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1: General introduction

Robin H. van der Weide & Elzo de Wit

GENERAL INTRODUCTION

1

The average cell contains a nucleus of around 6 micrometres in diameter. A nucleus encloses 
a full genome of approximately 2 metres in length. While it is already no small feat that all this 
DNA fits inside the nucleus, it is even more incredible that it is folded—and thus organized—
in a non-random fashion every time after a cell divides. In this thesis, I explore how this 
organization is formed and maintained in a human cell and during early embryogenesis in 
zebrafish.
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1Higher-Order Chromatin Organization
The genome is organized at many scales: DNA is packaged into chromatin, which 
can form loops, which in turn reside in compartments and chromosome-territories 
(Fig. 1a). The majority of these levels have been attributed to being the cause or con-
sequence of gene-expression. In this thesis, I have investigated the drivers behind the 
formation and maintenance of higher-order chromatin organization and how this 
3D-landscape changes during development. 

Methods for investigating architecture

The first endeavours into nuclear architecture (and the origin of the term “chro-
matin”) date back to the work of Flemming in 1882. He observed long loop-like 
structures in the chromosomes of immature eggs, which he called lampbrush
chromosomes. These loops were large enough that they can be visualized with a light 
microscope. Since then, the ability to investigate how chromatin folds and resides 
in the nucleus has vastly increased. Microscopy-approaches (like DNA FISH) ena-
bled the visualization and quantification of the nuclear positioning of selected loci1 
or entire chromosomes2. Experiments done with these approaches have led to the
discovery that chromosomes have distinct nuclear territories (i.e., chromosome
territories)3,4. Moreover, they led to the discoveries that individual chromosomal loci 
(e.g., actively transcribed genes) are restricted to specific regions in the nucleus5,6. 
Up to recently, these methods were relatively low-throughput and -resolution due to 
limitations with designing fluorescent probes, limiting their use7.

The development of genomic variants based on chromatin conformation capture 
(3C) have enabled high-throughput experiments. 3C-based approaches enable the 
identification of interactions between linear genomic stretches in 3D-space8. The 
original 3C technology9 quantified the interactions between a pair of genomic loci 
and 4C10 extended this to the quantification of interactions between one locus and the 
complete genome (i.e., one-versus-all). The ability to quantify all pairwise chromatin-
interactions (all-versus-all) came with the advent of Hi-C11. Briefly, Hi-C is performed 
by crosslinking and ligating chromatin that is close in proximity to each other. A 
sequencing library is then prepared from these pieces of DNA. After the mapping 
of the chimeric reads, the genome is divided in equal sizes (i.e., bins). For each pair 
of bins, we then count the number of chimeric reads mapping to them to create 
a heatmap: a two-dimensional representation of contact-frequencies between two 
regions (Fig. 1a). 

Active and inactive chromatin compartments
The looser packed euchromatin and the more condensed heterochromatin 
typically reside in separate radial positions in the nucleus12. Euchromatin is found 
in transcriptionally active interior regions of the nucleus, while heterochromatin 
is mainly present at the nuclear periphery. Interestingly, there is a distinct two-
state plaid (or chequerboard) pattern visible when observing Hi-C data at the 
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whole-chromosome level (Fig. 1a). This indicates that Hi-C data consists of two 
separate sets of regions—or compartments—that preferentially interact with regions 
that belong to the same compartment, correlating to eu- and heterochromatin. 
The presence of these compartments may serve to locally enrich for transcription 
machinery and/or epigenetic regulators, and thus enhance the efficient use of these 
molecular resources.

Compartments can be identified by summarising a two-dimensional cis-chromosomal 
matrix with a principal component analysis into a 1-dimensional track (i.e., principal 
component 1)11. Regions with a positive PC1 will be included in one set and regions 
having a negative PC1 will be placed onto a second region-set. We then denote one 
of the two region-sets as A-compartments by finding the region-set with the highest 
enrichment with regions of active chromatin. These are found by analysing (epi)
genomic data like DNAase-hypersensitivity sites and histone-modifications. Because 
of this methodology, the A-compartment overlaps with transcriptionally active 
euchromatin, while B-compartmental regions overlap with heterochromatin-marks 
and are associated with regions found at the nuclear periphery (i.e., Lamina-Associated 
Domains). Since the distribution of active and inactive marks along the chromatin 
depends on the type and state of a cell, compartmentalization also shows cell-type 
differences13. Later research showed that these compartments can be further sub-
divided in A1, A2, B1, B2, and B314,15. Since intra-compartmental subcompartments 
do not show major differences, aside from B1 being more associated with facultative 
heterochromatin than B2 and B315, this further specification remains limited in its 
use.

The radial positioning of B-compartments in the nucleus is, however, not the default 
state. Rod-cells of nocturnal mammals lack proteins required for tethering chromatin 
to the lamina (e.g., Lamin-B1, Emerin). In these nuclei, A-compartments, instead of 
heterochromatin, are found at the periphery. Re-expressing Lamin-B1 in these cells 
reverts this phenotype to heterochromatin being relocated at the nuclear lamina16. 
Polymer-simulations of chromatin-localisation indicate that the positioning and 

Figure 1: general features of Hi-C maps and the cohesin complex. 
a) A chromosome is divided in two sets of compartments, which cluster. At the smaller level, TADs and loops can be seen 
with CTCF enriched at their anchors. b) The cohesin complex can loaded onto chromatin by the loader complex NIPBL/
MAU2 and released by WAPL.
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1amount of mixing between compartments can be estimated from the attraction 
of heterochromatin to the nuclear lamina17. These findings suggest that regions in 
B-compartments lack a preference for the periphery per se, but are instead being 
forced by additional anchoring proteins in the nuclear lamina, thereby creating the 
segregated A- and B-compartments at specific loci in interphase nuclei.

Topologically Associated Domains

In 2012, Nora et al. (2012) introduced the term Topologically Associated Domains 
(TADs) for the ±880 kilobase rectangles in Hi-C and 5C data (Fig. 1a). The defining 
features of a TAD is the bias for interactions within versus between TADs. This 
indicates that genomic elements (genes, enhancers) in TADs are insulated to some 
extent from interactions with elements in other TADs. In line with this is the finding 
that enhancers and promoters within the same domain are being coordinately 
regulated in vertebrates18. This has led to the model that a TAD may function as a 
regulatory scaffold, with both the genes and their associated regulatory elements (e.g., 
enhancers) incorporated in the same domain. Interestingly, these domains tend to 
demarcate histone-marks of heterochromatin (H3K9me2/3) and DNA-double strand 
damage foci (γH2Ax)19. These findings have added to the view that TADs may have 
chromatin-regulatory importance.

If these domains are important for the proper functioning of the organism, one 
would expect that TADs are conserved through evolution. Hi-C analyses on mammals 
and yeast-species showed the presence of rectangles on the diagonal, reminiscent 
of TADs20-23 (chapter 5). The boundaries of these domains are —across species 
— enriched for active chromatin and housekeeping-genes20. Within vertebrates, 
sequence-specific binding sites for the CCCTC-binding factor (CTCF) are also found 
at the boundaries of TADs15. Moreover, studies on mouse and human cell lines have 
shown that TADs are generally consistent between cell types and thus tissues20,24. We 
and others also identified that TADs form syntenic blocks 25,26, adding to the idea that 
TADs are evolutionary conserved regions.

The conserved nature of TADs suggests that perturbations of them have consequences 
on, for example, gene-expression. A well-researched example of this is the HoxD-locus, 
of which its 13 genes are divided in two TADs. These two neighbouring TADs are 
transcriptionally active in early and late development. By shifting the boundary in 
cultured cells, thereby placing a gene in the other TAD, HoxD-genes can be turned on 
and off27,28. This change in the location of TAD-boundaries leads to developmental 
disregulation of forearm- and finger-cells, showing that TADs are important for 
proper gene-regulation.

Perturbation in TAD-boundaries are also linked to other phenotypes. One large-scale 
pan-cancer analysis showed that genetic variants at TAD-borders result in oncogenic 
mis-regulation. For example, the duplication of a TAD-boundary in colorectal cancers 
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and in vitro resulted in the incorrect pairing of a super-enhancer with Insulin-Like 
Grow Factor 2, leading to the over-expression of this oncogene29. Moreover, Flavahan, 
et al. found that DNA-methylation of a CTCF-motif in glioblastomas lead to CTCF 
being unable to bind at that specific locus. Consequently, this led to a disruption 
of a boundary, mispairing a constitutive enhancer with the tumour-driving Platelet-
derived Growth Factor Receptor Alpha (PDGFRA) gene30. The main purpose of TADs 
therefore may be their ability to limit ectopic activation of genes, by blocking inter-
actions between a gene inside a TAD and regulatory information outside the TAD.

The basic unit of nuclear organization: the chromatin loop

Chromatin interactions, also known as loops, are genomic loci that come in proximity 
in 3D space (Fig. 1a). The linear distance between the interacting regions of the 
loop are typically in the range of 20kb to 2Mb10,11,31. Reminiscent of the structures 
in lampbrush-chromosomes described before—but magnitudes smaller—intra-
chromosomal loops are identified in samples from many animals. In recent years, it 
has become evident that simultaneous interactions between more than two CTCF 
loci occur, indicating that loops can contain more than two regions in proximity32-35. 
The interacting regions (also known as loop-anchors) are primarily enriched for 
CTCF and cohesin. 

There are multiple functional consequences of the presence of chromatin loops. 
In developing mammalian B- and T-cells, chromatin loops play an important role 
in setting up the immunoglobulin repertoire by V(D)J recombination36. Moreover, 
intragenic chromatin loops are associated with cell type-specific alternative 
splicing37,38. As discussed above, enhancers and promoters come into close proximity 
of each other, but what is the effect on transcription of such loops?

The general role of chromatin loops on transcription is still not clear. The majority 
of loops was lost in studies depleting architectural proteins, but only modest changes 
in expression were found39,40. Grubert et al. (2020) generated a large catalogue of 
cohesin-specific interaction profiles across 24 human cell types, where they showed 
that 28 percent of called chromatin interactions were variable between cell types. 
Moreover, highly regulated (cell type-specific) genes are often connected to more 
enhancers then constitutively expressed genes, suggesting that these loops may play a 
role in fine-tuning expression37. These results indicate that loops can have a function 
on expression, but that the full scope of this function is still not clear.

Computational methods

Hi-C data often consists of over 300 million sequencing reads to get a high enough 
resolution to analyse and visualize the features of the chromatin landscape, like loops. 
However, it is not always feasible to get this amount of data. With new specialized 
computational approaches, described in chapter 4, we can already perform a large set 
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1of analyses with limited sequencing depth. These meta-analyses pile up Hi-C signal 
on a set of features, instead of investigating an individual feature: for example, we 
average the Hi-C signal over all TADs to compare the average TAD-signal between 
two samples with the Aggregate TAD Analysis (ATA) tool. We take full advantage 
of these methods in chapter 5, where the biological input—hand-picked 2.3- and 
4-hours old zebrafish embryos — is limited, which necessitated meta-analyses to 
uncover differences in organization through early development.

Architecture-associated proteins and mechanisms

What are the underlying mechanisms for the above-mentioned structures? The fact 
that loop-anchors and TAD-boundaries are enriched for CTCF and several subunits of 
the cohesin- and mediator-complexes suggests that these may be the driving forces41. 

Setting boundaries with CTCF

The CCCTC-binding factor (CTCF) is a zinc-finger DNA binding protein with a non-
palindromic binding-motif, which is—already in the original paper describing the 
novel protein in 1990—linked to the regulation of gene-expression42. Following papers 
showed that it functioned as a barrier against neighbouring regulatory regions, which 
gave it the notation of an insulator-protein43. This insulation-feature of CTCF was 
also shown to function as a barrier for the spreading of epigenetic states, effectively 
partitioning the chromatin landscape. Prime examples of this insulator-capacity 
are CTCF-enriched boundaries of facultative heterochromatin domains, marked by 
H3K27me3, and DNA-methylation44,45. 

Possible mechanisms of this insulation were suggested with the advent of 3C 
technologies. The β-globin locus is a region encompassing multiple β-globin genes and 
a large enhancer-cluster called the Locus Control Region (LCR). This locus contains 
multiple CTCF-binding sites, with the two most proximal found at the boundaries 
of hetero- and euchromatin. Most of the CTCF sites in this locus interact with each 
other in erythroid cells, which brings the genes and LCR into proximity of each 
other. Splinter, et al. demonstrated that reducing levels of CTCF led to the decrease 
of chromatin-loops46. Later work with high-resolution 4C by van de Werken, et al.47 
refined this model by showing that there are two separate loop-sets: the proximal 
CTCF-sites, insulating this region as a TAD 48, and the loops between the genes and 
the LCR. 

Acute depletion of CTCF in ESCs indicated that CTCF is indeed needed for the 
genome-wide presence of chromatin-loops and TADs 39. However, this did not lead 
to a large effect on transcription. This could be caused by the redundancy of CTCF-
binding sites, as demonstrated in the in vivo dissection of the Sox9-Kcnj2 locus. 
Here, ablating only the TAD-boundary between the genes had no large effects on 
transcription or organisation. However, when also removing nearby CTCF-binding 
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sites, Kcnj2 was upregulated due to promiscuous interactions with the enhancers 
of Sox949. This shows that CTCF is important in setting up faithful and redundant 
boundaries for gene-regulation.

As is the case for the β-globin genes and the LCR, not all genomic regions with a 
CTCF-motif form chromatin loops15. This raises the question of why some bound 
CTCF sites are at the bases of loops, while others are seemingly skipped. Hi-C analyses 
showed that the majority of loops have CTCF-binding motifs at their anchors with 
the 3-prime end facing each other, which was coined the “convergency-rule”. When 
a CTCF binding site was deleted or inverted with CRISPR, the original chromatin 
loops were lost and even new loops (between now convergent CTCF-sites) arose50,51. 
This convergency rule has been shown to be conserved throughout vertebrates25,26. 

Maintaining chromosome-structures with the cohesin-complex

Aside from CTCF, another family of proteins is enriched at TAD-boundaries 
and loop-anchors, of which mutation or deletion resulted in severe chromosome 
condensation defects. This group of proteins found in prokaryotes, fungi and 
eukaryotes was coined Structural Maintenance of Chromosomes (SMC)52-54. These 
proteins have two long coiled-coil domains, with a “hinge” domain interrupting 
these. The terminal sides of SMC-proteins contain ABC-like nucleotide binding 
domains (NBDs), which can dimerize and thereby allow the protein to fold onto 
itself. 

Cohesin, one of the highly conserved kleisin-SMC complexes (Fig. 1b), contains two 
SMC-proteins (SMC1 and SMC3) that heterodimerize at the hinge-domains55. The 
kleisin RAD21 binds C-terminally with the SMC1 ATPase and N-terminally close to 
the ATPase of SMC3, resulting in a tripartite ring (Fig. 1b)56,57.This complex plays a 
key role in chromosome cohesion; the holding together of sister chromatids from 
replication until mitosis58. During S-phase, stably bound cohesin complexes entrap 
chromatin inside their lumen along the length of the chromosomes. Cohesin is 
released during anaphase, allowing for the segregation of chromosomes. 

Aside from cohesion, this complex is suggested to have a different role in interphase, 
where it would play a key role in the formation or maintenance of loops. The modus 
operandi of the complex—be it sister cohesion or loop-formation—is thought to 
be dictated by the binding of HAWK proteins (HEAT repeat proteins associated 
with kleisins) to RAD2159-61. This family of proteins is conserved throughout 
eukaryotes and comprises in of NCAP/D, PDS5A/B, STAG1/2/3 and NIPBL59. 
NCAPG/D do not bind cohesin, but instead interact with another SMC-complex, 
condensin62. The STAG-proteins bind cohesin in a mutually exclusive fashion, 
with STAG3 being meiosis-specific63. PDS5 plays an important role in cohesion 
maintenance64 and competes with NIPBL for kleisin-binding65. Interestingly, only 
the NIPBL-bound cohesin can load and translocate over chromatin65. Thus, cohesin 
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1has two distinct—cell-cycle specific—states: cohesive cohesin and translocating 
cohesin. Cohesive cohesin contains the HAWKs PDS5A/B and STAG1/2/3, while 
translocating cohesin contains STAG1/2 and NIPBL.

What both cohesin-states have in common are the phases they pass through: 
chromatin-association and -dissociation. These cohesin-chromatin dynamics are 
regulated through a loading-complex (containing MAU2 and one of the HAWKS 
NIPBL) and a release factor (WAPL)66-68 (Fig. 1b). Depletion of MAU2 leads to lowered 
protein-levels of the other loading-complex member and a loss of chromatin-bound 
cohesin61. This indicates that MAU2 not only binds NIPBL, but also stabilises it and 
that both play crucial roles in loading cohesin onto chromatin69. The loader-complex 
binds chromatin before cohesin and does this preferentially at sites with histone 
marks related to active chromatin and nucleosome-free regions70. ATP-hydrolysis 
by the SMC heads, facilitated by NIPBL/MAU2, then leads to entrapment of DNA 
inside the lumen of the cohesin-ring71,72. Moreover, research on the STAG-homolog 
Psc3 in yeast has shown that STAG-proteins are important in this step of cohesin-
loading71. Mutations in NIPBL, as well as SMC1 and SMC3, lead to the developmental 
disorder Cornelia de Lange syndrome, showing the importance of both the loader 
complex and cohesin itself73. 

Sister chromatids are held together by cohesin after replication, whereby the latter 
is stabilised onto the chromatin by the N-acetyltransferase ESCO1/2. This protein 
acetylates two lysines in proximity of the SMC3 ATPase74. This also leads to sororin 
binding to PDS575. Sororin- and STAG-proteins of chromosome-arm bound cohesin 
are phosphorylated during prophase, leading to a decoupling of sororin and PDS576. 
This enables WAPL to form a heterodimer with PDS577. WAPL then releases cohesin 
from chromatin by disassociating SMC3 and RAD2167,68 (Fig. 1b), providing an exit gate 
for chromatin78,79. Depleting WAPL leads to impaired cohesin-release, which results in 
a vermicelli-like phenotype: thick, worm-like, over-condensed chromosomes 80. 

The facilitating mediator-complex

Since loop-anchors and TAD-boundaries are often found near promoters, it is 
tempting to suggest that chromatin-loops are formed by active transcription. 
Co-activators, like the mediator-complex, are required for the assembly of the RNA 
pol II pre-initiation complex and interact with both enhancer-bound transcription 
factors and promoters81. However, does mediator play a role in the formation of these 
enhancer-promoter loops or is it merely a passenger, bound to both loci that are now 
in close proximity? 

The mediator-complex consists of three domains (head, middle and tail) and a kinase-
module. Two studies showed that, indeed, the kinase-member MED12 colocalizes with 
cohesin and NIPBL at the promoters of developmentally regulated genes and their 
enhancers in mouse embryonic stem cells41,82. Moreover, Muto et al. (2014) showed 
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that MED12- and NIPBL-depletion had compatible phenotypes in zebrafish limb 
development83. However, all three works failed to show the direct effect of depleting 
MED12 on chromatin architecture. 

In recent years, methods for acute protein-depletion have come to the forefront of 
molecular biology. El Khattabi et al. (2019) showed with RNA pol II-inhibition and 
Med14-depletion that both are not required for (enhancer-promoter) loops. This and 
earlier work do show that there are indirect effects when depleting the tail-module 
or MED12 on chromatin architecture and gene expression84,85. This suggests that 
mediator could have an (indirect) role in providing the optimal epigenetic landscape 
for chromatin formation.

Models for the formation of organization

How do an insulator and the orchestrator of cohesion combine to form the 
interphase structures described? Cohesin has been shown to co-localize at CTCF-
sites86. Moreover, depletion of the cohesin-subunit RAD21 led to a decrease in the 
amount of Hi-C contacts within the range of TADs and loops (100kb-2Mb) at sites of 
CTCF and cohesin co-occupancy87. A model in which the future boundaries are first 
determined before chromatin loops are established fits with the observations that 
CTCF and NIPBL bind chromatin earlier than cohesin66,86.

Several models have been proposed, of which entrapment, tracking and extrusion 
are the most discussed (Fig. 2a). The entrapment model proposes that a ring-like 
complex entraps multiple strands of chromatin that are near each other88. This 

Figure 2: models of loop formation. 
a) Stochastic entrapment of chromatin in close proximity by a ring-shaped complex (left); tracking of the transcription 
machinery (pink/purple) from an enhancer (yellow) until a gene-body had been found; loop extrusion by the sliding of 
cohesin until it is halted at correctly oriented CTCF-bound sites. b) The extruding cohesin-complex is only halted at sites 
adhering to the convergency-rule. c) structural variants (deletion shown in black) lead to altered chromatin loops due to 
lost CTCF-sites.
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1model is also mentioned as the Brownian motion model and would point towards 
cohesin performing the entrapping. How CTCF plays a role in this model, however, 
is unclear. Another model is the facilitated tracking model (Fig. 2a)89. Here, RNA-
polermerase II binds to transcription-factor bound regulatory regions and scans 
nearby chromatin for promoters, thereby creating a stable connection between the 
enhancer and promoter region. Since mediator-subunits and cohesin are found at 
both regions41, these could function as the tracking-complex. However, it is unclear 
how this tracking leads to convergent CTCF-pairs, nor how loops in transcriptionally 
silent regions are formed.

Another model proposed in 2001, where an SMC-complex entraps DNA and slides 
along it, has been gaining momentum with the advent of Hi-C90,91. This model was 
formalized in Fudenberg, et al., where loops are formed by the sliding of a Loop 
Extruding Factor and a Boundary Element (Fig. 2a)92. The LEF entraps DNA inside 
its lumen and translocates over DNA until it gets halted by a correctly oriented BE 
at both sides (Fig. 2b). SMC-complexes are a good candidate for a LEF as they are 
highly conserved, enriched at loop-anchors, and the ring-like structure can function 
to entrap DNA. This model also explains structures such as nested loops and TAD-
variation by CTCF-motif inversion and deletion experiments (Fig. 2b,c). The former 
by the fact that a second LEF can start extruding on an existing loop from a previous 
LEF; the latter due to continuation of the LEF at a now missing BE. 

