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Supplementary Figure 1. Single-nucleus transcriptional and chromatin accessibility profiling in the human at early and late pregnancy.
a. Immunohistochemistry of KRT7 showing the early and late placental morphology used for sequencing.
b. Table showing the statistic of the qualified nuclei from the snRNA-seq and snATAC-seq data.
c. UMAP projection of snRNA-seq data colored by donor of origin, as indicated on the top. 8W_D1 represents placenta collected at early pregnancy from donor 1, and so on, for each name of the abbreviations.
d. UMAP projection of snATAC-seq data colored by donor of origin, as indicated on the top. 8W_D1 represents placenta collected at early pregnancy from donor 1, and so on, for each name of the abbreviations.
e. Heatmap of scRNA-seq data showing the expression of indicated marker genes of trophoblast cells and stromal cells.
f. UMAP plot showing the logarithms 10 (log10) normalized number of counts of each nucleus of the snRNA-seq data. 
g. UMAP plot showing the logarithms 10 (log10) normalized number of counts of each nucleus of the snATAC-seq data.
h. UMAP projection of snRNA-seq data colored by distinct cell cycle in the G1 phase, G2/M phase, and S phase based on CellCycleScoring function of the Seurat package with cell cycle phase specific marker gens. Proliferative CTB nuclei were highlighted in red or green on the UMAP.
i. UAMP plot of scATAC-seq data showing the identity of each cell cluster based on marker gene activity score.
j. UAMP plot of scRNA-seq data showing the identity of each cell cluster based on marker gene activity score.
k. Transcription factors overlay on snATAC-seq UMAP (top) of gene-activity scores (middle) and snRNA-seq (bottom) for HES2, CEBPA, STAT4 and NFATC4.
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Supplementary Figure 2. Massive integration of all eight single nucleus multi-omics sequencing libraries at early and late pregnancy by liger.
a. Schematic diagram shows massive integration strategy for all 10X libraries.
b. UMAP projection of integrated snATAC-seq data and snRNA-seq data colored by pregnant stage and dataset, as indicated on the right. W8 represents the placenta collected at early pregnancy. TM represents the placenta collected at late pregnancy. atac represents snATAC-seq data. rna represents snRNA-seq data.
c. UAMP plots of integrated snATAC-seq data and snRNA-seq data showing the identity of each cell cluster based on marker gene expression in different pregnant stages and datasets.
d. UAMP plots of integrated snATAC-seq data and snRNA-seq data showing the specific expression of FLT1 and PAPPA in different pregnant stages and datasets.
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Supplementary Figure 3. Distinguished nuclei clusters were identified in the first-trimester placenta during the differentiation of CTB into the STB.
a. Marker gene expression level projected on the UMAP for the snRNA-seq dataset.
b. Marker gene activity scores projected on the UMAP for the snATAC-seq dataset.
c. Two-dimensional embedding (with the DDRTree algorithm) of selected trophoblast nuclei (CTB_fusion and STB) showing nuclei distribution and quantitative summary along the pseudotime trajectory (related to Figure 2c).
d. Heatmap visualization of differentailly expressed genes that were used in Gene Ontology enrichment analysis (related to Figure 2e,f).
e. Volcano plots showing the positive and negative differentially expressed genes with significant FC and FDR. Positive and negative were identified for each snRNA-seq clusters, comparing expression level of each cluster to the average.
f. Hormone genes show diverged expression pattern, support additional evidence for function diversity of STB nuclei. 
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Supplementary Figure 4. Representative chromatin accessibility of cis-elements which locate near important genes along the STB differentiation trajectory. Cis-elements were ordered by pseudotime value of snATAC-seq trajectory and assigned to the closest gene(s) by distance. Three types of cis-element linked genes were shown: genes enrich CTB and STBNascent high accessible cis-elements (left); genes that show STBFLT1(top right) specific and genes that show STBPAPPA (bottom right) specific cis-elements. The chromatin landscape around genes of interest (ESRRG, OVOL1, FOSL2, HIF1A) were plotted right to the heatmap. (related to Figure 3b).
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[bookmark: _Hlk107763824]Supplementary Figure 5. Identification of transcription factor regulators and construction of TF regulatory network during STB nuclei differentiation at early pregnancy.
a. Integration UMAP embeddings shows gene expression of marker genes.
b. Heatmap visualization of 93053 peak-to-gene links by alignment of peak accessibility (left) and gene expression (right). Data of both matrics are Z-score transformed to the same scale and split into 25 groups by the hierarchy clustering algorithom.	
c. Illustration of peak-to-gene links with two marker genes PAPPA (left) and FLT1 (right). Local accessible chromatin landscape was visualized by pseudo-bulk snATAC-seq tracks, along with matched gene expression data at single nucleus level. Gene annotation and motif positions are plotted below. Transcription direction is indicated by arrows.
d. The eGRN regulatory network of eSTB4Nascent (related to Figure 3d). 
e. FISH staining of STAT4, PAPPA and PSG8 (a marker of STB) and the fluorescence intensity of STAT4 and PAPPA, indicating STAT4 and PAPPA were colocalized.
f. FISH staining of STAT5B, PAPPA and PSG8 (a marker of STB) and the fluorescence intensity of STAT5B and PAPPA, indicating STAT5B and PAPPA were co-located.
g. Immunostaining of WT and STAT5AKD STB for CDH1 and hCG.
h. Quantification of fusion index in WT and STAT5AKD STB. n = 10 fields of view, three experiments. Data are shown as mean ± s.e.m. The fusion index was determined by N-S/T, where N was the number of nuclei in STB, S was the number of STB and T was the number of the total number of nuclei.
i. RT-qPCR analysis of hCG mRNA expression in WT and STAT5AKD hTSCs. Data are shown as mean ± s.e.m. 
