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The HoxA and HoxD gene clusters of jawed vertebrates are organized into bipartite 3D
chromatin structures that separate long-range regulatory inputs coming from the anterior
and posterior Hox neighboring regions '. This architecture is instrumental in allowing
vertebrate Hox genes to pattern disparate parts of the body, including limbs . Almost
nothing is known about how these 3D topologies originated. Here, we perform an extensive
4C-seq profiling of the Hox cluster in embryos of amphioxus, an invertebrate chordate. We
find that, in contrast to 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 built by
combining ancient long-range regulatory contacts from DNA in the anterior Hox

neighborhood with new regulatory inputs from the posterior side.

How the 3D organization of DNA in the nucleus impacts on regulation of gene expression is a
topic of central importance in biology °. Despite recent progress in understanding chromatin
organization, little is known about how such functional interactions evolve. Here, we study the
evolutionary pathway leading to the bipartite 3D chromatin architecture regulating vertebrate
Hox gene expression. In animals, chromatin is compartmentalized into Topological Associating
Domains (TADs): megabase-scale chromatin regions within which DNA sequences
preferentially interact with one another *°. A paradigmatic example of how TADs organize gene
regulatory information is presented by the vertebrate Hox clusters, which contain genes of
pivotal importance for animal development °. Different chromosome conformation capture
techniques have revealed that HoxA and HoxD genomic regions are each divided into two main
adjacent TADs. These TADs compartmentalize long-range regulatory inputs coming from either
side of the clusters into two major domains: enhancers distal to the 3’ flank preferentially contact
‘anterior’ Hox genes whereas those beyond the 5° mostly interact with ‘posterior’ genes &0,
Fig. 1a). This bipartite regulatory topology provides gnathostomes with a versatile bimodal

system allowing Hox genes to pattern multiple structures, including an ancestral role in antero-

posterior axis patterning and novel roles in morphological innovations such as paired limbs .



To address whether TADs associated with HoxA and HoxD arose independently or have
a shared ancestry dating to before the two vertebrate-specific genome duplications (2R WGDs,
Supplementary Figure 1 ), we first studied synteny conservation around Hox clusters between
and within species. In mouse, HoxA and HoxD neighboring regions are strikingly different, with
many HoxA long-range cis-regulatory elements (CREs) embedded in introns of neighboring
genes, but HoxD long-range CREs located in gene deserts (i.e. large intergenic regions devoid of
coding genes). Data from divergent vertebrates, including elephant shark, show that this is a
derived situation and all vertebrate Hox cluster neighborhoods were originally very similar.
What is now a HoxD gene desert in mammals contained copies of HoxA neighboring genes 2
and gene-free regions surrounding the other two Hox clusters have also resulted from differential
loss of neighboring genes coding exons 1 (Fig. 1b, Supplementary Figure 2, Supplementary
Note). Thus, differences in the genomic organization of mammalian HoxA and HoxD regulation
are derived, not ancestral. This implies that CREs currently engaged in Hox long-range bipartite
contacts were primarily intronic and intergenic within a conserved array of neighboring protein-
coding loci before Hox cluster duplications (Fig. 1b).

We investigated the ancestry of this arrangement examining the location of vertebrate
Hox-neighboring genes in invertebrate genomes. We find that few of these homologues are
closely linked to Hox clusters outside chordates, and that gene order and orientations are highly
variable (e.g. vertebrate anterior-linked genes are frequently found at the posterior sides and the
other way round Supplementary Figure 3). This shuffling of the Hox syntenic environment
suggests that in the bilaterian ancestor, long-range Hox cis-regulatory interactions were either
absent or not important enough to constraint microsynteny. In contrast, in amphioxus (a non-
vertebrate chordate that retains many ancestral genomic and morphological features; '*'°),
synteny on the anterior side of the Hox cluster is strikingly conserved with vertebrates; gene
order and orientations are almost identical to those inferred for the vertebrate ancestor (Fig. 1b).
On the posterior side, most neighboring genes are different: only two immediately adjacent
genes, Evx and Lnp, are conserved in position. The conservation of anterior flanking genes
between vertebrates and amphioxus suggests that long-range regulatory interactions from the 3’
side had become essential for Hox regulation at the base of the chordate lineage, imposing strong
constraints to genomic rearrangements in this region. In the case of the posterior side, given the

lack of synteny conservation in non-chordate animals, at present, we cannot discern whether



amphioxus or vertebrates have diverged the most from the syntenic organization of the chordate
ancestor. Whatever the case, beyond Evx and Lnp, gene synteny has followed different
evolutionary routes in two chordate groups, suggesting that, in stark contrast to anterior
territories, the regulatory contribution of distant posterior regions was less important or even
absent in their last common ancestor.

