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Abstract 

The mammalian genome, organised into chromatin, adopts a three-dimensional (3D) folding within the 

cell nucleus with spatially segregated active and repressed compartments, termed A and B. However, 

how nucleosome deposition impacts these levels of organisation is unknown. Here, we monitored 

changes in 3D genome folding by Hi-C after impairing the chaperone HIRA, involved in histone H3.3 

deposition. In the absence of HIRA, H3.3 enrichment decreases in compartment A that also shows 

weaker interactions. At this scale, histone post-translational modifications (PTMs) do not follow H3.3 

changes. In line with impaired H3.3 nucleosome maintenance, compartment A accessibility measured 

by ATAC-seq increases. Specifically, at active genes, accessibility increases in gene bodies but 

decreases at promoters where compensation by H3.1 reduces nucleosome turnover. Notably, regions 

flanking active genes show reduced insulation. We conclude that the HIRA-dependent pathway 

involved in H3.3 deposition is key to maintain higher order organisation in active regions and impact 

compartmentalisation independently of histone PTMs. 
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Introduction 

The organisation of chromatin ranges from a basic unit, the nucleosome up to higher order level folding 

within the nucleus. The nucleosome comprises ~146bp DNA wrapped around an octamer of four core 

histones, H2A, H2B, H3 and H4 (Luger et al., 1997) and linker DNA (Van Holde, 1989), a repeated 

module that forms the nucleofilament. The incorporation of different histone variants and their post-

translational modifications (PTMs) provide versatility in the basic module. Beyond the nucleofilament, 

folding occurs with loops (Rao et al., 2014) and topologically-associating domains (TADs), each 

enriched in self-interactions and insulated from neighbouring regions (Davidson and Peters, 2021; 

Dixon et al., 2012; Nora et al., 2012). A further level of higher organization is the partitioning into 

compartments A and B, which are spatially segregated from each other and correspond respectively to 

open, active euchromatin and dense, repressive heterochromatin (Jerkovic and Cavalli, 2021; 

Lieberman-Aiden et al., 2009; Magnitov and De Wit, 2024). Surprisingly, while we have learnt a lot 

about loop extrusion as mechanism contributing to the dynamics of loops (Corsi et al., 2023; Fudenberg 

et al., 2016), the nucleosomal dimension with the assembly pathways and choices of histone variants 

has not been explored for its impact on genome folding in mammals.  

Nucleosome formation relies on the use of distinct histone variants escorted by histone chaperones 

operating in a controlled manner in space and time (Delaney et al., 2023). Indeed, two distinct 

mechanisms operate for histone H3-H4 deposition, a DNA synthesis-coupled (DSC) or independent 

(DSI) pathways. In S phase, the DSC pathway involving the CAF-1 complex (Smith and Stillman, 

1989) deposits the replicative H3.1/2 (Tagami et al., 2004). This major provision of replicative H3 is 

critical in cycling cells (Franklin and Zweidler, 1977; Zweidler, 1980). In contrast, the major non-

replicative H3 variant, H3.3, expressed throughout the cell cycle (Wu and Bonner, 1981) provides 

another source and is incorporated independently of DNA synthesis at any time (Ahmad and Henikoff, 

2002). The chaperone complex HIRA is key for this pathway (Ray-Gallet et al., 2002) to promote H3.3 

deposition (Tagami et al., 2004). H3.3 enrichment at active regions and regulatory elements (Goldberg 

et al., 2010) depends on HIRA, possibly due to its interaction with RNA Pol II (Ray-Gallet et al., 2011) 

or transcription factors (Pchelintsev et al., 2013). This H3.3 genomic distribution is paralleled by active 

PTM patterns (Goldberg et al., 2010; Mito et al., 2005). In addition, independently of transcription, 

HIRA can promote H3.3 incorporation at nucleosome gaps, potentially through its ability to bind naked 

DNA (Ray-Gallet et al., 2011). Finally, enrichment of H3.3 has also been reported at repetitive elements 

and depends on ATRX/DAXX (Drané et al., 2010; Lewis et al., 2010). While we recently learnt that 

the general histone chaperone FACT impacts nucleosome occupancy and active gene organisation in 

human cells (Žumer et al., 2024), we still do not know whether and how HIRA-mediated H3.3 

incorporation at active chromatin impacts its organisation in 3D. This is even more important 

considering that HIRA proved important for both de novo deposition and recycling of H3.3 in the 

context of transcription (Torné et al., 2020). This is particularly intriguing considering early mammalian 
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development, when higher-order chromatin organisation is being established (Du et al., 2017; Gassler 

et al., 2017; Ke et al., 2017) concomitantly with a genome-wide H3.3 redistribution (Ishiuchi et al., 

2020). Therefore, we hypothesized that HIRA-mediated nucleosome assembly could also have an 

important function in active chromatin organisation. 

In this work, we explored how perturbing chromatin assembly by impairing the H3.3-specific chaperone 

HIRA could impact the different scales of higher-order genome organisation. We found that HIRA 

ensures enrichment of H3.3 within compartment A. Indeed, in the absence of HIRA, H3.3 enrichment 

decreases significantly in compartment A, but this occurs without major compartment A to 

compartment B (A-to-B) switching. This decrease is accompanied by reduced compartment A 

interactions in cells lacking HIRA. Strikingly, the absence of HIRA did not lead to a similar 

redistribution of H3 PTMs at the scale of compartments. However, accessibility in compartment A 

increased as measured by ATAC-seq. Further analysis of the ATAC-seq and Hi-C data at higher 

resolution showed that accessibility of active gene bodies increased, and local folding around these 

genes was perturbed in the absence of HIRA. We conclude that efficient H3.3 nucleosome formation 

in active chromatin contributes to its compartmentalisation independently of histone PTMs.  
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Results 

HIRA ensures proper provision of H3.3 in compartment A 

To investigate the impact of distinct histone variant deposition on higher-order chromatin organisation, 

we focused on the H3.3-specific chaperone HIRA. We used a previously characterized constitutive 

knock-out (KO) of HIRA in HeLa cells (Ray-Gallet et al., 2018). We compared 3D genome 

organization in wild-type (WT) or HIRA KO cells by Hi-C. In parallel, we assessed the distribution of 

H3.3, H3.1, a set of H3 PTMs and chromatin accessibility (Figure 1A). To avoid S phase heterogeneity 

due to their distinct incorporation (Delaney et al., 2023), we used the ChIP-seq data from G1/S cells 

(Gatto et al., 2022) to profile H3 variant enrichment. We first verified that Hi-C maps from the two 

parental H3.1-SNAP and H3.3-SNAP cell lines showed comparable cis/trans contacts (Supplementary 

Figure 1A) and compartment calls (based on eigenvector (EV) decomposition (Lieberman-Aiden et al., 

2009) at 50kb resolution, Supplementary Figure 1B). We found a strong enrichment of H3.3 in 

compartment A and relative depletion in B (Figure 1B). In contrast, H3.1 was rather depleted in A and 

enriched only in large (>2Mb) compartment B domains (Figure 1B). We then carried out Hi-C analysis 

in HIRA KO. The maps obtained from HIRA KO resembled those of WT cells (Figure 1B, C, left) 

based on their cis contact proportion (Supplementary Figure 1A) and contact distance decay 

(Supplementary Figure 1C). The proportion of compartment changes of 2.1% A-to-B and 1% B-to-A 

(Figure 1D) remains limited yet exceeds variability between the cell lines (Supplementary Figure 1B). 

However, in the absence of HIRA, H3.3 enrichment decreased throughout compartment A (Figure 1B, 

C, quantified in Supplementary Figure 1D). In contrast, H3.1 did not show substantial changes (Figure 

1B, C, quantified Supplementary Figure 1D). Finally, at compartment borders we observed a less sharp 

transition for both variants, which is reminiscent of previously reported blurring at H3.3-enriched sites 

(Gatto et al., 2022). As represented schematically (Figure 1E), we conclude that lack of HIRA leads to 

a general decrease of H3.3 enrichment in compartment A without a strong impact on compartment 

identity.  

Compartment A decreases its interactions in the absence of HIRA without TAD reorganisation 

Given the observed changes in H3.3 enrichment in compartment A in HIRA KO cells, we wondered if 

this affected the strength of interactions within compartments. Differential maps revealed reduced 

contact frequency between A-A and A-B in parallel with increased interactions between B-B regions in 

cis in HIRA KO (Figure 2A). Saddle plot analysis confirmed this observation genome-wide (Figure 2B 

(red box), 2C) in both cell lines (Supplementary Figure 1E, F). Additionally, this analysis also revealed 

that B interacted more with intermediate (I) compartments which were neither A nor B (Figure 2B (blue 

box), 2C, Supplementary Figure 1E, F). Given these observations at compartments, we next examined 

effects on chromatin organization at finer scales. We identified TADs from HIRA WT and KO cells at 

10kb resolution using the insulation score metric (Crane et al., 2015). TAD borders overlapped well 
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between the two conditions (Supplementary Table 1) to the same extent as H3.1- and H3.3-SNAP cell 

lines. Since the variants displayed compartment-specific enrichment (Figure 1B, C, Supplementary 

Figure 1D), we further profiled their patterns at TAD borders within compartment A or B individually 

(Figure 2D). In WT cells, while H3.3 peaked at TAD borders in both A and B compartment, consistent 

with gene enrichment there (Dixon et al., 2012), H3.1 was depleted in compartment B (Figure 2D). In 

the absence of HIRA, at TAD borders H3.3 became blurred in compartment A and lost in compartment 

B, while the H3.1 depletion in compartment B weakened. For a higher resolution analysis, we focused 

on CTCF sites, typically enriched at TAD borders (Dixon et al., 2012). In WT cells, H3.3 flanked CTCF 

sites, whereas in HIRA KO, H3.3 enrichment was reduced and peaked at the site (Supplementary Figure 

2A). However, in both HIRA WT and KO cells the local insulation at TAD borders and CTCF sites 

(Figure 2E, Supplementary Figure 2B) remained comparable. Thus, HIRA proved important for 

maintaining A compartment interactions genome-wide and restricting interactions of B compartment to 

itself without affecting TAD-scale organisation. 

