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Supplementary Figure 1: FACS gating strategy and integrative analysis of PCHi-C and 

RNA-seq datasets from pre- and post-migratory cranial neural crest cells 

(a-h) FACS of Red Fluorescent Protein (RFP)-positive cranial neural crest cells (CNCCs). Cells 

are first distinguished from debris based on scatter properties (P1; forward scatter (FSC)-Area 

versus side scatter (SSC)-Area) (a, e).  Single cells are then discriminated from doublets, first using 

forward scatter (FSC-Width versus FSC-Height; P2) (b, f), followed by side scatter (SSC-Width 

versus SSC-Height; P3) (c, g). Cells are subsequently sorted based on the fluorescent marker of 

interest (h). The baseline fluorescent signal is determined using a negative control embryo from 

the same litter, which does not express RFP (d). (i-k) Principal component analysis (PCA) plots 

of Promoter-Capture Hi-C (PCHi-C) (i) and RNA (k) data from WT E8.5 pre-migratory 

progenitors and post-migratory CNCC subpopulations (fontonasal process, FNP; Maxillary, Mx; 

Mandibular, Md; and second pharyngeal arch, PA2) at E10.5 and E11.5; PCHi-C and RNA-seq 

assays include n=2 and n=3 biological replicates per sample, respectively. (j-l) Gene ontology 

(GO) analysis of the highest loading components from PCA analysis of PCHi-C (i) and RNA-seq 

(k). Significantly enriched GO terms highlight processes involved in CNCC pattern specification, 

confirming that these assays robustly capture structural chromatin dynamics and gene expression 

changes during craniofacial development.  
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Supplementary Figure 2: Classification of promoters and distal accessible elements in 

cranial neural crest cells 

(a) Decision tree for classifying promoters (TSS +/-1kb) as active, Trx-only, bivalent, Pc-only or 

negative. Bivalent and Pc-only promoters are further categorized as Pc-marked. Classification is 

based on histone mark enrichment (H3K27ac, H3K27me3 and H3K4me2) and RNA expression 

levels. The (*) symbol indicates the strategy for classifying heterogeneously marked promoters 

(co-occurrence of H3K27ac and H3K27me3). (b) Flow-diagram for classifying Distal Accessible 

Elements (DAEs) into active, primed, Pc-marked or negative, based on histone mark enrichment 

(H3K27ac, H3K27me3 and H3K4me2). Pc-marked DAEs include Pc-only DAEs (H3K27me3+, 

H3K4me2-) and poised enhancers (H3K27me3+, H3K4me2+). The (*) symbol indicates the 

strategy for classifying heterogeneously marked DAEs (co-occurrence of H3K27ac and 

H3K27me3). (c-d) Bar-plots representing the number of promoters (c) and DAEs (d) in each 

category, in WT E8.5 pre-migratory progenitors and post-migratory CNCC subpopulations 

(frontonasal process, FNP; maxillary, Mx; mandibular, Md; and second pharyngeal arch, PA2) at 

E10.5 and E11.5. (e) Bar-plots showing the percentage of Pc-marked DAEs marked by both 

H3K27me3 and H3K4me2 (poised enhancers) compared to those marked by H3K27me3 only 

(H3K27me3+/H3K4me2-) in WT E8.5 pre-migratory progenitors and post-migratory CNCC 

subpopulations (FNP, Mx, Md and PA2) at E10.5 and E11.5.  
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Supplementary Figure 3: Histone mark distribution for the different categories of promoters  

(a) Density distribution plots displaying the enrichment values of each histone mark at promoter 

regions, revealing a bimodal distribution. A two-component Gaussian mixture model with unequal 

variances was fitted to the median enrichment values across WT samples. Thresholds were 

determined at a false discovery rate (FDR) of 0.01. (b-d) Violin plots showing the distribution of 

H3K27ac (b), H3K4me2 (c) and H3K27me3 (d) for the different categories of promoters (active, 

Trx-only, bivalent, Pc-only and negative) in E8.5 WT pre-migratory progenitors, 10.5 WT 

mandibular (Md) and second pharyngeal arch (PA2) cranial neural crest cells (CNCCs) and E11.5 

WT Md CNCCs. (e) Box plots showing the expression levels (asinh RPKM) of target genes, for 

each category of promoters.  
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Supplementary Figure 4: Histone mark distribution for the different categories of distal 

accessible elements  

(a) Density distribution plots displaying the enrichment values of each histone mark at non-

promoter ATAC-seq peaks. A two-component Gaussian mixture model with unequal variances 

was fitted to the median enrichment values across WT samples. Thresholds were determined at a 

false discovery rate (FDR) of 0.05.  (b-d) Violin plots showing the distribution of H3K27ac (b), 

H3K4me2 (c) and H3K27me3 (d) for the different categories of Distal Accessible Elements 

(DAEs) (active, primed, Pc-marked and negative) in E8.5 WT pre-migratory progenitors, 10.5 WT 

frontonasal (FNP) and maxillary (Mx) cranial neural crest cells (CNCCs) and E11.5 WT FNP 

CNCCs. 
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Supplementary Figure 5: Polycomb-dependent long-range chromatin interactions 

(a-f) Correlation plots for Promoter-Promoter (P-P) (a, c, e) and Promoter-Distal Accessible 

Element (P-DAE) (b, d, f) interactions, depicted as heatmaps showing the ratio of observed to 

expected interaction probabilities in E8.5 WT pre-migratory progenitors (a, b) and in E10.5 (c, d) 

and E11.5 (e, f) WT post-migratory cranial neural crest cells (CNCCs). Data from E10.5 and E11.5 