To evaluate this hypothesis experimentally, we compared Hox chromatin contacts
between amphioxus and vertebrate embryos using circular chromosome conformation capture
followed by high-throughput sequencing (4C-seq), a method that reveals distal chromatin
contacts. Studies in mouse embryonic tissues and whole zebrafish embryos have demonstrated
that 4C-seq efficiently resolves the organization of the HoxA and HoxD long-range contacts into
two adjacent TADs 2T8I01T yye generated 4C-seq data for fourteen gene ‘viewpoints’ (8 Hox
genes and 6 neighboring genes) in amphioxus embryos and compared these results with
previously reported ® and newly generated zebrafish data (4 Hox genes and 5 neighboring genes).
In total, 73 4C-seq datasets were generated including replicates for all viewpoints and 3
amphioxus developmental stages (see Online Methods).

With these datasets, we first defined target interacting regions for each of the 4C-seq
viewpoints (genomic regions showing a statistically significant read enrichment against a
randomized background) and quantified the number of reads corresponding to each of these
targets (Online Methods). These analyses revealed the characteristic bipartite distribution of
anterior and posterior Hox genes long-range contacts previously reported in mouse and zebrafish
281018 (Rig 2a, Supplementary Figure 4). Zebrafish hoxd4a and hoxdl3a show little contact
overlap, with the majority of their interactions mapping towards opposing sides of the cluster
(83.3% anterior and 76.6% posterior, respectively). In contrast, in amphioxus, Hox genes located
at the edges of the cluster show the opposite trend: most Hox2 and Hox15 contacts converge
towards the same direction, with their interacting regions located primarily within the Hox
complex (75.2% and 74.2% respectively). In fact, regardless of their position within the cluster,
anterior, central and posterior Hox genes exhibit 4C-seq profiles that overlap extensively, with
no signs of a bipartite distribution (Fig. 2b, Supplementary Figure 5). Importantly, these Hox
interaction profiles are developmentally stable, even though the number of active Hox genes in
amphioxus changes dramatically from early gastrula to premouth embryo ' (Supplementary

Figure 6). This temporal stability is in line with previous findings in mouse and Drosophila,



where most long-range 3D chromatin interactions are organized similarly across tissues and
developmental stages, with only some differences in the intensity of the contacts upon activation

of different sets of distal enhancers "'

. However, despite this temporal uniformity, it is
conceivable that in amphioxus TAD structures could be less similar across cell populations with
different transcriptional activities than they are in vertebrates; thus, by using whole embryos we
may be missing cell type-specific chromatin interactions.

We then correlated 4C-seq results with synteny data. Consistent with the high
conservation of anterior neighboring genes, in the majority of amphioxus Hox viewpoints, a
significant fraction of contacts map to the conserved anterior region (ranging from 14 to 24.8%
for the promoters of Hox2, Hox5, Hox6, Hox7 and Hox9 Supplementary Table 1). Long-range
interactions between Hox genes and anterior territories are even clearer when using 3’
neighboring genes as viewpoints (Supplementary Figure 5, Supplementary Table 1). The
amphioxus cluster contains 25.5% of Hnrnpa interactions, a similar fraction than its ortholog in
zebrafish (33.4%), and in the case of amphioxus Mtx2, the percent of contacts corresponding to
the Hox complex reaches 42.7%. In contrast, at the posterior side, we found striking differences
between amphioxus and vertebrates. Hox genes contact posterior neighboring regions in both
chordate lineages; however, the distribution of these 5’ interactions is very different (Fig. 2a-b).
In zebrafish, hoxdl3a interactions enter into far distant 5’ territories, well beyond the evx2-Inpa
syntenic region, reaching vertebrate-specific posterior neighboring genes such as atp5g3a and
creb2, consistent with previous reports on the location of zebrafish and mouse 5’ long-range Hox

7,223
enhancers "

