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            Abstract
Structural variants (SVs) can result in changes in gene expression due to abnormal chromatin folding and cause disease. However, the prediction of such effects remains a challenge. Here we present a polymer-physics-based approach (PRISMR) to model 3D chromatin folding and to predict enhancer–promoter contacts. PRISMR predicts higher-order chromatin structure from genome-wide chromosome conformation capture (Hi-C) data. Using the EPHA4 locus as a model, the effects of pathogenic SVs are predicted in silico and compared to Hi-C data generated from mouse limb buds and patient-derived fibroblasts. PRISMR deconvolves the folding complexity of the EPHA4 locus and identifies SV-induced ectopic contacts and alterations of 3D genome organization in homozygous or heterozygous states. We show that SVs can reconfigure topologically associating domains, thereby producing extensive rewiring of regulatory interactions and causing disease by gene misexpression. PRISMR can be used to predict interactions in silico, thereby providing a tool for analyzing the disease-causing potential of SVs.
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                    Fig. 1: The PRISMR method: inference of molecular binders shaping chromatin folding.[image: ]


Fig. 2: PRISMR recapitulates 3D conformation at the EPHA4 locus.[image: ]


Fig. 3: PRISMR predicts the effects of mouse homozygous structural variants on chromatin architecture.[image: ]


Fig. 4: PRISMR predicts the effects of human heterozygous structural variants on chromatin architecture.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Determination of PRISMR parameters.
(A) The decay of the minimum of the cost function, H0, in our SA algorithm as a function of the total allowed number of different types of binding domains, n, in the studied murine Epha4 locus (case shown λ=0). (B) The increase of the minimum of the cost function, H0, in our SA algorithm as a function of the cost to add an additional binding site, λ, in the studied locus (case shown n=21). (C) The decay of the minimum of the cost function, H0, in our SA algorithm as a function of the resolution of a single polymer bead, r, in the studied locus (case shown λ=1, n=21). Each point in the plots is the mean of 20 independent runs from different initial conditions. Error bars, i.e. standard deviation from the mean, are within the symbol size.


Supplementary Figure 2 Comparison of cHi-C and model data in human fibroblast cells after correcting for genomic proximity effects.
The model derived contact matrix (bottom left) of the EPHA4 locus in human fibroblast cells has a high Pearson correlation with our cHi-C data (top left; r=0.93; n=1 with internal control comparing 4 different experiments, see Methods). The matrices in the right panel are obtained by subtraction of the average interaction at a given genomic distance. Interestingly, the patterns in the data are still captured by the model after the effects of genomic distance are subtracted: the Pearson correlation coefficients remains high (r’=0.69).


Supplementary Figure 3 Epigenetic barcoding of the binding domains envisaged by PRISMR in the Epha4 locus of CH12-LX cells.
(A) In the Epha4 locus of CH12-LX murine cells, PRISMR envisages n=21 different binding domains (colors). Their genomic position and abundance are here recapitulated. (B) ENCODE chromatin features for the same DNA region are here listed24. (C) Matrix with the statistically significant Pearson correlation coefficients of the different binding domains of panel (A) with the ENCODE signals of panel (B). The domains have been clustered according to the similarity of their epigenetic barcode. Each experiment consists in two isogenic replicates.


Supplementary Figure 4 Comparison of original model predictions with the model that also includes prior knowledge on CTCF and with a model with only CTCF.
The figure shows the contact matrices from our cHi-C data in mouse E11.5 limb bud tissue (top-left; n=1 with internal control comparing 4 different experiments, see Methods) and from three different models. The bottom left panel reports the results derived by our PRISMR method: they have a Pearson, r, and distance-corrected Pearson correlation, r’, with cHi-C data equal to, respectively, r=0.94 and r’=0.60. The top right panel shows the data from a variant of PRISMR (the ‘PRISMR+CTCF’ model) that takes into account prior knowledge of the CTCF binding sites of the locus; its correlations with cHi-C data are r=0.95 and r’=0.52, comparable to the initial PRISMR model. Conversely, a model that only includes CTCF sites (bottom right) has a lower correlation with cHi-C data (r=0.89, r’=0.05).