CNCCs subpopulations have been merged, respectively. (g) Bar-plots showing the ratio of intra-

TAD vs. inter-TAD interactions for all interactions (left), Pc-associated interactions (both ends 

Pc-marked, middle), and active interactions (both ends active, right). Data from E8.5/E10.5/E11.5 

WT CNCCs were merged. (h) Density plots showing the distance distribution of different 

interaction types in E8.5 WT pre-migratory progenitors and in E10.5/E11.5 WT post-migratory 

CNCCs (with data from E10.5 and E11.5 CNCCs subpopulations merged separately). The plots 

display three interaction types: active, Pc-associated and other (interactions that do not fall into the 

above two categories). Distances greater than 1Mb were retained to improve visualization. The 

plots reveal that Pc-associated interactions tend to span longer distances than active and other 

interactions, particularly at E8.5, while remaining detectable at later stages (E10.5 and E11.5).  
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Supplementary Figure 6: Enrichment of histone marks in long-range chromatin interactions 

and gene ontology analysis 

(a-d) Box plots showing H3K27me3 (a, b) and H3K27ac (c, d) enrichment (at bait and other-end 

(Oe) anchors), for Promoter-Promoter (P-P) (a, c) and Promoter-Distal Accessible Element (P-

DAE) (b, d) interactions. Comparisons are made between 0-1Mb and >1Mb interactions in WT 

E8.5 pre-migratory progenitors and E10.5/E11.5 post-migratory cranial neural crest cell (CNCC) 

subpopulations (frontonasal process, FNP; maxillary, Mx; mandibular, Md and second pharyngeal 

arch, PA2). Box plots indicate median (middle line), interquartile range (IQR; box) and whiskers 

extending to 1.5×IQR. P-value: two-sided Wilcoxon rank-sum test (***, p ≤ 0.001; **, p ≤0.01; 

*, p ≤0.05; NS., p>0.05). (e-f) Gene Ontology (GO) analysis of genes involved in >1Mb P-P (e) 

and P-DAE (f) interactions, comparing Pc-associated interactions versus all-other interactions. The 

analysis highlights significant enrichment for GO terms related to cranial neural crest cell (CNCC) 

differentiation, including ‘pattern specification process’ and ‘regionalization’ for Pc-associated 

interactions. 
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Supplementary Figure 7: Mapping chromatin interaction dynamics in cranial neural crest 

cells 

(a) MA (mean-average) plots showing acquired (purple), lost (green) and inherited (yellow) 

interactions in E11.5 WT frontonasal (FNP), maxillary (Mx), mandibular (Md) and second 

pharyngeal arch (PA2) cranial neural crest cells (CNCCs), compared with E8.5 WT progenitors 

(see methods).  (b) Box plots comparing interactions strengths (CHiCAGO score) of acquired, 

inherited and lost interactions between E11.5 WT post-migratory CNCCs and E8.5 WT pre-

migratory progenitors. Data from E11.5 WT FNP, Mx, Md and PA2 subpopulations were merged. 

(c-d) Box plots showing H3K27me3 and H3K27ac enrichment at the other end (Oe) – either Distal 

Accessible Elements (DAEs) (top) or promoters (OeP) (bottom) – for Promoter-DAE (P-DAE) 

and Promoter-Promoter (P-P) interactions, involving PcAct promoters that either remain Pc-

repressed (c) or have switched to active (d) in E11.5 WT post-migratory CNCCs. Interactions were 

extracted from each E11.5 prominence (FNP, Mx, Md, PA2), and then separately merged. For 

each interaction type (acquired (Acq), inherited (Inh) and lost), the number of interactions is 

indicated. Below these numbers, the number of unique DAEs involved in P-DAE interactions (top) 

and the number of unique OeP involved in P-P interactions (bottom) are also shown. (e). Sankey 

(alluvial) diagram depicting chromatin-state and interaction dynamics (from E8.5 to E11.5) of the 

DAEs interacting with active PcAct promoters at E11.5. Flows width is proportional to the number 

of DAEs following each trajectory. Strata labels indicate chromatin states of DAEs at each 

developmental stage (left, E8.5; right, E11.5) and interaction type (acquired (acq.), inherited (inh.) 

or lost) from E8.5 to E11.5. Flows are colored by the epigenetic state of DAEs at E11.5. (f) 

Boxplots showing interaction distance (log10) between active PcAct promoters and active DAEs 

in E10.5 CNCCs (left) and GC content of the involved unique DAEs (right), comparing acquired 

and inherited interactions. In b, c, d and f, box plots indicate median (middle line), interquartile 

range (IQR; box) and whiskers extending to 1.5×IQR. In c, d and f, single points indicate outliers. 

P-value: two-sided Wilcoxon rank-sum test (***, p ≤ 0.001; **, p ≤0.01; *, p ≤0.05; NS., p>0.05). 
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Supplementary Figure 8: Integrated heat map of PcAct genes and interacting DAEs across 

neural crest cell subpopulations. 