At the compartment scale, in the absence of HIRA, H3.3 redistribution is not accompanied by 

corresponding PTM changes 

Given the reports showing that phosphorylation of the H3.3-specific S31 residue can promote H3K27ac 

deposition by p300 (Armache et al., 2020; Martire et al., 2019; Morozov et al., 2023) or inhibit 

H3K9me3 removal by KDM4B (Udugama et al., 2022), we investigated whether the redistribution of 

H3.3 in the absence of HIRA led to changes in H3 PTMs. We performed native ChIP-seq for a panel 

of selected active (H3K4me3, promoter-associated, H3K4me1, H3K27ac, enhancer-associated) and 

inactive (H3K9me3, constitutive heterochromatin and H3K27me3, facultative heterochromatin) H3 

marks (Figure 1A). These analyses did not reveal changes of PTM patterns in A/B compartments that 

mirror the H3.3 redistribution (Figure 3, Supplementary Figure 3A). More specifically, where we 

observed an increase in H3.3 enrichment (Figure 1C, Supplementary Figure 1D), no gain of active or 

loss of inactive marks in large B compartments occurred (Figure 3A, Supplementary Figure 3A). We 

then examined closer PTMs at regulatory sites by calling peaks for H3K4me1, H3K4me3 and H3K27ac 

(Supplementary Table 2). While H3K4me3 did not change in WT versus KO Supplementary Figure 

3B), a small decrease occurred for H3K4me1 and H3K27ac (Supplementary Figure 3C, D). However, 

in WT, H3.3 was enriched at all peaks and strongly decreased in HIRA KO, while H3.1 showed the 

opposite behaviour (Supplementary Figure 3B-D). Therefore, changes in the enrichment of H3.3 and 

the marks at PTM peaks do not correlate. In addition, the importance of HIRA for local enrichment of 

enhancer-associated PTMs is not translated to the compartment scale. Thus, we conclude that HIRA 

contributes to compartment organisation independently of H3 PTM enrichment.  
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Chromatin accessibility increases in compartment A and within active gene bodies in the absence 

of HIRA  

Since transient HIRA depletion increased DNase I sensitivity (Ray-Gallet et al., 2011), we evaluated 

whether chromatin accessibility changes at the compartment level. We performed ATAC-seq in HIRA 

WT and KO cells (Figure 1A). We found that accessibility increased in compartment A and diminished 

in B in the absence of HIRA (Figure 4A). To investigate the defects at the nucleosomal scale, we called 

peaks from the ATAC-seq data, which overlapped well between the two conditions (Supplementary 

Table 3). In WT cells, ATAC-seq peaks showed an enrichment in H3.3 and a depletion of H3.1 

(Supplementary Figure 4A). In the absence of HIRA, ATAC-seq and H3.3 decreased, while H3.1 

enrichment increased at the peaks (Supplementary Figure 4A). Since this change at ATAC-seq peaks 

contrasted with the increased accessibility in compartment A, we then examined more broadly 

transcriptionally active regions, where HIRA plays a key role for deposition of H3.3 (Ray-Gallet et al., 

2011; Schwartz and Ahmad, 2005; Torné et al., 2020). To examine accessibility over gene bodies, we 

classified genes based on their expression level from RNA-seq data and plotted total ATAC-seq signal 

(no fragment length filtering). In WT cells, active genes showed H3.3 enrichment, with only promoters 

highly accessible (Figure 4B, top). In HIRA KO, H3.3 enrichment and accessibility decreased 

concomitantly at active TSSs (Figure 4B, bottom), as observed at ATAC-seq peaks (Supplementary 

Figure 4A). Remarkably, the H3.3 decrease at active gene bodies paralleled an accessibility increase in 

a manner scaling with expression (Figure 4B). Notably, we did not detect substantial changes in pattern 

of gene expression globally (Supplementary Figure 4B) or in the top 5% expressed genes (only 2/879 

downregulated in HIRA KO). We conclude that loss of HIRA leads to two distinct outcomes at active 

genes: (i) peaks at promoters lose both H3.3 and accessibility, (ii) at active gene bodies the broad loss 

of H3.3 is associated with increased accessibility. Given that gene bodies constitute a larger portion of 

compartment A regions compared to promoters, we propose that their increased accessibility is reflected 

at the level of compartment A. 

Local contacts and insulation of self-interacting domains demarcated by active genes decrease 

along with accessibility changes 

We further probed the link between HIRA-mediated nucleosome assembly and higher-order chromatin 

organisation. We stratified the active genes by expression as above and examined local chromatin 

organisation in their vicinity. Genes are known to insulate contacts between flanking region by possibly 

serving as extrusion barriers. Two distinct mechanisms have been considered: (i) for genes colocalising 

with CTCF, CTCF which can halt extrusion and thus establish the borders of domains (Dixon et al., 

2012; Hsieh et al., 2020), and (ii) even in the absence of CTCF, active genes can pause extrusion by 

themselves through the “moving barrier” mechanism (Banigan et al., 2023). In WT cells, we observe 

the strongest insulation at highly transcribed genes (Figure 5). In the absence of HIRA, this insulation 

of gene-flanking regions within a range of 0.1-1Mb distance from active genes strongly decreased 
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(Figure 5, Supplementary Figure 5A). These data are in line with the global reduction in compartment 

A interactions (Figure 2A-C) and its increased accessibility (Figure 4A). The fact that reduced 

insulation by active genes directly correlated to their level of expression put forward a transcription-

mediated interference as a key mechanism (Figure 5). Given this observation, we wondered whether 

the function of other known insulators was also affected in the absence of HIRA. In this context, CTCF 

sites were particularly attractive to consider. Indeed, they are enriched at the borders of self-interacting 

domains (Dixon et al., 2012) and involved in their insulation (Nora et al., 2017; Wutz et al., 2017). 

Furthermore, CTCF sites are known to be enriched in H3.3 (Jin et al., 2009; Lacoste et al., 2014) in a 

HIRA-dependent manner (Supplementary Figure 2A). Remarkably, we found reduced insulation only 

at CTCF sites associated with an active TSSs (Supplementary Figure 5B). We thus conclude that the 

reduction of insulation observed in HIRA KO depends on a transcription-associated mechanism driven 

by active genes. 
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Discussion 

In this study, we explored how HIRA-dependent H3.3 deposition impacts higher-order chromatin 

folding. Using the knock-out (KO) of the histone chaperone HIRA combined with integrating Hi-C, 

ChIP-seq and ATAC-seq data, we revealed that impaired H3.3 deposition in active chromatin via this 

distinct pathway impacts chromatin folding across scales. In our model, targeted deposition of H3.3 by 

HIRA ensures a link between the nucleosome- and the compartment-level organisation (Figure 6). We 

propose that HIRA contributes to the local folding and compartment organisation of active chromatin 

by maintaining H3.3 nucleosomes at expressed genes through redeposition of nucleosomes lost upon 

transcription-mediated eviction. We discussed here three major aspects: (i) the importance of HIRA-

mediated H3.3 incorporation for compartment A interactions, (ii) its link to the local organisation of 

active genes, and (iii) how these may relate to the importance of HIRA for cell fate transitions in 

different physiological contexts.  

HIRA-mediated H3.3 nucleosome assembly promotes compartment A contacts independently of 

PTMs 

In the absence of HIRA, H3.3 enrichment decreases in compartment A, without redistribution of H3 

PTM enrichment. This was unexpected given the local reduction of H3K4me1 and H3K27ac at 

corresponding peaks in HIRA KO cells. Indeed, phosphorylation of the unique H3.3S31 residue 

promotes p300 activity and increase H3K27ac at regulatory elements (Martire et al., 2019; Morozov et 

al., 2023). In contrast, loss of the H3K4me1-specific methylases MLL3/4 results in reduced H3.3 at 

H3K4me1 peaks in mouse embryonic stem cells (Goekbuget et al., 2023). This data highlights that 

although H3.3 and enhancer-associated PTMs may be functionally linked at regulatory regions, changes 

in their distribution at this genomic scale does not necessarily translate into reorganisation with respect 

to larger domains. Previous work reported that modifications on both H3.1 and H3.3 from 

oligonucleosomes show comparable features and rather relate to the chromatin environment (Loyola et 

al., 2006). Therefore, we conclude that at the scale of compartments, the pre-existing chromatin 

environment and not the choice of H3 variant dictate H3 PTM distribution. 

Compartment A contacts decreased along with the decrease in H3.3 enrichment in HIRA KO cells 

(Figure 6, right). Several studies have provided support to the idea that histone PTM states may 

contribute to compartmentalisation (Falk et al., 2019; Hildebrand and Dekker, 2020), although the 

mechanism remains unclear (Li et al., 2024). However, H3 PTMs did not redistribute at this scale in 

our system. In contrast, chromatin accessibility in compartment A increased, likely due to the impaired 

H3.3 deposition over active gene bodies in the absence of HIRA (Figure 6, left). This suggests that 

interactions of compartment A organisation are influenced not only by the histone marks, as widely 

accepted, but also by the nucleosome organisation and density. Such reduction of nucleosome density 

in active regions, largely gene bodies, can lead to weakening of interactions of compartment A. While 
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mammalian compartmentalization is driven largely by affinities between heterochromatin regions (Falk 

et al., 2019), recent studies (Aljahani et al., 2022; Friman et al., 2023; Goel et al., 2023) have revealed 

enrichment of interactions between genes and regulatory regions (broadly H3K27ac regions) suggesting 

that weak yet non-negligible affinities between them should also be considered. We propose that the 

decrease in nucleosome density over gene bodies in HIRA KO leads to weaker affinities mediated by 

interactions between nucleosomes. Overall, our data support a view according to which HIRA-

dependent nucleosome assembly in active chromatin contributes to its higher-order organisation, 

impacting compartment A organisation independently of histone PTMs. 

HIRA controls active gene accessibility and insulation of self-interacting domains that they flank  

In WT cells, HIRA promotes H3.3 incorporation in active regions. This results in (i) high turnover at 

active regulatory sites and TSSs associated with their high accessibility, and (ii) maintenance of 

nucleosome density over gene bodies, thereby restricting accessibility. Indeed, in the absence of HIRA, 

both regions lose H3.3 enrichment. However, accessibility decreases at regulatory elements while 

increasing in active gene bodies (Figure 6, left). The lower accessibility at regulatory elements without 

HIRA is consistent with previous reports (Martire et al., 2019; Morozov et al., 2023; Tafessu et al., 

2023). Here, we show it is linked to an increase of H3.1, suggesting that H3.3 incorporation may create 

a dynamic environment, promoting accessibility of TSS and regulatory sites. However, the increase of 

accessibility along active gene bodies was unanticipated. We propose that in the absence of HIRA, H3.1 

cannot compensate for transcription-coupled H3.3 eviction over gene bodies. This is in line with a 

dominant role for the H3.3 incorporation by HIRA during transcription that dramatically affects 

nucleosome density over gene bodies. The resulting increased accessibility over gene bodies suggests 

a mechanism of interference relying on a HIRA-dependent histone deposition. These changes in 

nucleosome density also have an unanticipated impact at a higher scale in chromatin organization.  

Indeed, the loss of HIRA results in reduced insulation of regions flanking active genes, while having 

no effect on insulation by CTCFs or disrupting TADs. Remarkably, the effect correlates perfectly with 

transcription levels. Together, this suggests that HIRA affects transcription-mediated (CTCF-

independent) insulation. Such insulation is believed to result from ability of transcribing RNA Pol II to 

slow-down cohesin and even push it back, known as “the moving barrier" mechanism seen both in 

mammals and in bacteria (Banigan et al., 2023; Brandão et al., 2019). How can reduced nucleosome 

occupancy at gene bodies in HIRA KO interfere with this process and make insulation weaker? An 

attractive possibility to explain this is an effect of nucleosome density on molecular motors participating 

in this process: RNA Pol II, cohesin, or both. On the one hand, nucleosomes present barriers to RNA 

Pol II (Lorch et al., 1987) and hinder its passage. On the other hand, nucleosomal organisation creates 

a fibre that cohesion extrudes into a loop. Thus, reduced nucleosome density in the absence of HIRA 

could affect speeds of both cohesin-driven loop extrusion and transcribing polymerases acting as 

moving barriers (Banigan et al., 2023). Indeed, lower density of nucleosomes would make the same 
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stretch of DNA form a longer DNA-nucleosome fibre.  Since an extended fibre would increase the 

demand for cohesin to extrude the same length of DNA (Maji et al., 2020), the HIRA mediated effect 

that we observed could build on such properties. Effectively, slower extrusion would then result in 

weaker insulation. Importantly, HIRA has been involved in both de novo H3.3 deposition (Ray-Gallet 

et al., 2011) and recycling of old H3.3 (Torné et al., 2020) in the context of transcription. Therefore, 

these data support a significant role for HIRA in maintaining nucleosome occupancy in transcribed 

regions impacting local interactions and insulation in the 0.1-1Mb range. 