. In amphioxus, by contrast, the target interacting regions of the posterior-most
Hox gene, HoxlI5, are circumscribed to the most proximal neighboring region, with no
significant contacts crossing the Lnp promoter towards the amphioxus-specific territory. Thus,
even within the only 5’ region with synteny conservation, interaction profiles are different. In
both cases, the Evx-Lnp contacts Hox genes, but while in amphioxus Evxa and Lnp show a clear
interaction preference towards the Hox cluster side (66.1% and 73%, respectively), zebrafish
evx2 and Inpa preferentially contact vertebrate specific genomic regions (with only 26.8% and
20.7% of the contacts towards the cluster, respectively)(Supplementary Figures 4-5,
Supplementary Table 1). Taken together, these results suggest that there is an inflexion point for

long-range chromatin interactions around the Evxa-Evxb-Lnp region in amphioxus, with no

significant Hox-contacts with 5° amphioxus-specific genes.



To better characterize vertebrate and amphioxus Hox topologies and identify interaction
compartments, we generated virtual 3D chromatin architecture models using read counts of the
4C-seq signals as a proxy to distance from each viewpoint (Supplementary Figure 7 and Online
Methods). As 4C-seq data correspond to pooled cells from whole embryos, our 3D models
provide an average view of chromatin topologies, rather than the dynamic chromatin folding
present in each individual cell. These integrative visualizations emphasize how strikingly
different the vertebrate and amphioxus 3D chromatin architectures are (Fig. 3). In zebrafish, the
HoxDa cluster sits between the two separate anterior and posterior chromatin domains; like a
hinge on which the two sets of long-range regulatory inputs can swing. In contrast, the
amphioxus Hox cluster appears as a large single chromatin domain that contains distant anterior
neighboring genes but not posterior ones. To visualize boundaries between these chromatin
domains, we developed a new approach to transform our 4C-seq-derived 3D modeling data into
a heatmap of distances (analogous to those obtained by Hi-C, hereafter termed virtual Hi-C; see
Online Methods and Supplementary Figures 8-10 for details on virtual Hi-C validations). As
expected, zebrafish virtual Hi-C recovered the bipartite architecture that divides vertebrate HoxD
clusters into the anterior and posterior TADs (Fig. 3b). In contrast, the amphioxus cluster is
contained within a single TAD that includes the conserved anterior neighboring genes, but not
the amphioxus-specific posterior genes (such as Gpatch8, which has its own interacting
compartment) (Fig. 3d). Importantly, no boundaries bisect the cluster or separate Hox genes from
anterior neighboring territories. In the case of Lnp and the amphioxus Evx genes the situation is
less clear: although these loci seem to be part of their own small interaction domain, this region
is not completely isolated from its two adjacent compartments (the one containing the Hox and
the one including Gpatch8). This suggests the single Hox 3D chromatin domain present in
amphioxus has a weaker contact border at its posterior side than at its anterior region, and that
the EvxA-EvxB-Lnp territory can be considered as an extended boundary region (Fig. 3d).

To examine the functional significance of amphioxus Hox chromatin organization, we
searched for putative enhancers active in 36 hpf amphioxus embryos (i.e. immediately preceding
what can be regarded as a pharyngula stage in amphioxus, equivalent to the zebrafish phylotypic
stage at 24 hpf) using ATAC-seq (Assay for Transposase-Accessible Chromatin using
sequencing **; Fig. 4a). In agreement with the 3D chromatin topologies inferred from the virtual

Hi-C results, the distribution of ATAC-seq peaks at either side of the amphioxus Hox gene



