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ABSTRACT 

During development, Hox genes are activated in a time sequence following their relative positions 

on their clusters, leading to the proper identities of structures along the rostral to caudal axis. To 20 

understand the mechanism operating this Hox timer, we used ES-cells derived stembryos and show 

that the core of the process involves the start of transcription at the 3’ part of the cluster, following 

Wnt signaling, and the concomitant loading of cohesin complexes on the transcribed DNA 

segments, i.e., with an asymmetric distribution along the gene cluster. Chromatin extrusion then 

occurs with successively more posterior CTCF sites acting as transient insulators, thus generating 25 

a progressive time-delay in the activation of more 5’-located genes due to long-range contacts with 

a flanking TAD. Mutant stembryos support this model and reveal that the iterated presence of 

evolutionary conserved and regularly spaced intergenic CTCF sites control the precision and the 

pace of this temporal mechanism.  

30 
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INTRODUCTION 

Hox genes are essential for the organization of the body plan during animal development. In 

mammals, the transcription of these genes is deployed during gastrulation, at a time when the 

embryo produces and organizes its major body axis (see e.g. (Deschamps and Duboule, 2017). By 5 

the end of gastrulation, indeed, the embryo displays the classical distribution of Hox genes 

mRNAs, with progressively overlapping domains. As a consequence, cells at various anterior-

posterior (AP) body levels express distinct combinations of HOX proteins, which instruct cellular 

populations as to which kind of morphologies they should produce (Kessel and Gruss, 1991; 

Krumlauf, 1994). 10 

In vertebrates, the transcriptional activation of any Hox gene is largely fixed by its relative 

position within its genomic cluster (Gaunt et al., 1988), an unusual property initially described in 

flies (Harding et al., 1985; Lewis, 1978) and observed in most animals displaying an antero-

posterior axis (Duboule and Dolle, 1989; Garcia-Fernàndez and Holland, 1994; Graham et al., 

1989). In vertebrates, this mechanism is linked to a time-sequence in the transcriptional activation, 15 

first observed in mammals (Dolle et al., 1989; Izpisua-Belmonte et al., 1991) and subsequently 

generalized (Durston et al., 2012; Gaunt, 2015) with some controverses (see (Durston, 2019; 

Kondo et al., 2019). While the function of this timer was discussed in many instances (see 

(Durston, 2019; Gaunt, 2018; Kmita and Duboule, 2003), its mechanism has remained unknown, 

mostly due to the difficulties to experiment with the few NMP cells which feed the elongating axis 20 

with new mesoderm and neurectoderm tissue (Tzouanacou et al., 2009; Wilson et al., 2009) and 

where Hox genes are activated during axial extension. 

A model was initially proposed whereby a progressive and directional opening of a closed 

chromatin configuration would lead to a stepwise accessibility of neighboring genes to activating 

factors (Noordermeer et al., 2011; Soshnikova and Duboule, 2009), with the onset of activation 25 

depends on Wnt signaling (Neijts et al., 2016), a signaling system active at the most posterior part 

of the developing embryo (Neijts and Deschamps, 2017). In subsequent phases, Cdx transcription 

factors were reported to activate more centrally located Hox genes (Amin et al., 2016; Mazzoni et 

al., 2013; Neijts et al., 2017), while Gdf11 signaling might regulate more 5’-located (posterior) 

genes (Aires et al., 2019; Gaunt et al., 2013).  30 
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Coincidentally, the mapping of both the locations and orientations of CTCF binding sites 

within Hox gene clusters revealed three main sub-domains; first  an ‘anterior’ domain devoid of 

CTCF sites; then a more centrally located domain where series of CTCF sites mostly show an 

orientation towards the 3’ end of the clusters, and a posterior domain where several CTCF sites 

display the opposite orientation (Amândio et al., 2021). This organization of CTCF sites in three 5 

domains is highly conserved either between species (Yakushiji-Kaminatsui et al., 2018) or even 

between paralogous Hox gene clusters (Amândio et al., 2021), i.e. over several hundred millions 

years of evolution, raising the hypothesis that these sites may be instrumental in the time-

sequenced activation of the interspersed Hox genes.  Indeed, CTCF is known for its potential to 

organize chromatin structures through the making and stabilization of large loops in combination 10 

with the cohesin complex (Fudenberg et al., 2016; Sanborn et al., 2015).  

Here we address this question by using pseudo-embryos referred to as gastruloids (Turner et 

al., 2017) derived from an aggregate of ES cells cultivated in vitro for several days. After activating 

Wnt signaling for 24h, such ‘stembryos’ (Veenvliet et al., 2021) start to elongate a protrusion that 

resembles the outgrowth and progression of the tail bud and where the Hox timer is implemented 15 

(Beccari et al., 2018). We looked at various indicators of transcription, at the dynamic of cohesin 

recruitment and accumulation and at the changing architecture of the HoxD locus in parallel with 

its activation, and show that the Hox timer starts with a Wnt-dependent activation of the CTCF-

free part of the cluster, which triggers an increased loading of cohesin complexes over this 

transcribed region. This is rapidly followed by the step-wise transcriptional activation of genes in 20 

the CTCF-rich region after a 3’ to 5’ progression in loop extrusion, along with progressive changes 

in the chromatin architecture of the locus. We challenged this model by using mutant stembryos 

and further show that, while the first phase may be sufficient to introduce a 5’ to 3’ asymmetry in 

transcription, the highly conserved array of CTCF sites is used to organize and secure the sequence 

and the pace of this Hox timer critical for the proper morphological stability of our axial structures. 25 

 

RESULTS 

Time-course of Hox gene activation in stembryos  

In gastrulating mouse embryos, Wnt signaling contributes to the formation of the primitive 

streak from epiblast cells, which thus allows the emergence of germ layers that will shape the 30 

elongating body axis. Likewise, in those stembryos cultured as initially described in (Beccari et 

al., 2018), a pulse of the Wnt agonist chiron (Chi) 48 hours (h) AA (after aggregation; thereafter 
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‘48h’) of murine ES cells (mES) i.e., between 48h and 72h, triggers the differentiation of these 

epiblast-like cells to form a multi-layered structure resembling the posterior part of the elongating 

body axis. We generated a 12h resolution time-course ChIP-sequencing (ChIP-seq) dataset for 

H3K27ac, a chromatin mark found at active enhancers and associated with transcription (Fig. 1A). 

We analyzed the various H3K27ac profiles over the HoxD locus and its two flanking regulatory 5 

landscape C-DOM and T-DOM, two TADs, the latter being split into two sub-TAD1 and 2 (see 

e.g. (Rodríguez-Carballo et al., 2020) (Fig. 1B, C).  

Soon after the end of Chiron treatment (72h), H3K27ac peaks appeared over the ‘anterior’ 

part of the cluster. From 72h to 84h, this signal covered mostly the Hoxd1, Hoxd3 and Hoxd4 

genes, whereas no signal was detected in the flanking T-DOM. Acetylation signals started to 10 

appear within the T-DOM at 96h to become more and more prominent in the sub-TAD1, along 

with the increased acetylation of the HoxD cluster itself (Fig. 1B, 96h, green columns). Several 

enhancers controlling the expression of Hoxd genes in various tissues were already identified 

within sub-TAD1 (refs in (Amândio et al., 2021) and the dynamic of appearance of these peaks 

did not correlate with their distance to the HoxD cluster. Instead, they matched the time-window 15 

of the transcriptional activation of the cluster (Fig. S1). In contrast, no significant H3K27ac signal 

was scored in C-DOM (Figures 1B, pink columns; Fig. S1), further supporting the initial 

asymmetry in transcriptional regulation and the importance of T-DOM in this early activation. 

Within the HoxD cluster, after the increase of H3K27ac marks over the Hoxd1 and Hoxd3 

region at 72h, a rapid spreading of the acetylation marks was scored over the whole anterior part 20 

up to the border between Hoxd4 and Hoxd8 (Fig. 1C, D, 84h). At 96h, a slower and progressive 

acetylation of H3K27 was observed throughout the rest of the cluster, eventually covering the 

entire Hoxd8 to Hoxd13 segment at 168h (Fig. 1C, D). This multi-phasic dynamic, best visible 

through a time-lapse reconstruction (Supplementary Movie 1), was corroborated by a 

transcriptome analysis (Fig. 1E). Hoxd1 to Hoxd4 mRNAs were detected at 84h and became more 25 

abundant at 96h, a stage where Hoxd8 and Hoxd9 expression was low. The amounts of mRNAs 

from the latter two genes only increased at 108h. Likewise, expression of Hoxd10 and Hoxd11 was 

scored at 132h and Hoxd13 at around 144h, correlating with the acetylation dynamic (Fig. 1D, E).  

A low level of H3K27ac marks was scored over the entire posterior part of the cluster at 72h, 

which were erased right after the robust activation of the cluster at 96h (Fig. 1B, C, black arrows). 30 

Transcript from these genes were nevertheless not detected at these early time points, suggesting 

that the cluster was still in a bivalent chromatin configuration, as found in ES cells (Bernstein et 
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al., 2005). Altogether, the initial transcription wave over Hoxd1 to Hoxd4 occurred before any T-

DOM activity was scored, whereas a progressive activation of the rest of the cluster, starting at 

Hoxd8 was clearly associated with a gain of H3K27 acetylation over many sequences in sub-

TAD1, suggesting long-range regulation was at work to activate more central and posterior genes. 

 5 

Paused and elongating Pol II 

To support these observations, we ChIPed-seq the large subunit of Pol II using a pan-specific 

antibody recognizing the C-terminal domain (CTD) of RPB1. Pol II occupancy was somewhat 

similar to the H3K27 acetylation profile, yet with an unexpected accumulation over Hoxd8 and 

Hoxd9 at 96h already (Fig. S2A), which was higher than both the H3K27ac profiles and transcripts 10 

levels (Fig. S2B, C; also see the boxed area in Fig. 1D-E). Consequently, while a colinear 

distribution was scored when comparing the 72h, 120h and 168h time points, profiles were 

virtually identical between 96h and 132h (Fig. S2A). This poor colinear progression was like that 

reported in amphibians (Kondo et al., 2019). However, when we ChIPed Pol II phosphorylated in 

serine 2 (Ser2-p) of the CTD domain, a modification that accompanies the transition from pausing 15 

to productive elongation, which usually covers the transcription unit with a robust enrichment in 

the 3’ part (e.g. (Zaborowska et al., 2016), a different distribution was scored (Fig. S2D). 

The Pol II Ser2-p profile at 96h was clearly different from that of the pan-Pol II antibody and 

involved mainly the Hoxd1 to Hoxd4 region with a weak binding to Hoxd8, correlating well with 

the H3K27ac and RNA-seq profiles at this stage (Fig. S2D). The signals had now extended towards 20 

more posterior genes and was enriched in 3’of Hoxd8 (Fig. S2D, left arrow in 84h), whereas at 

144h, the signal had moved in 3’ of Hoxd9 (Fig. S2D, arrowhead). At this latter stage, the coverage 

of the Pol II Ser2-p was eventually similar to that seen with the pan Pol II antibody. These 

differences between the two forms of Pol II (Fig. S2D, compare the signals with arrows in 96h to 

144h) suggest that, while actively transcribed regions (Pol II Ser2-p positive) were spreading from 25 

the 3’ to the 5’ parts of the cluster, Pol II remained positioned throughout, likely under a paused 

state. Such striking differences were also readily observed at both HoxA and HoxB clusters (Fig. 

S3A, B, respectively). We concluded that elongating Pol II follows a colinear dynamic first 

detected in anterior regions of the clusters devoid of CTCF binding sites (see below), then 

progressively spreading towards posterior regions similar to H3K27 acetylation, unlike paused Pol 30 

II, which seems to be recruited in a rather simultaneous manner over an extended central part of 
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the clusters including the transition from the 3’ CTCF-free region towards the CTCF rich region 

(Fig. 2A).  

 

Distribution of bound CTCF in stembryos 

This region of transition from a CTCF-free segment towards the first series of occupied CTCF 5 

sites (Fig. 2A, bottom; transition from red to magenta) was shown in mice to be important to set 

up proper expression domains in various embryonic tissues (Amândio et al., 2021; Narendra et al., 

2016). We verified the binding profile of CTCF in stembryos and identified nine occupied CBSs 

inside HoxD (Fig. 2A; upper panel). Four out of the five ‘anterior’ CBSs displayed an orientation 

opposite to those CBSs located in the T-DOM (Figs. 2A, S5A; CBS1, 2, 4 and 5; red arrowheads), 10 

whereas the four CBSs located more ‘posteriorly’ showed an orientation toward CBSs located in 

C-DOM (Figs. 2A, S5A; CBS6, 7, 8 and 9, blue arrowheads). This pattern perfectly matched the 

profiles obtained with embryonic material (Amândio et al., 2021; Rodriguez-Carballo et al., 2017). 

Since Hoxd1, Hoxd3 and Hoxd4 are activated concomitantly and their surrounding is devoid 

of any CBS, we asked whether the temporal progression observed in H3K27 acetylation may 15 

depend on the positioning of the CBSs. We produced a cumulative profile of H3K27ac signals 

between 72h and 168h, which showed transitions over time (Fig. 2A; lower panel). The CBSs 

systematically corresponded to poorly acetylated regions, some of them matching those places 

where the 3’ to 5’ progression in acetylation was slowed down, such as the posterior limit of the 

initial segment that was activated at ca. 84h and located close to CBS1, or the acetylation peak 20 

before Hoxd11 facing CBS5, which remained unchanged until 132h (Fig. 2A, black arrows and 

Supplementary Movie 1). This suggested that the distribution of CBSs influences the progressive 

spreading of acetylation towards more posterior genes. 

 

Sequential and directional loading of the cohesin complex  25 

We then assessed where cohesin complexes were recruited. We analyzed RAD21 binding, a 

component of this multi-protein complex. RAD21 was expectedly detected at several CBSs 

(Wendt et al., 2008), though with various enrichment levels (Fig. 2B, S4). Along with stembryonic 

development, low but significant levels of RAD21 accumulated outside CBSs, within gene bodies 

(Fig. 2B, black box). This accumulation of RAD21 over transcribed loci spread towards more 30 

posterior genes in subsequent stages, along with transcription (Fig. 2B, S4A compare 96h with 
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168h). To back up this dynamic of RAD21, we profiled NIPBL, one of the factors loading the 

cohesin complex onto chromatin (Ciosk et al., 2000)(Fig. 2C). 