Supplementary Figure 5 PRISMR model based on mouse wild-type CH12-LX Hi-C data predicts the effects of homozygous structural variants on chromatin architecture.
(A) Contact matrices are shown from PRISMR predictions for the listed mutations, derived from wild-type Hi-C in mouse CH12-LX cells23. Experimental cHi-C data in mutant E11.5 limb bud tissue are shown below (n=1 with internal control comparing 4 different experiments, see Methods). The Epha4 genomic region with its genes is also schematically shown. Deleted/inverted regions are in grey. PRISMR predicts with high accuracy the 3D chromatin effects of the DelB/DelB deletion (Pearson correlation r=0.93, distance-corrected Pearson correlation r’=0.45), the DelBs/DelBs deletion (r=0.93, r’= 0.46) and the InvF/InvF inversion (r=0.92, r’=0.49). (B) The difference matrices between wt and mutants from PRISMR predictions (top) and cHi-C data (bottom; n=1 with internal control comparing 4 different experiments, see Methods) have also similar patterns. Significant gains of interactions are displayed in red and loss in blue. Arrowheads indicate regions of ectopic interaction between the Epha4 TAD and other regions of the genome. See Methods for sample collection. (C) Virtual 4C plots with interactions from the viewpoint of the respective phenotype causing gene, Pax3 and Wnt6.


Supplementary Figure 6 PRISMR model based on wild-type mouse limbs E11.5 cHi-C data predicts the effects of homozygous structural variants on chromatin architecture.
(A) Contact matrices are shown from PRISMR predictions for the listed mutations, derived from wild-type cHi-C data in E11.5 limb bud tissue. Experimental cHi-C data in mutant E11.5 limb bud tissue are shown below (n=1 with internal control comparing 4 different experiments, see Methods). The Epha4 genomic region with its genes is also schematically shown. Deleted/inverted regions are in grey. PRISMR predicts with high accuracy the 3D chromatin effects of the DelB/DelB deletion (Pearson correlation r=0.94, distance-corrected Pearson correlation r’=0.50), the DelBs/DelBs deletion (r=0.95, r’= 0.55) and the InvF/InvF inversion (r=0.93, r’=0.52). (B) The difference matrices between wt and mutants from PRISMR predictions (top) and cHi-C data (bottom; n=1 with internal control comparing 4 different experiments, see Methods) have also similar patterns. Significant gains of interactions are displayed in red and loss in blue. Arrowheads indicate regions of ectopic interaction between the Epha4 TAD and other regions of the genome. (C) Virtual 4C plots with interactions from the viewpoint of the respective phenotype causing gene, Pax3 and Wnt6.


Supplementary Figure 7 PRISMR predicted 3D conformations of the Epha4 locus in murine CH12-LX cells.
Top-left: the PRISMR model based on published Hi-C data in murine CH12-LX cells (n=2)23 recapitulates (Pearson correlation r=0.91, distance-corrected Pearson correlation r’=0.56) the experimental pairwise contact matrix (see also Fig. 2). The shown 3D conformation is a snapshot of the model of the locus with the relative positions of genes and regulator highlighted. Bottom-left: the PRISMR model inferred from the above wt data is informed with the DelB/DelB deletion and the effects on chromatin folding predicted (see also Supplementary Fig. 5). The shown 3D conformation is a snapshot of the model bearing the DelB deletion. Top-right: Analogous results for the DelBs/DelBs shorter deletion. Bottom-right: Analogous results for the InvF/InvF inversion.


Supplementary Figure 8 Regions of ectopic interaction in murine cell mutants.
Zoom of the regions exhibiting significant ectopic interactions within the subtraction matrices from: (A) PRISMR+CTCF model of E11.5 limb tissue (Fig. 3b). (B) PRISMR model of E11.5 limb tissue (Supplementary Fig. 6b).(C) PRISMR model of CH12-LX cells (Supplementary Fig. 5b). (D) Experimental cHi-C data in E11.5 limb tissue (Fig. 3b). The distance-corrected correlation coefficient between model and experiment is reported in Supplementary Table 2 for all the shown cases.


Supplementary Figure 9 Mouse mutations mapped on the mutated genome.
cHi-C (top; n=1 with internal control comparing 4 different experiments, see Methods) and PRISMR+CTCF model (bottom) contact data in E11.5 limb tissue cells bearing the shown mutations are here mapped on the mutated genome. The model of the DelB deletion, including the Epha4 TAD boundary, predicts a fusion between the remaining Epha4 and Pax3 TADs, as seen experimentally. Ectopic contacts between the same regions are also predicted in the smaller DelBs deletion, which leaves the Epha4/Pax3 boundary intact. The InvF inversion is predicted, and experimentally confirmed, to rearrange the genomic content of the two adjacent TADs.