Heat map integrating epigenetic classification, histone mark enrichment profiles, and chromatin 

interaction status at PcAct genes and their associated distal accessible elements (DAEs) in E8.5 

pre-migratory progenitors and E10.5 post-migratory cranial neural crest cell (CNCC) 

subpopulations (frontonasal process (FNP), maxillary (Mx), mandibular (Md), and second 

pharyngeal arch (PA2)). Histone mark enrichment is shown at both PcAct gene promoters and 

their associated DAEs, together with a binary interaction status (TRUE/FALSE) indicating 

whether promoters or DAEs participate in detectable chromatin interactions. TRUE interactions 

are defined by a CHiCAGO score ≥ 5.  
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Supplementary Figure 9: Comparative analysis of PcAct promoter interactions from pre- to 

post-migratory stages, based on their epigenetic state in post-migratory cranial neural crest 

cells 

(a-e) Ternary plots showing the relative enrichment of H3K27me3, H3K27ac, and H3K4me2 at 

PcAct promoters and interacting other-end promoters (OeP) in WT E8.5 pre-migratory progenitors 

(a) and in WT E10.5 and E11.5 cranial neural crest cells (CNCCs) (b-e), where  promoters remain 

Pc-repressed (b, c) or become active (d, e) (see Methods). (f-h) Ternary plots of PcAct promoters 

and their interacting Distal Accessible Elements (DAEs) in WT E8.5 pre-migratory progenitors (f) 

and E11.5 CNCCs (g, h), where promoters remain Pc-repressed (g) or become active (h) (see 

Methods). The Hoxa2 promoter and its interacting DAEs are outlined (black). The outlined 

promoter and interacting DAEs in (g) were randomly selected from CNCC subpopulations, where 

Hoxa2 remains Pc-repressed. In a to h, colors indicate epigenetic categories of promoters 

(triangles) and DAEs (dots), with spatial density gradients highlighting overall distribution. (i) Bar 

plot showing the mean number of active DAEs (green bars) interacting with active promoters of 

transcription-factor (TF) encoding genes, grouped into four quantiles (red) according to their gene 

expression levels (Quantile RPKM), in the different E10.5 and E11.5 CNCC subpopulations.  
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Supplementary Figure 10: Promoter-promoter interaction networks of PcActTF promoters 

in E10.5 cranial neural crest cell subpopulations 

(a) (left) Schematic of an E10.5 embryo, showing the migration pattern of cranial neural crest cells 

(CNCCs) (yellow arrows) into the facial prominences, highlighted in orange (frontonasal process, 

FNP), blue (maxillary, Mx), purple (mandibular, Md) and green (second pharyngeal arch, PA2). 

(Right) Bar plots showing the percentage of PcAct and PcActTF promoters that remained Pc-

marked in the E10.5 and E11.5 CNCC subpopulations where they are maintained transcriptionally 

repressed. (b-e) Promoter-Promoter (P-P) interaction networks of PcActTF promoters that display 

at least one significant interaction (CHiCAGO score ≥ 5) in E10.5 FNP, Mx, Md and PA2 CNCC 

subpopulations. Nodes represent promoters. Node size reflects connectivity, and node color 

indicates the epigenetic state of promoters. Active promoters are further distinguished by green 

transparency, based on their quantile acetylation levels. Edge thickness corresponds to interaction 

strength. Purple edges indicate inter-TAD interactions. Empty nodes mark removed Rik genes; 

negative promoters and DAEs are excluded (see Methods).  
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Supplementary Figure 11: Spatiotemporal dynamics of P-DAE chromatin interactions at 

representative PcAct promoters during craniofacial development 

Promoter-Distal Accessible Element (P-DAE) interaction networks for representative PcActTF 

promoters in E8.5 pre-migratory progenitors (left) and E10.5 post-migratory cranial neural crest 

cell (CNCC) sub-populations, where promoters remain Pc-repressed (middle) or become active 

(right). Central nodes represent promoters; surrounding nodes represent DAEs. Node colors 

indicate the epigenetic state of promoters and DAEs, with active promoters and DAEs also 

displaying a green transparency according to their quantile acetylation levels. Edge thickness 

denotes interaction strength. DAEs spatial coordinates are conserved across cell populations and 

stages, non-interacting DAEs appear unconnected (see Methods). Expression levels in E8.5 

progenitors and E10.5 CNCC subpopulations (frontonasal, (FNP), maxillary (Mx), mandibular 

(Md) and second pharyngeal arch (PA2)) are shown on the right. 
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Supplementary Figure 12: Time-course analysis of H3K27me3 loss in Ezh2cKO cranial 

neural crest cells 

(a) Schematic of an E8.5 embryo indicating the planes of section corresponding to the images 

shown in (b, c). (b, c) From left to right,  panels show: in situ hybridization on sections using an 

Ezh2 antisense probe; Ezh2 in situ hybridization combined with anti-RFP immunostaining; anti-

RFP immunostaining with DAPI counterstaining; anti-H3K27me3 immunostaining; and anti-EED 

immunostaining in E8.5 control (i.e., Wnt1::Cre; RosaRFP) (b) and Ezh2cKO (i.e., 

Wnt1::Cre;ROSARFP;Ezh2flox/flox) (c) embryos. (d-l) Similar to (a-c) but at E9.5 (d-f), E10.5 (g-i) 

and E11.5 (j-l). For each row, the three leftmost panels show Ezh2 in situ hybridization, anti-RFP 

immunostaining, and DAPI counterstaining on the same sections, whereas the two rightmost 

panels show anti-H3K27me3 and anti-EED immunostaining performed on the same sections, 

distinct from those shown in the three leftmost panels. Mes, mesoderm; NC, neural crest; NT, 

neural tube; Md, mandibular process; PA2, second pharyngeal arch. Scale bars in E8.5 and E9.5 

embryos represent 100 µm. Scale bars in E10.5 and E11.5 embryos represent 200 µm. (m) Scatter 

plot showing the correlation of H3K27me3 ChIP enrichment (log2 (CPM + 0.1)) at promoters in 