cluster revealed very different regulatory potentials for the two Hox neighboring regions
(Supplementary Figure 11). While anterior territories are rich in putative distal enhancer regions,
the posterior side contains comparatively much fewer ATAC-seq peaks. In fact, apart from the
peaks tightly associated to the Evx genes or directly overlapping with transcriptional start sites
and repetitive elements, we only found a single candidate enhancer region, within the intergenic
region between Evxb and Lnp. We then tested four putative enhancer elements from within the
TAD on the anterior side of the amphioxus cluster located at different distances from the closest
Hox gene (elements 1655, 1739, 1784 and 1801, located 150kb, 66kb, 20kb and 3kb downstream
of HoxlI) and the aforementioned element identified at the posterior side (element 2473, 165 kb
upstream of HoxI5), by generating GFP-reporter zebrafish stable transgenes. All anterior
enhancers promoted expression in the antero-posterior axis, consistent with expression patterns
of amphioxus Hox genes but not with those of neighboring loci (Fig. 4b, Supplementary Figure
12 and "), suggesting that they are amphioxus Hox CREs. In contrast, the 2473 posterior
element activates GFP expression in isolated neurons in the spinal cord, in a pattern reminiscent
of the amphioxus Evxa gene (Fig. 4b, %) rather than a Hox gene. These experiments suggest that
the 3D organization identified using 4C-seq and modeling brings long-range regulatory elements
into proximity with amphioxus Hox genes mostly on the anterior side of the cluster (Fig. 4).

In summary, our results support a stepwise evolution of the bimodal regulatory
machineries of HoxA and D clusters of jawed vertebrates (Fig. 4c). The relatively simple Hox
cluster 3D topology of early bilaterian animals, where external long-range regulation was
probably absent, changed profoundly in early chordate evolution, with newly incorporated distal
regulatory inputs from anterior neighboring loci becoming a fundamental part of the Hox
regulatory architecture. This unipolar topology was further developed in the vertebrate lineage.
The acquisition of distal CREs interactions at the posterior side permitted the switch between
two separate sets of long-range regulatory inputs, allowing an unprecedented plasticity in the

developmental usage of the Hox patterning system in vertebrates.
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Figures

Fig. 1. Genomic organization of vertebrate and amphioxus Hox clusters. (a) Distribution of
TADs (obtained from human cells Hi-C datasets 20) and schematics of the chromatin architecture
of HoxA and HoxD clusters, showing their similar 3D topology. Colored bars represent Hox
(white), anterior (blue) and posterior (red) neighboring genes. (b) Microsynteny arrangements
around the Hox clusters of gnathostomes, the pre-WGD vertebrate ancestor and amphioxus.
Genes are represented by arrows according to the transcriptional orientation (white, Hox clusters;
blue, anterior; red, posterior; grey, genes with non-conserved linkages), those outlined by dashed
lines correspond to vertebrate paralogs that have been lost in at least one species. Question marks
indicate genes whose status in the vertebrate ancestor could not be inferred. Slashes correspond

to non-conserved amphioxus loci shown in Supplementary Figure 3.

Fig. 2. Comparative of the 4C-seq interaction profiles of zebrafish and amphioxus Hox
clusters. Normalized 4C-seq profiles of several Hox genes promoters in zebrafish HoxDa locus
(a) and amphioxus Hox locus (b). Spider plots show the statistically significant contacts to the
left (blue arcs) and to the right (red arcs) of each viewpoint. Percentages of reads aligned to
statistically significant targets at each side of viewpoints are indicated in blue (left contacts) or
red (right contacts). Units in the y-axes correspond to normalized interacting counts. Green bars

indicate the positions of the viewpoints.

Fig. 3. 3D chromatin architecture of amphioxus and zebrafish Hox clusters. 3D models of
zebrafish HoxDa (a) and amphioxus Hox (c) regions. 4C-seq viewpoints are highlighted (blue,
anterior genes; yellow, Hox genes; red, posterior genes). (b, d) Zebrafish and amphioxus virtual
Hi-C consensus of all 3D model solutions. 4C-seq viewpoints are represented by circles with the
same color scheme of the previous panels. Arrows point out the TAD border bisecting the

zebrafish Hox cluster (b) and the absence of this border in the case of amphioxus (d).

Fig. 4. Regulatory compartments in the amphioxus Hox region and evolution of Hox 3D
architecture. (a) Amphioxus virtual Hi-C heatmap and ATAC-seq profile at 36 hpf in the Hox
region. Amphioxus ATAC-seq peaks tested in zebrafish are colored and highlighted by asterisks