In conclusion, our work highlights the importance of H3.3 nucleosome maintenance by HIRA in 

impacting accessibility and higher-order organisation of active chromatin. Thus, in addition to the 

previous role of HIRA in promoting accessibility at regulatory peaks (Martire et al., 2019; Morozov et 

al., 2023; Tafessu et al., 2023), here we demonstrate a key role for HIRA to limit accessibility in active 

gene bodies. These findings help explain how HIRA promotes insulation by active genes in a manner 

linked to their accessibility. Given the importance of HIRA for induction of new transcriptional 

programmes (Banaszynski et al., 2013; Fang et al., 2018; Gomes et al., 2019), or changes in cell states 

with major subnuclear compartment changes as observed  in senescent cells (Kennedy et al., 2010; Lee 

and Zhang, 2016; Zhang et al., 2005), future work should address which aspects of HIRA function is 

key in these contexts. Interestingly, in prostate cancer where HIRA expression correlates with worse 

prognosis (Morozov et al., 2023), recent reports showed compartment A accessibility associated with 

higher rate of structural variation (Zhao et al., 2024). Thus, our findings reveal a new aspect of HIRA 

function which may contribute to cancer progression. Finally, we demonstrate that HIRA contributes 

to compartment A organisation independently of histone marks, disentangling the correlation between 

H3.3, histone PTMs and A/B compartments. We anticipate that this view can stimulate new avenues to 

explore the role of histone variant dynamics at distinct sites or developmental stages on higher-order 

chromatin organisation.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


Figure 1.  
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Figure 1. HIRA ensures proper provision of H3.3 in compartment A  

A. Experimental strategy to assess the effect of disrupting chromatin assembly on higher-order genome 

organization by constitutive HIRA knock-out (KO). Hi-C was performed in WT and HIRA KO 

H3.1-SNAP and H3.3-SNAP cells. To compare the 3D folding of chromatin to local state, we 

obtained H3.1 and H3.3 SNAP ChIP-seq from Gatto et al. (2022) and profiled H3 PTMs by ChIP-

seq and accessibility by ATAC-seq.   

B. Left: Representative Hi-C map at 50kb resolution with A/B compartment track and H3.1 and H3.3 

enrichment at 10kb resolution of chromosome 5q (chr5: 50-170Mb) from WT cells. Right: Total 

H3.3 and H3.1 enrichment at 10kb bins at A (n = 1573) and B (n = 1573) compartment domains 

from WT HeLa cells, sorted by size and centered at their middle ±2.5Mb. 

C. Left: Hi-C map, compartment track and right: H3.1 and H3.3 enrichment shown in A (n = 1582) 

and B (n = 1588) compartment domains as in B. for HIRA KO cells. 

D. EV1 (1st eigenvector, indicating compartment) of 50kb-binned Hi-C matrices from HIRA WT vs 

KO cells. Bins which change from A-to-B (lower right quadrant) or B-to-A (upper left quadrant) in 

the same direction in both cell lines are coloured red and blue, respectively). 

E. Schematic of H3.3 balance in compartments A and B in WT and HIRA KO cells, showing reduced 

H3.3 enrichment in compartment A and increased detection of H3.3 in large (>2Mb) compartment 

B domains. 

Enrichment shown is z-score of log2 IP/input. 
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Figure 2.  
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Figure 2. Compartment A domains decrease their interactions in the absence of HIRA without 

TAD reorganisation 

A. Differential Hi-C map (log2 ratio of normalised counts from HIRA KO/WT) at 1Mb resolution of 

chromosome 5:50-170Mb from 0-50Mb away from the diagonal. Tracks below show EV1 (HIRA 

WT in grey, KO in red). 

B. Left: Saddle plots from HIRA WT and KO (O/E contacts) at 50kb resolution based on EV1 

percentiles. Right: Differential saddle plot (log2 ratio of O/E contacts of HIRA KO/WT). Red 

quadrangle denotes decreased contacts of compartment A genome-wide, blue quadrangle denotes 

compartment B interactions with itself and intermediate (I) compartment, and yellow square 

denotes I-I contacts. Differences are quantified in Fig. 2C following the schematic representation 

of genome-wide interactions separated into A (active), B (inactive) and I (intermediate) 

compartments based on EV1 terciles shown below. 

C. Difference (log2 HIRA KO/WT ratio) of O/E contact frequency between the sets of A/B/I 

compartments based on differential saddle-plots from H3.1-SNAP cells (Fig. 2B). 

D. Mean H3.1 and H3.3 enrichment (z-score of log2 IP/input) at TAD borders within compartment A 

(n = 2969, top) and B (n = 2340, bottom) from WT and HIRA KO cells at 10kb bins. TADs are 

centered at their start border ±0.5Mb. 

E. Insulation score (log2, 10kb bins) at TAD borders within compartment A (top) and B (bottom) from 

H3.1-SNAP WT vs HIRA KO cells. TADs are centered at their start border ±0.5Mb. 
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Figure 3. At the compartment scale, H3.3 redistribution in the absence of HIRA is not 

accompanied by corresponding H3 PTM changes 

A. Active (H3K4me1/3, H3K27ac) and inactive (H3K9/27me3) PTM enrichment at 10kb bins at 

compartments A and B from WT and HIRA KO HeLa cells, sorted by size and centered at their 

middle ±2.5Mb. 

B. Compartment assignment and eigenvector tracks at 50kb resolution and enrichment of H3.3, H3.1, 

active (H3K4me1/3, H3K27ac) and repressive (H3K9/27me3) PTMs from HIRA WT and KO cells 

(chr13: 45-80Mb). ChIP-seq is shown at 10kb bins smoothed over 3 non-zero bins. 

H3.3, H3.1, PTM enrichment shown is z-score of log2 IP/input. 
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Figure 4.  
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Figure 4. Accessibility increases in compartment A and at active gene bodies in the absence of 

HIRA 

A. ATAC-seq at 10kb bins at compartments A and B from WT and HIRA KO HeLa cells, sorted by 

size and centered at their middle ±2.5Mb. 

B. Total ATAC-seq (no fragment length filtering), H3.3, H3.1 enrichment and RNA-seq binned at 

100bp from WT (top) and HIRA KO cells (bottom) at TSSs (-5kb upstream/+20kb downstream). 

Signals are stratified based on gene expression level from variance-normalised RNA-seq counts 

obtained from DESeq2. Expression categories: non (undetected, n = 18883), Q1 (1-25% expression, 

n = 4407), Q2 (26-50% expression, n = 4376), Q3 (51-75% expression, n = 4391), Q4 (76-95% 

expression, n = 3513) and top 5% expressed genes (n = 879).  

ATAC-seq is shown as cpm. H3.3 and H3.1 enrichment shown is z-score of log2 IP/input. RNA-seq is 

shown as log2(cpm+1). Genes were stratified based on expression level from variance-normalised 

RNA-seq counts obtained from DESeq2. 
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Figure 5.  

Figure 5. In the absence of HIRA insulation by active genes decrease, scaling with expression level 

On-diagonal pileups at oriented TSS (±0.5Mb) from WT and HIRA KO (left) and their differential 

(right, log2 HIRA KO/WT). Notice insulation created by highly transcribed genes, and reduction of 

such insulation in HIRA KO at top genes. 

All data are at 10kb-binned observed/expected (O/E) Hi-C. Genes were stratified based on expression 

from variance-normalised RNA-seq counts obtained from DESeq2. Expression categories: non-

expressed (undetected, n = 18883), low/Q1 (1-25% expression, n = 4407), mid/Q3 (51-75% expression, 

n = 4391) and top 5% expressed genes (n = 879), as in Figure 4. Arrows denote TSS position and 

orientation.  
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Figure 6.  

 
Figure 6. Model for the contribution of HIRA-mediated nucleosome assembly at active genes to 

their local 3D organisation and compartment A interactions 

Top: In WT cells, HIRA deposits H3.3 at regulatory elements and active TSSs, promoting their 

accessibility, and at active genes, maintaining their nucleosome density. Locally, this supports 

insulation of self-interacting domains by active genes. On the compartment scale, it results in 

enrichment of H3.3 in compartment A.  

Bottom: In the absence of HIRA, regulatory sites and active TSSs show lower H3.3 and higher H3.1 

enrichment along with reduced accessibility, indicating nucleosome turnover may be reduced. In 

contrast, decreased H3.3 deposition at active gene bodies is accompanied by increased accessibility. 

Locally, this is associated with reduced local contacts and insulation of self-interacting domains by 

active genes. In compartment A, H3.3 enrichment decreases while accessibility increases. The absence 

of HIRA leads to minor compartment switching and reduces compartment A interactions genome-wide 

without redistribution of H3 PTMs. 
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Supplementary Figure 1.  
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Supplementary Figure 1. Absence of HIRA leads to re-distribution of H3.3 from A to large B 

compartments 

A. Proportion of short-range (<=20kb), long-range (>20kb) cis and trans contacts from Hi-C maps of 

HIRA WT or KO H3.1- and H3.3-SNAP HeLa cells.  

B. EV1 (1st eigenvector, indicating compartment) of 50kb-binned Hi-C matrices from H3.1- vs H3.3-

SNAP HIRA WT cells. Bins which change from A-to-B (lower right quadrant) or B-to-A (upper 

left quadrant) in the same direction in both conditions are coloured red and blue, respectively. 

C. Decay of contact frequency with genomic distance (P(s) curves) from HIRA WT (grey) and KO 

(red) maps, binned at 10kb after masking of blacklisted regions and ICE normalization. 

D. H3.3 and H3.1 enrichment from WT and HIRA KO cells quantified in A/B compartments per 

indicated domain sizes. Two-tailed Mann-Whitney U test adjusted for multiple testing by FDR (5% 

cut-off) was used to determine significance of differences between WT and KO. 

E. Saddle plots from HIRA WT and KO (O/E contacts) and differential (log2 ratio of O/E contacts) of 

HIRA KO/WT at 50kb resolution based on EV1 percentiles from H3.3-SNAP cells. Red quadrangle 

denotes decreased contacts of compartment A genome-wide, blue quadrangle denotes compartment 

B interactions with itself and intermediate (I) compartment, and yellow square denotes I-I contacts. 

F. Difference (log2 HIRA KO/WT ratio) of O/E contact frequency between the sets of A/B/I 

compartments defined in Fig. 2B (scheme) based on differential saddle plots from H3.3-SNAP cells 

above (Supp. Fig. 1E). 

H3.3 and H3.1 enrichment is shown as z-score of log2 IP/input at 10kb bins. Significance (2-tailed 

Mann-Whitney U test): ns, p>0.05; *, p<=0.05; **, p<=0.01; ***, p<=0.001 
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Supplementary Figure 2.  

Supplementary Figure 2. HIRA KO disrupts H3 variant pattern at CTCF sites without impairing 

their insulation 

A. H3.3 enrichment from WT and HIRA KO cells plotted at oriented CTCF sites (n = 36508) centered 

at the peak summit ±5kb at 100bp bins. 

B. On-diagonal pileups at oriented CTCF sites ±0.5Mb from 10kb-binned Hi-C of WT and HIRA KO 

cells. 