E10.5 WT (x axis) and Ezh2cKO (y axis) frontonasal (FNP), maxillary (Mx) and mandibular (Md) 

merged cranial neural crest cell (CNCCs). (n) Genome browser view of chromosome 6 

(50,500,000–52,500,000) showing ChIP-seq profiles for H3K27me3 in the FNP/Mx/Md merged 

CNCCs in E10.5 WT and Ezh2cKO embryos. For better readability, genomic coordinates within 

the Hoxa cluster only show Hoxa2 genomic position.   
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Supplementary Figure 13: Epigenetic states of promoters and DAEs associated with altered 

chromatin interactions in Ezh2cKO cranial neural crest cells 

(a to c) Scatter plots of ATAC-seq peaks, comparing H3K27ac enrichment in E11.5 WT (x axis) 

vs. Ezh2cKO (y axis) in merged frontonasal (FNP), maxillary (Mx), mandibular (Md) and second 

pharyngeal arch (PA2) cranial neural crest cells (CNCCs). Color codes represent H3K27me3 

enrichment in WT CNCCs (a), peak type (b), and whether the peak belongs to a Hox cluster (c). 

(d to i) Volcano plots of differential Promoter - Distal Accessible Elements (P-DAE) interactions 

between E11.5 Ezh2cKO and WT CNCCs, in FNP (d, g), Mx (e, h) and Md (f, i). Points represent 

interactions, colored by promoter (d, e, f) or DAE (g, h, i) epigenetic state. Significant interactions 

(weighted p-value ≤ 0.05, ∣LogFC∣≥1 are indicated by dashed grey lines; percentages show 

category proportions. Non-classified (NA) promoters and DAEs were separately excluded from 

their respective plots. (j) Box plot comparing the log10 distance distribution of lost (n=9326) vs. 

gained (n=6200) interactions in E11.5 Ezh2cKO CNCCs relative to WT; data from FNP, Mx, Md 

and PA2 CNCCs were merged for the analysis. The plot shows that gained interactions in Ezh2cKO 

CNCCs are shorter-range compared to lost ones. (k-n) Box plots showing H3K27ac enrichments 

at DAEs involved in gained interactions in Ezh2cKO CNCCs, comparing E11.5 Ezh2cKO and WT 

CNCC subpopulations (FNP, Mx, Md and PA2). No significant increase in H3K27ac enrichment 

is observed at DAEs associated with gained interactions in Ezh2cKO CNCCs. In j-n, box plots 

indicate median (middle line), interquartile range (IQR; box) and whiskers extending to 1.5×IQR. 

Points represent outliers. P-value: two-sided Wilcoxon rank-sum test (***, p ≤ 0.001; NS., 

p>0.05). 
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Supplementary Figure 14: Impact of Ezh2 deletion on transcriptional and chromatin 

structure specificities of the distinct cranial neural crest cell subpopulations  

(a) Hierarchically clustered pairwise Pearson’s correlation plot for Promoter Capture Hi-C (PCHi-

C) assay values from E11.5 WT and Ezh2cKO cranial neural crest cell (CNCC) subpopulations 

(frontonasal (FNP), maxillary (Mx), mandibular (Md) and second pharyngeal arch (PA2)), with 

n=2 biological replicates per sample. (b, c) Euclidean distance analysis of the post-migratory 

CNCC subpopulations (FNP, Mx, Md and PA2) between WT and Ezh2cKO conditions, using 

PCHi-C data; visualized as heatmaps (b) and boxplots of the delta Euclidean distance (c). The 

results indicate that Ezh2cKO post-migratory CNCC subpopulations lose their chromatin structure 

specificities. (d) Principal component analysis (PCA) plot of RNA-seq data from WT and 

Ezh2cKO CNCC subpopulations (FNP, Mx, Md and PA2) at E11.5; n=3 biological replicates per 

sample. (e) Circus plots showing Pc-marked Promoter-Promoter (P-P) interactions (grey lines) and 

Pc-marked P-P interactions from Hox clusters (red lines) in E8.5 WT pre-migratory progenitors 

and in each E11.5 post-migratory WT and Ezh2cKO CNCC subpopulation (FNP, Mx, Md and 

PA2). The plot highlights the loss of Pc-marked P-P interactions, particularly inter-chromosomal 

interactions involving Hox clusters. 
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Supplementary Figure 15: Differential chromatin interactions, CTCF binding and TAD 

strength between Ezh2cKO and WT cranial neural crest cells. 