 The NIPBL profile matched RAD21 binding in those regions outside CBSs, as illustrated by 

the particular enrichment over the Hoxd1 to Hoxd4 DNA segment between 84h and 96h, i.e., when 

RAD21 signals started to appear (Fig. 2B and C, between the red arrows). The NIPBL distribution 5 

then spread towards the posterior part of the cluster with a strong re-enforcement up to Hoxd9 at 

132h and reaching Hoxd11 at 168h. NIPBL binding also followed the activation of the cluster, as 

evaluated by the acetylation dynamic (Fig. 1D) and NIPBL enriched peaks were all highly 

acetylated (Fig. 2A, lower panel; red arrows). Therefore, the progression of cohesin loading to 

actively transcribed region, which was quantified between each pair of CBSs (Fig. S4A) was likely 10 

triggered by NIPBL. Indeed, accumulation was enriched in the Hoxd1 to CBS1 interval before it 

spread to CBS4 at 84h and reached the CBS4-CBS5 interval later at 168h, a stage where RAD21 

was also detected throughout the Hoxd9-Hoxd11 region. The profile of NIPBL at 168h precisely 

matched the H3K27ac profile, with signals covering Hoxd11 and barely reaching the Hoxd12 

transcription unit. In many respects, these two profiles looked very similar, suggesting a tight link 15 

between the recruitment of NIPBL and transcription (Busslinger et al., 2017). NIPBL was slightly 

enriched at some promoters (Kagey et al., 2010; Zuin et al., 2014) and a massive coverage was 

scored over the entire transcribed domains. 

 

A self-propagating mechanism 20 

We next analyzed the dynamic of RAD21 enrichment relative to CBSs orientations (Fig. S4B) 

and those with an orientation towards T-DOM (CBS1, 2, 4 and 5) showed variations in RAD21 

accumulation reflecting their position within the cluster; RAD21 accumulation over CBS1 

increased upon transcriptional activation of Hoxd1 to Hoxd4, whereas the amount of CBS2, 4 and 

5-associated RAD21 increased sequentially in time, following the progression of cohesin loading 25 

(Fig. S4B). We interpret this dynamic as the persistence at CTCF sites of cohesin complexes 

loaded more ‘anteriorly’ (in 3’) due to active transcription, which would extrude until reaching the 

next CBS with proper orientation. Consequently, the observed decrease in RAD21 accumulation 

at CBS1 reflects the extension of cohesin loading towards the posterior end of the cluster, leading 

to an averaging of RAD21 accumulation at all CBSs. This was supported by the absence of any 30 

consistent change in the accumulation of RAD21 at CBS6, 7, 8 and 9, which are oriented toward 
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C-DOM, making them unable to accumulate cohesin complexes loaded onto the actively opening 

part of the cluster (Fig. S4B, bottom). 

The relative accumulation of RAD21 also increased between 72h and 120h at some CBSs 

located within T-DOM (Fig. S5A, B; TD-CBS1, 2 and 5), which strongly interacted with the CBSs 

within HoxD due to their convergent orientations (Rodriguez-Carballo et al., 2017), in agreement 5 

with a function for these T-DOM CBS at these precise developmental stages (see below), for 

instance by bringing Hoxd genes to the vicinity of T-DOM-located enhancers. The extension of 

transcription towards a more ‘posterior’ part of the cluster would in turn recruit NIPBL and cohesin 

complexes, leading to some extrusion now starting also at more posterior positions thus leading to 

a self-propagating mechanism of successive transcriptional activation.   10 

Dynamic of Chromatin topology 

We looked for modifications in chromatin structure during this dynamic process and produced 

a 24h time-series of Capture Hi-C (CHi-C) datasets, starting from 48h, when the activation of the 

cluster hasn’t yet started (Fig. 3A). At this stage, before Wnt signaling, interactions were observed 

between the Hoxd genes themselves, most likely as a result of their general coverage by polycomb 15 

marks (Noordermeer et al., 2011, 2014) leading to a ‘negative’ micro-TAD (Fig. 3A). At this stage, 

the cluster displayed several interactions with T-DOM, particularly with sub-TAD1 (Fig. 3A, 48h, 

arrows). Contacts established between CBSs in the cluster and sub-TAD1 were quantified (Fig. 

S6A, B, respectively) and CBS1 unambiguously established the strongest contacts when compared 

to other CBSs located within the HoxD cluster (Fig. 3A, white dashed line).  20 

At 96h, after Wnt activation, this distribution changed and the interactions between CBS1 and 

those CBSs associated with the CS38-40 region of sub-TAD1 (Fig. 3B, 96h; Fig. S6C) were no 

longer the most prominent, as interactions between this latter region and CBS2 became stronger 

(Fig. S6C). This shift in the balance of contacts towards the posterior part of the HoxD cluster 

paralleled the cohesin dynamic, which progressively engaged more posterior CBSs (see Fig. S4B), 25 

suggesting a link between the dynamic of cohesin loading and a topological reorganization of the 

locus. This was best visualized by fixing the position of contacts involving CBS1 with a white 

dashed line (Fig. 3B) and following the dynamic position of the main contact (Fig. 3B, boxed in 

72h) moving up relative to this fixed line, i.e., involving now more posterior CBSs. This was 

supported by a quantification of contacts within this boxed area (Fig. 3C) with the curves below 30 

showing the distributions of contacts frequencies along with time, with a shift from the main use 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 29, 2022. ; https://doi.org/10.1101/2022.08.29.505673doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.29.505673
http://creativecommons.org/licenses/by-nc/4.0/


 

9 
 

of CBS1 to the recruitment of more posterior CBSs (Fig. 3C, compare e.g., 48h with 120h). This 

shift can also be observed with the animation of this time-course dataset (Supplementary Movie 

2). 

These directional and stepwise increases in contact frequency with sub-TAD1 (or part thereof) 

also applied to the Hoxd genes bodies. Hoxd1 to Hoxd4 increased contact frequency with the 5 

whole sub-TAD1 at 96h (Fig. S6D). Hoxd9 did not, but increased its interactions with the 3’ region 

of sub-TAD1 (Fig. S6E), a region rich in H3K27ac marks potentially reflecting enhancer-promoter 

contacts. These interactions were also documented by a HiChIP dataset for H3K27ac using 120h 

stembryos (Fig. 3D), a stage when anterior genes were activated and cohesin loading was already 

initiated. The contacts map produced a stripe illustrating the preferential interactions between the 10 

sub-TAD1 region and the active, H3K27ac-positive segment of the HoxD cluster, whereas 

contacts with sub-TAD2 were much less robust (Fig. 3D). The hotspots detected within the stripe 

matched either the sub-TAD1 CBSs (Fig. 3D, arrows), or acetylated peaks within sub-TAD1 (Fig. 

3D, arrowheads), consistent with previous reports that had identified such stripes at active 

enhancers or within NIPBL-enriched regions (Kraft et al., 2019; Vian et al., 2018). 15 

 

Domain translocation and cohesin loading 

To assess how these gains in contacts between sub-TAD1 and the HoxD cluster may relate to 

the initial cohesin loading region, we analyzed the CHi-C maps at a 2kb resolution, relative to the 

CTCF binding profile (Fig. S7A). At 48h, the negative micro-TAD was confirmed by a virtual 4C 20 

profile derived from the CHi-C experiment (Fig. S7B). Robust interactions were scored between 

a Hoxd9 viewpoint and the entire cluster, from one extremity to the other (Fig. S7B, 48h, blue 

profile). However, a chromatin segment including CBS1, located between Hoxd4 and Hoxd8 

showed much weaker interactions with the rest of the cluster. This translated into a ‘gap’ within 

the micro-TAD (Fig. S7A, top panel, double-arrows), also visible in the virtual 4C profile (Fig. 25 

S7B; double-arrows). This ca. 20kb large region thus looped out from the condensed structure, 

likely triggered by the interaction between CBS1 and the CBSs located within T-DOM (Fig. 3A, 

top; Fig. S7B, top). 

At 72h, Wnt-dependent transcription of anterior Hox genes led to the end of contacts between 

the two halves of the gene cluster, as illustrated by the drastic translocation of the anterior part and 30 

the formation of two separate micro-TADs. This is best visible when comparing interaction maps 

of the gene cluster between 48h and 96h (Fig. S7A) as well as in the animation (Supplementary 
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Movie 2). These two micro-TADs represent the two transcriptional states of each half of the 

cluster, inactive on the centromeric side (Fig. S7A, left) and active on the telomeric side (Fig. S7A, 

right), as shown by the mapping of H3K27me3 marks associated with silenced chromatin (Fig. 

S7C). The dynamic of intra-cluster interactions during this transition was also quantified (Fig. S8). 

Noteworthy, the H3K27me3 profile at 72h revealed a depleted region right around the position of 5 

CBS1, i.e., included into the fragment looping out of the negative ‘globule’ at 48h-72h (Fig. S7C, 

arrowhead). At 120h, H3K27me3 marks had been further erased towards the centromeric direction 

between CBS1 and CBS2, once again indicating the progression of transcription (Fig. S7C; vertical 

lines, arrow).  

The H3K27ac and H3K27me3 profiles at 96h were mutually exclusive and corresponded to 10 

the two micro-TADs (schemes in Fig. 4A). The H3K27ac-positive domain (Fig. S7A, 96h, right) is 

that activated early on and where the recruitment of cohesin complexes was enriched. The 

H3K27me3-positive domain is the silenced part of HoxD. At 96h, the boundary between these two 

domains coincides with the position of CBS1 (Fig. S7C, arrowhead). Subsequently, the negative 

domain retracted until 120h when it became apparently stabilized (Fig. S7C; compare 120h with 15 

144h), meanwhile the H3K27ac active domain expanded (Fig. S7A; 96h to 168h). The apparent 

stabilization of the H3K27me3 domain at late stages most likely reflected a dilution effect, for at 

these late stages, only those very posterior stembryonic cells activate new Hoxd genes and hence 

the vast majority of analyzed cells will keep their H3K27me3 domain unchanged. This progression 

was quantified by measuring, over-time, the chromatin interactions between the H3K27me3 20 

domain borders in order to estimate its size (Fig. S8).  

When we considered interactions between the Evx2 to Hoxd12 border region and Hoxd8, we 

observed a decreased, already visible at 96h (Fig. S8, right). Contacts 

between Hoxd9 and the Evx2-Hoxd12 region decreased at 144h only, whereas the interactions 

with Hoxd11 at 144h were only slightly decreased (Fig. S8, left). This progression occurred in 25 

parallel with the stepwise recruitment of novel CTCF sites in the cluster, which interacted with the 

main points of contact located within T-DOM (e.g., Fig. S5, TD-CBS1, TD-CBS2, TD-CBS5, Fig. 

S4B, 3A). In the Hi-C maps, this was illustrated by the transformation of discrete points of 

interactions into small bars of increasing length over time, the latter indicating several loops 

between one CTCF site in T-DOM and an increasing number of sites within the HoxD cluster (Fig. 30 

3B, compare 72h and 144h, Supplementary Movie 2, white lines).  
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A model for the Hox timer 

These results suggest the following model (Fig. 4A). Initially, the cluster is packed into a 

negative H3K27me3 domain (Noordermeer et al., 2011; Soshnikova and Duboule, 2009) (Fig. 4A, 

top, brown domain). However, a central segment of the cluster containing CBS1 loops out and 

contacts several CTCF sites within the flanking T-DOM (Fig. 4A, green domain), in particular the 5 

CTCF sites present in the 38-40 region such as TD-CBS5 (Fig. 4A, top, contact between the brown 

and green domains). After Wnt signaling, Hoxd1 is activated, rapidly followed by the entire 

anterior part of the cluster (Hoxd3-Hoxd4), i.e., up to CBS1. This activation coincides with a 

‘translocation’ of this anterior part, as if the cluster was dissociated into two halves, one activated 

(Fig. 4A, middle, blue domain), the other one still silenced (Fig. 4A, middle, brown domain). 10 

Transcription in the active domain recruits cohesin complexes (Fig. 4A, middle, blue domain), 

which start to extrude DNA until extrusion reaches CBS1. Over time and at a given frequency (see 

e.g. (Gabriele et al., 2022), extrusion will bypass CBS1 and reach CBS2, which like CBS1 will 

also start looping towards the CBS sites located within sub-TAD1. The gene located in between 

will thus fall into the positive domain and become activated due to its proximity to T-DOM 15 

enhancers (Fig. 4A, bottom, E-P contacts). In turn, this newly transcribed gene will be targeted by 

NIPBL and cohesin will now be recruited more posteriorly, thus increasing the probability to 

bypass CBS2 and hit yet another CBS thus leading to a self-entertained mechanism progressing 

towards the posterior end of the gene cluster (Fig. 4B), after successive delays imposed by the 

presence of CTCF sites with an orientation towards sub-TAD1.  20 

Surprisingly, this progression is not really visible with the ChIP-seq profile of Pol II, which 

at 96h is distributed even into the H3K27me3 domain (for example over Hoxd10), a profile that 

doesn’t evolve much during the next 48h. This overlap between Pol II and H3K27me3 is likely 

due to the heterogeneity of the process at the cellular level, depending of the AP position of cells 

with respect to the elongating stembryo, inducing a mixed interface between cells either positive 25 

or negative for any particular stage in the transcriptional progression. Also, the stable profile of 

Pol II (between 96h and 120h) reflects the presence of paused polymerases, as verified by the 

analysis of the phosphorylated Ser2 elongating polymerase, which in contrast showed a 

progression similar either to the epigenetic marks, or to the NIPBL profile. Following this model, 

after the Wnt-dependent initiation of the mechanism, the central part of the cluster (from the start 30 

of the CTCF binding sites (CBS1) to the TAD boundary between Hoxd11 and Hoxd13) will be 
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activated either through interactions with T-DOM enhancers, and/or to factors being able to access 

the cluster after its conformational modifications. 

 

Testing the model 

To assess this model, we produced mutant stembryos out of a variety of modified ES cells 5 

carrying individual or multiple deletions of CBSs. The first mutant stembryos were deleted for 

CBS1 (Fig. 5A, HoxDDel(CBS1)-/- or Del(CBS1), as confirmed by ChIP-seq analysis (Fig. 5A). The 

normalized acetylation profile of Del(CBS1) mutant stembryos at 96h, 

when Hoxd8 and Hoxd9 transcription is still very weak in wild type, and at 120h when these latter 

two genes are now fully transcribed (Fig. S9B), showed enrichment over Hoxd8 and Hoxd9 at 96h 10 

and 120h. In contrast, the enrichment in the anterior part of the cluster was decreased in mutant 

stembryos (Fig. S9B). Inversion of enrichment ratio occurred right at the position of the deleted 

CTCF site and no gain in acetylation was observed for more posterior genes (e.g., Hoxd10) (Fig. 