H3.3 enrichment is plotted as z-score of log2 IP/input. 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


Supplementary Figure 3.  
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Supplementary Figure 3. H3.3 redistribution in the absence of HIRA is not accompanied by 

corresponding PTM changes at the compartment scale 

A. Active (H3K4me1/3, H3K27ac) and repressive (H3K9/27me3) histone PTM enrichment at 10kb 

bins from HIRA WT and KO cells quantified in compartment A (top) and B (bottom) per indicated 

domain sizes. Two-tailed Mann-Whitney U test adjusted for multiple testing by FDR (5% cut-off) 

was used to determine significance of differences between WT and KO. Significance was noted as: 

* (p<=0.05), ** (p<=0.01), *** (p<=0.001). 

B. Mean H3.3, H3.1 and H3K4me3 enrichment at 100bp bins from WT and HIRA KO at H3K4me3 

(n = 26043, promoter-associated) peaks from WT HeLa cells ±5kb. 

C. Mean H3.3, H3.1 and H3K4me3 enrichment at 100bp bins from WT and HIRA KO at H3K4me1 

(n = 130608, enhancer-associated) peaks from WT HeLa cells ±5kb. 

D. Mean H3.3, H3.1 and H3K4me3 enrichment at 100bp bins from WT and HIRA KO at H3K27ac (n 

= 73023, enhancer-associated) peaks from WT HeLa cells ±5kb. 

ATAC-signal is shown as cpm, H3.3, H3.1 and PTM enrichment is shown as z-score of log2 IP/input. 
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Supplementary Figure 4.  

 
Supplementary Figure 4. In the absence of HIRA, accessibility changes without differential 

expression 

A. ATAC-seq signal, H3.3 and H3.1 enrichment binned at 100bp from WT and HIRA KO at ATAC-

seq peaks from WT HeLa cells (n = 45630) ±20kb. 

B. Volcano plot showing log2 fold change (HIRA KO/WT) compared to significance (-log10 padj) of 

expressed genes. Up- and down-regulated genes common for the two cell lines are shown in blue, 

and red, respectively, and their numbers are noted. Significance was determined using DESeq2 with 

padj < 0.05 and log2 fold change >= 1. 

ATAC-seq is shown as cpm. H3.3 and H3.1 enrichment are shown as z-score of log2 IP/input. RNA-

seq is shown as log2(cpm + 1). 
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Supplementary Figure 5.  
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Supplementary Figure 5. In the absence of HIRA, local contacts and insulation are reduced only 

in association with gene transcription 

A. On-diagonal pileups at oriented TSSs from to 5% expressed (n = 879) genes, centered at the TSS 

at different flanking distances (±1Mb, top or ±2Mb, bottom) from 10kb-binned observed/expected 

(O/E) Hi-C of WT and HIRA KO cells and differential (log2 HIRA KO/WT). 

B. ATAC-seq signal and on-diagonal pileups from WT and HIRA KO cells at CTCF sites far from (n 

= 997) or associated with (n = 721) active TSSs in compartment A. ATAC-seq signal is plotted at 

CTCF sites ±5kb while pileups are centered on CTCF sites ±0.5Mb. 

ATAC-seq is binned at 100bp and shown as cpm in grey for WT and in red for HIRA KO. Hi-C matrices 

were observed/expected (O/E) normalised at 10kb resolution. Differential pileups are shown as log2 

HIRA KO/WT. Non-expressed genes were selected based on gene expression level from variance-

normalised RNA-seq counts from DESeq2. 
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Supplementary Table 1. Detection of TAD borders between cell line and condition 

 

 

 

 

 

 

Supplementary Table 2. Overlap of active PTM peaks common between cell lines between WT 

and HIRA KO 

 

Supplementary Table 3. Overlap of ATAC-seq peaks common between cell lines and replicates 

between WT and HIRA KO  
Number of ATAC-seq peaks Percentage of ATAC-seq peaks 

Sample all shared  
(WT & KO) 

unique  
(WT or KO) 

shared  
(WT & KO) 

unique  
(WT or KO) 

H31_WT_r1 45630 41586 4044 91,14 8,86 
H31_WT_r2 46777 44387 2390 94,89 5,11 
H31_KO_r1 56885 42478 14407 74,67 25,33 
H31_KO_r2 61588 47113 14475 76,5 23,5 
H33_WT_r1 50357 44328 6029 88,03 11,97 
H33_WT_r2 54418 48694 5724 89,48 10,52 
H33_KO_r1 57287 49898 7389 87,1 12,9 
H33_KO_r2 62913 53949 8964 85,75 14,25 

 

Detected 
in both 

cell lines 

Detected  
in both 

conditions 

Number of TAD borders Percentage of TAD borders 
H3.1 
WT 

H3.3 
WT 

H3.1 
KO 

H3.3 
KO 

H3.1 
WT 

H3.3 
WT 

H3.1 
KO 

H3.3 
KO 

yes yes 5413 5381 5385 5439 84,78 80,53 81,46 84,01 
yes no 411 443 489 435 6,44 6,63 7,4 6,72 
no yes 276 368 302 309 4,32 5,51 4,57 4,77 
no no 285 490 435 291 4,46 7,33 6,58 4,49 
total 

 
6385 6682 6611 6474 

    

 

 
Number of PTM peaks Percentage of PTM peaks 

Sample all shared  
(WT & KO) 

unique  
(WT or KO) 

shared  
(WT & KO) 

unique  
(WT or KO) 

K4me1_WT_r1 130608 101708 28900 77,87 22,13 
K4me1_WT_r2 131307 113765 17542 86,64 13,36 
K4me1_KO_r1 163275 131314 31961 80,43 19,57 
K4me1_KO_r2 141424 102066 39358 72,17 27,83 
K4me3_WT_r1 26043 23544 2499 90,4 9,6 
K4me3_WT_r2 23255 22580 675 97,1 2,9 
K4me3_KO_r1 25255 23688 1567 93,8 6,2 
K4me3_KO_r2 23270 20949 2321 90,03 9,97 
K27ac_WT_r1 73023 49198 23825 67,37 32,63 
K27ac_WT_r2 66746 52981 13765 79,38 20,62 
K27ac_KO_r1 69793 57425 12368 82,28 17,72 
K27ac_KO_r2 64915 48084 16831 74,07 25,93 
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Materials and Methods 

Cell culture 

We used HeLa cells stably expressing H3.1-SNAP-HA or H3.3-SNAP-HA which were either wild-type 

(WT, CRISPR/Cas9 GFP KO) or knock-out for HIRA (KO, CRISPR/Cas9 HIRA KO), as described in 

(Ray-Gallet et al., 2018). We cultured and synchronised cells at the G1/S transition by double thymidine 

block as described in (Forest et al., 2024; Gatto et al., 2022). All cell lines were tested negative for 

mycoplasma. 

Hi-C 

We performed Hi-C using the Arima Hi-C+ kit following the manufacturer’s instructions. Briefly, 5-10 

million asynchronous HeLa cells per condition were fixed in 4% formaldehyde for 10min before 

quenching the reaction with Stop Solution 1. Fixed cells were washed in PBS and snap-frozen in liquid 

nitrogen at 1 million cell aliquots. We performed cell and nuclear lysis, restriction enzyme digestion, 

end repair, biotinylation, ligation and decrosslinking as per manufacturer’s instructions and proximally 

ligated DNA was isolated using AMPure XP beads. Arima QC1 was performed and was successful for 

all samples. We sonicated DNA using Covaris E220 Evolution (100μL sample, 7°C, peak incident 

power: 105W, duty factor: 5%, cycles/burst: 200 for 100s), and fragmented DNA was size selected 

using AMPure XP beads. We verified that the mean size of selected DNA was 400bp using Tapestation. 

After biotin enrichment, we performed library preparation using the KAPA HyperPrep kit, following 

the modified protocol described in the Arima Hi-C+ kit instructions. After ligation of Illumina TruSeq 

sequencing adaptors, we performed Arima QC2 (library quantification) to determine the number of 

amplification cycles for the library PCR using the KAPA Library Quantification Sample kit following 

the manufacturer’s instructions. Amplified libraries were sequenced on Illumina NovaSeq 6000 

(PE100) at the NGS (Next-Generation Sequencing) platform at Institut Curie.  

Histone PTM ChIP-seq 

We performed ChIP-seq of histone post-translational modifications (histone PTM ChIP-seq) using the 

native nucleosomes isolation procedure described in (Gatto et al., 2022) with small modifications. We 

used 5 million asynchronous cells per IP and Dynabeads Protein A-conjugated antibodies against 

histone PTMs for immunoprecipitation. All steps were performed at 4°C and in the presence of Protease 

inhibitors (Roche) and 1mM TSA in every buffer to prevent protease and HDAC activity, respectively. 

For each IP reaction, we prepared 50μL of Ab-conjugated beads by blocking for 4 hours in Bead 

blocking buffer (2.5% BSA in PBS-T, 1mg/mL tRNA), washing once in 0.02% PBS-T and incubating 

for 15-30min with the antibodies (diluted in 0.2mL 0.02% PBS-T) on a rotating wheel. Ab-conjugated 

beads were then washed twice with 0.02% PBS-T and resuspended in 0.2mL 0.02% PBS-T. We pooled 

native nucleosomes (80μL per IP) from up to 3 samples, diluted in 5x volumes of Incubation buffer 

(50mM Tris-HCl pH 7.5, 100mM NaCl, 0.5% BSA) and pre-cleared by incubating with Dynabeads 
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Protein A (15μL per input pool) for 30 min on a rotating wheel. We kept 20μL (1%) pre-cleared 

chromatin as input sample. We incubated the remaining (460μL/IP) with the Ab-conjugated beads 

(washed once in Incubation buffer) overnight on a rotating wheel and purified DNA as described for 

SNAP-seq in Gatto et al. (2022). Sequencing libraries were prepared at the NGS (Next-Generation 

Sequencing) platform at Institut Curie with the Illumina TruSeq ChIP kit and sequenced on Illumina 

NovaSeq 6000 (PE100).  

ATAC-seq 

To assay accessibility, we performed ATAC-seq from 50000 G1/S-synchronised cells per condition 

using the Active Motif ATAC-seq kit (53150) following the manufacturer’s instructions. We verified 

DNA profiles before sequencing on Illumina NovaSeq 6000 (PE100) by the NGS platform at Institut 

Curie.  

Total RNA-seq 

We obtained total RNA from 1 million G1/S-synchronised cells per condition. We collected cells by 

trypsinisation and extracted RNA with the RNeasy Plus Mini Kit (QIAGEN) including DNase treatment 

(RNase-free DNase QIAGEN, 79254) using manufacturer’s instructions. We quantified RNA using 

Nanodrop and checked the quality by Tapestation. We used 10ng of total RNA for library preparation 

using TruSeq Stranded Total RNA kit and sequenced libraries on Illumina NovaSeq 6000 (PE100) at 

the NGS platform at Institut Curie. 