Supplementary Figure 10 PRISMR predicted 3D conformations of the EPHA4 locus in human fibroblast cells.
Top-left: the PRISMR model based on our cHi-C data (n=1 with internal control comparing 4 different experiments, see Methods) in healthy human fibroblast cells recapitulates (Pearson correlation r=0.93, distance-corrected Pearson correlation r’=0.69) the experimental pairwise contact matrix (see also Fig. 2). The shown 3D conformation is a snapshot of the model of the locus with the relative positions of genes and regulator highlighted. Top-right: The PRISMR model inferred from the above wild-type control data is informed with the DelB heterozygous deletion (DelB/+) and the effects on chromatin folding predicted (see also Fig. 4). The shown 3D conformation is a model-derived snapshot of the mutated locus. Bottom-left: Analogous results for the DupF/+ duplication. Bottom-right: Analogous results for the DupP/+ duplication.


Supplementary Figure 11 Regions of ectopic interaction in human fibroblast cells.
Zoom of the regions exhibiting significant ectopic interactions within the subtraction matrices from the PRISMR model (top) and cHi-C data (bottom) in human fibroblast cells. The distance-corrected correlation coefficients between models and experiments are reported in Supplementary Table 2.


Supplementary Figure 12 Comparison of mean-field-approximated and MD-derived model contact matrices.
Mean Field approximated contact matrices of the EPHA4 locus are very similar to the full Molecular Dynamics (MD) derived ones in all of the four considered cell types: in CH12-LX (top left) we find a Pearson correlation r=0.95 and a distance-corrected Pearson correlation r’=0.84, in limbs E11.5 (top right) r=0.92, r’=0.77, in human IMR90 (bottom left) r=0.91, r’= 0.83, in human fibroblasts (bottom right) r=0.95, r’=0.74. Capture Hi-C experiments were performed as singletons with internal control comparing four different experiments (see Methods).


Supplementary Figure 13 Convergence of our SA algorithm during a saw-tooth run.
The convergence of the cost function during a single saw-tooth run of our SA algorithm to its asymptotic value is shown. The different visible steps in the plot correspond to the different SA temperatures sampled by the algorithm (from very high, initial region, to almost zero, final step). Importantly, the plot shows that a stable minimum is approached well within the time scales of our simulations. Each point in the plot is the mean of 30 independent runs from different initial conditions; error bars (standard deviation from the mean) are within the symbol size.


Supplementary Figure 14 Distance-corrected Pearson correlation after removal of each single binding domain in the model of wild-type and mutant murine data.
Each single different color of the Epha4 PRISMR model in mouse CH12-LX cells (Fig. 2b) is withdrawn and the value of the distance-corrected Pearson correlations of the corresponding “reduced” model with Hi-C data is evaluated. The calculations here are made within the mean-field approximation (see Supplementary Note). For that reason the correlation values can slightly differ from the full MD results reported elsewhere in the manuscript. In particular, the figure shows the correlations: (A) between wild type model contact data and murine CH12-LX Hi-C data23 (B, C, D) between model contact data and cHi-C data in the different mutations considered.


Supplementary Figure 15 Distance-corrected Pearson correlation after removal of each single binding domain in the model of human fibroblasts cHi-C data.
(A) PRISMR identified n=24 different binding domains (colors) in the model of the EPHA4 locus in human fibroblasts. (B) Each single different color is withdrawn from the PRISMR model of panel A and the corresponding value of the distance-corrected Pearson correlations between the contact data of the “reduced” model and cHi-C data is reported. As in Supplementary Figure 14, the calculations we report here for our analysis are made within the mean-field approximation (see Supplementary Note). For that reason the correlation values can slightly differ from the full MD results reported elsewhere in the manuscript.


Supplementary Figure 16 Comparison of the TADs in model and cHi-C contact data.
The overlap between TAD boundaries called in our cHi-C data (top) and in our model contact data (bottom) is on average above 90%. The figure shows, as an example, the comparison of TADs between (A) human fibroblast and PRISMR model and (B) mouse limb tissue E11.5 and PRISMR+CTCF model.
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