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            Abstract
The HoxA and HoxD gene clusters of jawed vertebrates are organized into bipartite three-dimensional chromatin structures that separate long-range regulatory inputs coming from the anterior and posterior Hox-neighboring regions1. This architecture is instrumental in allowing vertebrate Hox genes to pattern disparate parts of the body, including limbs2. Almost nothing is known about how these three-dimensional topologies originated. Here we perform extensive 4C-seq profiling of the Hox cluster in embryos of amphioxus, an invertebrate chordate. We find that, in contrast to the architecture in vertebrates, the amphioxus Hox cluster is organized into a single chromatin interaction domain that includes long-range contacts mostly from the anterior side, bringing distant cis-regulatory elements into contact with Hox genes. We infer that the vertebrate Hox bipartite regulatory system is an evolutionary novelty generated by combining ancient long-range regulatory contacts from DNA in the anterior Hox neighborhood with new regulatory inputs from the posterior side.
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                    Figure 1: Genomic organization of vertebrate and amphioxus Hox clusters.[image: ]


Figure 2: 4C-seq interaction profiles of zebrafish and amphioxus Hox clusters.[image: ]


Figure 3: Three-dimensional chromatin architecture of amphioxus and zebrafish Hox clusters.[image: ]


Figure 4: Regulatory compartments in the amphioxus Hox region and evolution of Hox cluster three-dimensional architecture.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Schematic phylogenetic tree showing the main chordate species used in the present study.
Red stars correspond to the two WGD events that occurred in the vertebrate ancestor (2R) and the extra WGD round that happened at the origin of teleost fish (3R). The asterisk indicates that, in zebrafish in contrast to other teleost species, HoxDb has been secondarily lost and only mir10 and the anterior and posterior Hox-neighboring genes still remain in this genomic region.


Supplementary Figure 2 ‘Desertification’ of HoxD clusters.
(a–c) Genomic organization of the mouse HoxA and HoxD and elephant shark HoxD clusters. Symbols for Hox, anterior and posterior neighboring genes are colored in black, blue and red, respectively. Several mouse long-range enhancers and their orthologs in elephant shark are represented by green bars. Red arrows indicate the two paralogous CsB enhancers that demonstrate the loss of a Hibadh2 gene from HoxA-neighboring regions and the pseudogenized remnant of mouse Jazf2. (d) VISTA plot of the Jazf2 genomic region in elephant shark (reference sequence) and mouse, showing the mouse Jazf2 pseudoexon (red asterisk) and the ancestral intronic location of mouse regulatory islands I and II. VISTA colored peaks (blue, coding; turquoise, UTR; pink, noncoding; green, mouse regulatory islands) indicate regions of at least 70 bp and ≥65% similarity. The alignment below the plot corresponds to the region indicated by the asterisk, showing several mutations in the mouse Jazf2 sequence, including splice sites (in lower case) and frameshifts.


Supplementary Figure 3 Conservation of microsynteny around Hox-neighboring genes.
(a) Microsynteny arrangements around the Hox clusters of different bilaterian species and the ‘ghost’ Hox locus of the placozoan Trichoplax adhaerens. Note that, because of the lack of synteny conservation, we could not infer a consensus for different vertebrate species beyond the genes included in the vertebrate ancestor reconstruction. Thus, for genes beyond these limits, the information displayed in this figure corresponds mainly to the mouse genome. (b) Conserved linkage of vertebrate posterior neighboring genes in amphioxus and non-chordate species. (c) Conserved linkage of amphioxus posterior neighboring genes in non-chordate species. Genes are represented by arrows (white, Hox clusters; blue, chordate anterior neighboring genes; red, vertebrate posterior neighboring genes; orange, amphioxus posterior neighboring genes; green, non-chordate neighboring genes linked to Hox genes in at least two species; black, non-Hox ANTP-class homeobox genes). Question marks represent genes whose status in the vertebrate ancestor could not be inferred. Slashes indicate the presence of genes not represented in the figure. Black circles represent the end of the genomic scaffold. Small black rectangles indicate the presence of predicted gene model(s) with no clear orthologs in other species and that in most cases have multiple additional copies in their corresponding genomes. The black asterisk within the Hox cluster arrow of L. gigantea indicates the reversed orientation of the last Hox posterior gene in this species.