ChIP-seq, ATAC-seq and RNA-seq data processing 

ChIP-seq and ATAC-seq data was processed from raw reads in FASTQ format as described in (Gatto 

et al., 2022). Briefly, for each sample, we mapped reads to the soft-masked human reference genome 

(GRCh38) downloaded from Ensembl (release 109) using bowtie2 v2.3.4.2 (Langmead and Salzberg, 

2012) with --very-sensitive parameters. RNA-seq data was aligned with hisat2 v2.1.0 (Kim et al., 2019), 

run in paired-end mode with default parameters. We used SAMtools v1.9 (Danecek et al., 2021) to sort, 

flag duplicates and index bam files for all samples. We used samtools view (-f 2 -F 3840 parameters to 

keep reads mapped in pairs and exclude QC fails, non-primary alignments and duplicates) to compute 

coverage over the genome as a BED file (chromosome, start, end, MAPQ). Quality control of ATAC-

seq data was additionally performed on bam files by ATACseqQC v1.28.0 (Ou et al., 2018). To obtain 

non-nucleosomal reads for the ATAC-seq data, we filtered fragments of <125bp length from the BAM 

files using samtools. Then, we used BEDtools v2.27.1 (Quinlan and Hall, 2010) to calculate number of 

fragments in consecutive 100bp or 1kb bins. To obtain gene-level counts from RNA-seq data, we used 

featureCounts (Subread v1.6.3) (Liao et al., 2014) in paired-end mode, filtering for MAPQ>2. We 

aligned reads on the sequences of the ERCC92 RNA spike-in control from Life Technologies. 
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Analysis of the data was carried out by custom Python scripts using pandas v1.5.3 (McKinney, 2010), 

NumPy v1.23.5 (Harris et al., 2020) and scipy v1.11.2 (Virtanen et al., 2020). Visualization was 

performed using matplotlib v3.6.2 (Hunter, 2007) and seaborn v0.12.2 (Waskom, 2021). For each 

sample, counts were read at 100bp or at 1kb resolution and aggregated to 10kb bins. Binned data (at 

100bp and 10kb) was normalized to the total number of mapped counts to generate cpm (counts per 

million). ChIP-seq data was then normalized to matched input sample by computing a log2 ratio 

(IP/input). To enable cross-sample comparison, ChIP-seq signal was then scaled and centered by 

computing a z-score per chromosome. RNA-seq data was plotted as log2(cpm+1). Gene annotation was 

obtained from Ensembl (v99), CTCF site locations in HeLa were obtained from ENCODE 

(ENCFF816CUG). CTCF sites were classified as TSS-far (>50kb from a H3K4me3 peak, not in gene 

bodies, in compartment A) and TSS-near (<1kb from an annotates TSS, overlapping a H3K4me3 peak, 

in compartment A), using H3K4me3 peak calls (described below) and compartment call from WT cells. 

Peak calling  

Peaks for active PTMs (H3K4me1, H3K4me3 and H3K27ac) were called using MACS2 v2.2.7.1 

callpeak (Gaspar, 2018; Zhang et al., 2008) from bam files using matched inputs as background (-c) for 

each condition and bandwidth was set to 400 (--bw). Common peaks between the two cell lines for each 

mark and condition were obtained by overlap using bioframe v0.4.1 (Open2C et al., 2022) and used for 

downstream analysis. ATAC-seq peaks were called from each replicate and condition using 

HMMRATAC (Tarbell and Liu, 2019) with default parameters except --window 2500000. Common 

peaks between the two replicates and cell lines for each condition were obtained by bioframe.overlap 

used for downstream analysis. 

RNA-seq analysis 

Raw RNA-seq counts were filtered for low detection (retained genes with at least 10 counts over all 

replicates) and normalized by variance-stabilising transformation (vst) in DESeq2 v1.44.0 (Love et al., 

2014). These were used to classify genes by expression level into non-expressed, Q1 (1-25%), Q2 (26-

50%), Q3 (51-75%), Q4 (76-95%) and top 5% expressed genes. We performed differential expression 

between WT and HIRA KO using DESeq2 with lfcThreshold=1 and alpha=0.05 for each cell line and 

considered the common differentially expressed genes in the two cell lines. 

Hi-C data processing 

We used HiC-Pro v3.1.0 (Servant et al., 2015) with default parameters (except MIN_MAPQ=2) to 

generate raw count Hi-C matrices at 1Mb, 100kb, 50kb, 25kb, 10kb and 5kb resolution from raw 

FASTQ files. First, we used MultiQC v1.11 (Ewels et al., 2016) to perform quality control and extract 

the number of short-range (<=20kb), long-range (>20kb) cis and trans interactions for each sample. 

HiCExplorer v3.7.2 (Ramírez et al., 2018; Wolff et al., 2020, 2018) was then used to convert matrices 

to cool format and generate a single mcool file per sample, containing all resolutions listed above. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


Matrices were visualized interactively with HiGlass v0.8.0 (Kerpedjiev et al., 2018) at 1Mb and 100kb 

resolutions to be manually inspected for large inter- and intra-chromosomal aberrations (translocations, 

inversions, duplications, etc.), and the subsequently generated list of regions was merged with the set 

of blacklisted regions of the human genome (ensembl). This custom set of blacklisted regions was used 

to mask matrices prior to normalization by iterative correction (ICE) (Imakaev et al., 2012) with a single 

iteration using cooler v0.9.3 (Abdennur and Mirny, 2020). Matrix similarity was computed per 

chromosome at 1Mb, 100kb, 50kb and 10kb resolution with HiCRep v0.2.6 (Lin et al., 2021; Yang et 

al., 2017) before and after masking without substantial changes. Expected interactions per chromosome 

arm (coordinates downloaded with bioframe) were calculated using cooltools v0.6.1 (Open 2C et al., 

2022). P(s) curves, representing decay of interaction frequency with increasing genomic distance, were 

calculated per chromosome arm at 10kb resolution, aggregated and smoothed. Analysis was performed 

in both cell lines, and it gave rise to similar results. Coordinates and data from H3.1-SNAP cells were 

used for representative images where experiments were performed in both cell lines unless mentioned 

otherwise.  

Hi-C data analysis 

Compartment analysis of Hi-C matrices was performed by eigenvector (EV) decomposition 

(Lieberman-Aiden et al., 2009) at 50kb resolution with cooltools using GC content track to orient the 

sign of the first eigenvector (EV1). A/B compartment domains were defined for each sample as 

contiguous segments of the genome with the same EV1 sign. Compartment switching was determined 

on a per bin basis, where a compartment-switching bin undergoes the same EV1 sign change in H3.1-

SNAP and H3.3-SNAP cell lines from HIRA WT to KO (WT-to-KO). As control, we compared 

compartment switching between H3.1-SNAP and H3.3-SNAP cells in the same way. Proportion of the 

genome switching compartment was calculated as the % compartment-switching 50kb bins out of all 

non-masked 50kb bins. Differential maps to visualize changes in compartment interactions were plotted 

as log2 ratio of ICE-normalized contacts from HIRA KO/WT at 1Mb resolution. To assess A/B 

compartment interactions genome-wide, we performed saddle-plot analysis using cooltools. For this 

purpose, we split 50kb-binned EV1 signal into percentiles, re-ordered and averaged O/E-normalised 

Hi-C maps per chromosome arm from lowest (most strongly B) to highest (most strongly A) EV1 

percentile and plotted O/E interaction frequency at 50x50 bins. To generate differential saddle-plots, 

we calculated the log2 ratio of HIRA KO/WT. To quantify the difference in compartment interactions, 

we split the differential saddle data in six groups, corresponding to interactions between A-A, A-I, A-

B, B-B, B-I and I-I, where A, I and B corresponded to the top, middle and bottom tercile of each axis 

(shown in Figure 2C). TAD borders were identified based on insulation score (Crane et al., 2015), 

computed from 10kb binned matrices with a window size of 100kb using cooltools. Overlap between 

border bins (+/-20kb) was determined using bioframe between the two cell lines and between the two 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


conditions. To examine local interactions, on-diagonal pileups were performed from 10kb-binned O/E-

normalised matrices oriented in the TSS/CTCF site direction using cooltools.  

Quantifications and statistical analysis 

Statistical analysis was performed in pyhton using scipy. p-values were calculated by two-tailed Mann-

Whitney U test. Multiple testing correction was performed by controlling the false discovery rate (FDR) 

using the Benjamini-Hochberg method. Differences with adjusted p-value <0.05 were considered 

statistically significant. 
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Materials
Reagent Source Cat. No
Cell culture
DMEM ThermoFisher Scientific 31966-021
FBS Eurobio CVFSVF00-01
PBS ThermoFisher Scientific 10010-056
TrypLE ThermoFisher Scientific 12605-010
Synchronisation
Thymidine Sigma-Aldrich T1895
2'-deoxycytidine 
hydroxycloride Sigma-Aldrich D0776
ChIP
Complete EDTA free protease 
inhibitor cocktail 50x Roche 11873580001
SDS 2% Euromedex EU0660
Triton-X 10% Euromedex 2000-C
Tween 20 AMRESCO 0777-1L
NP40 Euromedex UN3500-A
EGTA Euromedex 1310-B
tRNA Sigma R7876-500
BSA (bovine serum albumin) Euromedex 04-100-812-C
MNase ThermoFisher Scientific EN0181
RNase A, DNase free Roche 10109169001
Proteinase K Roche 03115879001
TSA Sigma T-8552
Agencourt AMPure XP beads Beckman Coulter A63880
Dynabeads Protein A Invitrogen 1002D
D1000 high-sensitivity tape Agilent 5067-5584
D1000 high-sensitivity kit Agilent 5067-5585
Qubit dsDNA HS Assay Kit Invitrogen Q32854
TruSeq ChIP kit Illumina IP-202-1012
Low-binding tubes (Axygen) VWR MCT-150-LC
Low-binding tips (Axygen) VWR TR-222-C-L-R
Abs Amount for ChIP (ug)
H3K4me1 abcam ab8895 4
H3K4me3 Active Motif 39915 4
H3K9me3 Active Motif 39765 10
H3K27ac Active Motif 39133 5
H3K7me3 Active Motif 39155 5
Hi-C
37% formaldehyde (MeOH-
stabilised) Sigma F8775
Arima Hi-C+ kit Arima Genomics N/A
KAPA HyperPrep kit Roche 7962312001
KAPA Library Quantification 
Sample kit Roche 7960166001
TruSeq DNA UD indexes 
(24UDD, 96 Samples) Illumina 20020590
Other kits
ATAC-seq kit Active Motif 53150
RNeasy Plus kit QIAGEN 74134
DNase QIAGEN 79254
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ERCC ExFold RNA Spike-In 
Mix Invitrogen 4456739
TruSeq Stranded Total RNA kit Illumina 20020596
Software version used for

bowtie2
Langmead and Salzberg, 
2012 2.3.4.2

alignment (ChIP-seq, 
ATAC-seq)

hisat2 Kim et al., 2019 2.1.0 alignment (RNA-seq)
SAMtools Danecek et al., 2021 1.9 bam file processing
ATACseqQC Ou et al., 2018 1.28.0 ATAC-seq QC
BEDtools Quinlan and Hall, 2010 2.27.1 bed file processing
featureCounts Liao et al., 2014 1.6.3 gene-level read summary
HiC-Pro Servant et al., 2015 3.1.0 Hi-C matrix generation
multiQC Ewels et al., 2016 1.11 Hi-C matrix QC

HiCExplorer
Ramírez et al., 2018; 
Wolff et al., 2020, 2018 3.7.2 Hi-C filetype conversion

HiGlass Kerpedjiev et al., 2018 0.8.0
interactive matrix 
visualization

MACS2
Zhang et al., 2008, 
Gaspar, 2018 2.2.7.1 PTM peak calling

HMMRATAC Tarbell and Liu, 2019 1.2.10 ATAC-seq peak calling

DESeq2 Love et al., 2014 1.44.0 
RNA-seq normalisation & 
differential expression

python 3.10.12 analysis
pandas McKinney, 2010 1.5.3 table operations
numpy Harris et al., 2020 1.23.5 matrix operations

scipy Virtanen et al., 2020 1.11.2
correlation, statistical 
analysis

matplotlib Hunter, 2007 3.6.2 plotting
seaborn Waskom, 2021 0.12.2 plotting

bioframe Open2C et al., 2022 0.4.1
chromosome arm 
annotation

cooler
Abdennur and Mirny, 
2020 0.9.1 Hi-C matrix normalisation

cooltools Open 2C et al., 2022 0.6.1
Hi-C matrix analysis and 
plotting

HiCrep
Lin et al., 2021; Yang et 
al., 2017 0.2.6 Hi-C matrix similarity

Publicly available data
Human reference genome GRCh38

Blacklisted regions (ensembl)
GRCh38-blacklist.v2 + 
manual curation

Gene annotation GRCh38.99.gtf
CTCF peaks ENCFF816CUG
H3.1- and H3.3-SNAP G1/S 
SNAP-seq Gatto et al., 2022 E-MTAB-10619

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


Author contributions 

G.A. and T.K. conceived the overall strategy. T.K. and G.A. wrote the paper. T.K., A.F. and J.P.Q. 

performed the experiments. T.K. generated most of the figures and analysed data. G.A. supervised the 

work. M.A.M-R., A.G. and L.M. provided advice for the analysis. Critical reading and discussion of 

data involved all authors. 