A classic example of such a loop is the SHH-enhancer loop. Transcriptional deregulation 
of the SSH-gene due to mutations in a specific enhancer during embryonic limb-
development results in preaxial polydactyly, a congenital limb malformation that is 
typified as having extra digits on the thumb. Mutations in a region ±1Mb downstream 
of the gene (dubbed the ZRS) can cause this disorder. Interestingly, SHH and the 
ZRS co-localise in the nuclei of cells forming the limb buds, which are the embryonic 
tissues that form the limbs, feet, and hands93,94. This was corroborated by 3C-based 
approaches, including 4C, 5C and HI-C, which showed that these two regions indeed 
interact with each other within a TAD94,95. Moreover, deleting CTCF-binding sites 
at the ZRS led to a loss of SHH expression and cohesin co-localisation. These 
findings showed that specific cohesin-meditated chromatin loops do not only affect 
transcription, but that the resulting transcription-changes can lead to downstream 
phenotypes like limb-malformations.

This thesis

In this thesis, we describe the chromatin 3D-architecture in human haploid cells 
and in zebrafish embryos. We show that, by knockout of the cohesin-release factor 
WAPL, the relative levels of chromatin-bound cohesin are important for the length of 
chromatin loops (chapter 2). Moreover, we show that there is a balancing act in the 
amount of bound cohesin versus loop-length, as depleting cohesin-loader (MAU2) 
levels results in shorter loops and more compartmentalization. We continue with the 
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WAPL-depletion in chapter 3, were we find a genome-wide loss of heterochromatin 
domains when cohesin is stabilized onto the chromatin. Depletions of mediator 
kinase module members, MED12 and Cyclin-C, show the opposite: both depletions 
lead to hyper-heterochromatinization, suggesting a role for mediator in restricting 
heterochromatin domain amplification. With cohesin coming in two distinct variants, 
depending on the binding of either SA1 or SA2, we investigated the differences and 
similarities of these two variants on 3D-genome architecture in chapter 4. This 
chapter also describes GENOVA: an R package to perform Hi-C data-analysis. To 
study changes in 3D-architecture before and after transcription, we looked into the 
early stages of Zebrafish-development in chapter 5. Here we observe that many 
features of vertebrate TADs and compartments are conserved in fish. One of the most 
striking results was the fact that we saw organization before the onset of embryonic 
transcription, indicating that transcription is not necessary per se for TAD-formation. 
We discuss and compare these findings to similar studies in mouse and fruit fly in 
chapter 6 and provide a general discussion in chapter 7. 
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The spatial organization of chromosomes influences many nuclear processes including 
gene expression. The cohesin complex shapes the 3D genome by looping together CTCF 
sites along chromosomes. We show here that chromatin loop size can be increased and that 
the duration with which cohesin embraces DNA determines the degree to which loops are 
enlarged. Cohesin’s DNA release factor WAPL restricts this loop extension and also prevents 
looping between incorrectly oriented CTCF sites. We reveal that the SCC2/SCC4 complex 
promotes the extension of chromatin loops and the formation of topologically associated 
domains (TADs). Our data support the model that cohesin structures chromosomes through 
the processive enlargement of loops and that TADs reflect polyclonal collections of loops in 
the making. Finally, we find that whereas cohesin promotes chromosomal looping, it rather 
limits nuclear compartmentalization. We conclude that the balanced activity of SCC2/SCC4 
and WAPL enables cohesin to correctly structure chromosomes.
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Introduction

Human chromosomes are linear stretches of DNA that are centimetres in length but 
are structured such that they fit into a nucleus with a diameter of a few micrometres. 
Within this confined space, DNA is organized to allow for key nuclear processes. The 
ring-shaped cohesin complex plays a major role in many aspects of chromosome 
biology, including sister chromatid cohesion, DNA repair, and transcriptional 
regulation. Cohesin by default transiently associates with DNA, which is thought to 
be the consequence of a continuous cycle of DNA entrapment and release1. Cohesin 
is loaded onto DNA by the SCC2/SCC4 complex (also known as NIPBL and MAU2, 
respectively), and DNA release is driven by cohesin’s antagonist WAPL2-4.

The cohesin complex consists of three core subunits, SMC1,SMC3, and SCC1 (also 
known as RAD21 or Mcd1), that together form a ring-shaped structure that can entrap 
DNA inside its lumen5. WAPL drives cohesin’s release from chromatin by opening 
up a distinct DNA exit gate at the interface connecting cohesin’s SMC3 and SCC1 
subunits6-7. In the absence of WAPL, cohesin is loaded onto DNA, but does not turn 
over4,8. WAPL-deficient interphase cells harbor an unusual granular DNA staining 
pattern and display a distinct nuclear thread-like cohesin distribution referred to as 
‘‘vermicelli’’8. This indicates that cohesin turnover at chromatin is somehow required 
to obtain the correct interphase chromosome organization.

On chromatin, cohesin colocalizes with the CCCTC binding factor CTCF9-10. Together, 
cohesin and CTCF are key to the formation and/or maintenance of cis chromatin 
loops and create boundaries between topologically associated domains (TADs)11. 
These domains are thought to reflect chromosomal regions that act as autonomous 
transcriptional units12. Recent work has shown that chromatin loops are formed 
almost exclusively between “convergent” CTCF sites (i.e., sites with consensus CTCF 
motifs pointing toward each other)13-14, and this specific orientation is required for 
the looping together of CTCF sites15-17. The molecular mechanisms controlling this 
“CTCF directionality looping rule”, however, remain unclear.

How chromatin loops are formed is one of the main outstanding questions in chro-
mosome biology. One model is that cohesin entraps small loops inside its lumen, and 
the extrusion of such loops leads to the processive enlargement of loops up to often 
megabase-sized structures18. In this model (generally referred to as the ‘‘loop extrusion 
model’’)19, CTCF limits the further extrusion, which is consistent with the presence of 
cohesin at CTCF sites and the requirement for the specific orientation of CTCF bind-
ing sites found in chromatin loops. Indeed, if cohesin during the looping process were 
to scan chromosomes in a linear manner, it maybe able to detect the orientation of 
a CTCF site. Loop extrusion would also explain the organization of interphase chro-
mosomes into TADs flanked by CTCF sites20. Here, we provide experimental evidence 
in support of the model that cohesin structures chromosomes through the processive 
enlargement of chromatin loops. We also show that the balanced activity of WAPL 
and the SCC2/SCC4 complex allows cohesin to correctly structure chromosomes.
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Methods
HAP1 cells21 were cultured in IMDM (Invitrogen) supplemented with 10% FCS 
(Clontech), 1% Penicillin-Streptomycin (Invitrogen) and 1% Ultraglutamin (Lonza).

Gene editing

CRISPRs targeting WAPL (5’-CACCGCGTTCCATAGTATCCTGTA-3’), SCC4 
(5’-CACCGT ACGGGCCTCGATGCGCTG-3’), SCC2inA (5’-ATCCCCGCAAGAGTAGTAAT-3’), 
SCC2 Δ2-10 CRISPR 1 (5’-CCTGAACTAAGTACTTTTAT-3’) SCC2 Δ2-10 CRISPR 
2 (5’-GTTTATTCTTGATAGGTTTA-3’) were cloned into px330 (Addgene plas-
mid #42230). ΔWAPL and ΔSCC4 HAP1 clones were generated by insertion of a 
Blasticidine or Puromycin cassette respectively, as previously described22. ΔWAPL/
ΔSCC4 cells were generated by knocking out SCC4 in ΔWAPL cells. The parental 
HAP1 cells harbor mutant p53 (Ser214Gly). As we previously showed that p53 deple-
tion allows proliferation of WAPL deficient cells23, we could efficiently generate 
ΔWAPL HAP1 clones. The SCC2 Δ2-10 truncation was generated using a repair oligo 
(5’-AGCTGGCACCTGAACTAAGTACTTTACCTATCAAGAATAAACCATCAAAG-3’). pBabe 
was co-transfected (1:10 ratio to CRISPRs) to select for transfected cells by puromy-
cin (2 ug/ml, Sigma-Aldrich) addition for two days.

Hi-C

Hi-C was performed essentially as previously described13. Briefly, for each template 
roughly 10 million cells were crosslinked using 2% formaldehyde. In nucleus restric-
tion was performed using MboI. Restriction overhangs were filled in with bioti-
nylated nucleotides followed by blunt-end ligation. A streptavidin pull-down was 
performed to enrich for ligated sequences. Pulled-down DNA was end-repaired and 
an A-overhang was added. Sequencing adapters were ligated to the DNA samples to 
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number of pairs valid Pairs
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Wild Type 2 562.279.253         
ΔWAPL clone 1 1 61.471.681              
ΔWAPL clone 1 2 531.631.725         

ΔSCC4 1 56.494.110
               

ΔSCC4 2 596.971.462
   

ΔWAPL/ΔSCC4 2

       
56.682.819ΔWAPL/ΔSCC4 1

588.191.477
         

ΔWAPL clone 2 1 230.591.556
ΔWAPL clone 2 2 209.430.577

43.171.663
390.330.207

43.855.875
326.523.520

38.940.797
403.452.810

40.657.687
394.489.594

147.314.803
133.265.169

valid pairs
36.194.818

328.883.442
38.876.453

290.609.255

29.245.413
323.505.831

34.703.530
329.012.520

121.608.442
111.506.109

percentage
83,84%
84,26%
88,65%
89,00%

75,10%
80,18%
85,36%
83,40%

82,55%
83,67%

sample

contacts in cis

Hi-C Statistics

Table 1: Hi-C Statistics on the number of read pairs, valid read pairs and percentage cis pairs.
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create sequencing libraries. Libraries were sequenced on a HiSeq 2500 (paired-end 
100bp) and on a HiSeq X (paired-end 150bp). We created two templates for wild-type 
and the three mutant cell lines to control for differences in template generation.

Raw sequence data was mapped and processed using HiC-Pro v2.7.724. Data was 
mapped to hg19. Statistics on the number of read pairs, valid read pairs and percent-
age cis are summarized in Table 1. Valid pairs files from HiC-Pro were transformed to 
juicebox-ready files using juicer-pre25. We used HICCUPS v0.913 to call loops at the 
following resolutions: 5kb, 10kb and 25kb. Raw loop calls were processed such that 
we merge flanking loops into a single loop.

TAD analysis

TADs were called using HiCseg26. We used 10kb matrices from HiC-Pro as input, 
giving us a 10kb resolution for the TADs. At this resolution HiCseg becomes compu-
tationally intensive for a full chromosome. We therefore selected 15Mb sub- matrices 
from the chromosome, which were used as input for HiCseg. We chose the Poisson 
distribution (‘‘P’’) and the extended block diagonal model as the settings for the 
TAD calling and a maximum number of change-points of 50. To be able to also call 
TADs overlapping the border of two submatrices, we used 5Mb overlaps for the sub-
matrices. For all subsequent TAD analyses we used the TADs that were identified in 
wild-type cells.

The directionality index (DI) was calculated as described27 on 10kb matrices using 
2Mb windows up and downstream to calculate the directionality. To measure TAD 
integrity, we aligned the DI for all four cell lines on the 5’ TAD border. We determined 
the intra- and inter-TAD contact frequency as follows: given two TADs A and B that 
span windows a’ to a” and b’ to b”, respectively and an n•n contact matrix C, where n 
is the number of windows in the genome. The intra-TAD scores for A are calculated 
as follows:

The inter-TAD scores between A and B are calculated as follows:

We calculate inter-TAD scores for all TADs with the 10 flanking TADs. Note that in 
this analysis TADs smaller than 200 kb are left out. The inter-TAD scores of neigh-
boring TADs are used to determine the link between differential expression and chro-
mosome organization.

∑ ∑
a” a”

i = a’ j = i

Ci,j

∑ ∑
a” b”

i = a’ j = b’

Ci,j

(1)

(2)
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4C

4C was performed essentially as previously described28. Similar to the Hi-C we created 
two templates for each cell line and used roughly 10 million cells to create a 4C 
template. We used DpnII as the first restriction enzyme and Csp6I as the second 
restriction enzyme. For every viewpoint we performed a two-step PCR reaction 
using viewpoint specific primers in the first round and universal index primers in 
de second round (Supp. Fig. 1). The forward (‘reading’) primers contained the entire 
P5 sequencing primer. The reverse primer contained a viewpoint specific sequence 
and 30nt of the P7 sequencing primer in the initial PCR round. Per viewpoint 5 
initial rounds of PCR of 20 cycles were performed on 100ng of 4C template. In a 
second round of PCR we combined 5 ul of the initial 5 PCR volumes and ran a PCR 
using the forward adapters from the initial round of PCR and bar- coded universal 
adapters. 4C libraries were sequenced on a HiSeq 2500 (single end 65).

Reads for every sample were demultiplexed and trimmed based on the reading 
primer adding GATC to the start of the sequence. Trimmed reads were mapped to the 
genome using bwa bwasw29. Reads that did not start at a DpnII restriction site were 
filtered out as they probably do not represent ligation events. Non-unique fragments 
and fragments created by the digestion of two DpnII sites (‘‘blind’’ fragments) were 
also filtered out.
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Supplementary Figure 1: Nested 4C PCR Strategy for the Addition of Illumina Indexes.
We have developed a nested PCR strategy for the generation of 4C libraries. The first round of PCR is an inverse PCR to 
amplify the fragments (red) ligated to the viewpoint (blue). The forward primer contains a viewpoint-specific sequence 
(which is used after sequencing to identify the viewpoint) and the Illumina P5 adaptor sequence. The reverse primer 
contains a viewpoint-specific sequence and a partial Illumina P7 adaptor. In the second round of PCR, the forward 
primer from the first round is reused and a universal reverse primer is used containing an Illumina index sequence. After 
amplification and clean-up this library is ready for sequencing.
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Peak calling was performed using peakC (https://github.com/deWitLab/peakC). 
The main assumption in our 4C analysis is that the contact frequency decreases 
monotonically with the distance. We use monotonic regression to model the 
background contact frequency. Because the background contact frequency can differ 
between the region upstream and downstream of the viewpoint we model these 
independently. In order to identify regions that are significantly contacted by the 
viewpoint we have developed a statistical framework that enables the integration of 
multiple 4C experiments. For every experiment the background model is calculated. 
Next we calculate both the ratio (R) and the difference (D) between the fragment end 
coverage and the expected background coverage for this fragment end. We use both 
the ratio and the difference between the actual value and the expected value to be 
able to include small values of R that yield large differences in D and vice versa to 
prevent small differences in D that can give rise to large differences in R.

For the combining of multiple experiments we make use of the rank-product30. 
Originally developed for the identification of differentially expressed genes, 
rank products are an intuitive, non-parametric way of combining independent 
experiments. A non-parametric analysis is appropriate since the distributions of R 
and D do not follow a normal distribution. We ranked both R and D (from high to 
low) and subsequently ranked the average of both ranks. This gives us a rank for every 
fragment in each experiment. To combine the experiments we calculate the product 
of the rank for every fragment. To approximate a p value we make use of the Gamma 
distribution31:

Although an exact calculation of the p value has been proposed32, for larger samples 
this is computationally prohibitive.

CTCF-associated loops
Based on the ChIP-Seq data of CTCF we can annotate the loops identified by 
HICCUPs. Loop anchors were intersected with a list CTCF peaks that were found 
in wild-type or ΔWAPL cells or both. CTCF peaks were intersected with CTCF motifs 
(MA0139.1 from JASPAR CORE 201433 using FIMO34 to annotate the orientation of 
the CTCF binding site. To quantify the CTCF directionality of chromatin loops, we 
only selected those loops that have a unique orientation.

Antibodies

Western Blots were performed using the following antibodies: WAPL (Santa Cruz, 
A-7), SCC4 (Abcam, ab46906), SCC2 N-terminal (Santa Cruz, C-9), SCC2 C-terminal 
(Absea, serum of KT55), HSP90 (Santa Cruz, H-114), CDK4 (Santa Cruz, C-22) and 

(3)P = 1−Γ−ln
r

(n+1)k
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Actin (Santa Cruz, I-19). All antibodies were used at 1:1000 dilution. Secondary 
antibodies Goat anti-Rabbit-PO, Goat anti-Mouse-PO, Rabbit anti-Goat-PO (DAKO) 
and Rabbit anti-Rat-PO (Santa Cruz, sc2006) were used at 1:2000 dilution. For 
immunofluorescence we used the SCC1 (Millipore, 05-908) antibody in a 1:100 
dilution. CTCF (Millipore, 07-72), SMC1A (Bethyl, A300-055a) and IgG Rabbit 
(Sigma, I5006) were used for chromatin immuno-precipitations.

Microscopy

For FRAP assays, cells were grown on a LabTekII-chambered cover glass (Thermo 
Scientific Nunc) coated with poly-L-Lysine (Sigma). Two days before imaging cells 
were transfected with SCC1-GFP35. Prior to imaging the medium was changed to 
pre-warmed Leibovitz L-15 medium (Invitrogen). Images of G1 cells were captured 
on a Leica SP5 confocal microscope with a 63x/1.4 oil immersion objective using 
the LAS-AF FRAP-Wizard. Half of the nucleus was photobleached 5 times with 100% 
transmission of a 488 nm laser, followed by time-lapse imaging (10 times every 1,2 s, 
followed by 180 times every 10 s). Measurements were taken in user-defined regions 
and adjusted by hand for nucleus movements. Bleaching by imaging was monitored 
by quantifying the mean GFP intensity of a non-bleached cell. Noise was reduced 
by performing a rolling average (averaging five frames at a time). Recovery was 
quantified by the difference in mean intensity in bleached and unbleached regions 
after background correction. Stills were taken of a merge of five frames. Brightness 
and contrast between movies was adjusted for visualization purposes.

For immunofluorescence, cells were grown on 9 mm coverslips coated with poly-L-
Lysine (Sigma) and pre-extracted using 0.1% Triton/PBS for exactly 1 min and subse-
quently fixed with 3.7% PFA/PBS for 7 min. Samples were blocked with 4% BSA/PBS 
for 1 hr at room temperature and incubated with the SCC1 antibody in 2% BSA/PBS 
overnight at 4C. After three PBS washes, samples were incubated 1hr with secondary 
antibody and 1 mg/ml 4’,6-diamidino-2-phenylindole (DAPI). Cells were mounted 
onto glass slides using Prolong antifade gold (Invitrogen). Imaging for chromatin-
bound cohesin quantifications was performed using a DeltaVision Elite system 
(Applied Precision) equipped with 63x/1.42 oil lens. Z stacks of the whole cell were 
deconvoluted using SoftWorx (Applied Precision) and quantification of the mean 
intensity of SCC1 in the DAPI region was performed using an in house written ImageJ 
macro. Immunofluorescence images were taken on a confocal laser-scanning micro-
scope (Leica), equipped with HCX Plan-Apochromat 63x/1.32 oil lens using LAS-AF 
Software. Brightness levels of SCC1 images were equally adjusted. Chromosome 
spreads were performed as described36. Spreads with 3 or more chromosomes that 
lost their centromeric constriction were quantified as harboring a railroad phenotype.

RNA-Seq

Total RNA from cultured cells was extracted using TRIzol reagent (Invitrogen). 
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Strand-specific libraries were generated using the TruSeq PolyA Stranded mRNA 
sample preparation kit (iIlumina). In brief, polyadenylated RNA was purified using 
oligo-dT beads. Following purification, the RNA was fragmented, random-primed 
and reserve transcribed using SuperScript II Reverse Transcriptase (Invitrogen). The 
generated cDNA was 3’ end-adenylated and ligated to Illumina Paired-end sequencing 
adapters and amplified by PCR using HiSeq SR Cluster Kit v4 cBot (Illumina). 
Libraries were analyzed on a 2100 Bioanalyzer (Agilent) and subsequently sequenced 
on a HiSeq2000 (Illumina). We performed RNaseq alignment using TopHat 2.1.137. 
Differentially expressed genes were called with DEseq238, with an adjusted p value 
threshold of 0.05.

Variant calling

SomaticSniper v1.0.5 was used to call ΔWAPL-specific mutations using the raw 
Hi-C reads of wild-type and ΔWAPL39. To validate these variant calls, we used GATK 
Mutect240 and variants were annotated with the Ensembl Variant Effect Predictor. 
Using these annotations, we found no exonic moderate- or high-impact mutations. To 
further validate these findings, we used the RNA-seq data for finding ΔWAPL-specific 
mutations. Variants of wild-type, ΔWAPL, ΔSCC4, and ΔWAPL/ΔSCC4 were called 
using the best practices of GATK41. In brief, mapping was performed with STAR42 and 
variant calling was performed with HaplotypeCaller40. We found no ΔWAPL-specific 
mutations.

ChIP-Seq

Chromatin immunoprecipitations were performed as described43 with slight 
modifications. Cell lines were grown until 70% confluency and 5•107 cells were used 
per ChIP. Cells were fixed in 1% formaldehyde; 50mM HEPES-KOH; 100mM NaCl; 
1 mM EDTA; 0,5 mM EGTA. Cell lysis was performed in LB1 buffer with final pH 
7,5 (50 mM HEPES-KOH; 140mM NaCl; 1mM EDTA, 10% Glycerol, 0.5% NP-40; 
0,25% Triton X-100; Proteinase inhibitor) for 20 min at 4C. Subsequently, nuclei were 
lysed using LB2, pH 8,0 (10mM Tris-HCl; 200 mM NaCl; 1mM EDTA; 0,5mM EGTA; 
Proteinase inhibitor) for 10 min at 4C. Pellets were resuspended in LB3 pH8,0 (10mM 
Tris-HCl; 100mM NaCl; 1 mM EDTA; 0,5 mM EGTA; 0.1% Na-Deoxycholate; 0.5% 
N-lauroylsarcosine; Proteinase inhibitor). Cross-linked chromatin was sheared (400-
800 bp) using a Covaris S2 with Tube and Caps (Covaris, 520048), using the following 
settings: duty cycle: 10%, intensity: 4, cycles per burst: 200 time 40s with 20 cycles. 
Chromatin precipitation was performed overnight using antibody-bound (CTCF 5 ml, 
SMC1 10 ml, Igg 10 mL per IP) proteinA coupled DynaBeads (Invitrogen). Elution 
and decrosslinking was performed overnight at 65C in EB pH 8,0 (50mM Tris-HCl; 
10mM EDTA; 1% SDS). Samples were treated with Proteinase K and RNaseA for 
2 hr. DNA was isolated using phenol extraction and ethanol precipitation. Library 
preparation was done using a KAPA Library preparation kit using the manufacturer’s 
protocol. Products were sequenced using an Illumina HiSeq 2500 (single end 65bp).
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Reads were mapped to hg19 using Bowtie2.1.044 with default settings. Regular peak 
calling was performed using MACS2 (v2.1.1)45 using IgG as control. Venn diagrams 
were generated using the R package vennEuler. Heatmaps were generated for the 
union of SMC1 peaks in the wild-type and ΔWAPL cell line using seqMiner46. 
Heatmaps were clustered with k-means clustering.