Supplementary Figure 4 4C-seq interaction profiles of the zebrafish HoxDa region
Normalized 4C-seq profiles of the promoters for several Hox and neighboring genes in the zebrafish HoxDa region (labeled as in Fig. 2). The 4C-seq profiles corresponding to neighboring genes are indicated with large brackets at the left margin of the figure. Spider plots are color-coded as in Fig. 2. Green lines indicate the positions of the viewpoints. Dotted lines indicate the genomic region containing the HoxDa cluster. Units on the y axes correspond to normalized interacting counts.


Supplementary Figure 5 4C-seq interaction profiles of amphioxus Hox regions.
Normalized 4C-seq profiles of the promoters for several Hox and neighboring genes in amphioxus Hox region (labeled as in Fig. 2). The 4C-seq profiles corresponding to neighboring genes are indicated with large brackets at the left margin of the figure. Spider plots are color-coded as in Fig. 2. Green lines indicate the positions of the viewpoints. Dotted lines indicate the genomic region containing the Hox cluster. Units on the y axes correspond to normalized interacting counts.


Supplementary Figure 6 Temporal dynamics of the 4C-seq interaction profiles of amphioxus Hox genes during development.
The amphioxus Hox genomic region showing one replicate for each of the 4C-seq profiles of the promoters of several Hox genes. The three different developmental stages are colored in red (8 h.p.f. gastrula), black (15 h.p.f. early neurula) and blue (36 h.p.f. larva). Dashed lines indicate the positions of the viewpoints.


Supplementary Figure 7 Flowchart describing the generation of the models and the virtual Hi-C data.
(a,b) 4C data (a) were translated into distance restraints that were added to the rest of the restraints (b). (c) The genome was represented as concatenated beads of different size that represented 20 fragments. The size was proportional to the sum of the read counts. (d) Models were optimized, starting from randomized bead positions. (e) After 50,000 iterations, we selected the 200 models with the best score. These models were clustered on the basis of their RMSD. (f,g) The models from the most populated mirror image cluster were superimposed (f) and the virtual Hi-C heat map was generated by calculating the mean distance between all the beads from all the models (g).


Supplementary Figure 8 Explanatory cartoon for Hi-C comparisons using the shifting alignment approach.
The alignment of the Hi-C matrices being compared is iteratively shifted by bins of 20 kb (reaching ±25% of the total size of the matrix) to obtain a collection of ‘mock’ coefficients corresponding to misaligned Hi-C maps (from R–n to Rn), together with the coefficient of the correctly aligned comparison (R0). In this situation, R0 is expected to be the highest coefficient.


Supplementary Figure 9 Spearman's and Pearson's correlation comparisons between the experimental and virtual Hi-C data of different loci (HoxD; Med13l-Tbx3-Tbx5-Rbm19; and Wnt6-Ihh-Epha4-Pax3).
Correlations are gathered shifting the virtual Hi-C across the real Hi-C, as described in Supplementary Figure 8. Position 0 corresponds to correct alignment of the Hi-C matrices. The coefficients correspond to the values in the alignment at position 0.


Supplementary Figure 10 Virtual Hi-C jackknife resampling experiments.
(a,b) Zebrafish (a) and amphioxus (b) Spearman’s correlation coefficients between the virtual Hi-Cs obtained from the final 3D models and those resultant from the jackknife resampling experiments. For each number of viewpoints eliminated, five different combinations of viewpoint subsets were randomly generated and compared, except in those eliminating a single viewpoint, where all possible combinations were assayed. Black circles correspond to the correlation coefficients of each individual comparison (Supplementary Table 3), and red circles indicate the average for each resampling category.