(a-d) Volcano plots of differential Promoter-Distal Accessible Element (P-DAE) interactions 

between E11.5 Ezh2cKO and WT cranial neural crest cell (CNCC) subpopulations: frontonasal 

(FNP) (a), maxillary (Mx) (b), mandibular (Md) (c) and second pharyngeal arch (PA2) (d). Points 

represent interactions, color-code based on whether they are intra-TAD or inter-TAD. Significant 

interactions (weighted p-value ≤ 0.05, ∣LogFC∣≥1 are indicated by dashed grey lines. Percentages 

indicate the proportion of interactions in each category. (e) Boxplot of TAD strength (log2 

observed/expected) in E11.5 WT and Ezh2cKO Md CNCCs, calculated from Hi-C matrices at 100 

kb resolution (n=2609 TADs identified from Hi-C matrices of combined E10.5 WT FNP/Mx/Md 

CNCCs). Box plots indicate median (middle line), interquartile range (IQR; box) and whiskers 

extending to 1.5×IQR. Points represent outliers; red dots indicate the mean. P-value: two-sided 

Wilcoxon rank-sum test (***, p ≤ 0.001). (f) Heatmap displaying the log2(Ezh2cKO/WT) ratio 

from aggregate TAD analysis of WT and Ezh2cKO Md Hi-C datasets at 100 kb resolution, using 

the TADs (n=2609) identified in (e). This heatmap provides an average Hi-C matrix view of TAD 

structures in both conditions, revealing differences in TAD organization between WT and 

Ezh2cKO. (g) Line plot from (f) showing the maximum aggregate values (log2 observed/expected) 

per pixel for WT vs. Ezh2cKO Md, highlighting the presence of stronger TAD borders in 

Ezh2cKO. (h) Scatter plot of CTCF binding sites, comparing E11.5 WT (x axis) and E11.5 

Ezh2cKO (y axis) FNP, Mx, Md and PA2 merged prominences. Color code represents H3K27me3 

enrichment in WT CNCCs. 
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Supplementary Figure 16: Epigenetic and 3D chromatin landscape of promoter-DAE 

interactions in Ezh2cKO vs. WT cranial neural crest cells 

(a-b) Scatter plots of Promoter-Distal Accessible Element (P-DAE) interactions in E11.5 

maxillary (Mx) CNCCs, comparing Ezh2cKO and WT. The x-axis shows log2 fold change 

(log2FC) in target gene expression and the y-axis log2FC in interaction strength. Each point 

represents one interaction, with matched positions across plots and colored according to the 

epigenetic states of promoters (a) or DAEs (b) in E11.5 WT Mx CNCCs. Negative promoters and 

DAEs were excluded. Adjacent bar plots show the proportion of promoters (a) or DAEs (b) from 

each epigenetic class within the four quadrants (Q1-Q4) defined by ∣log2 FC∣≥0.3 on both axes 

(dashed grey lines). (c) Venn diagram showing the overlap between unique promoters involved in 

Q3 + Q4 interactions and in Q1 + Q2 interactions, from (a). (d-f) and (g-i) Same analysis as in (a-

c) for E11.5 mandibular (Md) (d-f) and second pharyngeal arch (PA2) (g-i) CNCC subpopulations. 

(j) Box plot showing the log10 distance distribution of interactions across quadrants (Q1-Q4), with 

data merged from all E11.5 CNCC subpopulations (FNP, Mx, Md and PA2). P-value: two-sided 

Wilcoxon rank-sum test (*, p ≤0.05; ***, p ≤ 0.001). (k, l) Violin plots showing H3K27ac 

enrichment (k) and target gene expression levels (l) of Q4 active promoters across all E11.5 WT 

CNCC subpopulations, compared with a random set of active promoters matched for H3K27ac 

and expression. P-value: two-sided Welch’s t-test. In j, k and l, box plots indicate median (middle 

line), interquartile range (IQR; box) and whiskers extending to 1.5×IQR. In k and l, all data points 

are shown; red dots indicate the mean. (m) Bar plot showing the percentage of E11.5 Q4 active 

promoters that carried H3K27me3 in E8.5 WT progenitors, compared with the matched random 

set described in (k, l). 48% of Q4 active promoters were H3K27me3+ in progenitors, compared to 

only 20% in the random set (***, p ≤ 0.001, one-sided Z-test). (n) Bar plot showing the percentages 

of acquired (Acq.) and inherited (Inh.) interactions (int) from E8.5 to E11.5, at E11.5 Q1 

promoters, Q4 promoters, and Q4 active promoters that were H3K27me3+ in progenitors. 

Inherited interactions are subdivided into those involving Pc-marked DAEs at E8.5 that have 

switched to active at E11.5 (poised enhancers), and those involving DAEs that remain Pc-marked. 

Acquired interactions are significantly enriched at Q4 promoters and at Q4 active promoters 

previously H3K27me3+ in progenitors (***, p ≤ 0.001, one-sided Z-test). (o) Bar plot showing the 

epigenetic states at E8.5 of the DAEs that acquire interactions with E11.5 Q4 active promoters 

previously H3K27me3+ in progenitors. Most DAEs were negative or already active at E8.5. 
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Supplementary Figure 17: Heat map summarizing the relationship between chromatin 

interaction strength and gene expression changes in E11.5 Ezh2cKO versus WT frontonasal 

cranial neural crest cells (CNCCs).  

Promoter–distal accessible element (DAE) pairs were clustered into four groups corresponding to 

the four quadrants (Q1-Q4) defined by ∣log2 FC∣≥0.3 on both axes (dashed grey lines) in the scatter 

plot presented Fig. 5b, representing distinct combinations of interaction and expression changes. 