10



(blue for those in the anterior region, red for the one at the posterior side of the cluster). (b)
Lateral views of 24-hpf and 48-hpf (inset in 2473) embryos of zebrafish transgenic lines showing
GFP expression driven by the amphioxus ATAC-seq peaks (1655, 1739, 1784, 1801 and 2473)
highlighted in (a). Midbrain expression corresponds to the enhancer positive control included in
the reporter constructs. Whole mount in situ hybridizations of Hox!/ and Evxa in 36-hpf
amphioxus embryos are shown for comparisons. Anterior is to the left. (ey) eye; (hb) hindbrain;
(mb) midbrain; (nc) neural crest cells; (ne) neurons; (no) notochord; (ot) otic vesicle, (op)
olfactory placode, (sc) spinal chord. (¢) 3D-architectures schematics showing an evolutionary
scenario for the origin of the bimodal regulatory system of jawed vertebrates. The Hox-only
chromatin domain of early bilaterians is first expanded by the anterior side in the chordate
ancestor and by the posterior side at the origin of vertebrates, allowing the bipartition of the

regulatory topologies of HoxA and HoxD clusters.

Online Methods
Genome sequencing and assembly

DNA was prepared from a single European amphioxus (Branchiostoma lanceolatum)
mature male and sequenced using Illumina technology at Génoscope (Centre National de
Séquencage, Evry, France). Briefly, two paired-end (180bp and 700bp) and 6 mate-pair libraries
(3, 5, 8kb) were generated and sequenced at >200x total coverage.

Reads were quality-trimmed using sickle (v1.290, https://github.com/najoshi/sickle), error
corrected using Musket (v1.0.6) *° and overlapping libraries merged using Flash *’. Assembly
was carried out using SOAPdenovo (v2.04) ** using a k-mer of 71 for contiging and of 35 for
mapping and scaffolding. Gaps were subsequently filled using GapCloser (v1.2) * with an
overlap parameters set to 31. The resulting assembly (N50: 649,215, size: 948.5Mb) contains
allelic copies for most scaffolds (expected genome size ~500Mb) that we reconciled using the
Haplomerger » pipeline relying on best-reciprocal lastz alignment after masking repeats using a
custom library built with Repeatmodeler (http://www.repeatmasker.org). The Hox locus was
extracted from the final assembly (N50: 1132648bp, size: 526.8Mb) and submitted together with
the 4C-seq and ATAC-seq data (GSE68737).
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Gene models were built using Evidence Modeler (EVM) 3% pased on (i) de novo gene
prediction obtained using Augustus 31 with a custom training based on CEGMA 32 report, (ii)
split-aware alignment of human proteins using Exonerate > and transcriptome alignment.
Models for known genes within the Hox region that were not present in these annotations were
added manually. More details regarding genome B. lanceolatum assembly and annotation will be

provided in a separate upcoming publication.

Synteny analyses and genome browsing

Hox neighboring genes were searched across the different studied species using tblastn
and blastp. We compared the relative orientations and positions of these genes by browsing the
genomes of the studied species through the NCBI (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi),
UCSC (http://genome.ucsc.edu/), and Ensembl Metazoa
(http://metazoa.ensembl.org/info/website/species.html) webpages, using the following genome
versions: Elephant shark (Callorhinchus milii) 6.1.3, Lottia gigantea v1.0, Mus musculus Build
38, Saccoglossus kowalevskii Build1.1, Strigamia maritima Smarl.0, Trichoplax adhaerens v1.0.
In the case of the starfish Acanthaster planci, no gene annotation or genome browser were
available for the published A. planci Hox genome scaffold (accession number DF933567.1) *.
Therefore, we used tblastn to search for conserved neighboring genes and Genscan to predict
genes de novo.

Mouse Jazf2 pseudogenized exons were detected with VISTA *° using elephant shark as a
reference sequence, LAGAN as the alignment program and the following parameters: 100bp

window and 65% of identity in 70bp.

Amphioxus procurement and culture
B. lanceolatum ripe adults were collected at the Racou beach in Argeles-sur-Mer
(France). Gametes were collected by heat stimulation as previously described ***". Fertilization

was undertaken in Petri dishes filled with filtered sea water and embryos were cultured at 19°C.
Whole mount in situ hybridization

Partial ¢cDNAs from Gpatch8, Nfe2, Lnp, Slc20, Mtx2, Hnrnpa, and Cbx of B.
lanceolatum were amplified by RT-PCR and cloned in pGEM-T Easy vector. DIG-labeled RNA
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probes were synthesized by in vitro translation after plasmid linearization using the appropriate
enzymes. Fixation and whole-mount in sifu hybridization (WISH) were performed as described
in ¥, No expression could be detected using WISH for GpatchS8, Lnp, Slc20 and Mitx2; the

expression patterns for the rest of the genes are included in Supplementary Figure 12.