S9B). These results suggested that a faster progression in the acetylation dynamic occurred in the 

cluster lacking the CBS1, this site acting as a barrier between the early activated Hoxd1-15 

Hoxd4 region and more centrally-located genes such as Hoxd8 and Hoxd9. This was confirmed by 

RNA-seq at the same two time-points (Fig. 5B). Normalized expression level of Hoxd transcripts 

showed a decrease in expression of those genes located anterior to CBS1, 

whereas Hoxd8 and Hoxd9 mRNA levels were higher than in controls. A more robust effect was 

scored at 96h than at 120h for the gain of Hoxd9 transcripts, while the Hoxd8 mRNA level was 20 

back to normal at 120h, suggesting that CBS1 controls the timing of transcriptional activation of 

these genes rather than the maintenance of their transcription levels once activated. 

We next analyzed stembryos carrying a double deletion of both CBS1 and CBS2 (Del(CBS1-

2), a situation where the early transcribed genes and the more central part of the cluster were no 

longer separated by any occupied CTCF site (Fig. 5C). mRNA levels showed a gain in Hoxd9 25 

expression at 96h much higher than in the Del(CBS1)(Fig. 5D), in contrast with the moderate -if 

any- increase in Hoxd8 transcripts level, which was below that observed when only the first CTCF 

was removed (Fig. 5B). There again, we observed a weakening of the effect of these two deletions 

at 120h, even though the tendency was clearly maintained (Fig. 5D, bottom). We concluded that 

the main upregulation effect when removing a CTCF site was observed for the gene located right 30 

in 5’ of the deleted site, i.e., Hoxd8 for Del(CBS1) and Hoxd9 for Del(CBS1-2), a conclusion 

further challenged by deleting CBS2 alone (Del(CBS2), Fig. 5E). In these mutants, expression of 
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all anterior genes and of Hoxd8 remained unchanged at 96h, whereas a clear increased in Hoxd9 

transcripts was scored (Fig. 5F), which again was no longer observed at 120h. 

At this later stage, however, a decrease in the expression level of Hoxd8 was observed, 

indicating that CBS2 may participate in the maintenance of Hoxd8 expression. A similar effect 

was observed when CBS4 was deleted alone (Fig. S10A; Del(CBS4), since expression of Hoxd8 5 

and Hoxd9, the genes located anterior to the deleted CBS4, was decreased at 120h (Fig. S10B). In 

contrast, the Hoxd11 mRNAs level, i.e., the gene located in 5’ of CBS4, was clearly upregulated 

at 144h. Overall, these results point to a dual function for these CTCF sites; on the one hand, CBSs 

are used as insulators for genes positioned posteriorly (in 5’), as exemplified by CBS2 and Hoxd9. 

On the other hand, CBSs are used as anchoring point for those genes located anterior (3’), as 10 

observed with CBS2 and Hoxd8. As a result, the deletion of a CBS site will tend to activate 

prematurely the gene positioned in 5’, while it will fail to maintain the expression of the 3’-located 

gene at its normal level. 

 

Insertion of supernumerary CTCF sites and interference with cohesin loading 15 

We also inserted two supernumerary CBSs within a 2kb distance next to CBS1. In these 

stembryos, three CTCF sites instead of one are now ‘opening’ the series of CBSs, all oriented 

toward sub-TAD1 (Fig. 5G, Ins(2xCBS-d4d8). RNA-seq libraries revealed that the mRNA levels 

of several genes were significantly decreased at 96h (from Hoxd3 to Hoxd9) (Fig. 5H, top). At 

120h, the genes positioned posterior to the three compact CBSs (Hoxd8 and Hoxd9) were still 20 

affected in their transcription, suggesting that the initial delay in expression of central genes was 

persistent in this case (Fig. 5H, bottom).  

We also looked at the importance of loading cohesin in the anterior portion of the cluster by 

deleting this region. This deletion removed from Hoxd1 to Hoxd4 included, yet CBS1 was left in 

place (Fig. 6A). RNA-seq of mutant stembryos showed a marked decrease in transcripts level for 25 

Hoxd8 and Hoxd9, both at 96h and 120h (Fig. 6B). To see whether this decrease in transcription 

was associated with a change in the contacts established between the various intra-cluster CBSs 

and sub-TAD1, we produced a CHi-C dataset of Del(Hoxd1-Hoxd4) stembryos at 96h (Fig. 6C). 

While the micro-TAD observed over the anterior region of the cluster under normal condition had 

expectedly disappeared along with the deletion (Fig. 6C, arrow; compare with Fig. S7A at 96h), a 30 

quantification of contacts between the various CBS1-5 and the CS38-40 sub-TAD1 region 

revealed important modifications. In 96h control stembryos, CBS2 showed a higher contact 
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frequency with the CBSs located within the CS38-40 region, when compared to CBS1 (Fig. S11A). 

In contrast, the Del(Hoxd1-Hoxd4) mutant stembryos showed comparable interaction levels 

between CS38-40 and CBS1 and 2 (Fig. S11A). We interpret this as a reduction in cohesin 

complexes reaching more ‘posterior’ CBS, due to reduced loading in the absence of the DNA 

segment including early transcribed genes and targeted by NIPBL. Basal accumulation of cohesin 5 

was nevertheless sufficient to establish the expected constitutive contacts with the CS38-40 region 

(Fig. 6C, dashed box). 

Next, we deleted sub-TAD1 to evaluate its importance for the transcription of those central 

genes located in 5’ of CBS1. Accordingly, the CBS-rich CS38-40 region was moved close to the 

anterior part of the cluster (Fig. 6D). Changes in mRNAs level were already observed at 96h for 10 

Hoxd8 (Fig. 6E, top) and a substantial decrease was scored at 120h for both Hoxd8 and Hoxd9, 

whereas anterior genes were less affected (Fig. 6E, bottom). These results confirmed that posterior 

Hoxd genes require sub-TAD1 to be properly activated and that this may be achieved through 

CBS-dependent interactions. It also confirmed that the initial Wnt-dependent activation of anterior 

genes is independent from sub-TAD1 and thus potentially involves elements located within the 15 

cluster itself. The CHi-C profile of these mutant stembryos revealed a rewiring of contacts between 

the cluster and the now closely located region CS38-40 (Fig. 6F), with a strong micro-TAD 

including the anterior portion of the cluster, where cohesin loading could presumably occur 

normally (Fig. S11B).  

 20 

CTCF as a time keeper 

Lastly, we assessed the importance of CBSs in the transcription timing dynamic more globally 

by using stembryos lacking all CBS1 to CBS5 in-cis, as controlled by the absence of RAD21 

accumulation up to CBS6, the CTCF site with an opposite orientation located between Hoxd12 

and Hoxd13 (Fig. 7A). Expression of posterior genes was upregulated at all stages analyzed (Fig. 25 

7B). At 120h, both Hoxd10 and Hoxd11 expression was gained as well as Hoxd13 at 144h. 

Therefore, the absence of bound CTCF in the anterior and central parts of the cluster lead to the 

premature activation of those genes located 5’ to CBS1, supporting the view that loops stabilization 

by CTCF after extrusion may be key to regulate the pace of the transcription dynamics by retaining 

and focusing transcription for some time, before additional loading of cohesin and the extrusion 30 

mechanism goes through and reaches the next CBS.  
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Premature activation was confirmed by comparing normalized H3K27me3 profiles between 

control and CBS1-5 mutant stembryos at 96h (Fig. S12A). While the anterior part was mostly 

similar to control, the entire H3K27me3 domain up to the Evx2 gene was ‘weakened’, with a 

particular loss over the Hoxd11 to Hoxd8 region (Fig. S12A, bracket in the subtraction profile at 

the bottom), i.e., the region containing CBS1 to 5. Therefore, in the absence of bound CTCF, the 5 

whole cluster became somehow transcriptionally leaky. However, the extent of the H3K27me3 

domain did not change in mutant stembryos, indicating that bound CTCF do not interfere with the 

early distribution of polycomb marks over the gene cluster in ES cells. Despite this severe impact 

upon the timing of activation, a weak tendency to follow a colinear activation was still observed 

in particular at late stages and from Hoxd9 onwards (Fig. 7C; compare 120h to 144h). 10 

We produced a time-series of CHi-C datasets with Del(CBS1-5) stembryos and noticed 

several changes in the dynamic of chromatin architecture when compared to controls (Fig. 7D). 

First, the Wnt-dependent translocation of the gene cluster into two separated domains was no 

longer observed, supporting a requirement of CTCF for this process. Second, at 96h, the 

progression of contacts towards the more posterior (5’) part of the cluster was not observed in 15 

mutant stembryos, indicating again that it was normally driven by occupied CTCF sites. Instead, 

after activation of the Wnt pathway, the anterior part did not clearly segregate from the central and 

posterior regions of the cluster and contacts remained distributed throughout (Fig. 7D), reflecting 

a diffused but general activation at a time when controls display two well-ordered negative and 

positive domains, with a dynamic transition from the former to the latter. This was quantified by 20 

measuring virtual 4C contacts between either Hoxd13, Hoxd11 or Hoxd9 and the Hoxd3-Hoxd4 

region, which were markedly increased in mutant specimen (Fig. S12B).  

In particular, when looking at contacts between the cluster and region 38-40 of sub-TAD1 

(Fig. S13A, B), the step-wise extension of the loops towards more posteriorly located CBS 

observed in control (Fig. 3B, C) did not occur in mutant specimen. Instead, contacts were scored 25 

throughout the cluster, already from an early stage onwards, which translated into a bar rather than 

a spot in the CHi-C map (Fig. S13A, B). Altogether, these results indicated that CTCF proteins are 

both mandatory to protect posterior Hoxd genes to be contacted prematurely (Fig. S13C) and 

essential in organizing the precision and the pace of the Hox timer, even though remnant of a 

colinear process was observed in their almost complete absence.  30 
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DISCUSSION 

How developmental timing is both encoded and implemented remains a challenging 

question (Duboule, 2003; Ebisuya and Briscoe, 2018), as well as how evolutionary transitions may 

have been caused by relative modifications in temporal processes (see (Gould, 1977). During axial 

extension, the segmentation clock operates with a recurrent structure (Cooke and Zeeman, 1976; 5 

Palmeirim et al., 1997), driven by an oscillatory mechanism acting in-trans (Goldbeter and 

Pourquié, 2008). In contrast the Hox timer is a non-recurrent process, based on a cis-acting 

mechanism that uses the clustered organization of Hox genes to impose a time-sequence. Here, by 

using stembryos, we could document and analyze this process and propose a testable mechanistic 

model. We used stembryos (gastruloids (Turner et al., 2017) since they implement the Hox timer 10 

in a large proportion of their cells when compared to embryos, due to their prominent ‘posterior’ 

identities (Beccari et al., 2018; van den Brink et al., 2014; Veenvliet et al., 2020). Nonetheless the 

progressive restriction of expression domains towards the posterior aspect of the elongating 

stembryo (Beccari et al., 2018) dilutes any measured parameters and thus underestimates them, a 

bias for which we decided not to introduce any correction index. For example, Hoxd9 is expressed 15 

in ca. 50 percent of cells expressing Hoxd4 and thus any specific ‘positive’ signals (Pol II, 

H3K27ac, interaction bin) for Hoxd9 is artificially reduced when compared to Hoxd4. This is 

particularly important to consider when small increases are observed, such as for example the 

progression of Poll II Ser2-p over Hoxd9 at 144h, which are thus under-estimated in this study. 

 20 

The Hox timer; A three-steps mechanism 

 We propose a three steps mechanism for the Hox timer. A first step of condensation where 

the Hox clusters are packed into a negative globule, covered with H3K27me3 marks. While this 

had been observed previously in ES cells (Noordermeer et al., 2011; Soshnikova and Duboule, 

2009), stembryos revealed that a central part of the cluster containing CBS1 loops out of this 25 

negative globule and is tightly anchored to several CBS located within the flanking sub-TAD1, 

prefiguring the two micro-domains to come, as if the cluster would be already in a pre-activation 

configuration. During the second translocation step, a quasi-simultaneous activation of the CTCF-

free region is paralleled by a poorly colinear distribution of Pol II, which was an argument raised 

against the existence of a Hox timer by studying amphibians (Kondo et al., 2019). However, ChIP-30 

seq of the elongating form of Pol II revealed a colinear distribution. From this, we conclude that a 
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paused form of Pol II is deposited rapidly over the gene cluster (up to Hoxd10) and that its Ser2 

phosphorylation occurs in a time-sequence.  

During this translocation phase, the anterior part (up to CBS1) rapidly dissociated from 

the posterior part and cohesin complexes were loaded right onto this early transcribed part 

(Busslinger et al., 2017; Kagey et al., 2010; Zuin et al., 2014), with loop-extrusion mostly blocked 5 

by CBS1, as deduced from its preferential accumulation of RAD21. Soon after, extrusion involved 

more posteriorly located CBS, a progressive spreading clearly documented by our time-course 

interaction profiles, thus entering the third progression phase, also suggested by the change in the 

relative distribution of RAD21 over the CTCF sites. Interactions between more posterior genes 

and sub-TAD1 increased, likely as a result of extrusion reaching more posterior CTCF sites and 10 

bringing these genes in contact with potential sub-TAD1 enhancers.  

Whether the mechanism of progression, i.e., what makes loop extrusion going through 

CBS1 at some point to reach CBS2, is active or passive is hard to evaluate. A passive process 

where extrusion would go through CBS1 either due a punctual lack of CTCF binding or to a 

leakage in the blocking efficiency of a bound CTCF, in both cases at a given frequency, could 15 

certainly account for the progression (Gabriele et al., 2022). Indeed, each event of this kind leading 

to the transcription of the gene located more ‘posteriorly’ would recruit cohesin at the promoter of 

the newly transcribed gene (Busslinger et al., 2017; Zhu et al., 2021) and thus promote extrusion 

from a more posterior position. After a certain time, cohesin loading would have progressed 

towards more posterior genes, along with their transcription, while still being loaded in 3’ of CBS1. 20 

Alternatively, the progression could be actively regulated by some CTCF cofactors such as MAZ, 

which was shown to contribute to CTCF insulation in the HoxA cluster (Ortabozkoyun et al., 2022) 

or by the WAPL binding partner PDS5 that also contributes to boundary function (Wutz et al., 

2017). 