Synthetic viability screens

Genes required for viability of three independent ΔWAPL cell lines were profiled 
as previously described in detail22. In short, gene trap retrovirus was produced in 
HEK293T cells by transfection of the packaging plasmids Gag-pol, VSVg, and 
pAdvantage in addition to the previously described gene trap plasmid47. Retrovirus was 
harvested twice a day for a period of at least three days and pelleted by centrifugation 
at 22.000 rpm for 2 hr at 4C in a SW28 rotor. One day prior to infection, ΔWAPL 
cells were seeded with 40 million cells in a single T175 flask. Infection occurred over 
the consecutive days using the pelleted gene trap retrovirus in the presence of 8 ug/
ml protamine sulfate. The mutagenized ΔWAPL cells were passaged for 10-12 days 
following the last infection with the mutagen, collected following dissociation using 
trypsin-EDTA by pelleting, and fixed using fix buffer I (BD biosciences). In order to 
minimize confounding from diploid cells carrying heterozygous mutations, the fixed 
cells were stained using DAPI for DNA content and sorted for haploid cells in the 
G1 phase of the cell cycle on an Astrios Moflo. Genomic DNA was isolated from 30 
million sorted cells using a DNA mini kit (QIAGEN) with the lysis step occurring 
overnight at 56C for de-crosslinking.

The gene trap insertion sites were amplified using a LAM-PCR procedure as described22. 
Using a biotinylated primer in the gene trap cassette, single-stranded DNA (ssDNA) 
products were generated for 120 cycles, captured on magnetic beads, a pre-adenylated 
ssDNA linker ligated to the 3’ end, and a final round of exponential amplification 
using a primer containing Illumina sequencing compatible overhangs at the end of 
the LTR and in the ssDNA linker. Following PCR purification (QIAGEN) samples were 
sequenced on a HiSeq 2000 or HiSeq 2500 (Illumina). Insertion sites were mapped 
by aligning the deep sequencing reads to the human genome (hg19) using bowtie44 
allowing for a single mismatch. Reads from the HiSeq 2500 (65bp) were cropped 
to 50 bp similar to the output for the HiSeq 2000 runs. Unique aligned reads were 
subsequently assigned to Refseq gene coordinates using Bedtools48. Overlapping gene 
regions on opposite strands were disregarded (since orientation bias in that region is 
not readily interpretable), while of genes with overlapping regions on the same strand 
the names were concatenated. For each replicate a binomial test for the distribution of 
sense and antisense orientation insertions was performed. Genes of interest reported 
here were examined for the percentage of sense orientation insertions in both the 
three ΔWAPL cell lines generated for this manuscript and four previously reported 
wild-type HAP1 datasets22 (NCBI SRA accession number SRP058962).
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Proliferation assays

For 3T3-like proliferation curves, 150.000 cells were seeded in 6 well plates and 
counted and reseeded at the same density every 3 days. For Colony Formation assays 
cells were seeded at 30,000 cells per well on a 48- well plate, transfected with siRNAs 
targeting SCC4 (10 mM ON-TARGETplus Smartpool) or mock control, and grown 
for 5 days. Plates were washed with PBS, fixed for 10 min using 96% methanol and 
stained with 0,25% crystal violet.

Compartment scoring

To segregate A and B compartments we performed eigenvalue decomposition of 
the Hi-C correlation matrix49. We used the Homer package (v4.8) to perform PCA 
analysis. The resolution was set to 100kb and the window size to 200kb. In order to 
identify genomic regions that robustly switch from A to B or vice versa we calculated 
the following threshold: we determined the range of the 15-85 percentile in the wild-
type dataset and divided this by 2. We selected those regions as switchers where the 
absolute difference between the eigenvectors exceeded this threshold and where the 
eigenvector switched from positive to negative or from negative to positive between 
the two conditions.

DamID

DamID was performed as described50, with the following modifications. In brief, 
300.000 cells were plated per 6 well and transduced with virus encoding either DAM 
only or Lamin-DAM. Before harvesting cells were washed 4x with PBS. Genomic DNA 
isolation was performed using the Isolate II Genomic DNA isolation kit using the 
manufacturer’s protocol. Subsequently DNA was digested for 4 hr at 37C by DpnI. 
Adapters were ligated overnight at 16C and products were amplified using by PCR. 
DNA was isolated using a QIAquick PCR Purification kit and sheared using the 
Covaris S2 instrument using the following settings: duty cycle: 10%, intensity: 5, cycles 
per burst: 200, time: 45 s to create pieces between 300-800 bp. Library preparation 
was done using a KAPA HTP Library preparation kit according to the manufacturer’s 
instructions. Libraries were quantified on an Agilent Bioanalyzer and sequenced 
using an Illumina HiSeq2000 machine.

DamID profile analyses were performed as described previously51. Briefly, reads from 
Lamin-Dam and Dam- only were processed by removing the adaptor sequences: 
GGTCGCGGCCGAG or CTAATACGACTCACTATAGGGCAGCGTGGTCGCGGCCGAG using 
cutadapt52. Then, the reads were mapped against the human reference genome hg19 
using bowtie244 with default parameters (except for–local and –k 3). We discarded 
reads that mapped to multiple locations. Then, we calculated the coverage of reads 
per GATC fragment using the program htseq-count53. GATC fragments were obtained 
by digesting in silico the reference genome at every GATC motif with in-house scripts. 
We excluded unmappable regions (defined by wgEncodeCrgMapabilityAlign36-mer) 
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bigger than 5 kb from the GATC fragments. To reduce noise, we concatenated GATC 
fragments in 50 kb windows, with each 50 kb-extended GATC fragment starting and 
finishing in a GATC motif. The DamID profiles were calculated as the log2 ratio of 
the coverage of reads in the 50 kb-extended GATC fragments between Lamin-Dam 
and Dam-only. To define LADs, we concatenated adjacent 50 kb-extended GATC 
fragments enriched in reads in the Lamin-Dam over the Dam-only. We allowed the 
extension of LADs over GATC fragments not enriched in Lamin-Dam reads if their 
total amount of base pairs was smaller than the 20% of the length of the LAD.

Aggregate peak analysis

To appreciate the genome-wide effects of deleting one or more factors on the 3D 
genome confirmation we performed aggregate peak analysis13,54. In this analysis we 
calculate the average contact frequency over a given set of 2D genomic coordinates, 
such as loops or TAD corners. For a given 2D genomic coordinate we select a square 
region flanking the coordinate 100 kb upstream and 100 kb downstream. As a result 
we get a 210 kb by 210kb, or 21•21 submatrix considering we use a 10kb resolution. 
We average all the submatrices, which results in an average contact profile over a given 
set of 2D coordinates (e.g., loops).

In our analyses we make a distinction between primary loops and extended loops. 
Primary loops are the loops that are called in the wild-type dataset (see above) and 
are formed between a 5’ loop anchor and a 3’ loop anchor. Extended loops were 
generated by combining a 5’ anchor of loop A with a 3’ anchor of loop B, when the 3’ 
anchor of loop B lies beyond the 3’ anchor of loop A and only when the 5’ anchor of 
loop B is not within 30 kb of the 5’ anchor of loop A (i.e., they do not have the same 
5’ anchor).

For TADs we do an aggregate TAD analysis. Which is similar to APA, but rather than 
selecting a 2D coordinate, we select entire TADs. In addition to the TAD we extend 
the position of the 5’ and 3’ TAD borders by 50% of the size of the TAD. Because 
TADs vary in size we resize the submatrices to 100x100. We subsequently average 
over all the submatrices.

Data and software availability 

Software used for Peak Calling in 4C can be found at: https://github.com/deWitLab/
peakC

The accession number for the data for Hi-C, 4C, DamID, RNA sequencing, ChIP 
sequencing and Haploid Genetic Screens reported in this chapter is NCBI GEO: 
GSE95015.
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Results

WAPL restricts chromatin loop extension

To test whether cohesin-mediated DNA looping requires cohesin’s turnover on 
chromatin, we generated WAPL knockout HAP1 cells using CRISPR technology. As 
expected, WAPL deficiency severely impaired cohesin’s turnover on chromatin, led to 
a marked increase of cohesin’s association at DNA, and yielded cells that displayed 
the vermicelli thread-like cohesin staining pattern (Supp. Fig. 1). It is important to 
note for our further analyses that HAP1 cells proliferated normally in the absence of 
WAPL, likely due to the fact that these cells have impaired p53 function23.

To study the role of WAPL in chromosome organization, we generated high-
resolution Hi-C profiles13 in control and ΔWAPL HAP1 cells. This method allows 
the visualization of chromatin interactions across the genome. In control cells, we 
observed looped-together CTCF sites that are visualized as relatively isolated dots 
off the Hi-C diagonal and TADs (domains that are enriched for cis interactions 
throughout) flanked by CTCF sites (Fig. 1a, left).

Intriguingly, WAPL deficiency led to the extension of chromatin loops and strongly 
increased interaction frequencies between nearby TADs (Fig. 1a–c and Supp. Fig. 2a). 
When we performed systematic loop calling on the full-genome contact maps13, we 
found that the median loops length increased by more than 200 kb in the ΔWAPL cells 
compared to the wild-type (575 kb versus 370 kb). These results show that cohesin 
turnover is not required for the formation of TADs and loops, but rather restricts the 
length of loops and intra-TAD interactions. The size of chromatin loops apparently 
can be increased, and the duration with which cohesin embraces DNA determines 
the degree to which loops are enlarged.

The formation of loops and TADs has been suggested to be linked to gene expression13,55, 
although the causal relationship between them has remained unresolved. We analyzed 
gene expression in control and ΔWAPL cells and found that 1,009 genes were 
differentially expressed. One possibility is that local gene expression influences loop 
extension. However, when we looked at regions that harbor no differentially expressed 
genes we found that also in these regions loop length is increased (Supp. Fig. 2a,b), 
showing that gene expression differences are not a global explanation for the increase 
in loop length. Similarly, we observed a global increase in the interaction frequency 
between most neighboring TADs in ΔWAPL cells. However, those TADs that contained 
differentially expressed genes showed significantly stronger interactions (Fig. 1d), 
suggesting that the aberrant interaction between TADs can affect the expression of 
genes within these domains.

WAPL-deficient cells accumulate contacts at TAD corners

The defining feature of TADs is that they have more intra-domain interactions 
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Figure 1: WAPL restricts chromatin loop extension
a) Hi-C contact matrices for a zoomed in region on chromosome 7. Contact matrices are normalized to 100 million 
contacts, shown resolution is 20 kb. Above and to the left of the contact matrices the union of CTCF sites identified in 
wild-type and ΔWAPL are shown. Red and blue triangles denote forward and reverse CTCF sites, respectively. b) Density 
plot showing the length distribution of the loops called by HICCUPS13in wild-type and ΔWAPL cells. c) Contact frequency 
analysis of a given TAD and its ten flanking TADs. The log2-ratio of the contact frequency between two TADs in ΔWAPL 
over wild-type is plotted. d) Quantification of the difference in contact frequency of directly neighboring TADs (n+1) 
between wild-type and ΔWAPL. TADs are stratified into those that contain downregulated promoters or upregulated 
promoters, or TADs containing promoters that show no significant (N.S.) difference in expression. Wilcoxon rank-sum test 
shows a significant increase in contact frequency between TADs that contain an upregulated or downregulated promoter 
and TADs that do not contain a significantly affected promoter (pupregulated = 8.403•10e23, pdownregulated = 3.903•10e44).

than with the surrounding sequence, as such they are visible as squares in the Hi-C 
contact matrix. One interesting possibility is that TADs reflect a polyclonal collection 
of loops in the making between two CTCF sites, and the frequent disassembly of 
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loops followed by their reforming ensures that TADs remain dynamic20. If loops were 
formed through the processive enlargement of small loops, and if TADs are indeed 
the product of different degrees of incomplete loops between two CTCF sites, then 
the stochastic removal of cohesin from DNA by WAPL would be one way to achieve 
dynamic TAD-like chromosomal structures. In that case, WAPL deficiency should 
affect the distribution of contacts within a TAD and should primarily yield loops 
spanning the maximal distance within a TAD.

To test this hypothesis, we analyzed the fate of these structures in ΔWAPL cells. 
Importantly, we often found TADs that developed pronounced corner-peaks, i.e., 
peaks at the intersection of the 5’ and 3’ boundary of a TAD, in ΔWAPL cells (Fig. 
2a). When we calculated the average contact profile of the TADs that we identified in 
wild-type cells, we observed that this was a global effect (Fig. 2b and Supp. Fig. 2c). The 
increase in signal at the corners of TADs was accompanied by a decrease in the intra-
TAD contact frequency. Together, our results support the model that chromatin loops 
are formed through the processive enlargement of smaller loops, and indeed, TADs 
reflect polyclonal populations of loops in the making between two given CTCF sites. 
We suggest that WAPL-mediated cohesin release allows TADs to remain dynamic.
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Figure 2 (continued) 500 kb–1 Mb. Blue indicates a higher signal in the wild-type, red indicates a higher signal in ΔWAPL 
cells. c) Examples of illegally oriented chromosomal loops. Contact matrices similar to Fig. 1a. d) Quantification of the 
unique orientation of CTCF sites that could be associated with Hi-C loops called by HICCUPs. e) 4C-seq analysis for a 
CTCF site in the NCAM2 locus. Viewpoint is indicated above graph. Red bars highlight regions identified significantly 
above background (peaks). Green arrow depicts a specific interaction in ΔWAPL cells. 

WAPL enforces the specificity of chromosomal loops

To characterize the stabilization of cohesin on DNA following the knocking out 
of WAPL, we performed chromatin immunoprecipitation followed by sequencing 
(ChIP-seq) for CTCF and the cohesin subunit SMC1 in wild-type and ΔWAPL HAP1 
cells. Our results show a strong increase in the number of SMC1 peaks following 
stabilization (from 18,462 to 45,479). In the ΔWAPL cells, we find two main classes 
of cohesin binding sites in: (1) peaks overlapping with CTCF sites, and (2) non-CTCF-
associated cohesin sites that localize mostly around transcriptional start sites (TSSs) 
(Supp. Fig. 3d). We see a clear increase in the binding signal for both classes of peaks.

Based on the CTCF ChIP data, we assigned an orientation to the loop anchors and 
found that wild-type HAP1 cells almost exclusively looped together convergent CTCF 
sites (Fig. 2c–e). However, when we characterized the chromatin loops in ΔWAPL 
cells, we found many examples of loops that violated the CTCF orientation rule 
(Fig. 2c). We then systematically quantified the orientation of all loops that could be 
unambiguously assigned to two CTCF sites in control and ΔWAPL cells. Strikingly, 
we found an increase in tandem CTCF orientations in ΔWAPL cells compared to the 
wild-type (Fig. 2d and Supp. Fig. 2d). We confirmed these findings using 3C combined 
with sequencing (4C-seq) as an independent assay. This method enables the high-
resolution identification of interactions with a specific genomic region or viewpoint. 
For example, at the NCAM2 locus, which is strongly upregulated in ΔWAPL cells, 
we found that WAPL-deficient cells exhibited a loop connecting CTCF sites in the 
tandem orientation (Fig. 2e and Supp. Fig. 1). Therefore, WAPL not only limits the 
extension of DNA loops per se but also counteracts the formation or maintenance of 
certain DNA loops.

WAPL deficiency compensates for impaired SCC2/SCC4 function

In order to identify key factors that rather promote DNA looping, we designed a genetic 
screen. We reasoned that looping factors are important for cellular viability and, in 
the absence of WAPL, factors that promote looping may become less important. Our 
rationale was that due to cohesin’s strongly increased residence time on DNA, WAPL-
deficient cells have more time to form their loops. Any defect in loop formation may 
thereby be compensated for by WAPL deficiency. We therefore performed a synthetic 
viability screen22, comparing control HAP1 cells to ΔWAPL HAP1 cells. This screening 
system entails the polyclonal infection of both cell lines with gene-trap viruses. As these 
cells are haploid, a single insertion in essence creates a knockout of the affected gene. 
If a gene is important for viability,cells harboring disruptive intronic insertions in the 
sense orientation of this gene will be depleted from the population over time (Fig. 3a).
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To our surprise, we found that ΔWAPL cells tolerated gene-trap insertions in the genes 
encoding both subunits of the SCC2/SCC4 cohesin loader complex (Fig. 3b), while 
in wild-type cells, SCC2 and SCC4 displayed strong essentiality for fitness. When 
we generated SCC4 knockout cells by CRISPR technology, these turned out to be 
viable but impaired in growth. Notably, ΔSCC4 cells displayed severely reduced SCC2 
levels(Fig. 3c), presumably due to reduced SCC2 stability in the absence of its binding 
partner56,57. We validated that in a WAPL-deficient background,loss of SCC4 had no 
effect on proliferation (Fig. 3d,e).

SCC4-independent cohesin loading

To measure the effect of SCC4 deficiency on the abundance and dynamics of cohesin 
on DNA, we performed both cytological and molecular analyses. Using immunoflu-
orescence microscopy, we found a reduced amount of chromatin-associated cohesin 
(Fig. 3f ), and ChIP-seq analysis showed a more than 3-fold reduction in the amount of 
detected cohesin binding sites (from 18,462 peaks in wild-type to 5,974 in ΔSCC4)(Fig. 
3g). Finally, fluorescence recovery after photobleaching (FRAP) experiments showed 
that, although the amount of cohesin on DNA was reduced, its stability on chromatin 
was similar to wild-type cells (Fig. 3i and Supp. Fig. 5b). However, the reduced amount 
of cohesin on chromatin did not lead to an evident sister chromatid cohesion defect 
(Fig. 3j). This latter finding is in correspondence with the earlier report that budding 
yeast requires only very little DNA-bound cohesin for sister chromatid cohesion58.

The co-depletion of WAPL restored the amount of cohesin on DNA to wild-type levels 
(Fig. 3f ). However, ΔWAPL/ΔSCC4 cells displayed very stably DNA-bound cohesin that 
was similar to ΔSCC4 cells (Fig. 3i). This was also reflected in the amount of peaks 
identified by ChIP-seq analysis, which showed an increase of more than 12,000 peaks 
compared to wild-type. This higher number of cohesin-bound sites may be a readout 
of cohesin’s sliding along chromatin, which presumably requires stable DNA binding. 
Our finding that SCC4 is not strictly required for cohesin loading in vivo is surprising, 
as Scc4 is essential for loading and viability in budding yeast. It implies that human 
SCC4 aids cohesin in the loading reaction, but cohesin can, to some degree, load 
onto DNA without SCC4. This notion is in line with the recent finding that in vitro, 
cohesin can entrap DNA without its loader, albeit inefficiently59,60.

The C-terminal part of SCC2 drives the formation of vermicelli chromosomes

We then studied cohesin staining patterns and found that whereas ΔWAPL cells clearly 
displayed the vermicelli cohesin-staining phenotype, these thread-like structures were 
absent in ΔWAPL/ΔSCC4 cells (Fig. 4a). Apparently, SCC4 is required for the formation 
of vermicelli. To investigate how SCC4 contributes to this intriguing phenotype, we 
wished to test the effect of deleting SCC4’s binding partner SCC2. Remarkably, we 
were unable to knock out SCC2, even in ΔWAPL background. How then could we 
identify SCC2 with our gene-trap screen for factors that are no longer required in 
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the absence of WAPL? We therefore more closely investigated the insertion sites of the 
gene-trap viruses. We found that ΔWAPL cells tolerated disruptive insertions only in the 
first ten exons of SCC2 (Fig. 4b). This would indicate that the region containing exons 
11–47 remains essential even in ΔWAPL cells.

To mimic a gene-trap insertion early in SCC2, we disrupted the SCC2 reading frame 
after its ATG by CRISPR-mediated mutagenesis (Fig. 4c). This led to loss of expression 
of full length SCC2 and yielded a shorter SCC2 product that lacked the SCC4 binding 
domain61. This truncation was considerably less abundant than full length SCC2 
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was in the parental cells, and it also led to a decrease in SCC4 levels (Fig. 4d). This 
presumably indicates that both SCC2 and SCC4 are less stable when they cannot form 
a heterodimer. Notably, the SCC2 mutation led to the same phenotype as the SCC4 
deletion, namely a reduction of SCC1 binding to chromatin, both in wild-type and 
in ΔWAPL background, to a loss of the vermicelli cohesin staining pattern of ΔWAPL 
cells, and these cells did not display a sister chromatid cohesion defect (Fig. 4e–g).

We then deleted the coding sequence up to exon 11 (Fig. 4c). This yielded a truncated 
SCC2 protein that lacked a large N-terminal region including its SCC4-binding 
domain and again led to reduced SCC4 levels (Fig. 4d). Importantly, this truncated 
SCC2 product was highly abundant, which would indicate that the deleted N-terminal 
region harbors a sequence that, when unbound to SCC4, destabilizes SCC2. This 
abundant truncation mutant was useful, as it allowed us to uncouple reduced 
SCC4 levels from SCC2 levels. We found that these SCC2-truncated cells, despite 
their reduced SCC4 levels, harbored normal SCC1 levels on chromatin, displayed 
robust sister chromatid cohesion, and importantly, also displayed vermicelli cohesin 
stainings in ΔWAPL background (Fig. 4e–g).

This result indicates that the formation of vermicelli chromosomes requires the 
function of the C-terminal part of SCC2. It also indicates that the effect of SCC4 
deletion on cohesin loading is not due to an inherent function of SCC4, but rather 
is a consequence of the severely reduced levels of SCC2 in ΔSCC4 cells. The key role 
of the SCC2/SCC4 complex in cohesin loading and in the formation of vermicelli 
chromosomes apparently is mediated by the C-terminal part of SCC2. Notably, this is 
the most conserved part of SCC2. As SCC4 deletion results in loss of SCC4 and near-
complete loss of SCC2 levels, we used SCC4-deficient cells to further study the role of 
the SCC2/SCC4 complex in chromosome organization.