The heat map displays log2 fold changes in interaction strength and gene expression (Ezh2cKO 

vs. WT) in E11.5 frontonasal (FNP) CNCCs, together with the epigenetic state of promoters and 

associated DAEs in E11.5 WT FNP CNCCs.  
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Supplementary Figure 18: Epigenetic characterization of interactions involved in 

transcriptional down- and up-regulation in Ezh2cKO cranial neural crest cells 

(a) Scatter plot of Promoter-Distal Accessible Element (P-DAE) interactions in E11.5 second 

pharyngeal arch (PA2) cranial neural crest cells (CNCCs), comparing Ezh2cKO and WT. The x-

axis shows the log2 fold change (log2FC) in target gene expression and the y-axis shows the 

log2FC in interaction strength. Each point represents one P-DAE interaction and is color-coded 

based on the H3K27me3 levels of the promoters in WT PA2 at E11.5. (b) Bar plots showing the 

percentage of H3K27me3-positive promoters (in E11.5 WT CNCCs) among genes upregulated in 

Ezh2cKO vs. WT CNCCs, considering only those that simultaneously exhibit changes in 3D 

chromatin conformation (Q1+Q2 promoters). Percentages are shown for each CNCC 

subpopulation. (c) Venn diagrams showing the overlap of unique H3K27me3-positive promoters 

(in E11.5 WT CNCCs) involved in Q1 + Q2 interactions across E11.5 CNCC subpopulations. (d) 

Scatter plot as in (a), but with color-coding based on the H3K27me3 levels of the DAEs in WT 

PA2 at E11.5. (e) Bar plots showing the ratio of H3K27me3-positive DAEs interacting with 

Q1+Q2 H3K27me3-positive promoters, for each E11.5 CNCC subpopulation. (f-g) Scatter plots 

as in (a), but with color-coding based on the H3K27ac levels of the promoters (f) and DAEs (g) in 

WT PA2 at E11.5. (h-i) Scatter plots as in (a), but with color-coding based on the log₂ fold change 

in H3K27ac levels between Ezh2cKO and WT CNCCs, measured at the promoters (h) and DAEs 

(i). (j-k) Box plots showing H3K27ac levels at promoters (j) and DAEs (k) involved in Q4 

interactions, comparing WT and Ezh2cKO CNCCs.  Each CNCC subpopulation is shown. Box 

plots indicate median (middle line), interquartile range (IQR; box) and whiskers extending to 

1.5×IQR. Points represent outliers. P-value: two-sided Wilcoxon rank-sum test (***, p ≤ 0.001; 

**, p ≤ 0.01; *, p <0.05, NS., p>0.05). 
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Supplementary Figure 19: Impact of Ezh2 deletion on Hand2 and Lhx8 expression and 

chromatin interactions in the mandibular process 

(a) Bar plot showing Hand2 expression levels (RPKM) in E11.5 WT and Ezh2cKO mandibular 

(Md) CNCCs. n= 3 biological replicates per genotype. Data are presented as mean values +/- SD. 

(b) Genome browser view of chromosome 8 (56,200,000–58,000,000) showing significant Hand2 

PCHi-C interactions (CHiCAGO score ≥ 5, purple arcs) and cis-interaction profile (purple lines) 

in E8.5 WT progenitors; E11.5 Md WT CNCCs and E11.5 Md Ezh2cKO CNCCs. CpG island 

(CGI) enrichment is from ES cells (NMI dataset53). ChIP-seq tracks show H3K27me3 (red) in 

E8.5 WT progenitors, H3K27ac (blue) in E11.5 Md WT and Ezh2cKO CNCCs, H3K4me2 (green) 

in E11.5 Md WT CNCCs and CTCF (black) in E10.5 WT Md. The black arrow indicates a putative 

PTE interacting with the Hand2 promoter in progenitors. At the bottom, a superposition of the 

Hand2 cis-interaction profiles from E11.5 Md Ezh2cKO CNCCs (blue line) and E11.5 Md WT 

CNCCs (orange line) is shown. Green arrows indicate reduced interactions between Hand2 and its 

enhancer region in E11.5 Md Ezh2cKO CNCCs compared with WT. The pink arrow highlights 

the gain of ectopic short-range interactions in E11.5 Md Ezh2cKO CNCCs. (c) Bar plot showing 

Lhx8 expression levels (RPKM) in E11.5 WT and Ezh2cKO Md CNCCs. n= 3 biological replicates 

per genotype. Data are presented as mean values +/- SD. (d) Genome browser view of chromosome 

3 (153,800,000–154,800,000) showing significant Lhx8 PCHi-C interactions (CHiCAGO score ≥ 

5, purple arcs) and cis-interaction profile (purple lines) in E8.5 WT progenitors; E11.5 Md WT 

CNCCs and E11.5 Md Ezh2cKO CNCCs. CpG island (CGI) enrichment is from ES cells (NMI 

dataset53). ChIP-seq tracks show H3K27me3 (red) in E8.5 WT progenitors, H3K27ac (blue) in 

E11.5 Md WT and Ezh2cKO CNCCs, H3K4me2 (green) in E11.5 Md WT CNCCs and CTCF 

(black) in E10.5 WT Md. The black arrows indicate putative PTEs interacting with the Lhx8 

promoter in progenitors. At the bottom, a superposition of the Lhx8 cis-interaction profiles from 

E11.5 Md Ezh2cKO CNCCs (blue line) and E11.5 Md WT CNCCs (orange line) is shown. Green 

arrows indicate reduced interactions between Lhx8 and its enhancer region in E11.5 Md Ezh2cKO 

CNCCs compared with WT. The pink arrow highlights the gain of ectopic short-range interactions 

in E11.5 Md Ezh2cKO CNCCs.  
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Supplementary Figure 20: Effects of HIRE1 deletion on chromatin state at the Hoxa locus. 