4C-seq

4C-seq assays were performed as previously reported 183941 For each zebrafish biological
replicate, 500 embryos at 24hpf of the Tiibingen strain were dechorionated using pronase and
deyolked in 1 ml of Ginzburg Fish Ringers (55 mM NacCl, 1.8 mM KCl, 1.25 mM NaHCO3).
Then, they were fixed in PBS1X-formaldehyde 2% for 15 minutes at room temperature. For
amphioxus biological replicates, embryos (~8000 in the case of 8 hpf and ~4000 for the 15 hpf
and 36 hpf stages) were concentrated by centrifugation at low speed in 2mL microtubes. They
were fixed 15 minutes at room temperature in 1,5mL of MOPS buffer (0,1M MOPS pH 7.5,
2mM MgSO2, 1 mM EGTA, 0,5M NaCl) containing 1,85% formaldehyde. 155uL of 10%
Glycine were added to both species samples to stop the fixation, followed by 5 washes with PBS
(NaPBS in the case of amphioxus) at 4°C. Pellets were frozen in liquid nitrogen and kept at -
80°C. Isolated cells were lysed (lysis buffer: 10 mM Tris-HCI pH 8, 10 mM NaCl, 0.3%
IGEPAL CA-630 (Sigma-Aldrich, 18896), 1X protease inhibitor cocktail (cOmplete, Roche,
11697498001)) and the DNA digested with Dpnll (New England Biolabs, R0543M) and Csp6l
(Fermentas, Thermo Scientific, FD0214) as primary and secondary enzymes respectively. T4
DNA ligase (Promega, M1804) was used for both ligation steps. Specific primers were designed
around the putative transcriptional start sites of the genes with Primer3 v. 0.4.0 2. llumina
adaptors were included in the primers sequence and 8 PCRs were performed with Expand Long
Template PCR System (Roche, 11759060001) and pulled together. Two libraries coming from
different biological replicates were generated for each 4C-seq experiment (i.e. for each viewpoint
and for each developmental stage). These libraries were purified with a High Pure PCR Product
Purification Kit (Roche, 11732668001), their concentrations measured using the Quanti-iTTM
PicoGreen dsDNA Assay Kit (Invitrogen, P11496) and sent for deep sequencing. 4C-seq data
were analyzed as previously described '. Briefly, raw sequencing data were demultiplexed and
aligned using zebrafish July 2010 assembly (danRer7) and the B. lanceolatum reference

genomes. Reads located in fragments flanked by two restriction sites of the same enzyme, in
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fragments smaller than 40 bp, or within a window of 10 kb around the viewpoint (indicated by
dashed lines in the different figures) were filtered out. Mapped reads were then converted to
reads-per-first-enzyme-fragment-end units, and smoothed using a 30 fragments mean running
window algorithm. 4C-seq data were normalized by total weight of reads within the window
displayed in figures.

To calculate statistically significant contacting regions for each viewpoint, an average
background level was estimated as previously described s, Briefly, fragments distribution in a
window of 2 Mb around each viewpoint was randomized, excluding an internal window of 100
Kb around the viewpoint to avoid biases due to close contacts. Then, this randomized fragment
distribution was smoothened as described above. This randomized profile was then used to
calculate the p-value for each potential target in the observed 4C-seq distribution by means of
Poisson probability function. Regions with p-values below 1E-5 were considered as statistically
significant interacting targets.

To calculate the distribution of contacts at each side of the viewpoints we took into
account only those reads overlapping the interacting targets, discarding also those mapped within
the 100kb viewpoint window as previously reported ®. The same approach was used to quantify
the distribution of contacts in the three windows defined as follows: cluster (from the 5° UTR of
the 5° most Hox genes (zebrafish hoxdI3a and amphioxus Hox15) to the 3’ UTR of the 3* most
Hox genes (zebrafish hoxd3a and amphioxus Hox1)); anterior (downstream of zebrafish hoxd3a

and amphioxus Hox/); and posterior (upstream of zebrafish hoxd13a and amphioxus Hox15).