The SCC2/SCC4 complex promotes loop extension

To investigate the role of the SCC2/SCC4 complex in DNA looping, we performed 
high-resolution Hi-C in ΔSCC4 and ΔWAPL/ΔSCC4 cells. We found that SCC4 loss 
led to shorter loops in a wild-type background and also reduced loop length in 
ΔWAPL cells (Fig. 5a). Whereas WAPL restricts the extension of loops, the SCC2/SCC4 
complex apparently promotes loop extension. We quantified this by performing a 
systematic analysis of loops. To this end, we performed aggregate peak analysis (APA) 
on primary loops (i.e., loops found in wild-type cells) and extended loops, which are 
predicted loops of increased length based on the wild-type loop anchors (Fig. 5b). 
The APA confirmed our observation that extended loops are formed more frequently 
in ΔWAPL cells and showed that extended loops are mostly formed between existing 
loop anchors, rather than being formed between de novo anchors. In addition, we 
found that SCC4 deficiency caused a reduction in contact frequency between loop 
anchors identified in wild-type cells. SCC4 loss in ΔWAPL cells also led to a reduction 
in extended loops, resulting in an overall loop length that strongly resembled those 
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Figure 6

Wild Type ΔWAPL ΔSCC4 ΔWAPL/ΔSCC4A

B

10-8

10 -6

100kb 1Mb 10Mb 100Mb

Wild Type
ΔWAPL
ΔSCC4
ΔWAPL/
ΔSCC4

far-cis

R
el

at
iv

e 
co

nt
ac

t p
ro

ba
bi

lit
y

C
om

pa
rtm

en
t s

co
re Wild Type

ΔWAPL

ΔSCC4

ΔWAPL/
ΔSCC4

−40

40

−40

40

−40

40

−40

40

0 10 20 30 40 50 60 70 80 90 100 110 120 130 135.4

C

D E
A to A B to B

-2.5

0.0

2.5

WT ∆WAPL WT ∆WAPL WT ∆WAPL WT ∆WAPL

La
m

in
 D

am
ID

 s
ig

na
l

A to B B to A

100kb 1Mb 10Mb
0

0.6

1.2
# LADs: 1828
∆WAPL

median LAD: 303kb
total coverage: 1.2Gb

# LADs: 1333
Wild Type

median LAD: 506kb
total coverage: 1.3Gb

D
en

si
ty

Chromosomal position (Mb)

Distance

LAD length

0

10

found in wild-type cells (Fig. 5c). Together, these findings indicate that the SCC2/
SCC4 complex contributes to the extension of DNA loops.

Our Hi-C data also revealed that TADs in ΔSCC4 cells displayed more diffuse 
boundaries (Fig. 5d, left). We then calculated the directionality index (DI), which is a 
measure for TAD partitioning, and found that ΔSSC4 cells indeed displayed severely 
decreased DI scores (Fig. 5d, right). To quantify this on a genome-wide level, we aligned 
the DI for all TAD boundaries, which revealed that the more diffuse boundaries in 
ΔSCC4 cells were a global effect, and this defect was rescued in ΔWAPL/ΔSCC4 cells 
(Fig. 5e,f and Supp. Fig. 6d).

Figure 6: Vermicelli chromosomes harbor reduced far-cis contacts
a) Whole-chromosome contact matrices for chromosome 10. Matrices are normalized to 100 million contacts, resolution 
shown is 150 kb. b) Relative contact probability plot shows the likelihood of a contact at increasing length scales. c) Com-
partment scores show the segregation of chromosome 10 into A and B compartments. Regions that switch from A to B 
or from B to A are highlighted below the graph. d) Density plots showing length distribution of LADs. For more detailed 
information, see Supp. Fig. 4a. e) Quantification of LaminB1 DamID signal (as a proxy for association of DNA to the 
nuclear periphery) for regions that switch compartment and regions that do not switch compartment.
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Considering that the SCC2/SCC4 complex contributes to the extension of chromatin 
loops, and it is also required for the formation of defined TAD boundaries, these two 
phenotypes are presumably functionally linked. If a TAD de facto is a collection of 
loops in the making between two CTCF sites, then we envisage that in ΔSSC4 cells, 
these loops only rarely extend far enough to reach one or both CTCF sites. Together, 
our data again support the model that cohesin structures chromosomes through the 
processive enlargement of loops, and indeed, TADs are collections of loops in the 
making between two given CTCF sites.

Vermicelli chromosomes harbor reduced far-cis contacts

Next, we studied the macro-scale consequences on chromosome architecture on 
inactivation of WAPL, SCC4, or both. When we compared the whole-chromosome 
contact maps for wild-type and ΔWAPL cells, we saw a striking decrease in the number 
of far-cis (>10 Mb) contacts in the ΔWAPL cells. (Fig. 6a). This is confirmed by calculating 
the contact probability over a given distance49, which is a robust statistic for the 
macromolecular organization of chromosomes (Fig. 6b and Supp. Fig. 2f ). Conversely, 
ΔSCC4 cells displayed an increase in far-cis contacts compared to wild-type cells (Fig. 
6a,b). As SCC4-deficient cells have less cohesin on chromatin, this result, together 
with the inverse phenotype of ΔWAPL cells, would suggest that cohesin restricts the 
flexibility of chromosomes. Remarkably, contact maps of ΔWAPL/ΔSCC4 cells were very 
similar to those of wild-type cells (Fig. 6a,b), indicating the SCC2/SCC4 complex and 
WAPL balance out each other’s functions regarding macro-scale organization. Cohesin 
limits nuclear compartmentalization

Regular interphase chromosomes segregate active and inactive genomic regions into 
A and B compartments, respectively49. These compartments are evident from the 
plaid-pattern of far-cis contacts on whole-chromosome Hi-C maps. Although they 
are less clearly defined in ΔWAPL cells, we can to some degree identify A and B 
nuclear compartments. These generally overlap with those found in wild-type, but the 
distribution of the scores is not as strongly bimodal as in the wild-type. This indicates 
that the segregation between A and B compartments is less strict in ΔWAPL cells (Fig. 
6c and Supp. Fig. 4b).

To further investigate nuclear compartmentalization, we determined the association 
of chromatin with the nuclear lamina by performing DamID of Lamin B132. Lamina 
association correlates strongly with the B compartment, and similar to the A/B 
compartmentalization, we observed a decrease in the strong separation of lamina-
associated and non-lamina-associated regions in ΔWAPL cells (Supp. Fig. 4c,d). As a 
result, large lamina-associated domains (LADs) are fragmented into smaller LADs 
(Fig. 6d and Supp. Fig. 4h).

When we quantified the regions that switched from A to B or vice versa, we found 
that more regions switched from B to A (46.0 Mb B to A versus 22.8 Mb A to B), and 
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the compartment-switches were strongly linked to a concomitant change in the asso-
ciation with the nuclear periphery (Fig. 6e). Notably, the preferential B to A switch 
suggests that the active compartment is dominant over the inactive compartment. 
Interestingly, we found that a B to A switch often coincided with an increase in gene 
expression, whereas gene expression was not evidently affected for regions switching 
from A to B (Supp. Fig. 4e). We propose that nuclear compartmentalization requires 
a certain degree of flexibility of chromosomes, and WAPL is required to limit the 
amount of cohesin on chromatin to provide this flexibility.

Discussion

Processive loop enlargement

Here, we provide key insight into the mechanism by which cohesin structures 
chromosomes. We find that the size of chromatin loops is under control of cohesin, 
and the dynamics of cohesin’s DNA entrapment state determines the length of 
these loops. Our findings indicate that the formation of chromatin loops involves 
a processive mechanism, and the duration with which cohesin embraces DNA 
determines the degree to which loops are enlarged.

How then exactly does stable DNA binding by cohesin allow processive loop 
enlargement? How distal CTCF sites find each other in the nucleus is a major question. 
Diffusion is an unlikely scenario considering that CTCF sites almost exclusively loo 
together in a convergent orientation. If CTCF sites were to find each other by random 
diffusion, there would be no way to tell the orientation of the site, as the sites are 
often hundreds of kilo-bases apart and the chromatin fiber is very flexible. One would 
therefore assume that there must be a linear scanning mechanism that, by tracing the 
DNA, can communicate the orientation of the contacting CTCF sites.

One linear scanning model is the so-called “facilitated tracking model” in which RNA 
polymerase brings enhancers to promoters by transcribing all the way from enhancers 
to promoters62. As RNA polymerase would then maintain contact with the enhancer, 
this would result in the formation of a loop. In this model, cohesin could, for example, 
act as a clamp that holds together the loop after it has been formed. According to 
this scenario, stabilizing cohesin on chromatin should result in a relative increase of 
all loops that are also found in wild-type cells. However, in our ΔWAPL cells, we do 
not observe an increase in these ‘‘primary’’ loops, but specifically in ‘‘extended’’ loops.

An alternative model would be that cohesin entraps a small loop in its lumen, and 
cohesin’s sliding down the base of this loop leads to loop enlargement. An important 
prediction of this “loop extrusion model” is that the stabilization of cohesin on DNA 
leads to longer loops. In this model, the looped DNA does, in fact, pass through 
cohesin during loop formation. Indeed, cohesin can slide along chromatin in vitro, 
and this requires the topological entrapment of DNA inside cohesin’s lumen60,63,64. 
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Recent work in B. subtilis indicates that the SMC complex found in this species 
slides along DNA, and this movement coincides with the tethering together of DNA 
elements at the sites that it passes65. Based on these different aspects, we favor the 
model that cohesin entraps a small loop in its lumen that is processively enlarged by 
cohesin’s sliding down the base of the loop (Fig. 7a).

To the boundary and beyond

The fact that in ΔWAPL cells loops can extend beyond CTCF sites indicates that CTCF 
boundaries are not absolute. In essence, there are two possible explanations for this 
phenotype. First, WAPL may affect the inherent boundary activity of CTCF sites. Earlier 
work has shown that the mutation or methylation of CTCF motifs can prevent CTCF 
binding, and this concomitantly abrogates the insulator function of these sites66,67. In 
ΔWAPL cells, however, CTCF’s binding to DNA is not evidently affected. This makes it 
unlikely that WAPL deficiency affects the boundaries themselves. Therefore, we favor 
the model that the boundary is not affected by WAPL deficiency, but rather that the 
number of attempts at passage by cohesin is larger in the absence of WAPL.

Figure 7

∆WAPLWild Type
B

A

WAPL

Ti
m

e

Pausing

Figure 7: A model depicting the role of WAPL in chromosome organization
a) WAPL restricts the extension of chromatin loops. We propose that CTCF sites are pausing sites for cohesin during the 
loop enlargement process. Cohesin complexes are depicted as green rings. Red and blue triangles denote forward and 
reverse CTCF sites, respectively. b) Our data support the model that TADs in essence reflect populations of loops in the 
making between two given CTCF sites. WAPL through the constant disassembly of loops then allows TADs to be dynamic.
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How CTCF acts as a boundary is unknown. It could, for example, be through physical 
obstruction of cohesin but also by creating a high-affinity site for cohesin. In both of 
these cases, an increase in the likelihood of passage could be explained by a longer 
residence time of cohesin on DNA in WAPL-deficient cells. If cohesin’s residence time 
on DNA then becomes considerably longer than that of CTCF, one would expect that 
cohesin pauses at CTCF sites until CTCF dissociates from DNA, after which cohesin 
can resume the loop enlargement process. If cohesin binds directly to CTCF, but the 
off-rate of this interaction is higher than that of cohesin’s DNA entrapment state, 
then cohesin can again proceed once it dissociates from CTCF. In both cases, CTCF 
sites merely are pausing sites for cohesin during the loop enlargement process (Fig. 
7a).

As the length of chromatin loops turns out to be under control of WAPL, this allows 
for the scenario that cohesin complexes in some instances are protected against 
WAPL to allow either the stabilization of loops or the further enlargement of loops. 
An important precedent for such protection is provided by the cohesin complexes 
that hold together the sister chromatids. Through the acetylation of cohesin’s SMC3 
subunit, these complexes are rendered resistant to WAPL and thereby locked on the 
DNA from DNA replication until mitosis. The local and temporal protection against 
WAPL also plays an important role during mitosis and allows the WAPL-dependent 
removal of most cohesin complexes from chromosome arms but not centromeres 
that leads to the classical X-shape of mitotic human chromosomes1. Therefore, it is 
conceivable that cohesin-mediated looping is likewise controlled through protection 
against WAPL.

WAPL and illegal loops

Our finding that WAPL deficiency also leads to the formation or maintenance of 
loops between incorrectly oriented CTCF sites indicates that WAPL not only restricts 
chromatin loop extension, but also enforces the “CTCF directionality looping rule”. 
This raises the interesting possibility that both correct and incorrectly oriented loops 
are formed in wild-type cells, but WAPL normally removes these “illegal” loops. If so, 
there may be a yet to be identified signal that allows WAPL to specifically remove 
cohesin from non-convergently oriented sites. One explanation could indeed be that 
cohesin is protected against WAPL when it loops together convergent CTCF sites.

We should emphasize that illegally oriented loops remain reltively rare, even in the 
absence of WAPL. We do find extended loops genome-wide in ΔWAPL cells. The latter 
phenotype ,therefore, is unlikely to be caused by the former. The extended loops 
could, however, lead to illegal loops, as cohesin complexes could, in principle, collide 
during the loop-enlargement process. Cohesin could hereby, for example, end up 
pausing at an illegal CTCF site that is occupied by another cohesin com-plex at the 
base of an adjacent legal loop. It remains an important question for the future how 
WAPL-mediated cohesin release enforces the specificity of chromosomal loops.
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Cohesin and nuclear architecture

Earlier studies have found that chromosome topology can be remarkably refractory 
to changes68. For example, cohesin depletion does not evidently disrupt nuclear 
compart mentalization69. Our data are in correspondence with this report, and 
we would suggest that high levels of cohesin stably associated with DNA actually 
counteract compartmentalization, and WAPL-mediated cohesin turnover provides 
the necessary chromosomal flexibility for nuclear compartmentalization.

Global effects on chromosomal loops have also been challenging to achieve. 
Stimulation with tumor necrosis factor alpha (TNF-α) does not drastically influence 
chromosome topology, despite substantial changes in gene expression70, suggesting 
that many regulatory interactions are pre-formed71. Fundamentally different 
chromosome topologies have so far primarily been observed when comparing 
different developmental lineages54,72.

We now find that removing either WAPL or SCC4 is sufficient to affect chromosome 
topology on a global scale, be it through the formation of longer or shorter loops, 
respectively. It turns out that the SCC2/SCC4 complex and WAPL are involved in 
a balancing act that controls chromosome architecture at many levels, from the 
extension of loops to macro-scale interphase chromosome architecture.

We should note that even though WAPL deficiency affects loop length genome-wide, 
only approximately a thousand genes are differentially expressed. Chromatin loops, 
therefore, only affect the expression of certain genes. We anticipate that specifically 
these genes are dependent on distal promoter-enhancer interactions. It remains an 
important question how WAPL, SCC2/SCC4, and cohesin act collectively to modulate 
specific changes in gene expression.

SMC complexes and loop formation

The macro-scale architecture of WAPL-deficient vermicelli chromosomes has a 
striking similarity to that of mitotic chromosomes (Fig. 6a and Naumova et al., 201373). 
Both types of chromosomes harbor virtually no far-cis interactions, which presumably 
in both cases reflects the rigidity of these chromosomes. A fundamental difference, 
however, is that condensed mitotic chromosome arms are almost completely devoid 
of cohesin1, and mitotic condensation is, to a large degree, dependent on the 
condensin complex74. Cohesin and condensin are highly related SMC complexes that 
can entrap DNA inside their lumens5,75. Another crucial shared feature of vermicelli 
and mitotic chromosomes is that both display an axis of SMC complexes at the heart 
of each chromosome that spans its entire length. In vermicelli chromosomes, this 
axis consists of cohesin complexes, while in mitotic chromosomes condensin has 
this axial localization. The vermicelli axial cohesin patterns in ΔWAPL cells may well 
be the consequence of loop extension. The formation of many long loops could thus 
lead to an axis of cohesin complexes that de facto are at the base of the loops.
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The processive loop enlargement model was originally proposed as an explanation 
for how condensin drives mitotic condensation, and at the time, it was suggested that 
cohesin may act in a similar manner18. We now provide experimental evidence that 
cohesin indeed acts through the processive enlargement of chromatin loops, which 
in turn raises important questions regarding the mode of action of the condensin 
complex. Considering the large degree of conservation between these complexes and 
their similar distribution at chromosome axes, it is a likely scenario that they act in 
fundamentally the same manner. Both complexes harbor conserved ABC-like ATPase 
machineries. Whether these complexes provide topological anchors to allow the 
extension of DNA loops by other factors, or if their own enzymatic activities rather 
harbor a DNA extrusion activity is an important question for the future.

Contributions

J.H.I.H., V.A.B., M.A., M.S.v.R., P.H.L.K., and H.T. performed experiments. R.H.v.d.W., 
E.d.W., V.A.B., and J.O.Y.-C. did computational analyses. R.H.M. provided laboratory 
infrastructure. B.D.R., E.d.W., T.R.B., and B.v.S. supervised the project. B.D.R., E.d.W., 
J.H.I.H., and R.H.v.d.W. wrote the manuscript with input from all other authors.

Acknowledgments

We are grateful to the Medema laboratory and Ahmed Elbatsh for helpful discussions, 
Kim Nasmyth for encouragement, Wouter de Laat for support, Max van Osch for 
technical assistance, Bram van den Broek, Suzan Stelloo, and Sandra de Vries for 
technical advice, Tao Chen for antibodies, and the NKI Genomics Core and Digital 
Microscopy facilities for assistance. This work was funded by grants from the Dutch 
Cancer Society (KWF) (NKI 2010-4706, NKI2011-5103, and NKI 2015-7657 to 
B.D.R.), the European Research Council(ERC Starting Grant 637587 HAP-PHEN 
to E.d.W. and ERC Advanced Grant 293662 to B.v.S.), the Cancer Genomics Center 
(CGC.nl to T.R.B.), and an EMBO Long Term Fellowship (to J.O.Y.-C.). T.R.B. is a 
co-founder of Haplogen and Scenic Biotech.



— 53 —

The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension

21. Haarhuis, J.H.I., Elbatsh, A.M.O., and Rowland, B.D. 
(2014). Cohesin and its regulation: on the logic of 
X-shaped chromosomes. Dev. Cell31, 7–18.

2. Ciosk, R., Shirayama, M., Shevchenko, A., Tanaka, T., 
To ́th, A., Shevchenko,A., and Nasmyth, K. (2000). 
Cohesin’s binding to chromosomes depends on a sep-
arate complex consisting of Scc2 and Scc4 proteins. 
Mol. Cell5, 243–254.

3. Gandhi, R., Gillespie, P.J., and Hirano, T. (2006). 
Human Wapl is a cohesin-binding protein that 
promotes sister-chromatid resolution in mitotic 
prophase. Curr. Biol.16, 2406–2417.

4. Kueng, S., Hegemann, B., Peters, B.H., Lipp, J.J., 
Schleiffer, A., Mechtler, K.,and Peters, J.-M. (2006). 
Wapl controls the dynamic association of cohesin with 
chromatin. Cell127, 955–967.

5. Haering, C.H., Farcas, A.-M., Arumugam, P., Metson, 
J., and Nasmyth, K.(2008). The cohesin ring concate-
nates sister DNA molecules. Nature454,297–301.

6. Beckouet, F., Srinivasan, M., Roig, M.B., Chan, K.L., 
Scheinost, J.C., Batty, P.,Hu, B., Petela, N., Gligoris, T., 
Smith, A.C., et al. (2016). Releasing activity dis-engages 
cohesin’s Smc3/Scc1 interface in a process blocked by 
acetylation. Mol. Cell61, 563–574.

7. Murayama, Y., and Uhlmann, F. (2015). DNA entry 
into and exit out of the cohesin ring by an interlock-
ing gate mechanism. Cell163, 1628–1640.

8. Tedeschi, A., Wutz, G., Huet, S., Jaritz, M., Wuensche, 
A., Schirghuber, E.,Davidson, I.F., Tang, W., Cisneros, 
D.A., Bhaskara, V., et al. (2013). Wapl is an essential 
regulator of chromatin structure and chromosome 
segregation.Nature501, 564–568.

9. Parelho, V., Hadjur, S., Spivakov, M., Leleu, M., Sauer, S., 
Gregson, H.C.,Jarmuz, A., Canzonetta, C., Webster, Z., 
Nesterova, T., et al. (2008). Cohesins functionally asso-
ciate with CTCF on mammalian chromosome arms. 
Cell132,422–433.

10. Wendt, K.S., Yoshida, K., Itoh, T., Bando, M., Koch, 
B., Schirghuber, E., Tsutsumi, S., Nagae, G., Ishihara, 
K., Mishiro, T., et al. (2008). Cohesin mediates tran-
scriptional insulation by CCCTC-binding factor. 
Nature451, 796–801.

11. Merkenschlager, M., and Nora, E.P. (2016). CTCF and 
cohesin in genome folding and transcriptional gene 
regulation. Annu. Rev. Genomics Hum. Genet. 17, 
17–43.

12. Noordermeer, D., Leleu, M., Splinter, E., Rougemont, J., 
De Laat, W., and Duboule, D. (2011). The dynamic archi-
tecture of Hox gene clusters. Science 334, 222–225.

13. Rao, S.S.P., Huntley, M.H., Durand, N.C., Stamenova, 
E.K., Bochkov, I.D., Robinson, J.T., Sanborn, A.L., 
Machol, I., Omer, A.D., Lander, E.S., and Aiden, E.L. 
(2014). A 3D map of the human genome at kilobase 
resolution reveals principles of chromatin looping. 
Cell159, 1665–1680.

14. Vietri Rudan, M., Barrington, C., Henderson, S., 
Ernst, C., Odom, D.T., Tanay, A., and Hadjur, S. (2015). 
Comparative Hi-C reveals that CTCF underlies evo-
lution of chromosomal domain architecture. Cell 
Rep.10, 1297–1309.

15. de Wit, E., Vos, E.S.M., Holwerda, S.J.B., Valdes-
Quezada, C., Verstegen, M.J.A.M., Teunissen, H., 
Splinter, E., Wijchers, P.J., Krijger, P.H.L., and de Laat, 
W. (2015). CTCF binding polarity determines chroma-
tin looping. Mol. Cell60, 676–684.