The analyses of epigenetic profiles indicate that the other Hox gene clusters implement the 25 

exact same type of regulation. In this context, the extraordinary conservation in the number, 

positions and orientations of CTCF sites amongst paralogous mammalian clusters (i.e., over 

several hundred million years) (Amândio et al., 2021), or even when compared to birds (Yakushiji-

Kaminatsui et al., 2018), can find an explanation. In particular the essential positioning of CBS1, 

which is found at the same relative position in all four Hox clusters, as well as the rather regular 30 

spacing between these CTCF sites, a feature that had remained unexplained when considered only 
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in the context of a TAD boundary, which does not require such an iterated organization (e.g. 

(Anania et al., 2021). 

 

Heterochronic mutations and constrained flexibility 

Our results also suggest that homeotic transformations previously observed in mice lacking 5 

CTCF sites in Hox clusters (Amândio et al., 2021; Narendra et al., 2016) may result from 

heterochronies, i.e., a wrong or unprecise timing in the activation of this series of genes. Thus far, 

however, no mutation or deletion was able to totally abolish the Hox timer such that Hoxd13 would 

be transcribed concomitantly with Hoxd1, a situation lethal for the animal (Young et al., 2009; 

Zakany et al., 2004). We believe this is due to the initial transcriptional asymmetry, whereby Wnt 10 

signaling impacts Hox genes located in the ‘anterior’ part of the cluster (Neijts et al., 2016). From 

this and the subsequent enrichment in cohesin deposition in this region, more centrally and 

posteriorly located genes will become activated with some time delay, after they would exit the 

negative domain along with extrusion. In this view, the series of CTCF sites would fix the precision 

of the process as well as its proper sequence and pace, rather than being strictly mandatory for a 15 

global time delay in transcription to occur. 

From an evolutionary viewpoint, the separation between an intrinsic tendency to produce 

a time sequence in the activation of series of genes in-cis due to an asymmetric transcriptional 

activation and the mechanism regulating the pace and the precision of this mechanism makes 

sense, for it allows to customize the outcome in a species-specific manner. Indeed, a slight 20 

variation in the timing of activation may have important consequences upon axial structures and 

such variations might have been essential to produce the distinct Hox combinations observed in 

different vertebrates (Burke et al., 1995; Gaunt, 1994). For instance, changes in the number of 

CTCF sites, their positions or even their binding affinities may have triggered modifications in the 

expression timing of Hox genes. However, the presence of four Hox gene clusters containing 25 

similarly organized CTCF sites also makes the overall collinear process robust and resilient to 

potential perturbations. This buffering effect and hence the evolutionary stability of the homeotic 

system within any given species, is likely re-enforced by the subsequent use of subsets of these 

CTCF sites for different purposes, after the Hox timer is over, for example for the determination 

of cell types (Narendra et al., 2015) or to position other enhancers located in the flanking TADs, 30 

which are necessary for the many functions Hox genes fulfill after their axial contribution is 

achieved (Amândio et al., 2021; Rodríguez-Carballo et al., 2020). 
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MATERIALS AND METHODS 

 

Culture of stembryos/gastruloids: Mouse embryonic stem (mES) cells were routinely cultured 

in gelatinized tissue-culture dishes with 2i (Silva et al., 2008) LIF DMEM medium composed of 

DMEM + GlutaMAX supplemented with 10% ES certified FBS, non-essential amino acids, 5 

sodium pyruvate, beta-mercaptoethanol, penicillin/streptomycin, 100 ng/ml of mouse LIF, 3 µM 

of GSK-3 inhibitor (CHIR99021) and 1 µM of MEK1/2 inhibitor (PD0325901). Cells were 

passaged every 3 days and maintained in a humidified incubator (5% CO2, 37 °C). The 

differentiation protocol for gastruloids was previously described (Beccari et al., 2018). Briefly, ES 

cells were collected after accutase treatment, washed and resuspended in prewarmed N2B27 10 

medium (50% DMEM/F12 and 50% Neurobasal supplemented with 0.5x N2 and 0.5x B27). 300 

cells were seeded in 40 µl of N2B27 medium in each well of a low-attachment, rounded-bottom 

96-well plate. 48h after aggregation, 150 µl of N2B27 medium supplemented with 3 µM of GSK-

3 inhibitor was added to each well. 150 µl of medium was then replaced every 24h. Collection of 

gastruloids for each time-point was performed indiscriminately up to 96h after aggregation. 15 

Starting from 108h, only those gastruloids showing a clear elongating shape with no sign of 

apoptosis were collected and processed for subsequent analysis.  

Because gastruloids grown under various protocols in various laboratories can be very different 

from one another (e.g. (Beccari et al., 2018; van den Brink et al., 2020; Veenvliet et al., 2020), we 

refer to them as stembryos throughout the paper to prevent confusions. 20 

 

Generation of mutant mES cells: Wild type mES cells (EmbryoMax® 129/SVEV) were used to 

generate mutant cell lines following the CRISPR/Cas9 genome editing protocol described in 

(Andrey et al., 2017; DOI 10.1007/978-1-4939-4035-6_15). sgRNA targeting guides 

(Supplementary Table S1) were cloned into a Cas9-T2A-Puromycin expressing plasmid 25 

containing the U6-gRNA scaffold (gift of Andrea Németh, Addgene plasmid #101039). mES cells 

were transfected with 8 µg of plasmid using the Promega FuGENE 6 transfection kit and 

dissociated 48h later for puromycin selection (1.5 µg/ml). Clone picking was conducted 5 to 6 

days later and positive mES cell clones were assessed by PCR-screen using the MyTaq PCR mix 

kit (Meridian bioscience) and specific primers surrounding the targeted region (Supplementary 30 

Table S2). Mutations were verified for both alleles by sanger sequencing (Supplementary Table 

S3). When heterozygous mutations were obtained, the transfection procedure was reiterated until 
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homozygous mES cell clones were obtained. For the Del(CBS1-2) mutant, the deletion of CBS2 

was carried out on top of Del(CBS1) ES cells. The Ins(2xCBS-d4d8) cell line was produced by 

the insertion of a 900 bp DNA cassette at 2 kb distance 5’ to CBS1. The cassette contains 2 CTCF 

sites with the same orientation as CBS1. The transfection was performed with 1.5 µg of the plasmid 

containing the recombination cassette along with 8 µg of the sgRNA plasmid. The Del(CBS1-5) 5 

and Del(sub-TAD1) ES cell lines were derived from mouse blastocysts at the Mouse Clinical 

Institute (www.ics-mci.fr). The Del(CBS1-5) mouse was described in (Amândio et al., 2021). 

Del(sub-TAD1) mice were obtained by electroporating the CRISPR guide (Supplementary Table 

S1) and the Cas9 mRNA into fertilized mouse embryos. The deletion covers the sub-TAD1 region 

including Mtx2 gene, but not the CS38-40 boundary. To overcome Mtx2 knock out homozygous 10 

lethality, mice carrying as a transgene a modified murine fosmid containing a sequence covering 

the Mtx2 region (based on RP24-284D11 from https://bacpacresources.org, see (Allais-Bonnet et 

al., 2013)) were crossed with the Del(sub-TAD1) mice for rescue. 

 

NGS analysis and figure generation: All NGS analyses were performed on a local installation 15 

of galaxy (Afgan et al., 2016). All command lines and scripts to regenerate figures are available 

on https://github.com/lldelisle/scriptsForRekaikEtAl2022. Most of genomic tracks were plotted 

using pyGenomeTracks version 3.7 (Lopez-Delisle et al., 2021; Ramirez et al., 2016) and modified 

with illustrator. All boxplots and barplots were plotted using Prism, heatmaps were plotted with R 

(www.r-project.org). 20 

 

Mutant genomes: Chromosome 2 matching the 3 mutants (Ins(2xCBS-d4d8), Del(d1-d4) and 

Del(sub-TAD1) were generated manually using the chromosome 2 sequence from UCSC of mm10 

and results from sanger sequencing of the breakpoints (Rekaik and Lopez-Delisle, 2022). The 

mutant chromosome 2 sequence was concatenated with the sequences of all other autosomes, chrX, 25 

chrY and mitochondrial DNA from mm10 (UCSC). 

 

RNA-seq: Stembryos for each condition were collected and pooled in a 2 ml Eppendorf tube. After 

centrifugation and medium removal, pelleted stembryos were stored at -80°C until RNA 

extraction. RNeasy Plus Micro kit (Qiagen) with on-column DNase digestion was used for RNA 30 

extraction following the manufacturer’s instructions. RNA-seq library preparation with Poly-A 

selection was performed with 1 µg of purified RNA using the TruSeq Stranded mRNA kit from 
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Illumina and following the manufacturer’s protocol. Library quality was assessed with Fragment 

analyzer before sequencing on a NextSeq 500 sequencer as paired-end, 75 bp reads. For data 

analysis, adapter sequences were trimmed from reads using cutadapt (Martin, 2011) version 1.16 

(-a 'GATCGGAAGAGCACACGTCTGAACTCCAGTCAC' -A 

'GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT5 

T'). Trimmed reads were aligned on mm10 with STAR version 2.7.7a (Dobin et al., 2013) with 

ENCODE options using a custom gtf based on Ensembl version 102 (Lopez-Delisle, Lucille, 

2021). Only uniquely mapped reads (tag NH:i:1) were kept using bamFilter version 2.4.1 (Barnett 

et al., 2011). FPKM values were computed using cufflinks version 2.2.1 (Roberts et al., 2011; 

Trapnell et al., 2010) with default parameters. In order to reduce the impact of variations in 10 

gastruloid growth speed, the FPKM values of HoxD genes (except Hoxd13) and some HoxA genes 

(Hoxa1, Hoxa5 and Hoxa9) were normalized using FPKM values of genes from other clusters 

(Hoxa and Hoxc genes were used to normalize Hoxd whereas Hoxb and Hoxc genes were used to 

normalize Hoxa) (see github repository for more details). 

 15 

ChIP and ChIPmentation (ChIP-M): ChIP and ChIP-M experiments were performed according 

to the protocol described in (Darbellay et al., 2019; Rodriguez-Carballo et al., 2017) and adapted 

for stembryos samples. Briefly, collected stembryos were pooled in a 15ml falcon tube, washed 

with PBS and resuspended in 1ml PBS containing 1% formaldehyde for fixation during 10 min at 

room temperature. The crosslink reaction was stopped by adding a glycine solution to a final 20 

concentration of 0.125 M. Fixed stembryos were pelleted and stored at -80°C until further use. 

Samples were resuspended in a sonication buffer (Tris HCl pH=8.0 50 mM; EDTA 10 mM; SDS 

0.25% and protease inhibitors) and sonicated in a Covaris E220 device for 14 min (duty cycle 2%, 

peak incident power 105 W) to obtain an average chromatin fragment size of 300-500 bp. A 

dilution buffer (HEPES pH=7.3 20 mM; EDTA 1 mM; NP40 0.1%; NaCl 150 mM and protease 25 

inhibitors) was added to the sonicated chromatin and incubated with the antibody-bead complex 

(Pierce Protein A/G Magnetic Beads, Thermo Scientific) overnight at 4°C. Sequential washes were 

then performed twice with RIPA buffer (Tris HCl pH=8.0 10 mM; EDTA 1 mM; Sodium 

Deoxycholate 0.1% TritonX-100 1%; NaCl 140 mM and protease inhibitors), RIPA High salt 

buffer (Tris HCl pH=8.0 10 mM; EDTA 1 mM; Sodium Deoxycholate 0.1% TritonX-100 1%; 30 

NaCl 500 mM and protease inhibitors), LiCl buffer (Tris HCl pH=8.0 10 mM; EDTA 1 mM; LiCl 

250 mM; Sodium Deoxycholate 0.5%; NP40 0.5% and protease inhibitors) and Tris HCl buffer 
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(pH=8.0 10 mM and protease inhibitors). For ChIP experiments [H3K27ac (ab4729, Abcam), 

H3K27me3 (39155, Active Motif) and PolII-Ser2p (04-1571, Millipore)], DNA fragments were 

incubated in the elution buffer (Tris HCl pH=8.0 10 mM; EDTA 5 mM; NaCl 300 mM and SDS 

0.1%) containing proteinase K and purified using the Qiagen MiniElute kit. A phosphatase 

inhibitor (PhosStop, Roche) was used during PolII-Ser2p ChIP incubation and beads wash. The 5 

DNA library was produced using TruSeq adapters and amplified with the Kapa HiFi library kit 

(Roche) using a number of cycles determined by qPCR. For ChIP-M samples [CTCF (61311, 

Active Motif), PolII (ab817, Abcam), RAD21 (ab992, Abcam) and NIPBL (A301-779A, Bethyl 

Laboratories)], DNA fragments bound to the antibody-bead complex were tegmented using the 

Nextera Tegmentation kit. Beads were resuspended in the tegmentation buffer and incubated at 10 

37° for 2 min with 1 µl of the Tn5 transposase. Fragment were then eluted and purified as described 

previously, and amplified using Nextera primers. Final DNA libraries were purified and size 

selected using AMPure XP magnetic beads (Beckman Coulter), and a fragment analysis was 

performed before sequencing on a NextSeq 500 sequencer as paired-end, 75 bp reads. For data 

analysis, fastqs of the 3 replicates of wt_144h_pSer2PolII were concatenated before any 15 

processing. Adapter sequences and bad quality bases were trimmed from reads using cutadapt 

(Martin, 2011) version 1.16 (-a 'GATCGGAAGAGCACACGTCTGAACTCCAGTCAC' -A 

'GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT

T' for ChIP and -a 'CTGTCTCTTATACACATCTCCGAGCCCACGAGAC' -A 

'CTGTCTCTTATACACATCTGACGCTGCCGACGA' for ChIPmentation --quality-cutoff=30). 20 

Trimmed reads were mapped on mm10 genome (or the mutant genome Ins(2xCBS-d4d8) for the 

corresponding mutant CTCF ChIPmentation) using bowtie2 version 2.3.4.1 (Langmead and 

Salzberg, 2012). Only alignments with proper pairs and mapping quality above 30 were kept using 

samtools 1.8. Peaks and coverage were obtained with macs2 version 2.1.1.20160309 (--format 

BAMPE --gsize 1870000000 --call-summits --bdg). In order to better compare ChIP tracks, ChIP 25 

samples for the same protein with a time-course were normalized together using a custom python 

script (available in the github repository). Similarly, this normalization was used when mutant and 

control were performed in parallel (see github repository). ChIP quantifications were performed 

with multiBigWigSummary from deeptools version 3.0.0 (Ramirez et al., 2016). The cumulative 

H3K27ac profile of figure 2A was computed with a custom python script available on the github 30 

repository. In order to reduce the impact of variations in gastruloid growth speed for the H3K27ac 

and H3K27me3 datasets in supplementary figure S9A and supplementary figure S12A, the profiles 
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of mutant and corresponding wild-type were corrected using the time-course experiment and the 

profile at the HoxA cluster as a guide (see github repository for more details). The profiles were 

then averaged for the two replicates and differences were performed using bash script available in 

github repository. 