3D Computational Modeling and virtual Hi-C
4C Data normalization

To equal the amount of reads in all experiments, we normalized the reads of the 4C-seq
datasets. We then extracted the data relevant for the modeling by calculating the Z-score (see the
sections below on Z-score thresholds optimization) of those reads as in ")
Structure determination

The overall approach of the determination of the genomes structures was adapted from a

previous work * with some variations, using the Integrative Modeling Platform (IMP) ¥ The

procedure was divided in three stages:
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1) Representation of the genome locus and translation of the data into spatial restraints.
We represented the chromosomal fragment as a flexible string of beads where each bead
corresponded to a number of consecutive fragments between 10 and 45, depending on the total
size of the locus (Supplementary Figure 7c). The size of the beads representing those 20
fragments was proportional to the sum of the sizes of these fragments.

In order to impose connection between the beads, harmonic upper bound distance
restraints were used between consecutive beads. This distance was the sum of the radii of both
beads. Excluded volume restraints were imposed over all the beads so these would not overlap
each other. The reach window of a viewpoint was defined as the area between the furthest
upstream and downstream fragments with a Z-score above the upper Z-score (uZ)
(Supplementary Figure 13). Harmonic distance restraints were applied between beads
corresponding to the viewpoints and the rest of the beads, as long as these beads' Z-scores were
above the uZ or below the lower Z-score (1Z). We used the absolute Z-score of the reads to give
more weight to the most meaningful reads. Beads outside the reach window were restrained with
harmonic lower bound distances, with a weight equal to the absolute Z-score. With the harmonic
lower bound restraint we only impose the beads not to be closer than their computed distance
(Supplementary Figure 7).

2) Optimization and sampling of the space of solutions. We combined a Monte Carlo
exploration with a local optimization of conjugate gradients and simulated annealing. We started
with an individual optimization of 5 steps of conjugate gradients from a entirely random
configuration of beads followed by simulated annealing until the score difference between
rounds was below 0.00001 or reached O (Supplementary Figure 7d). To sample the space of
solutions exhaustively we computed 50.000 independent optimizations for each genome
(Supplementary Figure 7e).

3) Analysis and assessment of the ensemble of models. We gathered the 200 models with
the best score. Those solutions were then clustered according to their similarity measured by
their Root Mean Square Deviation (RMSD). We used the Multiexperiment Viewer, MeV  with
Hierarchical Clustering and K-Means clustering. All models grouped in two clusters that were
the mirror image of each other (Supplementary Figure 14). The most representative models (i.e.

the closest ones to the mean of all solutions within the most populated cluster) are displayed in
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Fig. 3. Results were indistinguishable when we used the solutions of the other mirror image
cluster.
Reconstruction of virtual Hi-C data

We used the models from the most populated cluster to generate the heat map plots that
were equivalent to Hi-C data. First we superimposed all the models (Supplementary Figure 7f).
To generate virtual Hi-C heatmap plots, we measured the distances between all beads in each
model and calculated the mean of these distances (Supplementary Figure 7g).

Empirical calculation of the Maximum distance, the IZ and the uZ.

The calculation of these parameters was done as described previously * with little
variations: The uZ varied between 0.2 and 1.4 in bins of 0.2. The 1Z varied in bins of 0.2 between
-1.4 and -0.2. The maximum distance varied from 3000 to 7000 in bins of 1000. Due to the
heavy computational load, we did not consider thinner bins or higher or lower values.

For each set of parameters, we generated 500 models and calculated the mean distances
between the viewpoints and the rest of the fragments and compared them to the distances that
represented each set of 20 fragments of the normalized 4C data (Supplementary Figure 15 b, d,
f).

The set of parameters that best fitted the 4C data were 0.2 for the uZ and -0.2 for the 1Z in
amphioxus, zebrafish and mouse. The best max distances were different for each species. To
allow comparison, we needed to settle the same max distance for all three. Taking this into
account, and for the sake of ease of visualization, we settled on the max distance of 7000, whose
score was also amongst the best (Supplementary Figure 15 a, c, e).