16. Guo, Y., Xu, Q., Canzio, D., Shou, J., Li, J., Gorkin, D.U., 
Jung, I., Wu, H., Zhai, Y., Tang, Y., et al. (2015). CRISPR 
inversion of CTCF sites alters genome topology and 
enhancer/promoter function. Cell162, 900–910.

17. Sanborn, A.L., Rao, S.S.P., Huang, S.-C., Durand, N.C., 
Huntley, M.H., Jewett, A.I., Bochkov, I.D., Chinnappan, 
D., Cutkosky, A., Li, J., et al. (2015). Chromatin extru-
sion explains key features of loop and domain forma-
tion in wild-type and engineered genomes. Proc. Natl. 
Acad. Sci. USA112, E6456–E6465.

18. Nasmyth, K. (2001). Disseminating the genome: join-
ing, resolving, and separating sister chromatids during 
mitosis and meiosis. Annu. Rev. Genet.35 ,673–745.

19. Alipour, E., and Marko, J.F. (2012). Self-organization of 
domain structures by DNA-loop-extruding enzymes. 
Nucleic Acids Res 40,11202–11212.

20. Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., 
Abdennur, N., and Mirny, L.A. (2016). Formation of 
Chromosomal Domains by Loop Extrusion. Cell Rep 
15, 2038–2049.

21. Carette, J.E., Raaben, M., Wong, A.C., Herbert, 
A.S., Obernosterer, G., Mulherkar, N., Kuehne, A.I., 
Kranzusch, P.J., Griffin, A.M., Ruthel, G., et al. (2011). 
Ebola virus entry requires the cholesterol transporter 
Niemann-Pick C1. Nature 477, 340–343.

22. Blomen, V.A., Májek, P., Jae, L.T., Bigenzahn, J.W., 
Nieuwenhuis, J., Staring, J., Sacco, R., van Diemen, 
F.R., Olk, N., Stukalov, A., et al. (2015). Gene essen-
tiality and synthetic lethality in haploid human cells. 
Science 350, 1092–1096.

23. Haarhuis, J.H.I., Elbatsh, A.M.O., van den Broek, B., 
Camps, D., Erkan, H., Jalink, K., Medema, R.H., and 
Rowland, B.D. (2013). WAPL-Mediated Removal of 
Cohesin Protects against Segregation Errors and 
Aneuploidy. Curr Biol 23, 2071–2077.

24. Servant, N., Varoquaux, N., Lajoie, B.R., Viara, E., 
Chen, C.-J., Vert, J.-P., Heard, E., Dekker, J., and Barillot, 
E. (2015). HiC-Pro: an optimized and flexible pipeline 
for Hi-C data processing. Genome Biol 16, 259.

25. Durand, N.C., Shamim, M.S., Machol, I., Rao, S.S.P., 
Huntley, M.H., Lander, E.S., and Aiden, E.L. (2016). 
Juicer Provides a One-Click System for Analyzing 
Loop-Resolution Hi-C Experiments. Cell Systems 3, 
95–98

26. Lévy-Leduc, C., Delattre, M., Mary-Huard, T., and 

References



— 54 —

Chapter 2

Robin, S. (2014). Two-dimensional segmentation for 
analyzing Hi-C data. Bioinformatics 30, i386–i392.

27. Dixon, J.R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, 
Y., Hu, M., Liu, J.S., and Ren, B. (2012). Topological 
domains in mammalian genomes identified by anal-
ysis of chromatin interactions. Nature 485, 376–380.

28. van de Werken, H.J.G., Landan, G., Holwerda, S.J.B., 
Hoichman, M., Klous, P., Chachik, R., Splinter, E., 
Valdes-Quezada, C., Oz, Y., Bouwman, B.A.M., et al. 
(2012). Robust 4C-seq data analysis to screen for reg-
ulatory DNA interactions. Nat Methods 9, 969–972.

29. Li, H., and Durbin, R. (2010). Fast and accurate long-
read alignment with Burrows-Wheeler transform. 
Bioinformatics 26, 589–595.

30. Breitling, R., Armengaud, P., Amtmann, A., and 
Herzyk, P. (2004). Rank products: a simple, yet pow-
erful, new method to detect differentially regulated 
genes in replicated microarray experiments. FEBS 
Lett 573, 83–92.

31. Koziol, J.A. (2010). The rank product method with two 
samples. FEBS Lett 584, 4481–4484.

32. Eisinga, R., Breitling, R., and Heskes, T. (2013). The 
exact probability distribution of the rank product 
statistics for replicated experiments. FEBS Lett 587, 
677–682.

33. Mathelier, A., Zhao, X., Zhang, A.W., Parcy, F., Worsley-
Hunt, R., Arenillas, D.J., Buchman, S., Chen, C.-Y., 
Chou, A., Ienasescu, H., et al. (2014). JASPAR 2014: an 
extensively expanded and updated open-access data-
base of transcription factor binding profiles. Nucleic 
Acids Res 42, D142–D147.

34. Grant, C.E., Bailey, T.L., and Stafford Noble, W. (2011). 
FIMO: scanning for occurences of a given motif. 
Bioinformatics 27, 1017–1018.

35. Gerlich, D., Koch, B., Dupeux, F., Peters, J.-M., and 
Ellenberg, J. (2006). Live-cell imaging reveals a stable 
cohesin-chromatin interaction after but not before 
DNA replication. Curr Biol 16, 1571–1578.

36. Elbatsh, A.M.O., Haarhuis, J.H.I., Petela, N., Chapard, 
C., Fish, A., Celie, P.H., Stadnik, M., Ristic, D., Wyman, 
C., Medema, R.H., et al. (2016). Cohesin Releases DNA 
through Asymmetric ATPase-Driven Ring Opening. 
Mol. Cell 61, 575–588.

37. Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, 
R., and Salzberg, S.L. (2013). TopHat2: accurate align-
ment of transcriptomes in the presence of insertions, 
deletions and gene fusions. Genome Biol 14, R36.

38. Love, M.I., Huber, W., and Anders, S. (2014). Moderated 
estimation of fold change and dispersion for RNA-seq 
data with DESeq2. Genome Biol 15, 550.

39. Larson, D.E., Harris, C.C., Chen, K., Koboldt, D.C., 
Abbott, T.E., Dooling, D.J., Ley, T.J., Mardis, E.R., 
Wilson, R.K., and Ding, L. (2012). SomaticSniper: 
identification of somatic point mutations in whole 
genome sequencing data. Bioinformatics 28, 311–317.

40. McKenna, A., Hanna, M., Banks, E., Sivachenko, A., 
Cibulskis, K., Kernytsky, A., Garimella, K., Altshuler, 

D., Gabriel, S., Daly, M., et al. (2010). The Genome 
Analysis Toolkit: a MapReduce framework for analyz-
ing next-generation DNA sequencing data. Genome 
Res 20, 1297–1303.

41. DePristo, M.A., Banks, E., Poplin, R., Garimella, K.V., 
Maguire, J.R., Hartl, C., Philippakis, A.A., del Angel, G., 
Rivas, M.A., Hanna, M., et al. (2011). A framework for 
variation discovery and genotyping using next-gener-
ation DNA sequencing data. Nat Genet 43, 491–498.

42. Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, 
J., Zaleski, C., Jha, S., Batut, P., Chaisson, M., and 
Gingeras, T.R. (2013). STAR: ultrafast universal RNA-
seq aligner. Bioinformatics 29, 15–21.

43. Schmidt, D., Wilson, M.D., Spyrou, C., Brown, G.D., 
Hadfield, J., and Odom, D.T. (2009). ChIP-seq: using 
high-throughput sequencing to discover protein-DNA 
interactions. Methods 48, 240–248.

44. Langmead, B., and Salzberg, S.L. (2012). Fast gapped-
read alignment with Bowtie 2. Nat Methods 9, 
357–359.

45. Feng, J., Liu, T., Qin, B., Zhang, Y., and Liu, X.S. (2012). 
Identifying ChIP-seq enrichment using MACS. Nature 
Protocols 7, 1728–1740.

46. Ye, T., Krebs, A.R., Choukrallah, M.-A., Keime, 
C., Plewniak, F., Davidson, I., and Tora, L. (2011). 
seqMINER: an integrated ChIP-seq data interpreta-
tion platform. Nucleic Acids Res 39, e35.

47. Jae, L.T., Raaben, M., Riemersma, M., van Beusekom, 
E., Blomen, V.A., Velds, A., Kerkhoven, R.M., Carette, 
J.E., Topaloglu, H., Meinecke, P., et al. (2013). 
Deciphering the glycosylome of dystroglycanopathies 
using haploid screens for lassa virus entry. Science 
340, 479–483.

48. Quinlan, A.R., and Hall, I.M. (2010). BEDTools: a flex-
ible suite of utilities for comparing genomic features. 
Bioinformatics 26, 841–842.

49. 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., et al. (2009). 
Comprehensive mapping of long-range interactions 
reveals folding principles of the human genome. 
Science 326, 289–293.

50. Guelen, L., Pagie, L., Brasset, E., Meuleman, W., Faza, 
M.B., Talhout, W., Eussen, B.H., de Klein, A., Wessels, 
L., de Laat, W., et al. (2008). Domain organization of 
human chromosomes revealed by mapping of nuclear 
lamina interactions. Nature 453, 948–951.

51. Pindyurin, A.V., Pagie, L., Kozhevnikova, E.N., van 
Arensbergen, J., and van Steensel, B. (2016). Inducible 
DamID systems for genomic mapping of chroma-
tin proteins in Drosophila. Nucleic Acids Res 44, 
5646–5657.

52. Martin, M. (2011). Cutadapt Removes Adapter 
Sequences From High-Throughput Sequencing Reads. 
EMBnet.Journal 17, 10–12.

53. Anders, S., Pyl, P.T., and Huber, W. (2015). HTSeq--a 
Python framework to work with high-throughput 



— 55 —

The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension

2

sequencing data. Bioinformatics 31, 166–169.
54. Krijger, P.H.L., Di Stefano, B., de Wit, E., Limone, F., 

van Oevelen, C., de Laat, W., and Graf, T. (2016). Cell-
of-Origin-Specific 3D Genome Structure Acquired 
during Somatic Cell Reprogramming. Cell Stem Cell 
18, 597–610.

55. Giorgetti, L., Lajoie, B.R., Carter, A.C., Attia, M., Zhan, 
Y., Xu, J., Chen, C.-J., Kaplan, N., Chang, H.Y., Heard, 
E., et al. (2016). Structural organization of the inactive 
X chromosome in the mouse. Nature 535, 575–579.

56. Hinshaw, S.M., Makrantoni, V., Kerr, A., Marston, A.L., 
and Harrison, S.C. (2015). Structural evidence for 
Scc4-dependent localization of cohesin loading. Elife 
4, e06057.

57. Watrin, E., Schleiffer, A., Tanaka, K., Eisenhaber, F., 
Nasmyth, K., and Peters, J.-M. (2006). Human Scc4 is 
required for cohesin binding to chromatin, sister-chro-
matid cohesion, and mitotic progression. Curr Biol 16, 
863–874

58. Heidinger-Pauli, J.M., Mert, O., Davenport, C., Guacci, 
V., and Koshland, D. (2010). Systematic reduction of 
cohesin differentially affects chromosome segregation, 
condensation, and DNA repair. Curr Biol 20, 957–963.

59. Murayama, Y., and Uhlmann, F. (2014). Biochemical 
reconstitution of topological DNA binding by the 
cohesin ring. Nature 505, 367–371.

60. Stigler, J., Çamdere, G.Ö., Koshland, D.E., and Greene, 
E.C. (2016). Single-Molecule Imaging Reveals a 
Collapsed Conformational State for DNA-Bound 
Cohesin. Cell Rep 15, 988–998.

61. Braunholz, D., Hullings, M., Gil-Rodríguez, M.C., 
Fincher, C.T., Mallozzi, M.B., Loy, E., Albrecht, M., 
Kaur, M., Limon, J., Rampuria, A., et al. (2012). Isolated 
NIBPL missense mutations that cause Cornelia de 
Lange syndrome alter MAU2 interaction. Eur. J. Hum. 
Genet. 20, 271–276.

62. Blackwood, E.M., and Kadonaga, J.T. (1998). Going the 
distance: a current view of enhancer action. Science 
281, 60–63.

63. Davidson, I.F., Goetz, D., Zaczek, M.P., Molodtsov, M.I., 
Huis In ‘t Veld, P.J., Weissmann, F., Litos, G., Cisneros, 
D.A., Ocampo-Hafalla, M., Ladurner, R., et al. (2016). 
Rapid movement and transcriptional re-localization 
of human cohesin on DNA. Embo J 35, 2671–2685.

64. Kanke, M., Tahara, E., Huis In’t Veld, P.J., and 
Nishiyama, T. (2016). Cohesin acetylation and Wapl-
Pds5 oppositely regulate translocation of cohesin 
along DNA. Embo J 35, 2686–2698.

65. Wang, X., Brandão, H.B., Le, T.B.K., Laub, M.T., and 

Rudner, D.Z. (2017). Bacillus subtilis SMC complexes 
juxtapose chromosome arms as they travel from origin 
to terminus. Science 355, 524–527.

66. Flavahan, W.A., Drier, Y., Liau, B.B., Gillespie, S.M., 
Venteicher, A.S., Stemmer-Rachamimov, A.O., Suvà, 
M.L., and Bernstein, B.E. (2016). Insulator dysfunc-
tion and oncogene activation in IDH mutant gliomas. 
Nature 529, 110–114.

67. Narendra, V., Rocha, P.P., An, D., Raviram, R., Skok, J.A., 
Mazzoni, E.O., and Reinberg, D. (2015). Transcription. 
CTCF establishes discrete functional chromatin 
domains at the Hox clusters during differentiation. 
Science 347, 1017–1021.

68. Lin, Y.C., Benner, C., Mansson, R., Heinz, S., Miyazaki, 
K., Miyazaki, M., Chandra, V., Bossen, C., Glass, C.K., 
and Murre, C. (2012). Global changes in the nuclear 
positioning of genes and intra- and interdomain 
genomic interactions that orchestrate B cell fate. Nat. 
Immunol. 13, 1196–1204.

69. Seitan, V.C., Faure, A.J., Zhan, Y., McCord, R.P., Lajoie, 
B.R., Ing-Simmons, E., Lenhard, B., Giorgetti, L., 
Heard, E., Fisher, A.G., et al. (2013). Cohesin-based 
chromatin interactions enable regulated gene expres-
sion within preexisting architectural compartments. 
Genome Res 23, 2066–2077.

70. Jin, F., Li, Y., Dixon, J.R., Selvaraj, S., Ye, Z., Lee, A.Y., 
Yen, C.-A., Schmitt, A.D., Espinoza, C.A., and Ren, B. 
(2013). A high-resolution map of the three-dimen-
sional chromatin interactome in human cells. Nature 
503, 290–294.

71. de Laat, W., and Duboule, D. (2013). Topology of mam-
malian developmental enhancers and their regulatory 
landscapes. Nature 502, 499–506.

72. Dixon, J.R., Jung, I., Selvaraj, S., Shen, Y., Antosiewicz-
Bourget, J.E., Lee, A.Y., Ye, Z., Kim, A., Rajagopal, N., 
Xie, W., et al. (2015). Chromatin architecture reorgan-
ization during stem cell differentiation. Nature 518, 
331–336.

73. Naumova, N., Imakaev, M., Fudenberg, G., Zhan, 
Y., Lajoie, B.R., Mirny, L.A., and Dekker, J. (2013). 
Organization of the mitotic chromosome. Science 
342, 948–953.

74. Hirano, T. (2016). Condensin-Based Chromosome 
Organization from Bacteria to Vertebrates. Cell 164, 
847–857.

75. Cuylen, S., Metz, J., and Haering, C.H. (2011). 
Condensin structures chromosomal DNA through 
topological links. Nat Struct Mol Biol 18, 894–901.



— 56 —

Chapter 2

Supplementary figures
Figure S1

A B

C

Pre Bleach 10 min 30 minPost Bleach

W
ild

 T
yp

e
∆W

AP
L

D

Wild Type 

∆WAPL

Di
ffe

re
nc

e 
in

 m
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity

0
0 2 6 10 14 18 22 26 30

20

40

60

80

100

Minutes after photobleach

DAPI

W
ild

 T
yp

e
∆W

AP
L

SCC1 MERGE

Wild 
Ty

pe

∆W
AP
L

Wild 
Ty

pe

∆W
AP
L

WAPL WA PLBLAST

si W
APL

Wild 
Ty

pe
 

∆W
AP
L

WAPL

CDK4

Supplementary Figure 1: Characterization of ΔWAPL Cells
a) Genotype analysis of wild-type and ΔWAPL cells. b) western blot analysis of wild-type and ΔWAPL cells. WAPL siRNA-
transfected cells are included as a control. c) Immunofluorescence after pre-extraction of DNA-bound SCC1. d) FRAP 
analysis of G1 cells expressing SCC1-GFP. Difference between non-bleached and bleached regions is plotted, including 
representative images of the FRAP movies (wild-type n = 7, ΔWAPL n = 6). The FRAP plots in Figure 3i include the same 
data and Supp. Fig. 5b shows the bleaching control.
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3: A Mediator-cohesin axis controls heterochromatin domain formation.

Nature Communications, in press.

The genome consists of regions of transcriptionally active euchromatin and more silent 
heterochromatin. We reveal that the formation of heterochromatin domains requires cohesin 
turnover on DNA. Stabilization of cohesin on DNA through depletion of its release factor 
WAPL leads to a near-complete loss of heterochromatin domains. We observe the opposite 
phenotype in cells deficient for subunits of the Mediator CDK module. Loss of this module 
leads to an almost binary partition of the genome into dense H3K9me3 domains, and 
regions devoid of H3K9me3 spanning the rest of the genome. We suggest that the Mediator 
CDK module might contribute to gene expression by limiting the formation of dense 
heterochromatin domains. WAPL deficiency prevents the formation of heterochromatin 
domains, and allows for gene expression even in the absence of the Mediator CDK module 
subunit MED12. We propose that heterochromatin is controlled by two opposing activities, 
in which the Mediator CDK module and cohesin turnover must be balanced to enable the 
correct distribution of epigenetic marks to ensure proper gene expression.

Robin H. van der Weide*, Judith H.I. Haarhuis*, Vincent A. Blomen, Koen D. Flach, Hans 
Teunissen, Laureen Willems, Thijn R. Brummelkamp, Benjamin D. Rowland & Elzo de Wit

A MEDIATOR-COHESIN AXIS CONTROLS 
HETEROCHROMATIN DOMAIN FORMATION

3
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Introduction
Within the nucleus active and inactive genomic regions segregate into euchromatin 
and heterochromatin. The latter is molecularly defined by the post-translational 
methylation of the ninth lysine of histone H3 (H3K9me)1,2. This histone modification 
creates a binding site for heterochromatin protein 1 (HP1). Recent results suggest 
that heterochromatin forms a phase separated compartment inside the nucleus3. 
Heterochromatin has the propensity to self-amplify through the interaction of HP1 
with the histone methyltransferase Suv39h, which methylates H3K9 and creates 
binding site for HP14. How this amplification is kept in check remains unknown.

The distribution of heterochromatic histone marks shows remarkable correlation 
with many genomic features. Examples include late replication5, lamina association6 
and inactive compartments. Chromosomes are organized into multi-megabase 
domains called A and B compartments into which active and inactive chromatin is 
physically separated7,8. Chromatin loops, which are formed by the cohesin complex, 
is suggested to counteract compartmentalization9,10, and loss of cohesin-mediated 
chromatin loops is associated with an increase in compartmentalization9,11.

The 3D genome has been heralded as an important factor in the regulation of gene 
expression. However, the total ablation of cohesin-dependent chromatin loops shows 
only a mild effect on gene expression in cancer cell lines12,13. On the other hand, 
the loss of individual CTCF sites, through mutation or DNA methylation, can have 
severe pathological consequences in limb development14 and cancer progression15. 
Changes in the 3D genome may therefore have unexpected and cell type specific 
phenotypic effects. We here explore the role of chromatin loop formation and 
compartmentalization in the control of the epigenome and the expression of genes.

Methods

Genome editing and cell culture

Hap1 cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) 
supplemented with 10% FCS (Clontech), 1% Penicillin/Streptomycin (Invitrogen) 
and 0.5% UltraGlutamin (Lonza). NMuMG cells (gift of J. Jonkers) were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FCS (Clontech), 
1% Penicillin/Streptocmycin (Invitrogen) and 0.5% UltraGlutamin (Lonza).

Hap1 knock-out clones were generated using gRNA’s targeting MED12 (primer: 
5’CCCTTCCTGACACTGGTCGC-3’) and (primer: 5’GATTGCTGCATAGTAGGCAC-3’) 
and targeting CCNC (5’TACTGGAGCAAAGGTCTATA-3’), which were cloned into 
PX330. HAP1 wild-type or ΔWAPL cells9, were transfected with PX330 and pDonorTia 
containing a puromycin resistance gene17. Clones were selected using puromycin (2 
µg/µl). Colonies were screened for the loss of MED12 using PCR and western blot 
analysis.
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Hi-C

We performed in-nucleus or in-situ Hi-C37–39 as described in ref.9. Hi-C libraries were 
sequenced on a HiSeq X. Hi-C sequencing data was processed with Hi-C-Pro 2.940. 
We performed loop calling with HICCUPs 0.929. Further data analysis was performed 
with GENOVA41 (github.com/deWitLab/GENOVA), see below for details.