Acknowledgements 

We thank the members of UMR3664 and Almouzni team for helpful discussions. We thank Sébastien 

Lemaire for critical reading of the Methods, Dominique Ray-Gallet for constructive feedback on the 

model, Héloïse Muller and Nicolas Servant for advice on the Hi-C experiments and analysis. We 

acknowledge the ICGex NGS platform of the Institut Curie.  

This work was supported by the European Research Council (ERC-2015-ADG-694694 

‘‘ChromADICT’’), the Ligue Nationale contre le Cancer (Equipe labellisée Ligue), France and Agence 

Nationale de la Recherche, France (ANR-11-LABX-0044_DEEP, ANR-10-IDEX-0001-02 PSL, and 

ANR21-CE-11-0027 ‘‘CAFinDs’’). T.K. was supported by individual funding from H2020 MSCA-

ITN – ChromDesign (Grant No. 813327) and La Ligue Nationale contre le Cancer (Grant No. 

TDLM23697). M.A.M-R. acknowledges support by the Spanish Ministerio de Ciencia e Innovación 

(PID2020-115696RB-I00 and PID2023-151484NB-I00). 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


References 

Abdennur, N., Mirny, L.A., 2020. Cooler: scalable storage for Hi-C data and other genomically labeled 

arrays. Bioinformatics 36, 311–316. https://doi.org/10.1093/bioinformatics/btz540 

Ahmad, K., Henikoff, S., 2002. The Histone Variant H3.3 Marks Active Chromatin by Replication-

Independent Nucleosome Assembly. Mol. Cell 9, 1191–1200. https://doi.org/10.1016/S1097-

2765(02)00542-7 

Aljahani, A., Hua, P., Karpinska, M.A., Quililan, K., Davies, J.O.J., Oudelaar, A.M., 2022. Analysis of 

sub-kilobase chromatin topology reveals nano-scale regulatory interactions with variable 

dependence on cohesin and CTCF. Nat. Commun. 13, 2139. https://doi.org/10.1038/s41467-

022-29696-5 

Armache, A., Yang, S., Martínez de Paz, A., Robbins, L.E., Durmaz, C., Cheong, J.Q., Ravishankar, 

A., Daman, A.W., Ahimovic, D.J., Klevorn, T., Yue, Y., Arslan, T., Lin, S., Panchenko, T., 

Hrit, J., Wang, M., Thudium, S., Garcia, B.A., Korb, E., Armache, K.-J., Rothbart, S.B., Hake, 

S.B., Allis, C.D., Li, H., Josefowicz, S.Z., 2020. Histone H3.3 phosphorylation amplifies 
stimulation-induced transcription. Nature 583, 852–857. https://doi.org/10.1038/s41586-020-

2533-0 

Banaszynski, L.A., Wen, D., Dewell, S., Whitcomb, S.J., Lin, M., Diaz, N., Elsässer, S.J., Chapgier, 

A., Goldberg, A.D., Canaani, E., Rafii, S., Zheng, D., Allis, C.D., 2013. Hira-Dependent 

Histone H3.3 Deposition Facilitates PRC2 Recruitment at Developmental Loci in ES Cells. 

Cell 155, 107–120. https://doi.org/10.1016/j.cell.2013.08.061 

Banigan, E.J., Tang, W., van den Berg, A.A., Stocsits, R.R., Wutz, G., Brandão, H.B., Busslinger, G.A., 

Peters, J.-M., Mirny, L.A., 2023. Transcription shapes 3D chromatin organization by 

interacting with loop extrusion. Proc. Natl. Acad. Sci. 120, e2210480120. 

https://doi.org/10.1073/pnas.2210480120 

Brandão, H.B., Paul, P., Van Den Berg, A.A., Rudner, D.Z., Wang, X., Mirny, L.A., 2019. RNA 

polymerases as moving barriers to condensin loop extrusion. Proc. Natl. Acad. Sci. 116, 20489–

20499. https://doi.org/10.1073/pnas.1907009116 

Corsi, F., Rusch, E., Goloborodko, A., 2023. Loop extrusion rules: the next generation. Curr. Opin. 

Genet. Dev. 81, 102061. https://doi.org/10.1016/j.gde.2023.102061 

Crane, E., Bian, Q., McCord, R.P., Lajoie, B.R., Wheeler, B.S., Ralston, E.J., Uzawa, S., Dekker, J., 

Meyer, B.J., 2015. Condensin-driven remodelling of X chromosome topology during dosage 

compensation. Nature 523, 240–244. https://doi.org/10.1038/nature14450 

Danecek, P., Bonfield, J.K., Liddle, J., Marshall, J., Ohan, V., Pollard, M.O., Whitwham, A., Keane, 

T., McCarthy, S.A., Davies, R.M., Li, H., 2021. Twelve years of SAMtools and BCFtools. 

GigaScience 10, giab008. https://doi.org/10.1093/gigascience/giab008 

Davidson, I.F., Peters, J.-M., 2021. Genome folding through loop extrusion by SMC complexes. Nat. 

Rev. Mol. Cell Biol. https://doi.org/10.1038/s41580-021-00349-7 

Delaney, K., Weiss, N., Almouzni, G., 2023. The cell-cycle choreography of H3 variants shapes the 

genome. Mol. Cell 83, 3773–3786. https://doi.org/10.1016/j.molcel.2023.08.030 

Dixon, J.R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, Y., Hu, M., Liu, J.S., Ren, B., 2012. 

Topological domains in mammalian genomes identified by analysis of chromatin interactions. 

Nature 485, 376–380. https://doi.org/10.1038/nature11082 

Drané, P., Ouararhni, K., Depaux, A., Shuaib, M., Hamiche, A., 2010. The death-associated protein 
DAXX is a novel histone chaperone involved in the replication-independent deposition of H3.3. 

Genes Dev. 24, 1253–1265. https://doi.org/10.1101/gad.566910 

Du, Z., Zheng, H., Huang, B., Ma, R., Wu, J., Zhang, Xianglin, He, J., Xiang, Y., Wang, Q., Li, Y., Ma, 

J., Zhang, Xu, Zhang, K., Wang, Y., Zhang, M.Q., Gao, J., Dixon, J.R., Wang, X., Zeng, J., 

Xie, W., 2017. Allelic reprogramming of 3D chromatin architecture during early mammalian 

development. Nature 547, 232–235. https://doi.org/10.1038/nature23263 

Ewels, P., Magnusson, M., Lundin, S., Käller, M., 2016. MultiQC: summarize analysis results for 

multiple tools and samples in a single report. Bioinformatics 32, 3047–3048. 

https://doi.org/10.1093/bioinformatics/btw354 

Falk, M., Feodorova, Y., Naumova, N., Imakaev, M., Lajoie, B.R., Leonhardt, H., Joffe, B., Dekker, J., 

Fudenberg, G., Solovei, I., Mirny, L.A., 2019. Heterochromatin drives compartmentalization 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


of inverted and conventional nuclei. Nature 570, 395–399. https://doi.org/10.1038/s41586-019-

1275-3 

Fang, H.-T., EL Farran, C.A., Xing, Q.R., Zhang, L.-F., Li, H., Lim, B., Loh, Y.-H., 2018. Global H3.3 

dynamic deposition defines its bimodal role in cell fate transition. Nat. Commun. 9, 1537. 

https://doi.org/10.1038/s41467-018-03904-7 

Forest, A., Quivy, J.-P., Almouzni, G., 2024. Mapping histone variant genomic distribution: Exploiting 

SNAP-tag labeling to follow the dynamics of incorporation of H3 variants, in: Methods in Cell 

Biology. Elsevier, pp. 49–65. https://doi.org/10.1016/bs.mcb.2022.10.007 

Franklin, S.G., Zweidler, A., 1977. Non-allelic variants of histones 2a, 2b and 3 in mammals. Nature 

266, 273–275. https://doi.org/10.1038/266273a0 

Friman, E.T., Flyamer, I.M., Marenduzzo, D., Boyle, S., Bickmore, W.A., 2023. Ultra-long-range 

interactions between active regulatory elements. Genome Res. 33, 1269–1283. 

https://doi.org/10.1101/gr.277567.122 

Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., Abdennur, N., Mirny, L.A., 2016. Formation of 

Chromosomal Domains by Loop Extrusion. Cell Rep. 15, 2038–2049. 

https://doi.org/10.1016/j.celrep.2016.04.085 
Gaspar, J.M., 2018. Improved peak-calling with MACS2. https://doi.org/10.1101/496521 

Gassler, J., Brandão, H.B., Imakaev, M., Flyamer, I.M., Ladstätter, S., Bickmore, W.A., Peters, J.-M., 

Mirny, L.A., Tachibana, K., 2017. A mechanism of cohesin-dependent loop extrusion organizes 

zygotic genome architecture. EMBO J. 36, 3600–3618. 

https://doi.org/10.15252/embj.201798083 

Gatto, A., Forest, A., Quivy, J.-P., Almouzni, G., 2022. HIRA-dependent boundaries between H3 

variants shape early replication in mammals. Mol. Cell S1097276522002556. 

https://doi.org/10.1016/j.molcel.2022.03.017 

Goekbuget, D., Boileau, R.M., Lenshoek, K., Blelloch, R., 2023. MLL3/MLL4 enzymatic activity 

shapes DNA replication timing. https://doi.org/10.1101/2023.12.07.569680 

Goel, V.Y., Huseyin, M.K., Hansen, A.S., 2023. Region Capture Micro-C reveals coalescence of 

enhancers and promoters into nested microcompartments. Nat. Genet. 55, 1048–1056. 

https://doi.org/10.1038/s41588-023-01391-1 

Goldberg, A.D., Banaszynski, L.A., Noh, K.-M., Lewis, P.W., Elsaesser, S.J., Stadler, S., Dewell, S., 

Law, M., Guo, X., Li, X., Wen, D., Chapgier, A., DeKelver, R.C., Miller, J.C., Lee, Y.-L., 

Boydston, E.A., Holmes, M.C., Gregory, P.D., Greally, J.M., Rafii, S., Yang, C., Scambler, 

P.J., Garrick, D., Gibbons, R.J., Higgs, D.R., Cristea, I.M., Urnov, F.D., Zheng, D., Allis, C.D., 

2010. Distinct Factors Control Histone Variant H3.3 Localization at Specific Genomic Regions. 

Cell 140, 678–691. https://doi.org/10.1016/j.cell.2010.01.003 

Gomes, A.P., Ilter, D., Low, V., Rosenzweig, A., Shen, Z.-J., Schild, T., Rivas, M.A., Er, E.E., McNally, 

D.R., Mutvei, A.P., Han, J., Ou, Y.-H., Cavaliere, P., Mullarky, E., Nagiec, M., Shin, S., Yoon, 

S.-O., Dephoure, N., Massagué, J., Melnick, A.M., Cantley, L.C., Tyler, J.K., Blenis, J., 2019. 