(a) Hoxa cluster genome browser view with ChIP-seq profiles for H3K27me3 (red), H3K4me2 

(green) and H3K27ac (blue) in E8.5 WT pre-migratory progenitors, and E11.5 WT and Ezh2cKO 

mandibular (Md) and second pharyngeal arch (PA2) cranial neural crest cells (CNCCs). The CTCF 

ChIP-seq profiles (black) in E10.5 WT Md and PA2 are also shown. (b) Hoxa cluster genome 

browser view with ChIP-seq profiles for H3K27me3 (red) and H3K27ac (blue) from the 

mandibular process (Md) and the second pharyngeal arch (PA2) of E11.5 WT and HIRE1del/del 

embryos.  
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Supplementary Figure 21: Impact of Ezh2 and Hoxa2PTE-36kb deletions on the epigenetic 

and chromatin interaction landscapes of Hoxa2  

 (a) Genome browser view of a zoomed-in region from Fig. 6, focusing on the Hoxa2PTE-36kb 

and HIRE1/HIRE2 super-enhancer regions. The cis-interaction profile of Hoxa2 (purple lines) is 

shown for E8.5 WT pre-migratory progenitors, E11.5 mandibular (Md) and second pharyngeal 

arch (PA2) WT CNCCs, and E11.5 PA2 Ezh2cKO CNCCs. Green arrows indicate Hoxa2 

interactions with HIRE1/HIRE2 in E11.5 PA2 WT CNCCs. CpG island (CGI) enrichment is from 

ES cells (NMI dataset53). ChIP-seq tracks show H3K27me3 (red), H3K4me2 (green) and H3K27ac 

(blue) in E8.5 WT progenitors and E11.5 Md and PA2 WT CNCCs; CTCF (black) in E10.5 WT 

Md and PA2 and in merged E11.5 WT FNP/Mx/Md/PA2 prominences; H3K27ac (blue) in E11.5 

PA2 Ezh2cKO CNCCs. The dashed blue line represents TAD insulation scores derived from mixed 

E10.5 FNP, Mx and Md WT CNCCs. Grey lines represent calculation with different window sizes 

(Methods). The vertical dashed pink line highlights the interaction peak between the Hoxa2 

promoter and Hoxa2PTE-36kb in E8.5 progenitors and E11.5 Md WT CNCCs, while the vertical 

dashed green line highlights the interaction peak in E11.5 PA2 WT CNCCs, between the Hoxa2 

promoter and RE5.5. (b) Hi-C interaction heatmaps at 10kb resolution spanning a 2 Mb region of 

chromosome 6, containing the Hoxa cluster and the Hoxa2 HIRE1/HIRE2 super-enhancer 

(50,500,000–52,500,000 bp) in E11.5 PA2 WT and Ezh2cKO CNCCs and in PA2 of Hoxa2PTE-

36kbdel/del mutant embryos. Insulation scores for each CNCC subpopulation are shown below. Red 

arrows indicate TAD border, which remain unchanged. Black arrows highlight a stripe extending 

across the TAD boundary, representing the interactions between the Hoxa2 promoter and the 

HIRE1 super-enhancer region in E11.5 PA2 WT CNCCs, as previously reported in Kessler et al., 

202324. Grey arrows highlight interactions in E11.5 WT PA2 CNCCs, between Hoxa2PTE-36kb 

and the Pc-repressed Hoxa cluster genes flanking Hoxa2. These interactions are absent in PA2 of 

E11.5 Hoxa2PTE-36kbdel/del mutants. (c) Genome browser view of the chromosome 6 

(50,700,000–51,400,000) showing H3K27me3 (red) and H3K27ac (blue) ChIP-seq profiles in 

PA2 of E11.5 WT and Hoxa2PTE-36kbdel/del embryos. In Hoxa2PTE-36kbdel/del mutants, H3K27ac 

levels on HIRE1 and RE5.5 remain unchanged.  
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Supplementary Figure 22: Impact of Ezh2 and Hoxa2PTE-36kb deletions on Hoxa2 

expression and chromatin interactions in the mandibular process 

(a) Bar plot showing Hoxa2 expression levels (RPKM) in E11.5 WT and Ezh2cKO mandibular 

(Md) cranial neural crest cells (CNCCs). (b) Genome browser view showing Hoxa2 significant 

promoter capture HiC (PCHi-C) interactions (CHiCAGO score ≥ 5, purple arcs) and cis-interaction 

profile (purple lines) in E11.5 WT and Ezh2cKO Md CNCCs, and in Md of E11.5 Hoxa2PTE-

36kbdel/del mutant embryos. ChIP-seq profiles are also shown: H3K27me3 (red), H3K4me2 (green) 

and H3K27ac (blue) in E11.5 Md WT CNCCs; H3K27ac (blue) in E11.5 Md Ezh2cKO CNCCs; 

CTCF (black) in E10.5 WT Md. The region spans 2 Mb of chromosome 6 (50,500,000–52,500,000 

bp). The green arrow indicates interactions of Hoxa2 with the Hoxa2PTE-36kb region in E11.5 

Md WT CNCCs. These interactions are reduced in E11.5 Md Ezh2cKO CNCCs and are completely 

lost in Md of E11.5 Hoxa2PTE-36kbdel/del mutant embryos. The pink arrows highlight the gain of 

ectopic short-range interactions by Hoxa2 in Md of E11.5 Ezh2cKO and Hoxa2PTE-36kbdel/del 

mutant embryos. (c) Hi-C interaction heat-maps at 10kb resolution spanning a 2 Mb region of 

chromosome 6, including the Hoxa cluster and the HIRE1/HIRE2 super-enhancer regions of 