ChIPseq & RNAseq

Samples for RNAseq were prepared as previously described9. To ensure biological 
reproducibility, we analyzed different genetic clones for every knock-out line, and 
multiple replicates per clone. For ChIPseq samples were crosslinked for 10 minutes 
in 1% formaldehyde. For cohesin and CTCF ChIPs we used 15 milion cells and for 
the histon modifications 3 million cells. Crosslinking was stopped by adding Glycin 
(0.1M end concentration). Cells were washed twice with PBS by centrifugation for 5 
minutes at 1350G. The cells were lysed in 10ml lysis buffer 1 (50mM HEPES pH7.5, 
140mM NaCl, 1mM EDTA, 10% Glycerol, 0.5% NP40, 0.25% Triton X-100) at 4°C. 
Cells were centrifuged for 5 minutes at 1350G and the cell pellet was incubated for 10 
minutes in lysis buffer 2 (200mM NaCl, 1mM EDTA, 0.5mM EGTA, 10mM Tris-HCl). 
After centrifugation the pellet was resuspended in lysis buffer 3 (100mM NaCl, 1mM 
EDTA, 0.5mM EGTA, 10mM Tris-HCl ph8, 0.1% DOC, 0.5% N-Lauroyl sarcosine). 
To shear the DNA we used for the histon modifications a covaris ultrasonicator in 
covaris microtubes AFA (ref 520045) under the following conditions: peak power 
75W, duty cycle 20%, cycle/burst 200 for 6 minutes. For cohesin and CTCF we used 
a Bioruptor Pico (Diagenode), with 5 cycles 15 sec on, 90 sec off. Magnetic beads 
(Dynabeads) were coupled to following antibodies, SCC1(ab992, Abcam), CTCF 
(3418S, Cell Signaling), H3K4me3 (PAB-003-050, Diagenode) , H3K4me1 (PAB-037-
050, Diagenode) , H3K35me3 (MAB-183-050, Diagenode) , H3K27me3 (PAB-195-
050, Diagenode), H3K9me3 (PAB-193-050, Diagenode). Whole cell extract was added 
to the beads and incubated overnight. IP’s were washed at least 4 times with RIPA 
buffer (50mM HEPES pH7.5, 1mM EDTA, 0.7% DOC, 1% NP-40, 0.5M LiCl) and 
once with cold TE, 50mM NaCl. Material was eluted overnight with 150µl elution 
buffer (50mM Tris-HCl pH8, 10mM EDTA, 1% SDS) at 65°C. The DNA was recovered 
with the Qiaquick pcr purification kit (Qiagen 28106). For the MED12 ChIP we used 
7ug of antibody (A300-774A  Bethyl) plus 70ul of beads. Cells were fixed on the plate 
with 2mM disuccinimidyl glutarate (DSG) for 1 hour with 1% formaldehyde being 
added the last 15 minutes. Libraries for SMC1, MED12 and histone modification 
ChIPs were prepared with the KAPA HTP library preparation kit (KK8234 Illumina) 
and subsequently sequenced on a HiSeq 2500 (single-end). Data has been deposited 
at GEO under accession GSE125672.

Hi-C analysis

The compartment score was calculated as described in refs. 11,42. Briefly, per chromosome 
arm we calculate an observed over expected (O/E) matrix with a resolution of 100kb. 
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We subtract 1 from the O/E matrix and extract the eigen vectors. The first eigen 
vector is multiplied by the square root of the eigen value of this vector resulting 
in the compartment score. As the compartment score is a dimensionless score, we 
use the H3K4me1 signal to correctly orient the compartment score. To calculate 
the compartment strength we selected the bins with top 20% and bottom 20% of 
the compartment score as A and B compartments, respectively. The compartment 
strength is then calculated as the log2 of product of the interactions between two 
A compartments (AA) and two B compartments (BB) divided by the square of the 
interactions between an A and a B compartment (AB): log2 (AAxBB)/AB2.

To identify hyper-compartmentalized domains, a hidden Markov model (HMM) was 
used. The model was specified as having two hidden states, stable vs. differential 
compartment score, and two gaussian responses: the ΔMED12 compartment scores 
and the absolute difference in compartment scores between wild-type and ΔMED12 
on the 40kb resolution matrices. Parameters were optimized by the default EM 
algorithm of depmixS443. This model was used to classify states on all chromosome-
arms separately with 40kb resolution compartment scores as input. Afterwards, two 
filtering steps were applied to call HCDs: i) we selected only regions with negative 
compartment scores in ΔMED12 Hi-C data and ii) only regions with five consecutive 
differential states were called as HCDs.

Insulation scores were calculated as described in ref. 44. We compared the insulation 
score of TAD borders called in wild-type9 for wild-type and ΔMED12 lines and 
ordered the borders on the difference in the insulation score. We stratified the TAD 
borders located in an HCD into three equal-sized categories based on the difference 
in insulation score: weakened borders (higher insulation score), stronger borders 
(lower insulation score) and equal border (little to no difference in insulation score). 
We determined the position of the TAD borders in all three categories with respect 
to the edges of HCDs.

ChIPseq data analysis

Mapping of ChIPseq data was performed with bowtie 2.3.4.145 to hg19. We performed 
peak calling with MACS2 2.1.146 for SMC1, H3K4me3, H3K4me1 and H3K36me3 with 
standard settings. For H3K9me3 we performed peak calling in advanced mode using 
the following settings -l 500 -g 65 --cutoff-analysis 2.25. ChromHMM was performed 
as described in ref. 21. H3K9me3 domains were also called with MACS2 in advanced 
mode using the following settings -l 500 -g 65 -G 2000. Where indicated we filtered out 
H3K9me3 peaks that overlapped with H3K9me3 domains. ChIPseq alignment plots 
were created with deeptools 3.0.0. We computed the ratio of CTCF-signal at CpG-CTCF 
sites in wild-type and ΔMED12. Next, we used the ΔMED12/WT ratio the re-scale the 
bigwigs using deeptools 3.0.0. 
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RNAseq data analysis

RNAseq data was mapped with TopHat 2.1.147 and count-tables were generated with 
HTseq48 with the stranded=reverse setting using the Gencode v27lift37 gene-build. 
TPMs were calculated with DESeq2 1.1849 by dividing the counts by the normalization 
factors. Profiles were generated with RPKM-normalized tracks in triplicate. Our RNAseq 
data offered the opportunity to check whether the changes in 3D genome organization 
and chromatin landscape were due to a change in the RNA levels of obvious chromatin 
regulatory or architectural proteins. No obvious genes or overarching functional 
categories were found enriched among up- or downregulated genes (Supp. Fig. 3b,c). 
Furthermore, expression of CTCF, RAD21, HP1-isoforms, and DNA-methyltransferases 
and -demethylases was unaltered (Supp. Fig. 3a). We selected genes that overlapped with 
wild-type H3K9me3 domains. We performed k-means clustering with k=2.

Immunofluorescence

Cells were grown on poly-l-lysine (Sigma-Aldrich) coated coverslips and samples were 
taken at 30% confluency. Non-chromatin bound proteins were removed using a pre-
extraction procedure of 0.1% Triton X-100 in PBS for 1 minute, followed by fixation 
using 3.7% formaldehyde in PBS for 7 minutes. Samples were blocked using 4% BSA in 
PBS for 1 hour at room temperature and incubated with primary H3K9Me3 (ab8898, 
Abcam) or HP1alpha (Clone 15 19s2, Upstate/MilliporeSigma) antibody at a 1:1000 
dilution overnight at 4°C. Samples were washed (0.1% Tween in PBS) and incubated using 
secondary antibody (either goat anti-Mouse Alexafluor 488 or 568, and goat anti-Rabbit 
Alexafluor 488 or 568 (Invitrogen), used at a 1:600 dilution) and DAPI (Sigma-Aldrich). 
Coverslips were mounted onto glass slides using Prolong Antifade Gold (Invitrogen). 
Representative images were acquired using a Leica Confocal microscope 63x/1.32 oil 
lens using LAS-AF Software (Leica), DAPI levels were adjusted for visualization purposes. 
Analysis of the intensity of H3K9me3 in the DAPI region was performed using an 
in-house written macro (ImageJ).

Western blot

The following antibodies were used for western blots: WAPL (A-7, Santa Cruz), HSP90 
(F-8, Santa Cruz), MED12 (A300-774A, Bethyl), CCNC (ab85927, Abcam) and CTCF 
(ab70303, Abcam). All primary antibodies were used at a 1:1000 dilution. Secondary 
antibodies for western blot analysis were used in a 1:2000 dilution: Goat anti-Rabbit-PO 
and Goat anti-Mouse-PO (DAKO).

TLA

TLA was performed as previously described18, using NlaIII as a first restriction enzyme and 
NspI as the second. We designed TLA primers that on the resistance marker sequence (i.e. 
Blasticidin or Puromycin) to amplify from the inserted cassette. Sequencing libraries were 
generated using in-house produced Tn5 enzyme50 and sequenced on HiSeq2500 SE 65 nt.



— 69 —

A Mediator-Cohesin Axis Controls Heterochromatin Domain Formation.

3

Results
We have previously shown that stabilization of cohesin on chromatin has a major 
effect on the 3D genome. Loss of the cohesin-release factor WAPL leads to a genome-
wide increase in the length and number of CTCF-anchored loops9,16. This in turn 
leads to a severe decrease in compartmentalization (Fig. 1a). We wondered whether 
the change in the 3D genome was associated with a change in the epigenome. To this 
end we mapped core histone modifications H3K4me1 and H3K9me3 in wild-type 
and WAPL knock-out (ΔWAPL) HAP1 cells. In wild-type cells, H3K9me3 shows broad 
domain-like distributions that overlap almost exclusively with B compartments (Supp. 
Fig. 1a). In A compartments, H3K9me3 shows a more focal distribution, covering 
transposable elements (Supp. Fig. 1b). In ΔWAPL-cells, we see a near complete loss of 
H3K9me3 domains (Fig. 1b,c,d) and a doubling of H3K9me3 peaks (Fig. 1e). We also 
see a marked increase of H3K4me1 peaks in genomic regions that are H3K9me3 
domains in wild-type cells (3414 vs. 8310, Fig. 1f ). WAPL-mediated cohesin release 
apparently maintains a balance between eu- and heterochromatin domains.

As ΔWAPL cells almost completely lack heterochromatin domains, we reasoned that 
this could be an interesting setting to identify factors that restrict the amplification 
of heterochromatin domains. While wild-type cells presumably are dependent on 

Figure 1: Stabilization of cohesin results in the loss of H3K9Me3 domains. 
A) Observed over expected (O/E) Hi-C matrixplots at 100kb resolution show the contact frequencies for wild-type (WT) 
and ΔWAPL cells for the p-arm of chromosome 2. Contact matrices are visualized using GENOVA. Segregation of the 
genome into A and B compartments is quantified using the compartment score11, shown above the matrix. B) ChIPseq 
tracks for H3K4me1 and H3K9me3 in WT and ΔWAPL cells. Orange rectangle indicates the position of a H3K9me3 do-
main. C) Alignment of H3K9me3 signal on H3K9me3 domains identified in WT H3K9me3 ChIPseq data. Average signal 
is shown on top, bottom shows heatmap of the raw signal. D) Quantification of the genomic coverage of the H3K9me3 
domains in WT and ΔWAPL cells. E) Quantification of the total number of H3K9me3 peaks in WT and ΔWAPL cells. F) 
Percentage of H3K4me1 peaks found in genomic regions that are identified as H3K9me3 peaks in WT cells.
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such suppressors of heterochromatin, these factors may no longer be needed in 
ΔWAPL cells. If so, loss of suppressors of heterochromatin should be detrimental 
to wild-type cells, but not to ΔWAPL cells. To this end we revisited a haploid genetic 
screen we performed in wild-type and ΔWAPL cells9. The screen is based on a viral 
gene trap assay that knocks out a gene when it lands in the sense orientation, whereas 
anti-sense integration leaves the gene unaffected (Fig. 2a). A decrease in the ratio of 
sense over anti-sense integrations is an indication that the gene is required for cell 
viability17. We found that disruption of genes encoding two subunits of the CDK-
module of the Mediator complex, MED12 and Cyclin C (CCNC), affected proliferation 
of wild-type cells, but that this growth defect was mitigated in ΔWAPL cells (Fig. 
2a). To study the role of MED12 and Cyclin C, we generated knock-out cells using 
CRISPR-Cas9 genome editing. Western blot analysis (Fig. 2b), Sanger sequencing, 
and Targeted Locus Amplification (TLA)18 confirmed the perturbation of the genes 
(Supp. Fig. 2a,b). 

As MED12 and Cyclin C both are part of the same module of the Mediator complex19, 
loss of either of these factors presumably affects the same cellular pathway. To 
characterize the effect of mutating this module, we charted the epigenomic landscape 
by performing ChIPseq of 5 histone modifications20: H3K4me3, H3K4me1, 
H3K36me3, H3K27me3 and H3K9me3 in wild-type and ΔMED12 (Supp. Fig. 2c). 
We performed ChromHMM analysis21 to segment the genome into 15 different 
chromatin states. The most obvious difference is that loss of MED12 leads to a more 
than three-fold increase in the heterochromatin state (Fig. 2c). When we inspected 
the genome-wide coverage of H3K9me3 domains in ΔMED12 cells, we saw only a 
mild increase (Fig. 2d). Surprisingly, we even saw a 5.5-fold decrease in the amount of 
H3K9me3 peaks (27403 vs. 4976, Fig. 2e, Supp. Fig. 1c). Upon further inspection of the 
ChIPseq track we found that for both for ΔMED12 and ΔCCNC there was a marked 
increase in the H3K9me3 signal at wild-type H3K9me3 domains (Fig. 2f ), leading 
to more pronounced heterochromatin domains. The H3K4me1 signal, on the other 
hand, was severely diminished in heterochromatin domains in ΔMED12 and ΔCCNC 
cells (Fig. 2f, Supp. Fig. 2d). Whole-genome analysis of the H3K9me3 domain signals 
corroborated these results (Fig. 2g). To assess the role of MED12 and Cyclin C in the 
ultrastructural formation of heterochromatin, we performed immunofluorescence 
(IF) analysis of H3K9me3 and HP1a. Whereas in wild-type cells a low level of 
H3K9me3 can be found throughout the entire nucleus, in ΔMED12 and ΔCNCC cells 
H3K9me3 levels are reduced to baseline levels in much of the nucleus, and seems to 
be accumulated at specific sites and the nuclear periphery (Fig. 2h). Quantification 
of the IF data shows a decrease in the median H3K9me3 signal strength confirming 
the redistribution of H3K9me3 in the nucleus (Supp. Fig. 2e). The IF quantification 
for HP1a showed a similar result (Supp. Fig. 2f ). To understand whether canonical 
heterochromatin protein were deregulated we performed RNAseq analysis. We did 
not observe differential expression for genes encode classical heterochromatin 
proteins such as HP1-isoforms (Supp. Fig. 3a), neither did we observe any functional 
categories associated with chromatin or heterochromatin differentially expressed. 
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Figure 2: Mediator-CDK subunits restrict heterochromatin. 
A) Left panel shows schematic explanation of the haploid genetic gene trap assay. Sense integrations with respect to a 
protein coding gene result in truncating deletion. Anti-sense integrations are largely inconsequential and serve as a con-
trol for accessibility of the gene. Right panel shows percentage of sense integrations (over a total of sense and anti-sense) 
shown for WT and ΔWAPL cells for the Mediator subunits Cyclin-C (CCNC) and MED12. B) Western blot analysis 
confirming knock-out of MED12 and Cyclin-C. C) ChromHMM analysis segmenting the genome in 15 chromatin states 
shown for WT and MED12 cells. Table shows the percentage of genome coverage. Red/blue color scale indicates the
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From our RNAseq data we cannot pinpoint any gene expression differences that 
explain change in heterochromatinization. 

MED12 has been suggested to be involved in bridging promoters and enhancers22,23, 
although this role of Mediator has been questioned in two recent reports24,25. To 
understand the role of MED12 in 3D genome organization in our system, we 
generated high-resolution in situ Hi-C maps for ΔMED12 cells. When we zoom in to a 
single chromosome arm, we see that there is a clear increase in compartmentalization 
in ΔMED12 compared to wild-type cells (Fig. 3a, Supp. Fig. 4a). By quantifying 
the degree of compartmentalization (i.e. compartment strength26), we find that 
compartmentalization increases for almost every chromosome arm (Fig. 3b, Supp. Fig. 
4b). Upon studying the Hi-C matrices, we noted that the compartmentalization seemed 
to increase only for the B compartment. Comparison of wild-type and ΔMED12 cells 
overall indeed showed stronger compartment scores for the B-compartment, whereas 
regions in the A-compartment remained largely unchanged (Fig. 3c). We devised a 
hidden markov model to identify regions of increased compartmentalization. We refer 
to these regions as hyper-compartmentalized domains (HCDs), which together cover 
633Mb (22.1% of the genome). As expected, HCDs showed considerable overlap with 
H3K9me3 domains (Fig. 3d). Collectively, these results indicate that the Mediator CDK 
module restricts heterochromatinization and prevents over-compartmentalization.

Compartments can be subdivided into submegabase-sized topologically associating 
domains (TADs). These are formed by cohesin-mediated loop extrusion10,12,27. We 
analyzed what happens to TAD borders (i.e. genomic regions separating two TADs) 
that are located in HCDs. We find that TAD borders that become stronger (i.e. 
showing stronger segregation) are located closer to the boundaries of HCDs (Fig. 
3e), consistent with the observed increase in compartmentalization. Conversely, TAD 
boundaries that decrease in strength are found closer to the center of HCDs (Fig. 
3e). This suggests that TAD-border separation, which is controlled by cohesin and 
CTCF, can be disrupted in ΔMED12 cells. Fig. 3f shows an example of an HCD where 
there is a clear loss of a TAD border inside an HCD. This region also reveals a loss 
of CTCF-anchored chromatin loops in this region. Note that when we calculate the 
aggregate signal of all chromatin loops identified in wild-type cells, we do not see a 
clear difference (Supp. Fig. 4c). Together, these results indicate that MED12 deficient 
cells display less chromatin loops and TAD-borders inside heterochromatin domains.

To better understand the role of the CDK-module in 3D genome organization, we 
mapped the binding sites of the architectural proteins CTCF and SCC1 (also known 
as RAD21, a subunit of the cohesin complex) using ChIPseq in wild-type, ΔMED12 

Figure 2 (continued) relative increase or decrease in ΔMED12 compared to the WT cells. D) Barplot showing the coverage 
of H3K9me3 domains over the genome and E) the absolute number of H3K9me3 peaks. F) Example region showing the 
H3K4me1 (green) and H3K9me3 (orange) ChIPseq profiles in WT, ΔMED12 and ΔCCNC cells. G) Aggregate plots show-
ing the average H3K9me3 signal over all the H3K9me3 domains for WT and mutant cells. Heatmaps show the signal in 
and around individual domains. H) Immunofluorescence analysis of H3K9me3 levels in WT, ΔMED12 and ΔCCNC cells.
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and ΔCCNC cells. The binding sites that were identified in wild-type were comparable 
to our previously published ChIPseq tracks for these factors (Supp. Fig. 4e). Inspection 
of the binding tracks revealed that CTCF binding was diminished at numerous sites 
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in HCDs (Fig. 4a). The number of identified binding sites in HCDs decreased in 
ΔMED12 and ΔCCNC cells compared to wild-type in HCDs, as well as the signal 
strength (Fig. 4b,c), while CTCF protein levels were unaffected (Supp. Fig. 4d). To 
understand the effect on genome organization, we selected the CTCF/SCC1 binding 
sites that show the greatest relative decline in binding signal for CTCF and SCC1. 
By performing a pile-up of Hi-C signal on pairwise combinations of these sites, we 
find that wild-type cells display chromatin loops at these sites, and that these loops 
are ablated in ΔMED12 and ΔCCNC cells (Fig. 4d). Note that the CTCF/SCC1 sites 
with the strongest decline are heavily skewed towards H3K9me3 domains (Fig. 4e). 
To dissect the role of MED12 in this process we mapped its binding using ChIPseq. 
Surprisingly, more than 94 percent of chromatin loops identified using HICCUPs29 
in wild-type do not colocalize with MED12-peaks. The CDK-module therefore does 
not seem to be involved in stabilizing chromatin loops at CTCF sites (Supp. Fig. 4f ).
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Our genetic screening data showed that mutations in CDK module subunits were 
better tolerated in ΔWAPL cells. We therefore mutated MED12 in a ΔWAPL background 
to create double knock-out lines. When we perform immunofluorescence analysis of 
H3K9me3, we find that the pronounced heterochromatin domains of the ΔMED12 cells 
are absent in the ΔWAPL/ΔMED12 cells (Fig. 5a, Supp. Fig. 5b). We therefore proceeded 
to also analyze the epigenome and the Hi-C maps in these cells. Consistent with the 
immunofluorescence results, we find that H3K9me3 domains are strongly diminished 
(Fig. 5b, Supp. Fig. 5c-f ). In addition, the hyper-compartmentalization seen in ΔMED12 
is also completely rescued. These results indicate that the stabilization of chromatin 
loops in WAPL-ablated cells can counteract the increased compartmentalization and 
heterochromatinization that is conferred by knock-out of MED12 in wild-type cells.

An important remaining question is how these changes in the 3D genome and 
epigenome affect gene expression. To this end we performed RNA-seq analysis on the 
wild-type, ΔWAPL, ΔMED12 and ΔWAPL/ΔMED12 cell lines. When we analyze the genes 
located in H3K9me3 domains, we find a large cluster of genes whose expression is 
downregulated in ΔMED12 cells, consistent with the increased heterochromatinization 
(Fig. 5c-e). However, when MED12 is knocked out in the ΔWAPL background, these 
genes are not downregulated. These results show that these genes are not dependent 
on MED12 per se for their expression, but that the 3D genome organization rather 
dictates the expression of these genes. MED12 might therefore contribute to the 
maintenance of a 3D genome organization that is permissible to gene expression.

Discussion

Our functional analyses show that the 3D genome is intimately linked to the 
epigenome and gene expression. How then does loss of the Mediator CDK-module 
subunits lead to such major changes in the epigenome, and in particular to the 
amplification of heterochromatin domains? Our analyses show that loss of this 
module results in reduced CTCF and cohesin binding, and correspondingly in a loss 
of chromatin loops. Conversely, we find that stabilization of such loops by the loss of 
WAPL results in the near-ablation of heterochromatin domains. We therefore suggest 
that chromatin loops counteract the formation of heterochromatin domains. 