 5 

Capture Hi-C: Collected stembryos were pooled and fixed for 10 min in 1% formaldehyde at 

room temperature and stored at -80°C until further use. Lysis was performed with TissueLyser II 

and metallic beads for 30 sec at 3hertz before incubation at 4° for 30 min. The rest of the protocol 

for the capture Hi-C library generation is described in (Bolt et al., 2021). The customized 

SureSelectXT RNA probe used for DNA capture cover the region from chr2:72240000 to 10 

76840000 (mm9). For data analysis, TruSeq adapters and bad quality bases were removed with 

cutadapt (Martin, 2011) version 1.16 (-a 

'AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC' -A 

'AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCA

TT' --minimum-length=15 --quality-cutoff=30). Trimmed reads were processed with HiCUP 15 

version 0.6.1 (Wingett et al., 2015) with default paramters on mm10 or on the corresponding 

mutant genome. The output BAM was converted to Juicebox format thanks to a custom python 

script available in 

(https://testtoolshed.g2.bx.psu.edu/repository/download?repository_id=be5040251cd4afb7&chan

geset_revision=44365a4feb3b&file_type=gz). Only pairs with both mates falling into the capture 20 

region (mm10:chr2:72402000-77000000) and with both mates with quality above 30 were kept. 

Filtered pairs were loaded into 2kb and 5kb matrices with cooler version 0.7.4 (Abdennur and 

Mirny, 2020). The matrices were balanced with cooler balance (--cis-only). For the Del(sub-

TAD1) mutant, the balancing was done with the option --ignore-diags 5 instead of --ignore-diags 

2 to discard the bias due to the presence of a BAC containing the region (mm10:chr2:74747769-25 

74913171). On figure 3C, the histograms were produced with Plot profile on imageJ version 

2.1.0/1.53c. Virtual 4C were computed using the same script as in (Amândio et al., 2021) inspired 

by (Despang et al., 2019). The output bedgraph were then used for the quantifications.  

 

HiChIP: Wild type stembryos were collected at 120h and fixed for 10 min in 1% formaldehyde 30 

at room temperature before proceeding with the library generation. The protocol for H3K27ac 

HiChIP was adapted from (Mumbach et al., 2016). Briefly, after lysis, DpnII digestion, biotin fill-
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in and blunt-end ligation (see Capture Hi-C), the samples were sonicated in a Covaris E220 

instrument for 10 min (duty cycle 2%, peak incident power 105 W) and incubated overnight at 4° 

with magnetic beads conjugated to the H3K27ac antibody (Abcam, ab4729). The next day, beads 

were washed as described in ChIP protocol before elution of DNA fragments. A biotin pull-down 

was then performed (Dynabeads MyOne Streptavidin T1) followed by a TruSeq library 5 

preparation using fragments bound to the streptavidin beads. A qPCR was used to estimate library 

depth before final amplification with the Kapa HiFi library kit. Library was purified, size selected 

and quality assessed with fragment analyzer before sequencing on a NextSeq 500 sequencer as 

paired-end, 75 bp reads. Hi-ChIP reads were processed similarly to capture Hi-C, except that the 

adapters were removed on each read independently and bad quality pairs were conserved, pairs 10 

were not filtered for the capture region, pairs were loaded into 10 kb bins and no balancing was 

performed. 

Generation of supplementary movies: For movie 1, the H3K27ac profiles of figure 1C were 

quantified on each bin of 10 bp. Between every measured timepoints (12h time-course) 

intermediate timepoints (every hour) were generated by linear extrapolation on each bin using the 15 

previous and the next time points such as to smoothen the profiles and to see their dynamic. Profiles 

were then generated by pyGenomeTracks and combined in a film with ImageJ. 

For movie 2, the balanced, 5 kb-bins, cool files used in figure 3A, B were used to generate 

intermediate cool files for each hour using a linear extrapolation on each 5 kb bin using the 

previous and the next time point. Profiles were then generated by pyGenomeTracks. Annotations 20 

(arrows, bars) were manually added and all frames were combined in a film using ImageJ. 
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Rekaik et al. Figure 1 

 

Figure 1. Sequential activation of the 
HoxD gene cluster upon Wnt signaling. 5 
(A) Various stembryonic stages used for 
the time course with the pulse of Wnt 
agonist in red. (B) Time-course of 
H3K27ac ChIP-seq over the entire HoxD 
locus. Genomic coordinates are on top and 10 
the positions of C-DOM and T-DOM are 
shown in red and green, respectively, at 
the bottom. The quantification of the 
H3K27ac signals within the colored 
vertical columns is in Fig. S1. Acetylation 15 
peaks at the Mtx and Lnp promoters are 
indicated. I and II point to the acetylation 
peaks used in Fig. S1. (C) Magnification 
of the HoxD cluster showing the 
progressive anterior to posterior spreading 20 
of H3K27ac. The start of robust coverage 
in the anterior part is counterbalanced by 
a decrease in the weaker acetylation 
initially detected in posterior regions 
(black arrows in B and C). (D) Heatmap of 25 
H3K27ac ChIP-seq coverage over the 
HoxD cluster at various time-points. 
Squares are 10kb large DNA segment. (E) 
Heatmap of FPKM values of Hoxd genes 
transcripts over-time (average of two 30 
replicates). The dashed region around 
Hoxd9 at 96h in (C, D and E) highlights 
the increased activation in all subsequent 
stages, when compared to Hoxd4. 
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Rekaik et al. Figure 2 

 
Figure 2. Dynamic and directional cohesin loading at the 
HoxD cluster. (A) CTCF ChIP-seq profile using stembryos 
at 72h (upper panel). The orientations of CBS1-9 motifs are 5 
shown with red and blue arrowheads. Below are cumulative 
H3K27ac ChIP-seq signals from 72h to 168h showing the 
various points of transitions in transcriptional activation 
over time. The red domain delineates the initial and rapid 
phase of acetylation, while the following and more 10 
progressive activation phase occurs in the blue domain. 
Black arrows point to regions where the progression in 
H3K27 acetylation was delayed (see Movie 1). (B) Time-
course of RAD21 ChIP-seq profiles. CBS number and 
orientations are as in A. The accumulation of RAD21 15 
outside CBSs is exemplified by the dashed box 
(quantifications in Fig. S5A). (C) Time-course of NIPBL 
ChIP-seq profiles over Hoxd genes. NIPBL binding 
corresponds to acetylated regions. Progressive NIPBL 
enrichment correlates with the activation dynamic of the 20 
cluster. Red arrows in A, B and C highlight two acetylated 
regions where NIPBL is detected and RAD21 accumulates. 
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Rekaik et al. Figure 3 

 

Figure 3. Topological reorganization upon 
transcriptional activation. (A, B) Time-course CHi-C at 
5kb resolution using stembryos. (A) Contact maps 5 
including the HoxD cluster (blue rectangle) and both C-
DOM (red) and T-DOM (green) TADs. A CTCF ChIP-seq 
profile is shown below to help visualize interactions. The 
arrows indicate strong initial contacts between CBS in the 
cluster and CBS within sub-TAD1. The line crossing all 10 
contact points and prolonged by a white dashed line shows 
contacts established by CBS1 (quantified in Fig. S7). (B) 
Magnifications of the HoxD-sub-TAD1 interval at various 
times points to show the transition of contacts initially 
established by CBS1 (dashed white line), then by more 15 
posterior CBS in the cluster (see the changing position of 
the strong contact points relative to the CBS1 dashed line 
(quantified in Fig. S7C)). The increase in contacts with 
sub-TAD1 also includes Hoxd genes body and were 
quantified (Fig. S7D, E). (C) Contacts heatmap between 20 
the gene cluster (x-axis) and the CBS-rich CS38-40 region 
(y-axis) at 48h to 168h. Bin size is 5kb. Below each 
heatmap is a CTCF ChIP track at 168h and a plot with the 
average value for each bin representing its interaction with 
the CS38-40 region. Interactions progressively involve 25 
more and more posterior CTCF sites. (D) H3K27ac 
HiChIP using 120h wild type stembryos (top), CTCF 
(168h) and H3K27ac (120h) (bottom). Bin size is 10kb. 
Higher contacts frequency is observed between the 
acetylated region in the HoxD cluster and sub-TAD1 when 30 
compared to sub-TAD2, with hotspots matching either the 
CBS or some acetylated peaks within sub-TAD1 (arrows 
and arrowheads, respectively). 
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Rekaik et al. Figure 4 

 

Figure 4. A model for the Hox timer. (A)  Three phases in 
the dynamic activation of the HoxD locus. 1) Condensation: 
Initially, the cluster is in a condensed state (brown domain), 5 
covered by H3K27me3 marks. It is relatively well insulated 
from T-DOM and its sub-TAD1 (though with constitutive 
contact points), except for a ca. 20kb large DNA fragment 
containing CBS1, which loops out towards the sub-TAD1 
located CBS (CBS1, green double arrow). 2) Translocation: 10 
While CBS1 keeps contacting the sub-TAD1 CBSs, Wnt -
dependent transcriptional activation of anterior genes 
dissociates the cluster into two parts, with a now fully 
acetylated anterior domain where cohesin complexes will 
be preferentially loaded (blue domain). 3) Progression: 15 
Active loop extrusion in this transcribed part will initially 
reach CBS1 as a first block, to subsequently reach CBS2 
with a given frequency, thus activating Hoxd8 whose 
transcription will in turn recruit cohesin complexes and 
hence a self-entertained mechanism will spread towards the 20 
posterior part, concomitantly to a retraction of the 
H3K27me3 domain. (B) The ‘progression’ phase is tightly 
linked to extrusion by cohesin complexes, with an initial 
recruitment at anterior regions and a delayed progression 
caused by occupied CTCF sites of the proper orientations. 25 
CBS are represented by orange arrows indicating their 
orientation, genes are represented by green rectangles, 
enhancers by blue ovals and cohesin rings by orange circles. 
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Rekaik et al. Figure 5 

 
Figure 5. Deletions and insertion of CBS 
disturb the Hox timer. (A) CTCF ChIP-
seq of either control stembryos at 168h 5 
(top) or Del(CBS1) stembryos at 96h 
(bottom). Scissors delineate the deletion. 
(B) Normalized FPKM values of Hoxd and 
Hoxa RNAs from Del(CBS1) stembryos 
compared to controls at 96h and 120h. The 10 
vertical line indicates the deleted CBS1. 
(C) CTCF control (top) and Del(CBS1-2) 
profiles at 96h (bottom). (D) Normalized 
FPKM values of Hoxd and Hoxa RNAs 
produced from Del(CBS1-2) stembryos 15 
and compared to controls at 96h (top) and 
120h (bottom). (E) CTCF control (top) and 
Del(CBS2) profile at 96h (bottom). (F) 
Normalized FPKM values of Hoxd and 
Hoxa RNAs from Del(CBS2) stembryos 20 
compared to controls at 96h (top) and 120h 
(bottom). (G) CTCF control (top) and 
Ins(2xCBS-d4d8) profile at 144h (bottom). 
(H) Normalized FPKM values of Hoxd and 
Hoxa RNAs produced from Ins(2xCBS-25 
d4d8) stembryos and compared to controls 
at 96h (top) and 120h (bottom). Values are 
represented as means ± SD. P-values were 
determined by Welch’s unequal variances 
t-test (* is p-value < 0.05, ** < 0.01). In 30 
(E), The number and orientations of CBS 
are indicated with red arrowheads.  
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Rekaik et al. Figure 6 

 

Figure 6. Larger deletions at the HoxD locus affect the timing of transcription (A) The Del(Hoxd1-
Hoxd4) mutant, with the anterior region of the HoxD cluster removed. (B) Normalized FPKM values of 
Hoxd and Hoxa RNAs from Del(Hoxd1-Hoxd4) stembryos compared to controls at 96h and 120h. (C) CHi-5 
C map produced from Del(Hoxd1-Hoxd4) stembryos at 96h, mapped onto an in silico reconstructed mutant 
genome. Bin size 5kb. The deletion breakpoint is indicated with a white arrow. Contacts between the cluster 
and the CS38-40 region are scored (dashed box) and quantified in Fig. S11A. (D) Deletion of sub-TAD1. 
The boundary between sub-TAD1 and sub-TAD2 (CS38-40) is left in place. (E) FPKM (96h) and 
normalized FPKM (120h) values for Hoxd and Hoxa RNAs from Del(sub-TAD1) stembryos compared to 10 
control (96h: n=3 mutant versus 2 wt; 120h: n=2). Values are represented as means ± SD. P-values were 
determined by Welch’s unequal variances t-test (* is p-value < 0.05, ** < 0.01). (F) CHi-C map using 
Del(sub-TAD1) stembryos at 96h, mapped onto an in silico reconstructed mutant genome. Bin size 5kb. A 
higher contact frequency is observed between the Hoxd genes cluster and the CS38-40 boundary region, 
now relocated close by. Quantifications in Fig. S11B. 15 
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Rekaik et al. Figure 7 

