACT
	GGCCTTTTACTTCCTCTTCGTG

	KRT19
	AACGGCGAGCTAGAGGTGA
	GGATGGTCGTGTAGTAGTGGC

	KRT5
	CCAAGGTTGATGCACTGATGG
	TGTCAGAGACATGCGTCTGC

	KRT7
	TCCGCGAGGTCACCATTAAC
	GCTCTGTCAACTCCGTCTCAT

	KRT8
	GATCGCCACCTACAGGAAGCT
	ACTCATGTTCTGCATCCCAGACT

	LAMB3
	GCAGCCTCACAACTACTACAG
	CCAGGTCTTACCGAAGTCTGA

	LOR
	GTCTGCGGAGGTGGTTCCTCT
	TGCTGGGTCTGGTGGCAGATC

	MSX2
	ATGGCTTCTCCGTCCAAAGG
	CGGCTTCTTGTCGGACATGA

	TFAP2A
	CAGATATGCAAAGAGTTCACCGAC
	TCAAGCAGCTCTGGATGCC

	TFAP2C
	AGATTGGGTTGAATCTTCCG
	GGCTTCACAGACATAGGCAA

	TGM1
	GCACCACACAGACGAGTATGA
	GGTGATGCGATCAGAGGATTC

	TP63
	TTTCCCACCCCGAGATGA
	TGCGGCGAGCATCCAT
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