An explanation for the over-heterochromatinization upon the loss of loops may lie in 
the microphase separation model that has recently been proposed for the organization 
of the 3D genome into compartments30. Heterochromatin has the characteristics 
of a phase-separated compartment3 and its constituent protein HP1 can phase-
separate in vitro31. We propose that chromatin loops counteract the phase-separation 
of heterochromatin components. On one hand, WAPL, by driving cohesin’s release 
from DNA, allows the formation of heterochromatin domains. On the other hand, 
the Mediator CDK-module counteracts the formation of heterochromatin domains 
(Fig. 6). How the CDK module achieves this is unclear, but below we discuss two, 
not necessarily mutually exclusive mechanisms. One possibility is through the direct 
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Figure 5: MED12 maintains a transcription-permissible 3D genome organization. 
A) Immunofluorescence analysis of H3K9me3 levels in WT, ΔWAPL, ΔMED12 and ΔWAPL/ΔMED12 (Δ/Δ) cells. B) ICE 
normalized Hi-C contact matrix at 20kb resolution for WT, ΔMED12, ΔWAPL and ΔWAPL/ΔMED12 cells are shown for a 
region on chromosome 16. Cntact matrices are visualized using GENOVA. Black rectangles indicate the position of HCDs. 
C) RNA-seq and ChIP-seq profiles of TMEM99 (left) and CELF2 (right) in WT, ΔMED12, ΔWAPL and ΔWAPL/ΔMED12 
cells. Triplicate datasets are overlayed per cell line. D) RNAseq heatmap showing expression of genes in H3K9me3 do-
mains. K-means clustering (k=2) reveals a cluster of silenced genes in H3K9me3. E) Boxplots show expression of two 
example genes on chromosome 16.
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action of the Mediator CDK-subunit CDK8, which has been shown to be a histone H3 
kinase32. Phosphorylation of S10 of H3 blocks the binding of HP1 to H3K9me333,34. 
Loss of MED12 may lead to a decrease in the activity of the module and hence 
a decrease in H3S10P, which in turn could allow for increased heterochromatin 
domain formation. 

Alternatively, MED12 may play a role in the formation and/or stabilization of 
loops, as has been suggested previously22,35. Loss of MED12 could hereby lead to 
enhanced phase-separation of heterochromatin domains, leading to unrestrained 
amplification of dense heterochromatin domains. This would also explain the loss of 
heterochromatin domains in the absence of WAPL: a stabilization of loops would then 
counteract the phase-separation of heterochromatin domains, and hereby prevent 
their self-amplification. Indeed, high-resolution DNA FISH experiments have shown 
that loss of WAPL results in increased interactions between neighboring domains36, 
consistent with our Hi-C data. This domain intermingling, particularly between 
heterochromatic (H3K9me3 high) and euchromatic (H3K9me3 low) domains may 
explain the redistribution of this epigenetic mark. An increase in heterochromatin 
density, as observed in the CDK module mutants, could in turn limit the binding of 
CTCF and cohesin, which then could allow for yet further heterochromatinization. 
The absence of a counterforce could therefore result in a shift in the epigenome, in 
which all heterochromatin that would normally reside at dispersed focal H3K9me3 
peaks now ends up in monolithic heterochromatin domains. We propose that 
heterochromatin domains thus act as a sink for heterochromatin components. By 
preventing the formation of such dense heterochromatin structures, the Mediator 
CDK module might create a transcription-permissive environment that enables 

A B

figure 6

WT
Cohesin

H3K9Me3

∆WAPL ∆CKM 

B compartment

A compartment
CTCF

Figure 6: The CDK8 Kinase Module and cohesin play distinct and opposite roles in the genomic distribution 
of heterochromatin. 
A) Heterochromatin-domains, marked by H3K9me3, cluster together in three-dimensional space, separating the genome 
in A- and B-compartments. B) Model for how cohesin and CDK-Mediator may play opposite roles in heterochromatin 
domain formation. Upon loss of the cohesin release factor WAPL and stabilization of cohesin, loops increase in size, lead-
ing to a loss of compartmentalisation. This perturbs the formation and spreading of heterochromatin-domains. Loss of 
members of the mediator CDK8 Kinase Module (CKM) results in unconstrained heterochromatin-domain amplification 
and hyper-compartmentalisation, impairing cohesin- and CTCF-binding and a loss of associated loops.
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gene expression in a large part of the genome. This could represent a previously 
unappreciated link between nuclear organization and the epigenome, and we reveal 
that this inter-connected network controls gene regulation in an unexpected way. 
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Supplemental Figure 1: Characteristics of H3K9me3 ChIPseq data in mutant and WT HAP1 cells. 
A) Venn diagram showing the overlap of WT H3K9me3 domains with WT B compartments from Hi-C data. B) Volcano 
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P-values are calculated using an upper or lower tailed binomial test depending on whether H3K9me3 peaks are enriched 
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Supplemental Figure 4: Characterization of increased compartmentalization and binding characteristics of 
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mosome 8. Above the matrices the compartment score is plotted. Contact matrices are visualized using GENOVA. B) 
Scatterplot shows the compartment strength for every chromosome in the ΔMED12 and ΔCCNC cell lines compared to 
the WT data. Dotted line shows y=x, indicating no difference. C) Aggregate Peak Analysis (APA) of loops identified in WT 
cells in WT and ΔMED12 cells. D) Western blot analysis of CTCF in wild-type and ΔMED12. E) CTCF and cohesin WT 
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Conformation capture-approaches like Hi-C can elucidate chromosome structure at a 
genome-wide scale. Hi-C datasets are large and require specialised software. Here, we 
present GENOVA: a user-friendly software package to analyse and visualise chromosome 
conformation capture (3C) data. GENOVA is an R-package that includes the most common 
Hi-C analyses, such as compartment and insulation score analysis. It can create annotated 
heatmaps to visualise the contact frequency at a specific locus and aggregate Hi-C signal over 
user-specified genomic regions such as ChIP-seq data. Finally, our package supports output 
from the major mapping-pipelines. We demonstrate the capabilities of GENOVA by analysing 
Hi-C data from HAP1 cell lines in which the cohesin-subunits SA1 and SA2 were knocked 
out. We find that ΔSA1 cells gain intra-TAD interactions and increase compartmentalisation. 
ΔSA2 cells have longer loops and a less compartmentalised genome. These results suggest 
that cohesinSA1 forms longer loops, while cohesinSA2 plays a role in forming and maintaining 
intra-TAD interactions. Our data supports the model that the genome is provided structure 
in 3D by the counter-balancing of loop formation on one hand, and compartmentalization 
on the other hand. By differentially controlling loops, cohesinSA1 and cohesinSA2 therefore also 
affect nuclear compartmentalization. We show that GENOVA is an easy to use R-package, 
that allows researchers to explore Hi-C data in great detail.

Robin H. van der Weide, Teun van den Brand, Judith H.I. Haarhuis, Hans
Teunissen, Benjamin D. Rowland, Elzo de Wit

HI-C ANALYSES WITH GENOVA: 
A CASE STUDY WITH COHESIN VARIANTS
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Introduction
The organization of the genome inside the nucleus can be measured using 
proximity ligation assays such as Hi-C1, which has led to a detailed picture of the 
genome inside the nucleus. Chromosomes are structured by two opposing forces2,3. 
Compartmentalization leads to the formation of microenvironments that segregate 
active and inactive chromatin4. On the other hand, cohesin mediated loop formation 
results in the establishment of CTCF-anchored chromatin loops and Topologically 
Associated Domains (TADs)2, 5–8. TADs are thought to be the regulatory units of the 
genome for at least a subset of mostly developmentally regulated genes9,10.

The mechanism by which cohesin forms these loops, and by extension TADs, is loop 
extrusion11. In this model, cohesin processivily increases the size of chromatin loops. 
Extrusion is halted when cohesin encounters the CCCTC-binding factor (CTCF) 
bound to DNA. The orientation of the CTCF consensus-motifs is important for the 
ability of CTCF to act as a boundary-element for chromatin loops12. The majority 
of stable loops observed in Hi-C maps brings together CTCF motifs in opposite 
orientation (the ‘convergency rule’)12,13. We and others have shown that stabilising 
chromatin-bound cohesin, by depleting the cohesin-release factor WAPL, leads to 
more and longer loops2,14. These loops follow the convergency rule less strictly, and 
are generally extensions of wild-type loops, suggesting that loop-anchors collide in de 
absence of WAPL2,15. These observations show that by regulating the cohesin complex 
we can critically influence the organization of the genome inside the nucleus. The 
cohesin complex is a multimeric complex consisting of the core proteins SMC1, 
SMC3, RAD21/SCC1 and a STAG/SA subunit. There are two different cohesin 
variants, that contain either SA1 or its homologue SA2. Recent studies suggested that 
cohesinSA1 forms long CTCF-anchored loops16–18, whereas cohesinSA2 is involved in the 
formation of promoter-enhancer loops16,19.

Many recent discoveries concerning the organisation of the 3D genome and the role 
of cohesin in this has been learned from Hi-C, which is an all-versus-all chromosome 
conformation capture method1. Visualising individual chromatin loops requires 
Hi-C maps with resolutions of at least 20kb20. Since Hi-C data is a pairwise analysis 
method, increasing the resolution requires a quadratic increase in reads. For this 
reason, Hi-C datasets are often very large. More recently, higher-resolution methods 
like micro-C21 have emerged, resulting in even larger datasets. These large amounts of 
data call for purpose-built and highly powerful computational methods. 

Several software-packages for Hi-C analysis and visualisation have been described in 
recent years22. Some of these focus on generating tracks or snapshots of regions of 
interest23,24. Another powerful feature is aggregating Hi-C data on specific features 
like loops, also referred to as pile-ups2,25–28. By averaging the limited signal of many 
features, one can surmise general changes in nuclear organization from changes 
in signal distribution. These aggregations are conceptually similar to metaplots in 
ChIP-seq and ATAC-seq analyses. The Hi-C analysis methods referenced above are 
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currently scattered over many packages and programming languages. This dispersed 
landscape of tools is cumbersome for many experimentalists, as it forces them to 
spend time learning how to use each of these tools and to become versed in multiple 
programming languages. Here we present GENome Organisation Visual Analytics 
(GENOVA): an R-software package for Hi-C data-analysis. It features all of the key Hi-C 
analyses and works with all major mapping-pipelines. GENOVA can be downloaded 
and installed from www.github.com/dewitlab/GENOVA.

GENOVA has previously been used to study the role of the ChAHP in nuclear 
organization29, to investigate the loss of all CTCF anchored loops in a CTCF point 
mutant30 and other studies31,32. In the current study we present GENOVA in detail 
and use it to chart the roles of SA1 and SA2 in genome organisation. We generated 
knockouts of each homolog in human HAP1 cells. GENOVA enabled the integration 
of published Hi-C data of knockdowns and acute depletions16–18,33. Using GENOVA 
we were able to determine the contribution of cohesinSA1 and cohesinSA2 to genome 
organization.

Methods

The basic principle in Hi-C data analysis is identifying ligations between non-
contiguous restriction fragments. This is achieved by performing paired-end 
sequencing of a Hi-C template. Hi-C mapping pipelines have the following steps in 
common. First, paired-end sequence reads are mapped to a reference genome. When 
the paired ends fall on different restriction fragments this amplicon is identified 
as a valid interaction pair. Next, the valid pairs are summed over equally-sized (e.g. 
10 kilobase) interaction bins. Finally, the resulting contact matrix is normalized 
to account for biases using iterative correction34 or matrix balancing35. The most 
common pipelines (Hi-Cpro, juicer and cooler) perform these steps but produce 
different output formats26,36,37. Data from Hi-C alternatives, such as micro-C38 or tiled 
Capture-C39 can also be loaded into GENOVA, provided it is stored in one of the 
aforementioned data formats. It should be noted that for high-resolution methods 
such as micro-C the memory requirements may be greater than for a typical Hi-C 
experiment. 

Loading and representation of Hi-C data

In GENOVA, the contact matrices are loaded into contacts-objects, which stores the 
matrices in a compressed sparse triplet format and the user-added metadata (e.g. 
colours and sample-names) of one Hi-C dataset (Fig. 1a). There is also the option to 
calculate Z-score normalised values. These scores express data in units of standard 
deviation relative to other values at equal distance. This can be of use when exploring 
small (i.e. 1 by 1 bin) far-cis features, as the increase in sparsity at these distances 
means that it is more difficult to separate noise from true local contact-enrichment. 
Data from the Juicer, Cooler and HiC-pro pipelines can all be loaded with the same 
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function inside GENOVA. The Juicer pipeline produces .hic-files that are parsed with 
the strawr-package. The Cooler pipeline produces “.cooler”-files that stored in the 
HDF5 standard. The Rhdf5-package enables the loading of these into R.

After contact-objects are made, the user can analyse these with the tools (R-functions 
to analyse Hi-C data) in GENOVA. All tools have a similar syntax and standardised 
output: the discovery object. An added benefit of using contacts- and discovery-
objects is that they are portable: they contain all the information of a Hi-C dataset 
or result, including metadata. This averts common errors, like swapping labels, and 

Figure 1: GENOVA is a pipeline-agnostic R-package and includes the majority of Hi-C analyses.
a) Data from the three major pipelines can be loaded with the load_contacts tool into a contacts-object. Quality control 
and other analyses can then be ran on these objects: all tools generate the results in the form of a discovery-object. The 
user can print, visualise and quantify these objects. b) An overview of the tools and options in GENOVA and other Hi-C 
software (+ available; ≈ limited functionality). The majority of the available software focus on a subset of the possible 
analyses and are often restricted to specific mapping pipelines.

Figure 1

input methods

contacts

HiC-pro

discovery

visualise

quantify

Juicer

Cooler analysis

QC

tools
A

B

bioinformatics

Global analyses include contact probabilities and compartments-analysis. CLI-user: a user that is 
comfortable and able to work on the command-line. Raw output means that the tools return the underlying 
data of results in a usable fashion.

tool language userbase input output

analyses*

QC global local aggregates

GENOVA R broad juicer, cooler, hic-pro raw, pdf, png + + + +

HiCdatR R bioinformatics proprietary pdf, png +

HiTC R broad hic-pro, my5C raw, pdf, png +

Coolpup.py Python CLI-user Cooler raw, pdf +

HiCExplorer Python CLI-user proprietary raw, png, pdf + +

HiCPlotter Python CLI-user hic-pro,proprietary jpg, pdf +

GITAR Python CLI-user proprietary png

Juicer tools Java bioinformatics juicer raw, png

NAT MATLAB Homer, Cooler pdf, png +

An overview of analysis-tools for Hi-C data.

hic_wt <- load_contacts("data/wt.hic") apa_wt <- APA( hic_wt, loops)
ara_wt <- ARA( hic_wt, ctcf)
ata_wt <- ATA( hic_wt, tads)

            ...            
v4c_wt <- virtual_4C(hic_wt, viewpoint)

print( apa_wt)
quantify( apa_wt)
visualise(apa_wt)
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facilitates sharing (raw) data of analyses with collaborators. The user can visualise the 
discovery-objects, as well as quantify them for further analysis (Fig. 1a).

The main benefit of using GENOVA is that it comprises a large set of available 
tools, that are otherwise distributed over a number of different software packages 
and programming languages. The tools in GENOVA can perform quality-control, 
generate tracks, visualize contact matrices and aggregate Hi-C data over genomic 
features (Fig. 1b, Supp. Table 1). This has resulted in a package that can be used 
to run the majority of analyses currently used in the literature within a single 
programming environment. We will discuss these tools in detail below.

Quality control

The first analysis-step after loading the data is to perform quality control to check 
the integrity of the Hi-C experiment. A good indicator of the quality of a Hi-C 
library is the percentage of reads mapping in cis. Previous work has shown that 
the expected amount of intra-chromosomal contacts is in the 90-93% range in 
both mouse embryonic stem cells and in human K562 cancer cells40 Many factors 
can influence the number of interchromosomal ligations, which generally is the 
sum of (i) true proximity ligations and (ii) debris DNA fragments41. We advise 
for in nucleus or in situ Hi-C dataset to have percentages of intrachromosomal 
ligations above 75%. To test this, users can run the cis_trans-tool (Fig. 2a), 
which computes this percentage genome-wide.

In studies with translocation-prone (cancer-)genomes, the Hi-C data of sites 
surrounding the breakpoints will be misleading. The same is true when the reads 
are aligned to draft genomes that may still contain assembly errors, which can be 
the case for uncommon model system or strains. In the case of structural variation, 
the regions around a breakpoint will have increased amounts of —seemingly— 
trans-contacts, which are in reality cis-contacts of two translocated pieces of 
chromosome. In the case of a misassembly, actual wild-type cis-interaction will 
appear as translocations. The result in both cases is the appearance of merged and/
or deleted TADs and unexpected changes in compartment-scores. It is therefore 
recommended that translocated chromosomes are omitted from further analyses. 
GENOVA can compute the enrichment of cis-interactions between chromosomes 
with chromosome_matrix. Moreover, this tool generates an overview-plot for 
checking for translocations (Fig. 2a). 

Tracks and matrices

Hi-C data analysis often focusses around comparing features like TADs and 
compartments. Identifying the locations of these features first requires that the two-
dimensional Hi-C data is reduced to a quantitative linear track. GENOVA provides 
tools to distil Hi-C into linear tracks on compartment- and domain-level. Aside 



— 93 —

Hi-C Analyses With GENOVA: A Case Study With Cohesin Variants

4

from calling features on these tracks, users can also use them for matrix-annotation, 
alignments on regions (e.g. tornado-plots) and viewing in genome-browsers. 

To generate a matrix overview for an entire chromosome or chromosome arm (i.e. far-
cis interactions) we devised the cis.compartment.plot function. The resulting 
plot shows a heatmap of one or two contacts-objects. In the case of two experiments 
either experiment occupies a triangle in the matrix (top or bottom). The plot can 
show both the absolute Hi-C signal or the observed over expected (i.e., the distance-
dependent average) scores. Above and to the side of the heatmap the compartment-
scores are plotted (Fig. 2c). This matrix is thus a useful way to get an overview of the 
far-cis landscape and even directly compare two samples

In order to determine A- and B-compartments, users can also generate compartment-
scores using a separate function (compartment_score). The compartment score is 
determined by first computing an observed over expected matrix for a chromosome 
(arm). From this matrix one is subtracted and an eigen decomposition is performed. 
The first eigenvector of the matrix is multiplied by the square root of the corresponding 
eigenvalue34. To ensure that positive values are corresponding to euchromatin, we 
advise correlating the arm-wise compartment-score to the ChIP-seq data of an active 
histone mark (e.g. H3K4me1). This can be done from within GENOVA: when this 
correlation is negative, the compartment-score is multiplied by negative one42.

In addition to compartments, chromosomes can be subdivided into TADs. Two 
common TAD-level metrics are the directionality index and the insulation score5,43. 
GENOVA includes tools for computing these two separate metrics for TAD-level 
tracks. It goes beyond the scope of this study to discuss the various downsides and 
benefits of either method, for a more detailed discussion we refer the reader to 
Zufferey et al. (2018)44. These tracks can be used to call TADs and align on genomic 
features, like genes or precomputed TAD-boundaries (Supp. Fig. 1a).

The insulation score reflects the differences of contact density of every Hi-C bin with 
its surrounding bins43. Briefly, the insulation_score tool uses a sliding window to 
compute the average signal intensity per Hi-C bin. This score is then divided by the 
genome-wide average signal to produce the insulation-score. To plot the Hi-C matrix 
and the corresponding insulation score, users can call plot_insulation. At the 
boundary between two TADs there is a clear dip in the insulation score. This feature 
is exploited in the call_TAD_insulation tool to call TAD-boundaries at local 
minima, which uses the output of the insulation_score tool as input. To prevent 
insulation boundary calling on spurious dips a threshold is set (min_strength), 
which can be adjusted to increase or decrease the number of boundaries that are 
determined. For the TAD calling performed on WT, ΔSA1 and ΔSA2 Hi-C maps we 
used 20kb matrices, with a window size of 25 and a min_strength of 0.01.
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Figure 2: The GENOVA-package contains a complete suite of tools for Hi-C analyses.
a) Quantification of the percentage contacts in cis of WT and ∆WAPL made with the cis_trans tool. b) Enrichments 
of contacts between all pairs of chromosomes with chromosome_matrix. Both the reciprocal 9-22 translocation and 
the addition of a fragment of chromosome 15 on chromosome 19 lead to a high enrichment-score. c) Whole-arm chro-
mosome matrices with compartment-scores for WT (top right) and ∆WAPL (bottom left). The matrix can either be the 
Pearsson-matrix (shown) or the contact-intensity. d) The hic.matrixplot tool allows for the plotting of a regions of interest, 
includ- ing annotations. Signal-tracks, gene-models and ChIP-seq peaks can be used for the annota- tion-tracks above and 
to the left, while loops and TADs can be plotted on top of the matrix. All annota- tions can be customised on placement 
and colour. e) Additionally, a second contacts-object can be added to the bottom-left half of the matrix (top triangle) or 
can be subtracted from the first contacts-ob- ject to produce a differential matrix (bottom triangle).
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Figure 2 (continued) f ) Features of the Hi-C data (top) can be summarized with the aggregation-tools of GENOVA (mid-
dle) to produce genome-wide averages of the features (bottom). g) C-SCAn of pairwise combinations of CTCF ChIP-seq 
peaks on forward and reverse binding motifs in convergent (top row) and divergent (bottom row) in WT and ΔWAPL.

The second TAD-level track, the directionality index, quantifies the bias between 
upstream and downstream interactions for each Hi-C bin. This score is low just 
upstream of a TAD-boundary and high just downstream of a TAD-boundary, as has 
been extensively described by Dixon et al. (2012). The direct_index tool will, in 
short, average the signal in a set region upstream and downstream of a Hi-C bin. 
Afterwards it is normalized in a similar matter as computing the χ2 metric, where 
a score of zero means that there is no bias. A bin where this score suddenly crosses 
zero means that interactions are biased up- or downstream, which is the case at 
TAD-boundaries.

Plotting Hi-C data in user-specified regions in combination with genomic features 
or data can be done with hic.matrixplot (Fig. 2d). It accepts multiple sources 
of annotations: linear features such as ChIP-seq peaks and gene information can 
be plotted above and to the left of the matrix. TADs and chromatin loops are are 
plotted over the Hi-C matrix heatmap. Furthermore, linear tracks in bigwig- and 
bedgraph-format can be plotted to add quantitative information about protein-DNA 
interactions or gene expression. Two samples can be plotted in a mirrored fashion 
alongside the diagonal (i.e., the top and bottom triangles of the matrix) or the 
difference can be plotted by subtracting one experiment from the other (Fig. 2e).