 
Figure 7. Impact of multiple CBS deletions 
in-cis on the Hox timer. (A) CTCF ChIP-seq 
data from control at 168h (top) and 5 
Del(CBS1-5) mutant stembryos at 96h 
(middle). Deleted CBS are indicated with 
dashed lines. The RAD21 profile at 120h 
(bottom) shows no accumulation at the 
deleted sites (compare with Fig. 2B). (B) 10 
Normalized FPKM values for Hoxd and 
Hoxa RNAs from Del(CBS1-5) stembryos 
compared to control at 96h, 120h and 144h. 
Expression of Hoxd10 and Hoxd11 was not 
considered at 96h, nor that of Hoxd13 at 96h 15 
and 120h. Increased expression was observed 
for central and posterior Hoxd genes in 
mutant stembryos. Values are represented as 
means ± SD. P-values were determined by 
Welch’s unequal variances t-test (* is p-value 20 
< 0.05, ** < 0.01). (C) Heatmap of FPKM 
values for Hoxd genes transcripts in 
Del(CBS1-5) mutant stembryos at various 
time points (average of two replicates). (D) 
Time-course CHi-C using Del(CBS1-5) 25 
stembryos. Bin size is 2kb and libraries 
mapped onto wild type genome (mm10). 
When compared to control specimen (Fig. 
S7), the translocation (if any) of the cluster 
into two globules is very much perturbed. 30 
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SUPPLEMENTARY FIGURES S1 TO S13 AND LEGENDS 

Rekaik et al. Figure S1 

 

Supplementary Figure 1. Quantification of the H3K27ac ChIP-seq coverage over the HoxD cluster 
(top), the T-DOM TAD (middle) and the C-DOM TAD (bottom). Each square represents the average 5 
coverage value for a given time-point. The increase in H3K27ac coverage over the HoxD cluster and T-
DOM (with a strong preference for sub-TAD1) contrasts with C-DOM (bottom). Graphs showing 
quantifications over time of the colored vertical segments illustrated in Fig. 1B (red for C-DOM and green 
for T-DOM). Each line represents a specific H3K27acetylated element within the HoxD regulatory 
landscape. The time sequence in the activation of these elements in T-DOM does not correlate with their 10 
distance from the genes cluster (I and II). 
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Rekaik et al. Figure S2 

 

 

 
Supplementary Figure 2. Pol II distribution 5 
during the activation of the HoxD cluster. (A) 
Pol II ChIP-seq profiles over HoxD at different 
stembryonic stages. While signals are enriched 
over Hoxd1 and Hoxd3 at 72h and 84h, a 
surprisingly fast and large coverage in Pol II is 10 
scored at 96h, up to Hoxd9 (dashed region). (B) 
Heatmap of Pol II ChIP-seq coverage over the 
HoxD cluster divided into 10 kb bins. (C) 
Computed ratio between Hoxd9 (dashed 
square) and Hoxd4 coverage (fourth bin from 15 
Hoxd1) for both H3K27ac and Pol II at 96h and 
120h (left panel), and between their FPKM 
values (right panel). Comparable ratio between 
H3K27 acetylation and transcription was 
observed, unlike with Pol II where enrichment 20 
was already observed over Hoxd9 at 96h (D) 
ChIP-seq profiles of Pol II phosphorylated at 
serine 2 at five time-points. The dynamic of the 
elongating Pol II Ser2-p was comparable to 
H3K27 acetylation though with a slight delay. 25 
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Rekaik et al. Figure S3 

 

 

 

 5 
 
Supplementary Figure 3. Pol II and Pol II Ser2P profiles on HoxA and HoxB clusters. On top a time 
course of Pol II ChIP-seq profiles over the HoxA (A) and HoxB (B) genes clusters in stembryos from 72h 
to 168h, showing a rapid spreading of Pol II over the gene clusters. Bottom: The use of an antibody against 
Pol II with phosphorylated serine 2 in ChIP-seq profiles at various time points reveals distinct, more 10 
progressive and colinear profiles, suggesting that Pol II is initially pausing over the gene clusters before 
starting to elongate. 
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Rekaik et al. Figure S4 
 
 
 

 5 
 
Supplementary Figure 4. Quantification of RAD21 coverage. (A) Heatmaps of RAD21 ChIP-seq 
coverage over inter-CBS regions at the indicated time-points (n=1). Each square represents a segment 
located between two CBS within the HoxD cluster (scheme on top). The positions and orientations of CBS 
are indicated with red and blue arrowheads. An increased RAD21 coverage is detected over the activated 10 
region of the gene cluster, when compared to the silent posterior part. (B) RAD21 ChIP-seq coverage over 
those CBS located within the cluster and oriented either toward T-DOM (top), or towards C-DOM (bottom). 
The dynamic of coverage over time (x-axis) indicates a progressive accumulation of extruding cohesin at 
those CBS oriented toward T-DOM, i.e., where active loading was observed (n=1; 96 and 144h: n=2). 
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Rekaik et al. Figure S5 

 
Supplementary Figure 5. CTCF (A, top) and RAD21 (A, bottom) ChIP-seq profiles over the HoxD 
locus. The positions and orientations of CBS are indicated with red and blue arrowheads. The labeled CBS 
within the sub-TAD1 (on the 84h profile) are those involved with the translocation of the cluster. (B) 5 
RAD21 ChIP-seq coverage over those CBS located outside the cluster, either within T-DOM (right), or 
within C-DOM (left). The quantification of RAD21 coverage over time (x-axis) indicates a progressive 
accumulation of extruding cohesin at some CBS located within sub-TAD1 (n=1; 96 and 144h: n=2). 
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Rekaik et al. Figure S6 

 
Supplementary Figure 6. Virtual 4C contacts generated from Capture Hi-C datasets produced from 
control stembryos. For each quantification, a scheme depicts the viewpoint (blue) and the contact 
established (orange). (A) Quantification of contacts between the various CBSs in HoxD and regions of sub-5 
TAD1 (sub-TAD1 CBSs excluded) at 48h. (B) Quantification of contacts between the various CBSs in 
HoxD and the CBSs located in sub-TAD1 at 48h. CBS1 establishes more contacts than any other CBS 
within HoxD, with sub-TAD1. (C) Quantification of contacts between the various CBSs in HoxD and those 
CBSs within the CS38-40 region at 48h and 96h, showing the preponderant contacts with CBS2 after 
activation (96h). (D) Contacts between the Hoxd1-Hoxd4 region and sub-TAD1 increased upon cluster 10 
activation at 96h. (E) Contacts between Hoxd9 and sub-TAD1 (left), or the 3’ region of sub-TAD1 only 
(right) at 96h show increased interactions with the 3’ part of the regulatory landscape upon activation of 
the cluster. Box plots with median value and 25-75% percentiles, whiskers represent minimum and 
maximum. 
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Rekaik et al. Figure S7 
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Supplementary Figure 7. Dynamic reallocation of intra-cluster interactions. (A) Magnifications of the 
capture Hi-C map shown in Fig. 4, focusing on the interactions internal to HoxD at 2kb resolution. A CTCF 25 
ChIP track at 168h is shown below each panel and the genes are at the bottom. The double red arrow 
indicates the looping out of a central part of the cluster. Full translocation of the anterior part is observed at 
96h and a weakening of the negative domain (left) is observed thereafter. (B) Virtual 4C contacts generated 
from Capture Hi-C data at 48h and 96h, using the Hoxd9 gene body as a viewpoint (red vertical line). After 
translocation, the contacts with Hoxd4-Hoxd1 are much reduced. The region of the cluster that initially 30 
loops out is indicated with a red arrow in (same as in panel A, top). (C) H3K27me3 ChIP-seq of stembryos 
at various time points, showing the activation of the anterior part, followed by a step-wise retraction (black 
arrows) up to 120h, when it appears stabilized (see the text). A CTCF ChIP-seq profile is on top for 
alignment. The fragment looping out is indicated with arrowhead. The two vertical lines help to position 
CBS1 and CBS2. 35 
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Rekaik et al. Figure S8 

 

 

 

 5 
 
Supplementary Figure 8. Virtual 4C contacts generated from Capture Hi-C datasets produced out of 
control stembryos at 48h, 96h and 144h. The contacts between the various viewpoints (Hoxd genes shown 
on top) and the Evx2-Hoxd12 region showed a progressive decrease upon activation of the cluster, 
particularly visible for both Hoxd8 and Hoxd9. Contacts values were normalized to 48h for each viewpoint. 10 
Asterisks represent significant changes against the 48h time-point as determined by the Kruskal-Wallis 
followed by Dunn’s multiple comparisons test (* is p-value < 0.05, **** < 0.0001). Box plots with median 
value and 25-75% percentiles, whiskers represent minimum and maximum. 
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Rekaik et al. Figure S9 
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Supplementary Figure 9. H3K27ac in stembryos lacking CBS1. (A) CTCF ChIP-seq of control 
stembryos at 168h (top) and Del(CBS1) stembryos at 96h (bottom). The deleted fragment containing CBS1 
is indicated with scissors. (B) H3K27ac ChIP-seq using control and Del(CBS1) stembryos at 96h (top) and 25 
120h (bottom)(average of two replicates). A subtraction track with acetylation coverage is shown for each 
time-point, with colors indicating either control (light green) or Del(CBS1) (dark green) enrichments. The 
vertical line indicates the position of deleted CBS1, i.e., exactly where the inversion of the enrichment 
occurred. 
 30 
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Rekaik et al. Figure S10 

 

 
 5 
Supplementary Figure 10. Deletion of CBS4 and effect on the surrounding Hoxd genes. (A) CTCF 
ChIP-seq of control at 168h (top) and Del(CBS4) at 120h stembryos (bottom). The deleted fragment 
containing CBS4 is indicated with scissors and dashed lines. (B) Normalized FPKM values of Hoxd and 
Hoxa genes obtained from RNA-seq libraries (n=2) produced from mutant Del(CBS4) stembryos and 
compared to controls at both 120h and 144h (expression of Hoxd10 and Hoxd11 was not considered at 10 
120h). Values are represented as means ± SD. P-values were determined by Welch’s unequal variances t-
test (* is p-value < 0.05, ** < 0.01). 
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Rekaik et al. Figure S11 

 

 

 5 
 

 
Supplementary Figure 11. Virtual 4C contacts generated from Capture Hi-C datasets produced from either 
control or mutant stembryos. (A) Del(Hoxd1-Hoxd4) and (B) Del(sub-TAD1) stembryos were used at 96h. 
Data were mapped to corresponding in-silico reconstructed mutant genomes. (A) Quantification of the 10 
contacts between the indicated HoxD cluster CBS1 to 5 (viewpoint) and the CBS of the CS38-40 region. 
While CBS2 is the CBS the more used in wt, in Del(CBS1-4) both CBS1 and 2 are preponderant. (B) 
Contacts between the Hoxd gene bodies indicated below (viewpoints) and the CBS of the CS38-40 region. 
On top, scheme of the deleted fragment (dashed lines with scissors). An increase in contact is observed 
between Hoxd genes and the CS38-40 region in the mutant Del(sub-TAD1). In (A), asterisks represent 15 
significant changes as determined by the Kruskal-Wallis with Dunn’s multiple comparisons test. In (B), the 
Mann-Whitney nonparametric test was used to assess significant changes between wt and Del(sub-TAD1) 
mutant (* is p-value < 0.05, ** < 0.01, *** < 0.001). 
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Rekaik et al. Figure S12 

 

 

 
 5 

Supplementary Figure 12. H3K27me3 profile and virtual 4C using Del(CBS1-5) stembryos. (A) 
H3K27me3 ChIP-seq using control (top, light brown) and Del(CBS1-5) (middle, dark brown) stembryos at 
96h (average of two replicates). The subtraction track is shown below and illustrates the decrease in 
H3K27me3 marks over the central and posterior part of the HoxD cluster (bracket). (B) Virtual4C contacts 
generated from Capture Hi-C datasets produced out of control and Del(CBS1-5) mutant stembryos at 96h. 10 
Interactions are quantified between those Hoxd genes shown below (viewpoint) and the activated Hoxd3-
Hoxd4 part of the cluster. Increased contacts are scored in mutant stembryos for all three viewpoints, 
illustrating the loss, in CTCF mutant stembryos, of a clear partition of the gene cluster into two separate 
positive and negative domains. Asterisks represent significant changes determined by the Mann-Whitney 
nonparametric test (**** is p-value < 0.0001). 15 
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Rekaik et al. Figure S13 

 
Supplementary Figure 13. Time course capture Hi-C using Del(CBS1-5) stembryos. (A) Six time 
points are shown with bin size 5 kb. Libraries were mapped on a control genome (mm10). (B) 5 
Magnifications of the interactions between the Hoxd genes cluster and the CS38-40 region (dashed box) in 
control (left) and Del(CBS1-5) mutant specimen (right), either before (48h, top) or after (96h, bottom) the 
translocation of the anterior part of the cluster. Diagonal and vertical dashed lines indicate the position of 
the most prominant interactions within the Hoxd gene cluster with the CS38-40 region. While a shift toward 
a posterior position is observed between 48h and 96h in control stembryos (from CBS1 to the Hoxd8-Hoxd9 10 
interval), interactions scored in the Del(CBS1-5) mutant condition remain diffused over the gene cluster 
and only a slight change in the posterior limit is observed (around Hoxd11). (C) Virtual4C contacts 
generated from Capture Hi-C datasets produced in control and Del(CBS1-5) mutant stembryos at 96h. 
Interactions between the indicated Hoxd genes (viewpoints) and the 5’ region of sub-TAD1 are significantly 
higher in Del(CBS1-5) mutant. Asterisks represent significant changes determined by the Mann-Whitney 15 
nonparametric test (**** is p-value < 0.0001). 
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Supplementary Tables 1 to 3 
 
 
Rekaik et al. Table S1 
 5 
 
Supplementary Table 1: List of sgRNAs used to generate the various mutant ES cell lines as well as the 
Del(sub-TAD1) mutant mice. 
 