Supplementary Figure 11 ATAC-seq signal distribution in amphioxus Hox-neighboring regions.
(a,b) ATAC-seq profiles of the anterior (a) and posterior (b) regions showing accessible chromatin regions. The ATAC signal is depicted in black, except in cases having overlap with repetitive elements (gray) or transcriptional start sites (green). Elements tested in reporter assays are colored in blue (anterior) and red (posterior). Regions overlapping with the Evx loci ±5 kb are shaded in light red.


Supplementary Figure 12 Whole-mount in situ hybridization of amphioxus Hox-neighboring genes.
(a–f) Nfe2 expression pattern. No regionalized expression could be detected at the 8-cell, blastula and G3 stages. (a,b) In G5 (a) and G7 (b) embryos, Nfe2 is expressed in the mesendoderm of the blastoporal lip and in the presumptive neural plate region. (c) At the N1 stage, Nfe2 is expressed in the mesoderm and neural plate. (d) In N3 stage embryos, expression is detected in the endoderm of the pharynx and in the tailbud. (e) At the T stage, Nfe2 is expressed in the endoderm of the pharynx (forming club-shaped gland and preoral pit). (f) This expression is maintained in L1 stage larva. (g,h) Hnrnpa expression pattern. No regionalized expression could be detected at the 8-cell, blastula and G3 stages. (g) At the G5 stage, Hnrnpa is expressed in the dorsal blastoporal lip. (h) Then, in G7 embryos, expression is ubiquitous. (i) In N1 neurula, expression is detected in the mesoderm and in the neural plate. (j) In later N3 neurula stage embryos, expression is ubiquitous in the mesoderm and endoderm but a stronger level of expression is observed in the pharynx and in the tailbud. Hnrnpa is also expressed in the cerebral vesicle at this stage. (k) At the T stage, expression is observed in the whole gut, in the cerebral vesicle and in some neurons of the neural tube, as well as in the posterior notochord. (l,m) In L1 larvae, Hnrnpa is expressed in the taibud (l) and at a lower level in the cerebral vesicle, the club-shaped gland and preoral pit (m). (n–t) Cbx1-3-5 expression pattern. No regionalized expression could be detected at the 8-cell, blastula and G3 stages. (n) In G5 stage gastrulae, expression is detected in the mesendoderm of the blastopral lip and in the dorsal ectoderm. (o) At G7 stage, Cbx1-3-5 is expressed in the mesendoderm and in the presumptive neural plate. (p) In N1 neurulae, expression is observed in the mesendoderm and neural plate. (q–t) From N3 to L1, expression is similar to what is observed for Hnrnpa.


Supplementary Figure 13 Translation of the 4C-seq data into distance restraints.
We used the upper Z score and lower Z score (uZ and lZ, represented as dashed lines in blue). Statistically significant data were defined as the ones above the uZ and below the lZ. On the basis of these boundaries, the reach window was established (in purple), an area that covers all fragments between the first (upstream) and last (downstream) fragment above the uZ. Those read counts inside the reach window above the uZ or below the lZ were translated as harmonic distance restraints (yellow), and the rest (red) were translated as harmonic lower-bound distance restraints.


Supplementary Figure 14 Comparisons of amphioxus, zebrafish and mouse models.
(a–c) Heat map plots showing the RMSD of the 200 models compared between them. All models of each species were clustered in one of the two mirror-image clusters. Blue squares stand for an RMSD of 0 Å. Red squares are for maximum RSMD.


Supplementary Figure 15 Comparisons of different sets of bins for each species.
(a,c,e) 3D bar plots comparing the scores of different sets of bins with the maximum distance, the upper Z score and the lower Z score as parameters. The gradient of colors depends on the score, from blue (lowest) to red (highest). The score is the mean of the sum of the differences between the calculated distance for each bead from the 4C data and the measured distance in each model. The lower the score, the smaller the difference between the models and the 4C data. (b,d,f) Heat maps comparing the computed distances from the 4C data for each bead and the mean of the measured distances of the models with the best set of bins: 7,000 for maximum distance, 0.2 for uZ and −0.2 for the lZ.
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