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            Abstract
The genome is organized in three-dimensional units called topologically associating domains (TADs), through a process dependent on the cooperative action of cohesin and the DNA-binding factor CTCF. Genomic rearrangements of TADs have been shown to cause gene misexpression and disease, but genome-wide depletion of CTCF has no drastic effects on transcription. Here, we investigate TAD function in vivo in mouse limb buds at the Sox9–Kcnj2 locus. We show that the removal of all major CTCF sites at the boundary and within the TAD resulted in a fusion of neighboring TADs, without major effects on gene expression. Gene misexpression and disease phenotypes, however, were achieved by redirecting regulatory activity through inversions and/or the repositioning of boundaries. Thus, TAD structures provide robustness and precision but are not essential for developmental gene regulation. Aberrant disease-related gene activation is not induced by a mere loss of insulation but requires CTCF-dependent redirection of enhancer–promoter contacts.
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                    Fig. 1: TAD configuration and regulatory activity at the Sox9 locus.[image: ]


Fig. 2: Progressive fusion of the Kcnj2 and Sox9 TADs on deletion of the TAD boundary and intra-TAD CTCF sites.[image: ]


Fig. 3: Effect of TAD fusion and deletion of CTCF-binding sites on gene expression and phenotype.[image: ]


Fig. 4: Boundaries and orientation of regulatory landscapes define TAD organization.[image: ]


Fig. 5: Redirection of regulatory activity results in Kcnj2 misexpression and loss of Sox9 expression.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Gradual fusion upon progressive CTCF site deletion.
(A) cHiC chromatin interactions from wildtype and mutant E12.5 mouse embryonic limb buds (n=1). CTCF ChIP-seq with binding site orientation (red/blue) at the boundary and intra-TAD are highlighted. Two-headed arrow indicates two significant motifs (FIMO, p<10-4) underlying the ChIP-seq peak. Virtual 4C from Kcnj2 (blue) and Sox9 (orange) below each map. Progressive deletion of CTCF sites causes progressively increasing interaction between Sox9- and Kcnj-TADs (B) Subtraction maps for the same region show increases (red) and decreases (blue) in interactions upon deletion of additional intra-TAD CTCF-sites.


Supplementary Figure 2 Minor gene expression changes and absence of digit phenotypes upon CTCF-site deletion.
(A) Gapdh normalized expression of Kcnj2 and Sox9 in E13.5 limb buds from heterozygous and homozygous littermates measured via qRT-PCR (wildtype = 1). Bars represent the mean, error bars the standard deviation. Significance relative to wildtype levels tested via one-sided, unpaired t-test (n=1-4, see diamonds; n.s.: not significant, p<0.05:*, p<0.01:**, p<0.001:***, n.a.: not available) (B) Normal Kcnj2 and Sox9 expression pattern in ΔBorC1-2 E12.5 embryos by WISH. Zoom-In shows hindlimb in detail (n≥2) (C) 3D micro-computed tomography scan of terminal phalanges from wildtype and mutant adults (n≥2; 7-12w).


Supplementary Figure 3 Schematic of the inversion series at the Kcnj-Sox9 locus.
Position of the Kcnj2 and Sox9 genes, TAD boundary (red hexagons), and CTCF sites (blue ticks) in wildtype and mutant genomes are indicated. Grey boxes indicate the extent of the inverted region.


Supplementary Figure 4 Subtle differences in interactions upon intra-TAD inversion (Inv-Intra).
Virtual 4C-profiles derived from cHi-C maps (wildtype and Inv-Intra) mapped to a wildtype genome (n=1). 4C-profiles from viewpoints at Sox9, the TAD boundary, and Kcnj2 are shown for wildtype (orange) and Inv-Intra (orange). Subtraction of the two profiles shows systematically more contacts at the Boundary and Sox9 viewpoints depending on orientation of TAD substructure for the. The control viewpoint (Kcnj2) shows no systematic changes. Note changes in interaction frequency of Sox9 or the TAD boundary upon inversion of the TAD substructure. Dashed boxes indicate changes in interaction at the C1-C4 CTCF sites.


Supplementary Figure 5 Distinct changes in enhancer interaction upon CTCF-site deletion and structural variations.
(A) Normalized enhancer interaction of the Sox9 and Kcnj2 promoters with genomic bins containing putative enhancers and enhancers tested in transgenic reporter mice (bold). Candidate enhancers E33 and E34 were omitted due to proximity to the Sox9 promoter. Contact counts were extracted from scaled cHiC maps with 10kb bin size. (B) Comparison across alleles of three enhancers. *CTCF indicates that E1 interaction is mediated mainly by the proximal C1 CTCF site. Relative position of the Sox9 promoter is also indicated.


Supplementary Figure 6 Re-direction of genomic interactions leads to Sox9 loss and Kcnj2 gain in expression and developmental phenotypes.
(A) Gapdh normalized expression of Kcnj2 and Sox9 in E13.5 limb buds from heterozygous and homozygous littermates measured via qRT-PCR (wildtype = 1). Error bars represent the std, deviation the mean, diamonds the individual data points. Significance relative to wildtype (n=2-4 see diamonds, one-sided, unpaired t-test; n.s.: not significant, p<0.05:*, p<0.01:**, p<0.001:***). Note the allele-specific regulatory changes in InvC and InvCΔBor littermates. Homozygous Bor-KnockIn embryos were generated by tetraploid aggregation. (B) Loss of dorsal flexion, sesamoid bones, and claw-shaped form of the terminal phalanx in adult (7-12w) InvC and InvCΔBor animals shown by 3D micro-computed tomography. (C) Fully penetrant phenotype of homozygous InvC E18.5 littermates (n=2 (het) 4 (hom)). Top, lateral view of the head, note short snout and micrognathy in the homozygous embryo. Bottom, Skeletal preparation of littermates show Sox9-LOF characteristic skeletal defects (sternum/rib defects, delayed ossification, dysplastic digits and scapula, cleft palate). (D) Homozygous Bor-KnockIn phenotype in P0-animals derived from tetraploid aggregation (n=3). Top, schematic of the targeting construct containing the four CTCF sites of the TAD boundary (6.3 kb). Homology arms are 2 and 4 kb. Top right: lateral view of P0 newborn, note short snout and micrognathy. Bottom: Bor-KnockIn phenotype displays Sox9-LOF like defects. Note the overall milder defects compared to InvC and absence of a digit phenotype.
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List of primers used in this study.


Supplementary Table 2
Enhancer–promoter interactions. Normalized enhancer interaction of the Sox9 and Kcnj2 promoters with genomic bins containing putative enhancers (see also Supplementary Fig. 5).
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