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[bookmark: _Hlk107765273]Supplementary Figure 6. snRNA-seq and snATAC-seq analyses at late pregnancy show a distinguish developmental pattern with the early pregnancy. 
a. UMAP plot showing the log normalized number of UMI counts and genes captured of each nuclei from snRNA-seq data at late pregnancy, indicating the high quality of the data. 
b. The distribution of two donors on snRNA-seq UMAP and the statistic of nuclei number of each cluster from different donors for the late pregnant placenta.
c. UMAP plot showing the log normalized fragment counts and promoter ratio of each nuclei of snATAC-seq data for the late pregnant placenta, indicating the high quality of the data.
d. The distribution of two donors on snATAC-seq UMAP and the statistic of nuclei number of each cluster from different donors for the late pregnant placenta.
e,f. UAMP plots show specificity of eight new marker gene expression and gene activity score in snRNA-seq and snATAC-seq data. Marker genes: DNMT1 for lCTB, ERVFRD-1 for CTB Fusion (failed to express in snRNA-seq), PAPPA: for STB PAPPA, BMP1 for STBPAPPA BMP1, FLT1 for STBFLT1 residual, DDX60 for STBFLT1 residual apoptosis. Note the consistency between the two data modalities. Related to Figure 4a,b.
g. UAMP plots of four new marker genes for STBPAPPA apoptosis show potential gene signatures for of this unique cluster of STB nuclei.
h. Distribution of all snATAC-seq clusters (six PAPPA positive clusters, and 10,2: STB FLT1 residual, 8: STB FLT1 residual apoptosis) along full trajectory path. Cluster 10, 2, 8 (bottom row) distribute on the left half branch while other six clusters on the right half. 
i. Distribution of snATAC-seq clusters (7: STBNascent, 4,1: STB PAPPA BMP1, 5,3: STB PAPPA LAMA3, 6: STB PAPPA apoptosis) along trajectory path (related to Figure 4c d).
j. Aggregation of all nuclei clusters along the complete Pseudotime trajectory (related to h). 
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Supplementary Figure 7. STB nuclei show diversity in aspect of gene expression, gene openness and Gene Ontology function at late pregnancy.
a. Gene Ontology of differentially expressed genes of each nuclei clusters at late pregnancy
b. Gene track plots show local accessible chromatin landscape for six marker geness.
c. Gene track plots show early and late stage specific chromatin accessibility landscape around genes LEP, FLT1 and PAPPA.Red: early pregnancy, Blue: late pregnancy.
d. Similarity of gene expression and gene activity score (gene openness) for FLT1 and FLT1-like genes in STBFLT1 residual in snRNA-seq and STBNascent in snATAC-seq. RNA: snRNA-seq, ATAC: snATAC-seq.
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Supplementary Figure 8. Quantification of GLUE integration of snRNA-seq nuclei and snATAC-seq nuclei at late pregnancy. Related to Figure 4e.
a. The distribution of two donors on snRNA-seq and snATAC-seq UMAP for the late pregnant placenta. full term: the late pregnancy, RNA: snRNA-seq, ATAC, snATAC-seq
b. A confusion map quantifies the matching of snRNA-seq clusters against snATAC-seq clusters.
c. Cluster distribution on co-embedding UMAP. Darkblue: nuclei in snRNA-seq clusters, Red: nuclei snATAC-seq clusters
d. Quantification of matching of nuclei clusters by K nearest neighbor algorithm.
e. Quantitative summarys of the cluster matching result in the GLUE integration analysis. Similar to early pregnancy analysis, a K nearest neighbor algorithm was applied to quantify the degree of approxity in the integration co-embedding space.
f. Distribution of GLUE clusters after integration. Darkblue: nuclei in snRNA-seq nuclei, Red: nuclei snATAC-seq clusters
g. Summary table shows GLUE integration cluster composition by annotation with snRNA-seq and snATAC-seq clusters. atac: snATAC-seq, rna: snRNA-seq 
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Supplementary Figure 9. Systematicly identification of transcription factors in the STB differentiation process. Related to Figure 4h.
a. Candidate TF genes are ranked by regulation score (both positive and negative ). Top 20 TF genes are marked by gene name.
b. Selection of TF regulators by combination of enrichment score with correlation co-efficiency between upstream regulatory cis-element accessibility of target genes and TF gene expression. A regulatory score is calculated based on these two dimensions and displayed as colored dots. Warm color dots represent positive TF activators and cold color ones represent negative TF repressors.
c. An example scatterplot shows TF acticators (MGA) and TF repressors (GMEB2) of target gene FLT1 at late pregnancy.
d,e. Heatmaps of STBPAPPA LAMA3 regulatory show the nuclei cluster consistency between target genes (d) and TF regulators (e).
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Supplementary Figure 10. TF-target regulatory modules identify intrinsic TF regulators govering the STB nuclei differention at late pregnancy.
a,b,c. Networks show three transcription factor-target gene regulatory modules for lCTB (a), STBFLT1 residual (b), STBFLT1 residual apoptosis (c) with typical TF genes as PPARG (lCTB), SMAD3 (STB FLT1 residual), TP73 STBFLT1 residual apoptosis. Related to Figure 4h.
d. Comparison of taret genes openness and expression in module 1 regulatory network.(Related to Figure 4i).
e. Comparison of expression of three TF genes (STAT4, STAT5A, EBF2) and one typical target gene LAMA3.Related to Figure 4i.
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Representative cCREs along the STB nuclear differentiation trajectory
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