Validation of the virtual Hi-C approach

To validate the virtual Hi-C method we followed two strategies:

1) Jackknife resampling. We tested the reproducibility and robustness virtual Hi-C results
taking advantage of the extensive number of viewpoints available in our amphioxus and
zebrafish Hox 4C-seq data. We performed additional modeling experiments by resampling our
original datasets using different subsets of 4C data both in zebrafish and in amphioxus
(Supplementary Table 2). We generated 500 models with the same parameters that we used for
our initial modeling and reconstructed virtual Hi-C data for each subset. Subsequently, we

calculated Spearman’s coefficients between the different subsets. This demonstrated that virtual
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Hi-C results are very reproducible and robust to perturbations, with high correlations even when
60% of the viewpoints are eliminated (Supplementary Figure 10, Supplementary Table 2).

2) Modeling of other loci and shifted calculation of correlations. To validate the models
and the virtual Hi-C derived from them, we generated models for diverse mouse genomic regions
using previously published 4C-seq data ( from the HoxD locus and two additional loci: Wnt6-
Ihh-Epha4-Pax3 and Med131-Tbx3-Tbx5-Rbm19 '747%). Using these models, we generated the
virtual Hi-Cs and compared them with previously published experimental Hi-C data 20
(Supplementary Figures 8-9). These comparisons were performed shifting the window used for
the modeling 25% of its size in each direction, in steps of 20Kb (see Supplementary Figure 8).
For each comparison, Spearman's and Pearson's correlations were calculated. Due to the
dominance of read counts corresponding to short distances, we calculated these correlations
using bins separated by at least 240kb (HoxD and Med131-Tbx3-Tbx5-Rbm19) or 480kb (Wnt6-
Ihh-Epha4-Pax3), to account for the different size of these three loci (~2.12, ~2.48 and ~4.88Mb,
respectively). In all cases, our 4C-seq-derived virtual Hi-C contact matrices accurately
recapitulate the TAD organization and borders present in the experimental Hi-C maps, with
Spearman’s and Pearson’s coefficients within the same range (from 0.63 to 0.88) of those
typically obtained between different Hi-C experimental conditions (from 0.4 to 0.99 ***-"

(Supplementary Figure 9, Supplementary Table 3).

ATAC-seq

ATAC-seq experiments in amphioxus embryos were performed as previously described
22 Approximately 80000 cells (corresponding to thirteen 36 hpf embryos) were directly lysed
in cold lysis buffer (10 uM Tris pH7.4, 10 uM NaCl, 3 uM MgCl2, 0.1% IGEPAL) after
removing the seawater by centrifuging briefly. Then, the sample was incubated for 30 min at
37°C with the TDE1 enzyme and purified with Qiagen Minelute kit. A PCR was performed with
13 cycles using AdIF and Ad2.3R primers and KAPA HiFi hotstart enzyme (Kapa Biosystems).
The resulting library was multiplexed and sequenced in a HiSeq 2000 lane. Reads were aligned
using the mentioned B. lanceolatum assembly. Duplicated pairs or those ones separated by more
than 2Kb were removed. The enzyme cleavage site was determined as the position -4 (minus
strand) or +5 (plus strand) from each read start, and this position was extended 5 bp in both

directions for signal visualization. For the zebrafish reporter assays of anterior elements, we
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selected 4 regions including ATAC-seq peaks with no overlap with coding exons, transcriptional
start sites and repetitive elements. We applied the same criteria to the posterior region, also
excluding ATAC-seq peaks tightly associated with amphioxus Evx genes (i.e. those located in
the Evx introns and within 5kb of the Evx transcribed regions). This rendered a single candidate

element between Evxb and Lnp (see Supplementary Figure 11).

Transgenesis in zebrafish

Transgenesis assays were performed as previously reported °*. Putative enhancers were
amplified by PCR from amphioxus genomic DNA using the primers listed in Supplementary
Table 4. The PCR fragments were subcloned in PCR8/GW/TOPO vector and, using Gateway
technology (Life Technologies), were shuttled into an enhancer detection vector composed of a
gata2 minimal promoter, an enhanced GFP reporter gene, and a strong midbrain enhancer (z48)
that works as an internal control for transgenesis in zebrafish ». Zebrafish transgenic embryos
were generated using the Tol2 transposon/transposase method >°, with minor modifications. One-
cell embryos were injected with a 2 nl volume containing 25 ng/ul of transposase mRNA, 20
ng/ul of purified constructs and 0.05% of phenol red. In order to ensure the reproducibility of the
expression patterns observed in the reporter assays, three or more stable transgenic lines derived

from different founders were generated for each construct.
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Figure 2
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Figure 4
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