Target Forward primers Reverse primers 
Del(CBS1)_5UTR CACCGTTCTGCCACGTCCACTGGAG AAACCTCCAGTGGACGTGGCAGAAC 
Del(CBS1)_3UTR CACCGTGTTTCCCTCGGCGACCCAG AAACCTGGGTCGCCGAGGGAAACAC 
Del(CBS2) CACCGGAGCAACAGCGCTCTCTAG AAACCTAGAGAGCGCTGTTGCTCC 
Del(CBS4) CACCGTCTCCAACGCGCACTATCAC AAACGTGATAGTGCGCGTTGGAGAC 
Ins(2xCBS-d4d8) CACCGAAATTACTCACCTATAGTG AAACCACTATAGGTGAGTAATTTC 
Del(d1-d4)_5UTR CACCGCTGCCATTGCAACTCCCAGT AAACACTGGGAGTTGCAATGGCAGC 
Del(d1-d4)_3UTR CACCGACTCACTCTGTAGACCACGT AAACACGTGGTCTACAGAGTGAGTC 
Del(sub-TAD1)_5UTR CACCGATCCCGATGAATTCAGCTT AAACAAGCTGAATTCATCGGGATC 
Del(sub-TAD1)_3UTR CACCGTAATTCAGCATCATGTTTG AAACCAAACATGATGCTGAATTAC 
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Rekaik et al. Table S2 

 

 

Supplementary Table 2: List of genotyping primers used to characterize the various mutations produced 
in ES cells within the HoxD locus. 5 
 

ES cell lines Forward primers Revers primers 
Del(CBS1) CTTGTAACGAACACCAGCACAG GGGATTGCCTCAGACTTTCAGA 
Del(CBS2) TAAAGAATGGGGGACTTGCGGT TTATGCCTTACTAGCACGGC 
Del(CBS4) GATTTTCACACAGCCCCCT CATTCCATAGGTCCCCATGT 
Del(d1-d4) CTGCCCTTGAACTCACAAGAGA AGGAAGTGGGGAGAAAGTAGGA 
Ins(2xCBS-d4d8) TGTTTCCCTCGGCGACCCAG GGCTGGCCTCAAATTCAAATGT 
Del(sub-TAD1) GGGAAAGGAGGGCCAGAAAGTG GTCAGGAATTCTTCCACATACTGGGG 
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Rekaik et al. Table S3 

Supplementary Table 3: Sanger sequencing of mutant ES cell lines produced in this study. DNA sequence 
was reconstructed for both alleles, using the genotyping primers shown in supplementary Table S2. 

ES cell lines Allele_1 Allele_2 

Del(CBS1) CTTGTAACGAACACCAGCACAGCACAT
TCTAAAGCTCAGGCTCAGCAGAGAGCA
ATCAGATAAACAAATAAGTAAATAAAT
AAACAAACAAACAAACAAACAAACAA
ACAAACTGGAGGGATTTTCCTCCTGCCT
CACCTAATCAAGGAGAGATGAGATGCT
CGCTTGGGGAAGCACAGCATGGATGGA
GACCCTTTCTAGCAAGGCAACTGACCT
CCTCCTGCTAATTTAGAACAGCGCCTGG
GCCCTGTGACACATTTCTGACTCTCTGA
AAGTCTGAGGCAATCCC 

CTTGTAACGAACACCAGCACAGCACAT
TCTAAAGCTCAGGCTCAGCAGAGAGCA
ATCAGATAAACAAATAAGTAAATAAAT
AAACAAACAAACAAACAAACAAACAA
ACAAACTGGAGGGATTTTCCTCCTGCC
TCACCTAATCAAGGAGAGATGAGATGC
TCGCTTGGGGAAGCACAGCATGGATGG
AGACCCTTTCTAGCAAGGCAACTGACC
TCCTCCTGCTAATTTAGAACAGCGCCT
GGGCCCTGTGACACATTTCTGACTCTCT
GAAAGTCTGAGGCAATCCC 

Del(CBS2) TAAAGAATGGGGGACTTGCGGTGTCTG
GCAAAAGACAGGCTGGAAGCTTTTGGC
AAACACGCTACTTGCAAGTTCTTGCGA
GCACAAATGAGAATTTCCTCTGTATTCA
GGAGCCCATGGTTGCTGCACTTGACTTG
TTGACAGTCAAAGAGATGAAGCAGTAT
TAATGTCAGCGGTCCAAACCCAAGTCA
AACTAAAGAATTAAGATTAGAATTGGT
TTGAGCCAAATGAAAGGAAAATCAAAC
TCGGTTGGCTTGCGACCGCATTTGGCCC
CACTTTCTGATCTCGTAAAGCTAGCGTT
GTGGTGCAGGAAGGTTTTGATTAAAAA
TATTTACAATCTTACTTTTAATCTTAAA
TTAGGATAAATTTAACAAAAATAAACA
ACGTGAACTATTAAATTCTCAAGCCGT
GCTAGTAAGGCATAA 

TAAAGAATGGGGGACTTGCGGTGTCTG
GCAAAAGACAGGCTGGAAGCTTTTGGC
AAACACGCTACTTGCAAGTTCTTGCGA
GCACAAATGAGAATTTCCTCTGTATTC
AGGAGCCCATGGTTGCTGCACTTGACT
TGTTGACAGTCAAAGAGATGAAGCAGT
ATTAATGTCAGCGGTCCAAACCCAAGT
CAAACTAAAGAATTAAGATTAGAATTG
GTTTGAGCCAAATGAAAGGAAAATCA
AACTCGGTTGGCTTGCGACCGCATTTG
GCCACTTTCTGATCTCGTAAAGCTAGC
GTTGTGGTGCAGGAAGGTTTTGATTAA
AAATATTTACAATCTTACTTTTAATCTT
AAATTAGGATAAATTTAACAAAAATAA
ACAACGTGAACTATTAAATTCTCAAGC
CGTGCTAGTAAGGCATAA 

Del(CBS1-2) TAAAGAATGGGGGACTTGCGGTGTCTG
GCAAAAGACAGGCTGGAAGCTTTTGGC
AAACACGCTACTTGCAAGTTCTTGCGA
GCACAAATGAGAATTTCCTCTGTATTCA
GGAGCCCATGGTTGCTGCACTTGACTTG
TTGACAGTCAAAGAGATGAAGCAGTAT
TAATGTCAGCGGTCCAAACCCAAGTCA
AACTAAAGAATTAAGATTAGAATTGGT
TTGAGCCAAATGAAAGGAAAATCAAAC
TCGGTTGGCTTGCGACCGCATTTGGCTG
TTGCTCCACTTTCTGATCTCGTAAAGCT
AGCGTTGTGGTGCAGGAAGGTTTTGAT
TAAAAATATTTACAATCTTACTTTTAAT
CTTAAATTAGGATAAATTTAACAAAAA
TAAACAACGTGAACTATTAAATTCTCA
AGCCGTGCTAGTAAGGCATAA 

TAAAGAATGGGGGACTTGCGGTGTCTG
GCAAAAGACAGGCTGGAAGCTTTTGGC
AAACACGCTACTTGCAAGTTCTTGCGA
GCACAAATGAGAATTTCCTCTGTATTC
AGGAGCCCATGGTTGCTGCACTTGACT
TGTTGACAGTCAAAGAGATGAAGCAGT
ATTAATGTCAGCGGTCCAAACCCAAGT
CAAACTAAAGAATTAAGATTAGAATTG
GTTTGAGCCAAATGAAAGGAAAATCA
AACTCGGTTGGCTTGCGACCGCATTGC
TCCACTTTCTGATCTCGTAAAGCTAGC
GTTGTGGTGCAGGAAGGTTTTGATTAA
AAATATTTACAATCTTACTTTTAATCTT
AAATTAGGATAAATTTAACAAAAATAA
ACAACGTGAACTATTAAATTCTCAAGC
CGTGCTAGTAAGGCATAA 
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Del(CBS4) GATTTTCACACAGCCCCCTTTGGAACCC
TAGGGAGGGATGTTTCCGAACTAGAGA
AATCGGACTCACCTTCCTGGCTGCCCAG
TACTAAATTAACCAGCCCGCGCCCCTAT
CCCTTCCTGGGAACCGGCCCTCTTGGGC
GCGTTCTGCCTGGGTATGTGCAGGGAG
AGCGCTTCTGTGAGCAGGCGCCACAGC
GCTCTGACTTTCCTCAGTACGCGTGTCC
TCCCGGAGGCCCCTCGAATCAAGCCTTT
CCTTCCGCTGGCGGGGCCCGGTGGCCG
GGTGGGGGACTCGAGTGGGGCAGGCCG
GCCGGCCAAACAAGCCCCGGGAGACAG
GCTGGCCGGCAGCAGAGCTCTGGGCCG
GTTGTTGTCCGTGCTTACGCGGCCAGCC
GGCCGGGCTGGGGAACACGTGACCTGC
AAGGAGGCTGCGGCTCAAGGCCATTTT
CAAATCTCATTGGCTTGGTTGTCATGTG
GTCGGCAGAGGCATCCACAATTACACC
GGGAATGTTTTCCTAGCGATGTCAGCCT
ACAAAGGACACAATCTCTCTTCTTCAA
ATTCCTCCCCAAAATGTCCTTTCCCAAC
AGCTCTCCTGCTGCTAATACTTTTTTAG
TAGATTCCTTGATCAGTGCCTGCAGGA
GTGACAGTTTTTATTCGAGCAGCGCCA
GCATGTACATGCCACCACCTAGCGCAG
ACATGGGGACCTATGGAATG 

GATTTTCACACAGCCCCCTTTGGAACC
CTAGGGAGGGATGTTTCCGAACTAGAG
AAATCGGACTCACCTTCCTGGCTGCCC
AGTACTAAATTAACCAGCCCGCGCCCC
TATCCCTTCCTGGGAACCGGCCCTCTTG
GGCGCGTTCTGCCTGGGTATGTGCAGG
GAGAGCGCTTCTGTGAGCAGGCGCCAC
AGCGCTCTGACTTTCCTCAGTACGCGT
GTCCTCCCGGAGGCCCCTCGAATCAAG
CCTTTCCTTCCGCTGGCGGGGCCCGGT
GGCCGGGTGGGGGACTCGAGTGGGGC
AGGCCGGCCGGCCAAACAAGCCCCGG
GAGACAGGCTGGCCGGCAGCAGAGCT
CTGGGCCGGTTGTCTCCAACGCGCACT
ATCGCTGTCGCTGTTGTCCGTGCTTACG
CGGCCAGCCGGCCGGGCTGGGGAACA
CGTGACCTGCAAGGAGGCTGCGGCTCA
AGGCCATTTTCAAATCTCATTGGCTTG
GTTGTCATGTGGTCGGCAGAGGCATCC
ACAATTACACCGGGAATGTTTTCCTAG
CGATGTCAGCCTACAAAGGACACAATC
TCTCTTCTTCAAATTCCTCCCCAAAATG
TCCTTTCCCAACAGCTCTCCTGCTGCTA
ATACTTTTTTAGTAGATTCCTTGATCAG
TGCCTGCAGGAGTGACAGTTTTTATTC
GAGCAGCGCCAGCATGTACATGCCACC
ACCTAGCGCAGACATGGGGACCTATGG
AATG 

Del(d1-d4) CTGCCCTTGAACTCACAAGAGATTCAC
ATGCCTCTGCCTCCCAAGTGCTGGGATG
AAGGCCTGCACCACCACTGCCCAGCTT
CCTTACAGATGCTGCAGGAAGGCTACC
CTCTTTTCTCCCTTCCTTGTCGACTGGA
ACAACTACCAACATTCAAAGTCCTTGG
GAGCCAGAATGTTGGCTGGGGCTCAGA
GTTTGGGCTCTTGTCTAGCACTCAGAAA
TGCTCCTGCCTCTGCCTCCCAAGTGCTT
GAATTAAAGGTGTGAGCCAAAACCACT
GGCTACTTGTCTGTTTTTAACAGTGGAA
TATTTTTAAATTAATTTCTTAGAAGAGG
TACAACTTGAAATCTGGCCAGAGGGTA
GATTACAAATAAACAAAACACAAAACC
CTCTACTCTTATTTTTCACTTAGTCTCCC
TTCTGCAGAAGGTGCCCACAGTCAGCA
GGGCTCCTGGGCTACCTCGCAGTTACAT
AAACGGGGAAGAAAAGTGCAATAGAA
ACACATATAAGCAAGTGGGTACTTTAT
CAAGTTAGGATGTTTCTCCTACTTTCTC
CCCACTTCCT 

CTGCCCTTGAACTCACAAGAGATTCAC
ATGCCTCTGCCTCCCAAGTGCTGGGAT
GAAGGCCTGCACCACCACTGCCCAGCT
TCCTTACAGATGCTGCAGGAAGGCTAC
CCTCTTTTCTCCCTTCCTTGTCGACTGG
AACAACTACCAACATTCAAAGTCCTTG
GGAGCCAGAATGTTGGCTGGGGCTCAG
AGTTTGGGCTCTTGTCTAGCACTCCCA
AGTTGGCCTTGAACTCACAGAAATGCT
CCTGCCTCTGCCTCCCAAGTGCTTGAAT
TAAAGGTGTGAGCCAAAACCACTGGCT
ACTTGTCTGTTTTTAACAGTGGAATATT
TTTAAATTAATTTCTTAGAAGAGGTAC
AACTTGAAATCTGGCCAGAGGGTAGAT
TACAAATAAACAAAACACAAAACCCTC
TACTCTTATTTTTCACTTAGTCTCCCTT
CTGCAGAAGGTGCCCACAGTCAGCAGG
GCTCCTGGGCTACCTCGCAGTTACATA
AACGGGGAAGAAAAGTGCAATAGAAA
CACATATAAGCAAGTGGGTACTTTATC
AAGTTAGGATGTTTCTCCTACTTTCTCC
CCACTTCCT 
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Ins(2xCBS-
d4d8) 