Hoxa2 (50,500,000–52,500,000 bp), in E11.5 Md WT and Ezh2cKO CNCCs as well as in Md of 

Hoxa2PTE-36kbdel/del mutant embryos. The calculated insulation scores for each CNCC 

subpopulation are shown below the Hi-C interaction heat-maps. Red arrows indicate the detected 

TAD borders in each condition, demonstrating that no changes occur at these boundaries. In (b) 

and (c), black arrows highlight reduced interactions in Ezh2cKO CNCCs, between the Hoxa2 locus 

and Pc-marked regions. (d) Genome browser view of chromosome 6 (51,160,048–51,215,000) 

showing ChIP-seq profiles of H3K27me3 (red), H3K4me2 (green) and H3K27ac (blue) in E8.5 

WT pre-migratory progenitors and E11.5 WT Md and second pharyngeal arch (PA2) CNCCs. 

CTCF binding sites (black) in E10.5 WT Md and PA2 are also shown. Genomic coordinates of the 

deleted elements are indicated by yellow boxes at the top. The PA2 tracks are shown in Fig. 7 as 

well.  

 

 

 

 

 



H
2axo

 t
w/ PF

GE
C

2+1F
CT

 t
w/l ed

2axo
H ;

  t
w/ PF

GE
R

5. 5E
 t

w/l ed
 ;

2axo
H

  t
w/ PF

GE
C

4+3F
CT

 t
w/l ed

 ;
2axo

H
  t

w/ PF
GE

sq

i

m

osq

mc

s

t

st
g

i

m
s

tg

mc

lh

gh h

th sh
lp

tr

sq

i

m

osq

mc

s

t

st
g

sq

i

m

osq

s

t

st
mc

g

g

sq

i

m

osq

s

t

st

mc

i

m
s

tg

mc

i

m

s

t
g

mc

i

m
s

t
g

mc

lh

gh
h

th sh
lp

tr

lh

gh
h

th
sh
lp

tr

lh

gh

h

th
sh

lp

tr

0.0

0.5

1.0

1.5

E10.5 

ns

0.0

0.5

1.0

1.5 ns

0.0

0.5

1.0

1.5
ns

ns

2-
C

t

Hoxa2 expression
WT vs. CTCF1+2del/del 

PA2 C
TCF1+

2d
el/

de
l

PA2 W
T

PA2 W
T

PA2 R
E5.5

de
l/d

el

E10.5 

Hoxa2 expression 
WT vs. RE5.5del/del 

E10.5 

Hoxa2 expression 
WT vs. CTCF3+4del/del 

PA2 W
T

PA2 C
TCF3+

4d
el/

de
l

Md W
T

Md C
TCF3+

4d
el/

de
l

a

2-
C

t

2-
C

t

b c

d e f

g h i

j k l

m n o



 

 24 

Supplementary Figure 23: Effect of RE5.5, CTCF1+2 and CTCF3+4 deletions on Hoxa2 

expression and PA2-derived skeletal structures patterning 

(a-c) Relative expression levels of Hoxa2, measured by qRT-PCR, in E10.5 second pharyngeal 

arch (PA2) from WT and CTCF1+2del/del mutant embryos (a), in E10.5 PA2 from WT and 

RE5.5del/del mutant embryos (b) and in E10.5 mandibular process (Md) and PA2 from WT and 

CTCF3+4del/del mutant embryos (c). n=3 biological replicates per genotype; data are presented as 

mean values +/- SD. P-value: Welch’s t-test (two-sided). (d-o) Middle ear (d, e, g, h, j, k, m, n) 

and hyoid (f, i, l, o) skeletal preparations from E18.5 fetuses: Hoxa2EGFP/wt (control) (d-f, also 

shown in Fig. 7), CTCF1+2del/wt;Hoxa2EGFP/wt trans-heterozygous mutant (g-i), 

RE5.5del/wt;Hoxa2EGFP/wt trans-heterozygous mutant (j-l) and CTCF3+4del/wt;Hoxa2EGFP/wt trans-

heterozygous mutant (m-o). CTCF1+2del/wt;Hoxa2EGFP/wt, RE5.5del/wt;Hoxa2EGFP/wt and 

CTCF3+4del/wt;Hoxa2EGFP/wt mutant fetuses display a cartilage nodule on the styloid process (st) 

(black arrows in g, j, and m) compared to controls (d). (g-o) are representative images of 

CTCF1+2del/wt;Hoxa2EGFP/wt (n=7/8) (g-i), RE5.5del/wt;Hoxa2EGFP/wt (n=9/10) (j-l) and 

CTCF3+4del/wt;Hoxa2EGFP/wt (n=3/8) (m-o) fetus sides. CTCF1+2del/wt;Hoxa2EGFP/wt mutant can 

also display a gap within the styloid process (white arrow in g). i, incus; g, gonial bone; gh, greater 

horn of the hyoid bone; lh, lesser horn of the hyoid bone; lp, lateral process of laryngeal cartilage; 

m, malleus; mc, Meckel cartilage; osq, retrotympanic process of squamosal bone; s, stapes; sh, 

superior horns of thyroid cartilage; sq, squamosal bone; t, tympanic bone; th, thyroid cartilage; tr 

trachea. Scale bars represent 500 µm. 

 

 

 

 

 

 

 

 

 

 