Dynamic Incorporation of Histone H3 Variants into Chromatin Is Essential for Acquisition of 

Aggressive Traits and Metastatic Colonization. Cancer Cell 36, 402-417.e13. 

https://doi.org/10.1016/j.ccell.2019.08.006 

Harris, C.R., Millman, K.J., van der Walt, S.J., Gommers, R., Virtanen, P., Cournapeau, D., Wieser, E., 

Taylor, J., Berg, S., Smith, N.J., Kern, R., Picus, M., Hoyer, S., van Kerkwijk, M.H., Brett, M., 

Haldane, A., del Río, J.F., Wiebe, M., Peterson, P., Gérard-Marchant, P., Sheppard, K., Reddy, 

T., Weckesser, W., Abbasi, H., Gohlke, C., Oliphant, T.E., 2020. Array programming with 

NumPy. Nature 585, 357–362. https://doi.org/10.1038/s41586-020-2649-2 

Hildebrand, E.M., Dekker, J., 2020. Mechanisms and Functions of Chromosome 

Compartmentalization. Trends Biochem. Sci. 45, 385–396. 

https://doi.org/10.1016/j.tibs.2020.01.002 

Hsieh, T.-H.S., Cattoglio, C., Slobodyanyuk, E., Hansen, A.S., Rando, O.J., Tjian, R., Darzacq, X., 

2020. Resolving the 3D Landscape of Transcription-Linked Mammalian Chromatin Folding. 

Mol. Cell 78, 539-553.e8. https://doi.org/10.1016/j.molcel.2020.03.002 

Hunter, J.D., 2007. Matplotlib: A 2D Graphics Environment. Comput. Sci. Eng. 9, 90–95. 

https://doi.org/10.1109/MCSE.2007.55 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


Imakaev, M., Fudenberg, G., McCord, R.P., Naumova, N., Goloborodko, A., Lajoie, B.R., Dekker, J., 

Mirny, L.A., 2012. Iterative correction of Hi-C data reveals hallmarks of chromosome 

organization. Nat. Methods 9, 999–1003. https://doi.org/10.1038/nmeth.2148 

Ishiuchi, T., Abe, S., Inoue, K., Yeung, W.K.A., Miki, Y., Ogura, A., Sasaki, H., 2020. Reprogramming 

of the histone H3.3 landscape in the early mouse embryo. Nat. Struct. Mol. Biol. 

https://doi.org/10.1038/s41594-020-00521-1 

Jerkovic, I., Cavalli, G., 2021. Understanding 3D genome organization by multidisciplinary methods 

18. 

Jin, C., Zang, C., Wei, G., Cui, K., Peng, W., Zhao, K., Felsenfeld, G., 2009. H3.3/H2A.Z double 

variant–containing nucleosomes mark “nucleosome-free regions” of active promoters and other 

regulatory regions. Nat. Genet. 41, 941–945. https://doi.org/10.1038/ng.409 

Ke, Y., Xu, Y., Chen, X., Feng, S., Liu, Z., Sun, Y., Yao, X., Li, F., Zhu, W., Gao, L., Chen, H., Du, 

Z., Xie, W., Xu, X., Huang, X., Liu, J., 2017. 3D Chromatin Structures of Mature Gametes and 

Structural Reprogramming during Mammalian Embryogenesis. Cell 170, 367-381.e20. 

https://doi.org/10.1016/j.cell.2017.06.029 

Kennedy, A.L., McBryan, T., Enders, G.H., Johnson, F.B., Zhang, R., Adams, P.D., 2010. Mouse cells 
fail to overtly regulate the HIRA histone chaperone and do not form robust Senescence 

Associated Heterochromatin Foci. 

Kerpedjiev, P., Abdennur, N., Lekschas, F., McCallum, C., Dinkla, K., Strobelt, H., Luber, J.M., 

Ouellette, S.B., Azhir, A., Kumar, N., Hwang, J., Lee, S., Alver, B.H., Pfister, H., Mirny, L.A., 

Park, P.J., Gehlenborg, N., 2018. HiGlass: web-based visual exploration and analysis of 

genome interaction maps. Genome Biol. 19, 125. https://doi.org/10.1186/s13059-018-1486-1 

Kim, D., Paggi, J.M., Park, C., Bennett, C., Salzberg, S.L., 2019. Graph-based genome alignment and 

genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37, 907–915. 

https://doi.org/10.1038/s41587-019-0201-4 

Lacoste, N., Woolfe, A., Tachiwana, H., Garea, A.V., Barth, T., Cantaloube, S., Kurumizaka, H., Imhof, 

A., Almouzni, G., 2014. Mislocalization of the Centromeric Histone Variant CenH3/CENP-A 

in Human Cells Depends on the Chaperone DAXX. Mol. Cell 53, 631–644. 

https://doi.org/10.1016/j.molcel.2014.01.018 

Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–

359. https://doi.org/10.1038/nmeth.1923 

Lee, J.-S., Zhang, Z., 2016. O-linked N-acetylglucosamine transferase (OGT) interacts with the histone 

chaperone HIRA complex and regulates nucleosome assembly and cellular senescence. Proc. 

Natl. Acad. Sci. 113. https://doi.org/10.1073/pnas.1600509113 

Lewis, P.W., Elsaesser, S.J., Noh, K.-M., Stadler, S.C., Allis, C.D., 2010. Daxx is an H3.3-specific 

histone chaperone and cooperates with ATRX in replication-independent chromatin assembly 

at telomeres. Proc. Natl. Acad. Sci. 107, 14075–14080. 

https://doi.org/10.1073/pnas.1008850107 

Li, H., Playter, C., Das, P., McCord, R.P., 2024. Chromosome compartmentalization: causes, changes, 

consequences, and conundrums. Trends Cell Biol. S0962892424000217. 

https://doi.org/10.1016/j.tcb.2024.01.009 

Liao, Y., Smyth, G.K., Shi, W., 2014. featureCounts: an efficient general purpose program for assigning 

sequence reads to genomic features. Bioinformatics 30, 923–930. 

https://doi.org/10.1093/bioinformatics/btt656 

Lieberman-Aiden, E., van Berkum, N.L., Williams, L., Imakaev, M., Ragoczy, T., Telling, A., Amit, 

I., Lajoie, B.R., Sabo, P.J., Dorschner, M.O., Sandstrom, R., Bernstein, B., Bender, M.A., 

Groudine, M., Gnirke, A., Stamatoyannopoulos, J., Mirny, L.A., Lander, E.S., Dekker, J., 2009. 

Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human 

Genome. Science 326, 289–293. https://doi.org/10.1126/science.1181369 

Lin, D., Sanders, J., Noble, W.S., 2021. HiCRep.py : Fast comparison of Hi-C contact matrices in 

Python 3. 

Lorch, Y., LaPointe, J.W., Kornberg, R.D., 1987. Nucleosomes inhibit the initiation of transcription but 

allow chain elongation with the displacement of histones. Cell 49, 203–210. 

https://doi.org/10.1016/0092-8674(87)90561-7 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and dispersion for RNA-

seq data with DESeq2. Genome Biol. 15, 550. https://doi.org/10.1186/s13059-014-0550-8 

Loyola, A., Bonaldi, T., Roche, D., Imhof, A., Almouzni, G., 2006. PTMs on H3 Variants before 

Chromatin Assembly Potentiate Their Final Epigenetic State. Mol. Cell 24, 309–316. 

https://doi.org/10.1016/j.molcel.2006.08.019 

Luger, K., Mäder, A.W., Richmond, R.K., Sargent, D.F., Richmond, T.J., 1997. Crystal structure of the 

nucleosome core particle at 2.8 Å resolution. Nature 389, 251–260. 

https://doi.org/10.1038/38444 

Magnitov, M., De Wit, E., 2024. Attraction and disruption: how loop extrusion and 

compartmentalisation shape the nuclear genome. Curr. Opin. Genet. Dev. 86, 102194. 

https://doi.org/10.1016/j.gde.2024.102194 

Maji, A., Padinhateeri, R., Mitra, M.K., 2020. The Accidental Ally: Nucleosome Barriers Can 

Accelerate Cohesin-Mediated Loop Formation in Chromatin. Biophys. J. 

S0006349520308171. https://doi.org/10.1016/j.bpj.2020.10.014 

Martire, S., Gogate, A.A., Whitmill, A., Tafessu, A., Nguyen, J., Teng, Y.-C., Tastemel, M., 

Banaszynski, L.A., 2019. Phosphorylation of histone H3.3 at serine 31 promotes p300 activity 
and enhancer acetylation. Nat. Genet. 51, 941–946. https://doi.org/10.1038/s41588-019-0428-

5 

McKinney, W., 2010. Data Structures for Statistical Computing in Python. Presented at the Python in 

Science Conference, Austin, Texas, pp. 56–61. https://doi.org/10.25080/Majora-92bf1922-00a 

Mito, Y., Henikoff, J.G., Henikoff, S., 2005. Genome-scale profiling of histone H3.3 replacement 

patterns. Nat. Genet. 37, 1090–1097. https://doi.org/10.1038/ng1637 

Morozov, V.M., Riva, A., Sarwar, S., Kim, W.-J., Li, J., Zhou, L., Licht, J.D., Daaka, Y., Ishov, A.M., 

2023. HIRA-mediated loading of histone variant H3.3 controls androgen-induced transcription 

by regulation of AR/BRD4 complex assembly at enhancers. Nucleic Acids Res. gkad700. 

https://doi.org/10.1093/nar/gkad700 

Nora, E.P., Goloborodko, A., Valton, A.-L., Gibcus, J.H., Uebersohn, A., Abdennur, N., Dekker, J., 

Mirny, L.A., Bruneau, B.G., 2017. Targeted Degradation of CTCF Decouples Local Insulation 

of Chromosome Domains from Genomic Compartmentalization. Cell 169, 930-944.e22. 

https://doi.org/10.1016/j.cell.2017.05.004 

Nora, E.P., Lajoie, B.R., Schulz, E.G., Giorgetti, L., Okamoto, I., Servant, N., Piolot, T., van Berkum, 

N.L., Meisig, J., Sedat, J., Gribnau, J., Barillot, E., Blüthgen, N., Dekker, J., Heard, E., 2012. 