TGTTTCCCTCGGCGACCCAGAGGGGGC
GTTATTTCCTCATTCTGTACTCTAGGAA
CAGGCAACCAGATTTTGTGATAGAGCA
AGCTGTTCCTAAACCTCAGGGCCCCAG
TGAGAAGCAGCACCCCATGAACAGCTT
CAGTTCTTGCCTTTCACTTGTCCCAAGT
TCCTAGTACCCAGGACAGGCAGCTTGG
GGAAGCACAGCATGGATGGAGACCCTT
TCTAGCAAGGCAACTGACCTCCTCCTGC
TAATTTAGAACAGCGCCTGGGCCCTGT
GACACATTTCTGACTCTCTGAAAGTCTG
AGGCAATCCCACCTGCACCCCATAGCT
TGCGAATCATGCTGGTGTGTGGACTTCT
GTCCCCAACACTCCTGCCTCACCACTGT
GCTCGTCGCAGGCCTACTGTGTGGTTCG
CCGGCTGGTCTCCGTTCAAAGGTGACA
ACTCACCCAGCTTCACTGATCCTCAGTT
GACCCCTAGCAATGTCCCCCTCTTTGTT
AATTTAGGGCAATGATTCTCAGAGGTC
TGTGTGAGCCCAAATGTCTGGATAAAT
GAGGTTTCTAGGTTCCACACCAAACAC
CCTGAATTCAAATGTCAAGAAGCAGTG
TCCAGGCATCCTGAAAACACTCTCCCC
AAGGCAATGAAGATATGTACATAGGTT
GGAGAGCCATGGGTTAAGGGTGTCTCC
TGCTTAGCTCTTTATTCTCCTGGTCCTG
AGTTTCTTCTTTGTCTACACTGGGCATA
CCCGATTTTCCTCCTGCCTCACCTAATC
AAGGAGAGATGAGATGCTCGCTTCTGG
GTCACAGGCTTGTTGTCTGAGCTGGGG
GTGGGGCGGTAAGAGGTAGCCTCAAGG
ACTTTTGGACTCCTTTTTGCCTCTCCAG
TGGACGTGGCAGAATCAACTTCTGATG
TCCCAGGAAGGAAGTGCCTAGTCTAGG
TTTTCTAGGGCTGGTGGTGTCCCTTTTC
GGTTGTCTGGAGCTTTGTCCAGGAGGA
GGCGCTGTAGGACAAGCGTCTCGCTGG
CTTCGCCGATGCCGCCCATGCCCTGGGT
GGGAGGGGAATGGGAGGACACAAGAG
CCACCCGTTCTTCTGCCCCGCCTTCCAC
CTCAGCTCGCTCAGCGCTCAGCGTGCGT
GGCATCAGACAAGGGTGGGTGGTGTGA
TCACTTGTCCGCCAGCTGCCCTCAACCA
GGCATCTCTGAGGTCGAGATGAGATGC
TCGCTTCTGGGTCACAGGCTTGTTGTCT
GAGCTGGGGGTGGGGCGGTAAGAGGTA
GCCTCAAGGACTTTTGGACTCCTTTTTG
CCTCTCCAGTGGACGTGGCAGAATCAA
CTTCTGATGTCCCAGGAAGGAAGTGCC
TAGTCTAGGTTTTCTAGGGCTGGTGGTG
TCCCTTTTCGGTTGTCTGGAGCTTTGTC
CAGGAGGAGGCGCTGTAGGACAAGCGT
CTCGCTGGCTTCGCCGATGCCGCCCATG
CCCTGGGTGGGAGGGGAATGGGAGGAC
ACAAGAGCCACCCGTTCTTCTGCCCCGC
CTTCCACCTCAGCTCGCTCAGCGCTCAG
CGTGCGTGGCATCAGACAAGGGTGGGT

TGTTTCCCTCGGCGACCCAGAGGGGGC
GTTATTTCCTCATTCTGTACTCTAGGAA
CAGGCAACCAGATTTTGTGATAGAGCA
AGCTGTTCCTAAACCTCAGGGCCCCAG
TGAGAAGCAGCACCCCATGAACAGCTT
CAGTTCTTGCCTTTCACTTGTCCCAAGT
TCCTAGTACCCAGGACAGGCAGCTTGG
GGAAGCACAGCATGGATGGAGACCCTT
TCTAGCAAGGCAACTGACCTCCTCCTG
CTAATTTAGAACAGCGCCTGGGCCCTG
TGACACATTTCTGACTCTCTGAAAGTCT
GAGGCAATCCCACCTGCACCCCATAGC
TTGCGAATCATGCTGGTGTGTGGACTT
CTGTCCCCAACACTCCTGCCTCACCACT
GTGCTCGTCGCAGGCCTACTGTGTGGT
TCGCCGGCTGGTCTCCGTTCAAAGGTG
ACAACTCACCCAGCTTCACTGATCCTC
AGTTGACCCCTAGCAATGTCCCCCTCTT
TGTTAATTTAGGGCAATGATTCTCAGA
GGTCTGTGTGAGCCCAAATGTCTGGAT
AAATGAGGTTTCTAGGTTCCACACCAA
ACACCCTGAATTCAAATGTCAAGAAGC
AGTGTCCAGGCATCCTGAAAACACTCT
CCCCAAGGCAATGAAGATATGTACATA
GGTTGGAGAGCCATGGGTTAAGGGTGT
CTCCTGCTTAGCTCTTTATTCTCCTGGT
CCTGAGTTTCTTCTTTGTCTACACTGGG
CATACCCGATTTTCCTCCTGCCTCACCT
AATCAAGGAGAGATGAGATGCTCGCTT
CTGGGTCACAGGCTTGTTGTCTGAGCT
GGGGGTGGGGCGGTAAGAGGTAGCCT
CAAGGACTTTTGGACTCCTTTTTGCCTC
TCCAGTGGACGTGGCAGAATCAACTTC
TGATGTCCCAGGAAGGAAGTGCCTAGT
CTAGGTTTTCTAGGGCTGGTGGTGTCC
CTTTTCGGTTGTCTGGAGCTTTGTCCAG
GAGGAGGCGCTGTAGGACAAGCGTCTC
GCTGGCTTCGCCGATGCCGCCCATGCC
CTGGGTGGGAGGGGAATGGGAGGACA
CAAGAGCCACCCGTTCTTCTGCCCCGC
CTTCCACCTCAGCTCGCTCAGCGCTCA
GCGTGCGTGGCATCAGACAAGGGTGG
GTGGTGTGATCACTTGTCCGCCAGCTG
CCCTCAACCAGGCATCTCTGAGGTCGA
GATGAGATGCTCGCTTCTGGGTCACAG
GCTTGTTGTCTGAGCTGGGGGTGGGGC
GGTAAGAGGTAGCCTCAAGGACTTTTG
GACTCCTTTTTGCCTCTCCAGTGGACGT
GGCAGAATCAACTTCTGATGTCCCAGG
AAGGAAGTGCCTAGTCTAGGTTTTCTA
GGGCTGGTGGTGTCCCTTTTCGGTTGTC
TGGAGCTTTGTCCAGGAGGAGGCGCTG
TAGGACAAGCGTCTCGCTGGCTTCGCC
GATGCCGCCCATGCCCTGGGTGGGAGG
GGAATGGGAGGACACAAGAGCCACCC
GTTCTTCTGCCCCGCCTTCCACCTCAGC
TCGCTCAGCGCTCAGCGTGCGTGGCAT
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GGTGTGATCACTTGTCCGCCAGCTGCCC
TCAACCAGGCATCTCTGAGGTCTTTGGA
ACCTGAAAACTGATGCCGGGGTGACTG
GGTTTTGCAAGTGCCAAGAGCAGGTTC
TAAACTAAGTTCAGGCTTAATTGGGTTC
AAATTCAAACCCTACACTTGCTTGATGC
TTGGCCTTCAGTGAGCAGGACAATGTC
TTTGAGCTCATTTCCTTCTTTGAAAGTA
GGAATAGAAAGAGTATCATCAAGAGTT
CTTATGAGGATCTTACTTTTTTAGAGAC
AGGATGTCATTATGTTACCAGACTGGC
CTTGGACTTATGGCAATCCTTATGGCAG
TCCCCAGGGTACCATGGGGTGTAAGCC
CACCACACATGTCTTAGTTTTTACTTCC
ATGTTACTTTTATATTGAGCACAATCCT
AACTGTGTTGAGTATACTTATTAGCTAA
GTACTTAAAACAGTGCTTCGGCACATA
AACATTTAACACCATTAATGGTATTGGC
CCCGCTTTCTCATAAGTAAGACCTTGGA
TTTTCCAGGCAAAAGAAACTAGCTTATT
TTCTCACTAAATCCTTGAGTTCTATACA
GGATAAAAGAGACCTAAACTGGACATG
ATGGTTCATGCCTATAGTCCCCACACTT
AGGAAGCGGCAGCAGAAGGATCAACA
TTTGAATTTGAGGCCAGCC 

CAGACAAGGGTGGGTGGTGTGATCACT
TGTCCGCCAGCTGCCCTCAACCAGGCA
TCTCTGAGGTCTTTGGAACCTGAAAAC
TGATGCCGGGGTGACTGGGTTTTGCAA
GTGCCAAGAGCAGGTTCTAAACTAAGT
TCAGGCTTAATTGGGTTCAAATTCAAA
CCCTACACTTGCTTGATGCTTGGCCTTC
AGTGAGCAGGACAATGTCTTTGAGCTC
ATTTCCTTCTTTGAAAGTAGGAATAGA
AAGAGTATCATCAAGAGTTCTTATGAG
GATCTTACTTTTTTAGAGACAGGATGT
CATTATGTTACCAGACTGGCCTTGGAC
TTATGGCAATCCTTATGGCAGTCCCCA
GGGTACCATGGGGTGTAAGCCCACCAC
ACATGTCTTAGTTTTTACTTCCATGTTA
CTTTTATATTGAGCACAATCCTAACTGT
GTTGAGTATACTTATTAGCTAAGTACTT
AAAACAGTGCTTCGGCACATAAACATT
TAACACCATTAATGGTATTGGCCCCGC
TTTCTCATAAGTAAGACCTTGGATTTTC
CAGGCAAAAGAAACTAGCTTATTTTCT
CACTAAATCCTTGAGTTCTATACAGGA
TAAAAGAGACCTAAACTGGACATGATG
GTTCATGCCTATAGTCCCCACACTTAG
GAAGCGGCAGCAGAAGGATCAACATT
TGAATTTGAGGCCAGCC 

Del(sub-
TAD1) 

GGGAAAGGAGGGCCAGAAAGTGGTCA
TTTGAACTTGCAACAGTTAACAAAACA
AGCCACAGGCAATTGCAACGCATTTTT
AGGGGACATCAAACTGTTGAGTACATC
CTATCATCAGGAGCCTGCACCTATGCA
GTTTGAAAGGGCTCCATTAAGAAGACG
AATACAAAACTATGGCTGAGAGATAAG
GCTTTCATGGGACCAGAAAGGATCCCG
ATGAATTCAGCATCATGTTTGTCCCAGT
TTAATGAGGCATGCTGGGTGGGTATTA
ACTGGTCCTAACCAACCCTACTCTAAGT
AGATGGCAGCCTTTTCTACTGGAAACC
CCGTCAACTAAGTTTATATCAGATTGAA
GTTACTATGTAAAGACTCTCTGGGTAAT
TTTTTACCCTTCGCACCAATCTGGTTTA
AAATTACAGTTCCTCGGAGTGTTTAAG
GAACTCTGTGAGACTGTTTAAAAGTCTC
TGAGCACTAAAACTCAAAGAAGGCAGA
AACTCAGATGGAGCAGCCTGGGGAAAT
GAGTGGATAGGTTATGTAAGATTTAAA
AACAGTGGAAGCCCAACAGCCAAATGC
ATGAGACTCTCAAATCATTTTTCCCAAT
TTAAAATGCAAAGTCTAGGTGGATTTCT
GGCCAATTCTCTAAAAACCTTAGAGCT
GAGAATGTGACATTTAAGGCTTATATC
AATCACTACTAAACTCCGGAGGGTTTA
TTAAATTAACACACTGAGGATGAAGGT
GGTGAATGAAGGGCAGAAAATCTTATT
GCAAGGCCTCTACACCCCCAGTATGTG
GAAGAATTCCTGAC 

GGGAAAGGAGGGCCAGAAAGTGGTCA
TTTGAACTTGCAACAGTTAACAAAACA
AGCCACAGGCAATTGCAACGCATTTTT
AGGGGACATCAAACTGTTGAGTACATC
CTATCATCAGGAGCCTGCACCTATGCA
GTTTGAAAGGGCTCCATTAAGAAGACG
AATACAAAACTATGGCTGAGAGATAA
GGCTTTCATGGGACCAGAAAGGATCCC
GATGAATTCAGCATCATGTTTGTCCCA
GTTTAATGAGGCATGCTGGGTGGGTAT
TAACTGGTCCTAACCAACCCTACTCTA
AGTAGATGGCAGCCTTTTCTACTGGAA
ACCCCGTCAACTAAGTTTATATCAGAT
TGAAGTTACTATGTAAAGACTCTCTGG
GTAATTTTTTACCCTTCGCACCAATCTG
GTTTAAAATTACAGTTCCTCGGAGTGT
TTAAGGAACTCTGTGAGACTGTTTAAA
AGTCTCTGAGCACTAAAACTCAAAGAA
GGCAGAAACTCAGATGGAGCAGCCTG
GGGAAATGAGTGGATAGGTTATGTAAG
ATTTAAAAACAGTGGAAGCCCAACAGC
CAAATGCATGAGACTCTCAAATCATTT
TTCCCAATTTAAAATGCAAAGTCTAGG
TGGATTTCTGGCCAATTCTCTAAAAAC
CTTAGAGCTGAGAATGTGACATTTAAG
GCTTATATCAATCACTACTAAACTCCG
GAGGGTTTATTAAATTAACACACTGAG
GATGAAGGTGGTGAATGAAGGGCAGA
AAATCTTATTGCAAGGCCTCTACACCC
CCAGTATGTGGAAGAATTCCTGAC 
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Supplementary Movies 1-2 

 

 

Supplementary Movie 1.  5 
https://pegasus.epfl.ch/?94641ba4de6c3fd2#78LhibFdGQQJgoik1RrmmqivLG5JedeECEbJLSRHJxXy 
 
Legend to Supplementary movie 1: Dynamic of colinear activation at the HoxD cluster. Time-
lapse reconstruction of H3K27ac coverage at the HoxD cluster between 72h and 168h, with a 
CTCF ChIP-seq profile (top). Each frame represents 1 h time resolution. A rapid coverage of 10 
H3K27ac is detected over the Hoxd1 to Hoxd4 region, followed by a slow and progressive 
spreading throughout the central and posterior part of the cluster. 
 

Supplementary Movie 2.  
https://pegasus.epfl.ch/?345f5c9c1b2c22f5#JDXq3kJ4XxdPf1f53yytizn3kJkfPRS9M17SghEbJRkA 15 
 
Legend to Supplementary movie 2: Time-lapse reconstruction of the dynamic topology at the 
HoxD locus upon transcriptional activation. Contacts generated from the CHi-C time-course 
with a 1 h per frame resolution. Within the HoxD cluster, the initial inactive state is visible by 
dense intra-cluster interactions (brown arrow). The cluster then translocates and two micro-TADs 20 
appear separated by CBS1 and corresponding to the inactive posterior region (brown arrow) and 
the newly activated anterior region (blue arrow). Constitutive interactions between the gene cluster 
and T-DOM are visible at 48h with a predominance of CBS1 (bold white line). Soon after gene 
activation and the concurrent translocation of the cluster, this preferential interaction slowly shifts 
towards more central positions within the cluster (white line). 25 

 

 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 29, 2022. ; https://doi.org/10.1101/2022.08.29.505673doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.29.505673
http://creativecommons.org/licenses/by-nc/4.0/

	Rekaik.et.al.2022.BX
	Rekaik.Supplementary