Spatial partitioning of the regulatory landscape of the X-inactivation centre. Nature 485, 381–

385. https://doi.org/10.1038/nature11049 

Open 2C, Abdennur, N., Abraham, S., Fudenberg, G., Flyamer, I.M., Galitsyna, A.A., Goloborodko, 

A., Imakaev, M., Oksuz, B.A., Venev, S.V., 2022. Cooltools: enabling high-resolution Hi-C 

analysis in Python (preprint). Bioinformatics. https://doi.org/10.1101/2022.10.31.514564 

Open2C, Abdennur, N., Fudenberg, G., Flyamer, I., Galitsyna, A.A., Goloborodko, A., Imakaev, M., 

Venev, S.V., 2022. Bioframe: Operations on Genomic Intervals in Pandas Dataframes 

(preprint). Bioinformatics. https://doi.org/10.1101/2022.02.16.480748 

Ou, J., Liu, H., Yu, J., Kelliher, M.A., Castilla, L.H., Lawson, N.D., Zhu, L.J., 2018. ATACseqQC: a 

Bioconductor package for post-alignment quality assessment of ATAC-seq data. BMC 

Genomics 19, 169. https://doi.org/10.1186/s12864-018-4559-3 

Pchelintsev, N.A., McBryan, T., Rai, T.S., van Tuyn, J., Ray-Gallet, D., Almouzni, G., Adams, P.D., 

2013. Placing the HIRA Histone Chaperone Complex in the Chromatin Landscape. Cell Rep. 

3, 1012–1019. https://doi.org/10.1016/j.celrep.2013.03.026 

Quinlan, A.R., Hall, I.M., 2010. BEDTools: a flexible suite of utilities for comparing genomic features. 

Bioinformatics 26, 841–842. https://doi.org/10.1093/bioinformatics/btq033 

Ramírez, F., Bhardwaj, V., Arrigoni, L., Lam, K.C., Grüning, B.A., Villaveces, J., Habermann, B., 

Akhtar, A., Manke, T., 2018. High-resolution TADs reveal DNA sequences underlying genome 

organization in flies. Nat. Commun. 9, 189. https://doi.org/10.1038/s41467-017-02525-w 

Ray-Gallet, D., Quivy, J.-P., Scamps, C., Martini, E.M.-D., Lipinski, M., Almouzni, G., 2002. HIRA Is 

Critical for a Nucleosome Assembly Pathway Independent of DNA Synthesis. Mol. Cell 9, 

1091–1100. https://doi.org/10.1016/S1097-2765(02)00526-9 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


Ray-Gallet, D., Ricketts, M.D., Sato, Y., Gupta, K., Boyarchuk, E., Senda, T., Marmorstein, R., 

Almouzni, G., 2018. Functional activity of the H3.3 histone chaperone complex HIRA requires 

trimerization of the HIRA subunit. Nat. Commun. 9, 3103. https://doi.org/10.1038/s41467-018-

05581-y 

Ray-Gallet, D., Woolfe, A., Vassias, I., Pellentz, C., Lacoste, N., Puri, A., Schultz, D.C., Pchelintsev, 

N.A., Adams, P.D., Jansen, L.E.T., Almouzni, G., 2011. Dynamics of Histone H3 Deposition 

In Vivo Reveal a Nucleosome Gap-Filling Mechanism for H3.3 to Maintain Chromatin 

Integrity. Mol. Cell 44, 928–941. https://doi.org/10.1016/j.molcel.2011.12.006 

Schwartz, B.E., Ahmad, K., 2005. Transcriptional activation triggers deposition and removal of the 

histone variant H3.3. Genes Dev. 19, 804–814. https://doi.org/10.1101/gad.1259805 

Servant, N., Varoquaux, N., Lajoie, B.R., Viara, E., Chen, C.-J., Vert, J.-P., Heard, E., Dekker, J., 

Barillot, E., 2015. HiC-Pro: an optimized and flexible pipeline for Hi-C data processing. 

Genome Biol. 16, 259. https://doi.org/10.1186/s13059-015-0831-x 

Smith, S., Stillman, B., 1989. Purification and characterization of CAF-I, a human cell factor required 

for chromatin assembly during DNA replication in vitro. Cell 58, 15–25. 

https://doi.org/10.1016/0092-8674(89)90398-X 
Tafessu, A., O’Hara, R., Martire, S., Dube, A.L., Saha, P., Gant, V.U., Banaszynski, L.A., 2023. H3.3 

contributes to chromatin accessibility and transcription factor binding at promoter-proximal 

regulatory elements in embryonic stem cells. Genome Biol. 24, 25. 

https://doi.org/10.1186/s13059-023-02867-3 

Tagami, H., Ray-Gallet, D., Almouzni, G., Nakatani, Y., 2004. Histone H3.1 and H3.3 Complexes 

Mediate Nucleosome Assembly Pathways Dependent or Independent of DNA Synthesis. Cell 

116, 51–61. https://doi.org/10.1016/S0092-8674(03)01064-X 

Tarbell, E.D., Liu, T., 2019. HMMRATAC: a Hidden Markov ModeleR for ATAC-seq. Nucleic Acids 

Res. 47, e91. https://doi.org/10.1093/nar/gkz533 

Torné, J., Ray-Gallet, D., Boyarchuk, E., Garnier, M., Le Baccon, P., Coulon, A., Orsi, G.A., Almouzni, 

G., 2020. Two HIRA-dependent pathways mediate H3.3 de novo deposition and recycling 

during transcription. Nat. Struct. Mol. Biol. 27, 1057–1068. https://doi.org/10.1038/s41594-

020-0492-7 

Udugama, M., Vinod, B., Chan, F.L., Hii, L., Garvie, A., Collas, P., Kalitsis, P., Steer, D., Das, P.P., 

Tripathi, P., Mann, J.R., Voon, H.P.J., Wong, L.H., 2022. Histone H3.3 phosphorylation 

promotes heterochromatin formation by inhibiting H3K9/K36 histone demethylase. Nucleic 

Acids Res. gkac259. https://doi.org/10.1093/nar/gkac259 

Van Holde, K.E., 1989. Chromatin, Springer Series in Molecular Biology. Springer, New York, NY. 

https://doi.org/10.1007/978-1-4612-3490-6 

Virtanen, P., Gommers, R., Oliphant, T.E., Haberland, M., Reddy, T., Cournapeau, D., Burovski, E., 

Peterson, P., Weckesser, W., Bright, J., van der Walt, S.J., Brett, M., Wilson, J., Millman, K.J., 

Mayorov, N., Nelson, A.R.J., Jones, E., Kern, R., Larson, E., Carey, C.J., Polat, İ., Feng, Y., 

Moore, E.W., VanderPlas, J., Laxalde, D., Perktold, J., Cimrman, R., Henriksen, I., Quintero, 

E.A., Harris, C.R., Archibald, A.M., Ribeiro, A.H., Pedregosa, F., van Mulbregt, P., 2020. 

SciPy 1.0: fundamental algorithms for scientific computing in Python. Nat. Methods 17, 261–

272. https://doi.org/10.1038/s41592-019-0686-2 

Waskom, M.L., 2021. seaborn: statistical data visualization. J. Open Source Softw. 6, 3021. 

https://doi.org/10.21105/joss.03021 

Wolff, J., Bhardwaj, V., Nothjunge, S., Richard, G., Renschler, G., Gilsbach, R., Manke, T., Backofen, 

R., Ramírez, F., Grüning, B.A., 2018. Galaxy HiCExplorer: a web server for reproducible Hi-

C data analysis, quality control and visualization. Nucleic Acids Res. 46, W11–W16. 

https://doi.org/10.1093/nar/gky504 

Wolff, J., Rabbani, L., Gilsbach, R., Richard, G., Manke, T., Backofen, R., Grüning, B.A., 2020. Galaxy 

HiCExplorer 3: a web server for reproducible Hi-C, capture Hi-C and single-cell Hi-C data 

analysis, quality control and visualization. Nucleic Acids Res. 48, W177–W184. 

https://doi.org/10.1093/nar/gkaa220 

Wu, R.S., Bonner, W.M., 1981. Separation of basal histone synthesis from S-phase histone synthesis in 

dividing cells. Cell 27, 321–330. https://doi.org/10.1016/0092-8674(81)90415-3 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896


Wutz, G., Várnai, C., Nagasaka, K., Cisneros, D.A., Stocsits, R.R., Tang, W., Schoenfelder, S., 

Jessberger, G., Muhar, M., Hossain, M.J., Walther, N., Koch, B., Kueblbeck, M., Ellenberg, J., 

Zuber, J., Fraser, P., Peters, J., 2017. Topologically associating domains and chromatin loops 

depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins. EMBO J. 36, 3573–

3599. https://doi.org/10.15252/embj.201798004 

Yang, T., Zhang, F., Yardımcı, G.G., Song, F., Hardison, R.C., Noble, W.S., Yue, F., Li, Q., 2017. 

HiCRep: assessing the reproducibility of Hi-C data using a stratum-adjusted correlation 

coefficient. Genome Res. 27, 1939–1949. https://doi.org/10.1101/gr.220640.117 

Zhang, R., Poustovoitov, M.V., Ye, X., Santos, H.A., Chen, W., Daganzo, S.M., Erzberger, J.P., 

Serebriiskii, I.G., Canutescu, A.A., Dunbrack, R.L., Pehrson, J.R., Berger, J.M., Kaufman, 

P.D., Adams, P.D., 2005. Formation of MacroH2A-Containing Senescence-Associated 

Heterochromatin Foci and Senescence Driven by ASF1a and HIRA. Dev. Cell 8, 19–30. 

https://doi.org/10.1016/j.devcel.2004.10.019 

Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum, C., Myers, 

R.M., Brown, M., Li, W., Liu, X.S., 2008. Model-based Analysis of ChIP-Seq (MACS). 

Genome Biol. 9, R137. https://doi.org/10.1186/gb-2008-9-9-r137 
Zhao, S.G., Bootsma, M., Zhou, S., Shrestha, R., Moreno-Rodriguez, T., Lundberg, A., Pan, C., 

Arlidge, C., Hawley, J.R., Foye, A., Weinstein, A.S., Sjöström, M., Zhang, M., Li, H., Chesner, 

L.N., Rydzewski, N.R., Helzer, K.T., Shi, Y., West Coast Dream Team Consortium, Bailey, 

A.M., Zhang, L., Beer, T.M., Thomas, G., Chi, K.N., Gleave, M., Zoubeidi, A., Reiter, R.E., 

Rettig, M.B., Witte, O., Bose, R., Huang, F.W., Fong, L., Lara, P.N., Evans, C.P., Huang, J., 

Lynch, M., Dehm, S.M., Lang, J.M., Alumkal, J.J., He, H.H., Wyatt, A.W., Aggarwal, R., 

Zwart, W., Small, E.J., Quigley, D.A., Lupien, M., Feng, F.Y., 2024. Integrated analyses 

highlight interactions between the three-dimensional genome and DNA, RNA and epigenomic 

alterations in metastatic prostate cancer. Nat. Genet. https://doi.org/10.1038/s41588-024-

01826-3 

Žumer, K., Ochmann, M., Aljahani, A., Zheenbekova, A., Devadas, A., Maier, K.C., Rus, P., Neef, U., 

Oudelaar, A.M., Cramer, P., 2024. FACT maintains chromatin architecture and thereby 

stimulates RNA polymerase II pausing during transcription in vivo. Mol. Cell 84, 2053-

2069.e9. https://doi.org/10.1016/j.molcel.2024.05.003 

Zweidler, A., 1980. Nonallelic histone variants in development and differentiation. Dev. Biochem 15, 

47–56. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609896doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609896