Chromosome-level analyses

The relative contact probability can be used to investigate distance-dependent contact 
frequencies1,45. Because chromosomes are subject to polymer physics34 the probability 
of two regions on a chromosome interacting in 3D decreases as function of the linear 
distance. When comparing two Hi-C experiments, a change in the relative contact 
probability (RCP) in the 1-5Mb range is indicative of a change in contacts in TAD-
level, for example. Moreover, Gassler et al.46 have shown that the derivative of the RCP 
can be used to estimate the average extruded loop size. The RCP tool in GENOVA 
can be used to calculate genome-wide RCP score or for a user-defined set of regions 
or chromosomes. In addition to the standard methods of plotting the RCP decay as 
a function of distance for every sample, GENOVA offers the option to compute the 
fold-change over a control sample18(Supp. Fig. 1b). 

While the RCP can give insight into the far-cis interactions, it is not designed to 
reveal changes in the strength of the compartmentalisation, which is measured as 
the degree in which A and B compartments segregate in the nucleus. For this, users 
can use the de saddle-tool, which is based on the work of Imakaev et al.34. In brief, 
the tool first stratifies each genomic bin on the quantiles of the compartment score. 
The number of quantile bins can be chosen by the user. Pairwise interactions are 
then allocated to the combination of their compartment-score quantiles. Next, it 
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computes the average of the observed over expected Hi-C score for each quantile-
combination. This results in a Nquantile•Nquantile sized matrix, which can be visualised 
as a heatmap, a so-called saddle plot. The name of this method comes from the fact 
that the resulting plot resembles a saddle, with strong interactions at A-A and B-B and 
weaker interactions between A and B.

A related measure is the compartment strength, which computes the strength of 
compartmentalisation as the product of the observed over expected (O/E) scores 
in A/A and B/B (i.e. within compartment) interaction bins divided by the square of 
the O/E scores in the A/B (i.e. between compartment) interaction bins. A score of 
one means that the within-compartment interactions are as common as between-
compartment, whereas a higher score means that within-compartment interaction 
are more prevalent.

Data aggregation 

De novo TAD and loop calling relies on a sufficiently sequenced dataset (at least 
108 reads for the human genome). However, when data is sparse (e.g. less than 25 
million reads) we can still extract meaningful information from these datasets 
through the aggregation over genomic features. GENOVA can perform several forms 
of aggregation analysis. (Fig. 2f ).

GENOVA has a family of tools for aggregating contacts at features of interest, like 
peaks, loops and TADs. Users can aggregate the regions around one-dimensional 
features (e.g. ChIP-seq peaks or transcriptional start sites, TSS) at the diagonal with 
the Aggregate Region Analysis (ARA). Since subtle changes can be obscured by the 
high contact-intensity of the diagonal, the tool computes an observed over expected 
score. This expected score is generated by calculating the same aggregate matrix for 
the same features, but shifted 1Mb downstream, and averaging per distance. This also 
ensures that subtle changes in the average contact probability are normalised. The 
Aggregate Peak Analysis (APA) averages the signal surrounding the pixels making up 
the loop taking by default a region 21 bins around the feature (Fig. 2f ). To aggregate 
TADs, the ATA-tool extracts both the regions of interest (i.e., TADs), including the 
regions up- and downstream of half of the TAD-size. We average the matrices, after 
resizing through bilinear interpolation of the individual matrices, to show the average 
contact-distribution of all TADs and their surroundings (Fig. 2f ).

All three aggregation-tools have customisable thresholds for the sizes of the feature 
and its surrounding region to include. Setting the feature-size threshold allows 
for stratification of specific sizes, such as large versus small loops, but can also be used 
to remove features that are not in the expected size-range. Users can set a threshold on 
pixels (i.e., interaction-bins) with extreme values, which are often considered outliers. 
When a pixel has a higher signal than the threshold, the pixel-intensity will be set to 
the value of the threshold. This approach keeps all features, regardless of outliers, but 
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limits the influence of the outliers on the final average. Afterwards, the visualise- and 
quantify-methods allow for comparisons between feature-sets and samples.

Another possibility to visualise aggregates is to generate a tornado-plot, in which 
the enrichment is plotted for every individual feature (i.e., loop). We calculate the 
enrichment of each feature with the pixels surrounding it with the same distance 
(Supp. Fig. 1c). Afterwards, we sort and k-means cluster the features—both the samples 
to sort on and the number of clusters can be set. As is the case for all discovery-objects 
and plots in GENOVA, the output of the tornado-tool contains the raw data, which 
allows users to further analyse these features, stratified on the clustering.

Aside from Hi-C features, GENOVA also enables the aggregation of contacts between 
two one-dimensional regions, like ChIP-seq peaks (Fig. 2f ). PE-SCAn27 creates virtual 
loop anchors by combining pairs of features within certain distance-thresholds and 
calculates the enrichment. C-SCAn is an extension of PE-SCAn and allows multiple 
sets of peaks (e.g. enhancers and promoters or positively and negatively oriented 
CTCF motifs). It then creates virtual loops based on combinations of these sets. The 
discovery-object of PE-SCAn and C-SCAn can be visualised and quantified in the 
same way as the APA, ARA and ATA.

Genome editing and cell culture

Hap1 cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) sup-
plemented with 10% FCS (Clontech), 1% Penicillin/Streptomycin (Invitrogen) and 
0.5% UltraGlutamin (Lonza). Hap1 SA1 and SA2 knock-out cells were generated 
using gRNA’s targeting SA1 exon 2 (ACTACTGCCCATTCCGATGC) and SA2 exon 3 
(TGATGACCATTCATTCGGTT), which were cloned into PX330. Cells were transfected 
with PX330 and pDonorTia containing a puromycin resistance gene. Clones were 
selected using puromycin (2 µg/µl). Colonies were screened for the loss of SA1 and 
SA2 using PCR and western blot analysis. Used antibodies for the western blots were 
ab4457 (SA1) from Abcam, 158a (SA2) from Bethyl, sc365189 (WAPL) and sc13119 
(HSP90) from Santa Cruz. Rad21 immunofluorescence was performed with Millipore 
05-908 (Rad21) antibodies in 1:250 dilution.

Hi-C from Hap1 SA1 and SA2 knockouts

We performed in-situ Hi-C, as described in Haarhuis et al. (2017). Sequencing was 
done on the HiSeq X sequencing platform and reads were mapped to the hg19 
reference genome using hic-pro 2.11.136. We performed loop calling with HiCCUPS 
1.9.9. Previously published WT and ΔWAPL Hap1 data were included2. We used both 
the ice-normalised matrices and generated z-normalised matrices during loading. 
TAD- and loop-calls from the same manuscript were also included. To compare our 
results to a different cell line, we mapped the reads and downloaded the juicer-files 
for the siControl, siSA1 and siSA2 of MCF10A from Kojic et al. (2018)
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Results
We have developed GENOVA on the premise that it combines all the key Hi-C 
analysis tools for the most common Hi-C data formats. To illustrate that contacts-
objects from different formats can be compared in GENOVA, we mapped the data of 
Kojic et al. (2018) with HiC-pro and compared it to .hic files mapped with TADbit 
and converted with Juicer-tools. The relative contact probabilities between the two 
formats are similar for both siSA1 and siSA2 (Supp. Fig. 1d). This shows that the 
different formats give nearly identical output and that these different outputs can be 
compared inside GENOVA.

Because Hi-C maps are often large and complex datasets, the speed of these tools is 
key to many of the analyses. Therefore, we use key-based binary searches(47), which 
has the benefit that the speed of the analyses is no longer linearly proportional to the 
number of regions queried47. To test the performance of our method, we performed 
an Aggegrate Peak Analysis on Hap1 Hi-C data of Haarhuis et al. (2017) with both 
GENOVA and Juicer26. Our analysis showed that, irrespective of resolution, the absolute 
increase in calculation time is less with more loops queried in our implementation 
(Supp. Fig. 1e). These results indicate that GENOVA’s implementation of region-
lookups is robust and quick enough to handle large queries.

Aggregation enables the gathering of information from dataset that have a higher level 
of sparsity. To investigate how sparse the data can be and still be used in aggregation-
analyses, we downsampled the HAP1 data of Haarhuis et al. (2017). The RCP analysis 
shows that there is little to no deviation of the full dataset up to 90Mb at 1 million 
reads (Supp. Fig. 1b). Both the APA and ATA show good signal-to-noise, even at 5 
million reads—twenty percent of the output of a current Illumina MiniSeq (Supp. 
Fig. 1f,g). These results indicate that aggerate analyses can be faithfully performed on 
low-coverage datasets.

C-SCAn and loop clustering

In GENOVA we have implemented two novel tools, C-SCAn and loop clustering. 
The first is an extension of the previously published Paired-End Spatial Chromatin 
Analysis (PE-SCAn) method48, that aggregates of all pairwise combinations of a 
genomic feature such as gene promoters or super enhancers49. C-SCAn builds on this 
by performing aggregation of pairwise combinations of two different genomic features, 
for instance gene promoters and distal enhancers, but excluding the homotypic 
pairwise combinations. We tested our method by aggregating over combinations of 
forward and reverse oriented CTCF binding sites. Our analysis showed, as expected, 
that there was a clear increased contact frequency between CTCF binding sites in 
a convergent orientation (Fig. 2g). This contact frequency was further increased in 
the absence of WAPL, consistent with the observation that cohesin is bound more 
stably to DNA2. Note that the C-SCAn function allows the user to analyse genomic 
features in a specific direction, like with the forward and reverse CTCF sites, or in a 



— 99 —

Hi-C Analyses With GENOVA: A Case Study With Cohesin Variants

4

direction agnostic manner, as with promoters and enhancers. The C-SCAn function is 
a powerful new method to elucidate features that shape the 3D genome.

A powerful method to visualise ChIP-Seq data is a heatmap of the signal around, 
for instance, peaks, also referred to as tornado plots. We realised that, for obvious 
reasons, no such method existed for Hi-C data. We have therefore developed a 
method that selects diagonals from the Hi-C matrix that overlap with specific points 
in said matrix, such as chromatin loops or putative chromatin loops, represented as a 
one-dimensional array of values. These arrays can be stacked together in a heatmap, 
similar to ChIP-Seq tracks. Visualization of the heatmap enables the assessment of 
global versus specific changes in loop changes (Supp. Fig. 1c). The organisation of 
the loop data into a matrix also enables the user to perform k-means clustering, to 
identify specific subsets of loops (discussed in more detail below). These are two 
additions to a roster of analysis tools that can be used to analyse Hi-C. Below we will 
use these tools to analyse the role of different cohesin variant in nuclear organisation.

Differing far-cis landscapes of cohesinSA1 and cohesinSA2

The cohesin-complex has been shown to play a major role in the formation of CTCF-
anchored loops and contacts within TADs8. There are two variants of the complex, 
containing either the SA1 (STAG1) or SA2 (STAG2) homologs, that are suggested to 
have specialised functions (Fig. 3A)18,19,33. To elucidate the differences of cohesinSA1 
and cohesinSA2 with regard to genome organisation, we made knock-outs of either SA1 
or SA2 by inserting a puromycin resistance cassette in-frame in HAP1 cells (Supp. Fig. 
2a). We confirmed the knockouts by PCR (Supp. Fig. 2b) and western blot (Fig. 3b). We 
refer to these knock-out lines as ΔSA1 and ΔSA2.

To reveal the effects of knocking out SA1 or SA2 on chromosome organization, we 
generated high-resolution Hi-C maps (Supp. Fig. 3a). When inspecting whole chromosome-
arms, we saw that the two knockouts had different effects on the intrachromosomal 
interaction landscape. In ΔSA1 cells there were more far-cis interactions, 
indicated by the stronger “plaid”-pattern in the Hi-C map. On the other hand, in

Figure 3: Generation of Hap1 SA1 and SA2 knockouts.
a) The two cohesin-variants differ in their SA subunits. b) Western blot analysis confirms SA1 knockout in ΔSA1 cells and 
SA2 knockout in ΔSA2 cells.
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ΔSA2 cells there are more interactions at the sub 5Mb-scale, which can be seen as a 
stronger diagonal (Fig. 4a, Supp. Fig. 3b). This difference was confirmed in the relative 
contact probability (RCP) plots, where the ΔSA2 has increased interactions in the 
close-cis range (1-10Mb), compared to the WT. The ΔSA1 cells show a general increase 
in contacts compared to WT for regions more than 5Mb apart. (Fig. 4b, Supp. Fig. 
3c). We found that the technical replicates show extremely similar distributions, and 
thus combined the replicates in all subsequent analyses (Supp. Fig. 3c). Our results 
indicate that cohesinSA1 and cohesinSA2 affect chromosome organization differently. 

The observation that ΔSA1 has increased far-cis interactions compared to ΔSA2 
brings up an interesting possibility that cohesinSA1 inhibits compartmentalisation (i.e. 
more intra-compartment contacts) to a larger extent than cohesinSA2. This difference 
in compartmentalisation can already be seen in the compartment-score tracks of 
figure 4A: the amplitude of the B-compartment score (blue) is increased in the ΔSA1 
compared to both the WT and ΔSA2. Since a higher compartment-score amplitude 
is an indication of more homotypic compartment interactions (i.e. between two A 
compartment bins or two B-compartment bins), we quantified these differences 
genome-wide. To visualise the changes in the compartment strength we generated 
saddle-plots, in which the amount of self-interaction of A- and B-compartments is 

Figure 4: Far-cis differences between the cohesin-variants.
a) Hi-C matrices of chromosome 2p of wild-type, ΔSA1 and ΔSA2. Compartment-scores are plotted on top. Bars in matri-
ces denote 5mb and 10mb distances in red and blue, respectively. b) Relative contact probabilities compared to wild-type 
in log2-space, with blue denoting ΔSA1 and red denoting ΔSA2. c) Saddle-plots (top) and differential saddles (bottom), 
with purple denoting more interactions in the sample compared to the wild-type. Annotated values are the average enrich-
ment in the 2x2 squares of the respective corners. d) Boxplot of the compartmentalisation-strength per chromosome-arm 
(dots). *** indicates paired t-test p < .005.
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quantified34,50. These plots show that ∆SA1 has increased B-B (and less A-B) interactions 
compared to control (Fig. 4c). This can be further quantified using the compartment 
strength34, which corresponds to the proportion of intra- versus inter-compartment 
contacts and is calculated for every chromosome arm separately34. We found that the 
ΔSA1 overall has significantly stronger compartmentalisation, while ΔSA2 has weaker 
compartmentalisation, compared to wild-type (Fig. 4d). These results show that 
cohesinSA1 and cohesinSA2 differ in their propensity to restrict compartmentalisation.

CohesinSA2 promotes intra-TAD contacts

Depletion of the cohesin loading/extrusion factor Scc2/Nipbl or loss of the cohesin 
loading factor SCC4/MAU2 leads to an increase in compartmentalisation, whereas 
cohesin stabilization on DNA reduces compartmentalization2,3. From this it has 
been postulated that cohesin loops actively counter compartmentalisation51. We 
thus investigated chromosome organisation at the level of chromatin loops. TADs 
are thought to be an average representation of cohesin-mediated chromatin loops. 
Therefore, a difference in loop formation activity should be visible at this level of 
resolution. We indeed observed a striking difference in TADs between both cohesin-
variants (Fig. 5a, Supp. Fig. 4a,b). In ΔSA2, TADs show an increased signal at the edges 
(i.e. corner peaks, quantified in Fig. 5b) and diminished intra-TAD signal. We used the 
TAD-calling tool in GENOVA, which is based on the insulation score43, to identify 
TAD-boundaries in all samples. The number of TAD-boundaries between WT and 
ΔSA1 was similar, whereas the ΔSA2 has a decreased number of boundaries (Fig. 5c). 
The largest subset of boundaries (containing 1972 boundaries) was identified in all 
three genetic backgrounds. However, when we compared the TAD boundaries that 
were found in two out of three genetic backgrounds, we found that the boundaries 
found in WT and ΔSA1 (n=699) were more than two and a half times as numerous as 
the boundaries found in combination with ΔSA2 (n=268,246). These results suggest 
that cohesinSA2 plays a role in the formation of intra-TAD contacts, which in turn 
leads to a stronger insulation of TADs.

Our observations regarding TADs in ΔSA2 cells were reminiscent of loop formation 
in ΔWAPL. Stabilisation of cohesin by loss of WAPL also leads to more-pronounced 
corner peaks at TAD boundaries, and fewer intra-TAD interactions2,14. To further 
explore the consequences on TADs, we performed an Aggregate TAD Analysis (ATA) 
on TADs called in Haarhuis et al. (2017). The ATA shows that the aforementioned 
loss of intra-TAD contacts in ΔSA2 is found genome-wide (Fig. 5d, Supp. Fig. 4c). 
Moreover, the quantification of the ATA indicates that ΔSA1 have increased intra-
TAD off-diagonal contacts (Supp. Fig. 4d). Loss of SA2 by RNAi in MCF10A cells16 
results in a similar phenotype (Supp. Fig. 4e).

The similarity at the level of TADs between ΔSA2 and ΔWAPL prompted us to 
investigate the contacts over boundaries. The intra_inter_TAD tool in GENOVA 
enables this comparison a systematic manner. As shown previously2, there are more 



— 102 —

Chapter 4

interactions between (maximal 5) neighbouring TADs in the ΔWAPL, while the intra-
TAD score is decreased (Fig. 5e). On the other hand, intra-TAD contacts are decreased 
even more in ΔSA2 cells and inter-TAD score increases as far away as 10 TADs. These 
findings again suggest that cohesinSA2 is required for intra-TAD contacts.

CohesinSA1 creates longer CTCF-anchored loops

FRAP experiments have recently shown17 that cohesinSA1 is more stably associated 
with chromosomes than cohesinSA2. We hypothesize that a longer residence time of 

Figure 5: CohesinSA1-only cells have diminished intra-TAD contacts.
a) Snapshots of two regions on chromosome 5 and 9, showing ΔSA1 in top-right and ΔSA2 in bottom-left triangle. b) 
Aggregate Peak Analysis on TAD-corners in wild-type, ΔSA1, ΔSA2 and ΔWAPL (top). Differential APA compared to wild-
type (bottom), with red denoting increased interactions in the specific sample. c) Intersections of called TAD-boundaries 
in wild-type, ΔSA1 and ΔSA2. d) Aggregate TAD analysis of Hap1 TADs in wild-type, ΔSA1, ΔSA2 and ΔWAPL (top). 
Differential ATA compared to wild-type (bottom), with blue denoting loss of interactions in the specific sample. e) TAD-
neighbour analysis: interactions between TADs, stratified on the number of TADs in between, compared to wild-type.
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cohesin on chromatin leads to the formation of longer loops. One way to measure 
this is to investigate a feature of Hi-C maps called “stripes”, which are formed at 
CTCF sites and thought to be a manifestation of one-sided loop extrusion by cohesin. 
We measured stripe formation in our Hi-C data by performing an ARA on CTCF-sites 
with a specific orientation (Supp. Fig. 5a). We observed a pattern that is reminiscent of 
insulation consistent with the function of CTCF. Furthermore, a clear stripe pattern 
is found in the direction of the CTCF site. In ΔSA1 cells the stripe signal decays 
more rapidly compared to the wild-type (Supp. Fig. 5b). In contrast, the ΔSA2 cells 
show hardly any decay compared to the wild-type over the distances we measured. In 
addition to this, we also see an increase in contacts upstream of the CTCF-site in cells 
that only have cohesinSA1 (Supp. Fig. 5b). This increase of upstream contacts at CTCF-
sites is in line with the presence of bidirectional anchors due to loop-extension, as 
anchors of extended loops are combinations of CTCF-loops themselves52. 

Upon further inspection of the Hi-C matrices we indeed observed loops over larger 
distances in the ΔSA2 cells, which only have cohesinSA1 (Fig. 6a, Supp. Fig. 5c). To 
systematically investigate these differences, we called loops with HICCUPS and 
calculated the size-distribution per genotype (Fig. 6b). We find that the average 
loop-size is increased in the ΔSA2 from 410kb to 500kb. Conversely, in the ΔSA1 the 
average loop length is decreased to 320kb. To quantify the effect of cohesin variant 
loss on loop strength of different lengths we stratified WT loops2 according to their 
length. We find that in ΔSA2 loops below 400kb show a decrease in contact frequency, 
compared to wild-type. Conversely, in ΔSA1 there is a decrease in contact frequency 
for loops longer than 500kb (Fig. 6c). Inspection of the Hi-C maps reveals that the 
ΔSA2 specific longer loops connect loop anchors already found in wild-type (Fig. 
6a). We systematically analysed this using a function in GENOVA that enables the 
calculation of average contact frequency between extended loops, that are formed 
between the 5’ and 3’ anchors of loops called in wild-type cells. The APA for these 
extended loops showed that ΔSA2 cells show an increase in the contact frequency 
(Fig. 6d), which is reminiscent of results we previously observed for ΔWAPL cells2. We 
also observed this in the data of Kojic et al. (2018), where the SA2-depletion using 
siRNAs showed an increased signal at extended loops (Supp. Fig. 5d). To exclude that 
the effect on loop length that we are seeing is an indirect effect of lower WAPL levels, 
we performed Western blot analysis. This confirmed that the WAPL protein level 
was unaffected (Supp. Fig. 5e). Together, these analyses support the notion that the 
stability of a cohesin-variant on chromatin determines the length of the loops that 
can be produced.

Loss of WAPL also leads to increased stability of cohesin on DNA and an increase 
in loop length. This is accompanied by a striking ‘vermicelli’ chromosome phenotype 
in which a thread-like staining of cohesin is seen. Because of the increased loop 
size in ΔSA2 we investigated whether the vermicelli phenotype is also found in our 
ΔSA2 cells. To this end, we stained the cohesin subunit SCC1 in WT, ΔSA1, ΔSA2 and 
ΔWAPL cells. Whereas the ΔWAPL cells showed a clear vermicelli phenotype, the ΔSA2 
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Figure 6: Extended loops in ΔSA2 are formed at bidirectional loop-anchors.
a) Pyramid-plots of wildtype, ΔSA1, ΔSA2 and ΔWAPL at chromosome 12. Predicted loop-extensions, based on wild-type 
anchors, are indicated in blue circles. b) Length-quantification of loops called by HICCUPS in wild-type, ΔSA1, ΔSA2 and 
ΔWAPL. Dashed line denotes median. c) Contact-enrichment of loops versus surrounding 250kb at different loop-lengths. 
Grey line denotes wild type average signal. d) Aggregate peak analysis of the predicted extended loops in wild-type and 
the three knockouts (top). Differential plots comparing knockouts to wild-type are shown in the bottom row, where red 
indicates an enrichment in the knockout. e) Immunofluorescence of DNA-bound SCC1, showing the vermicelli-phenotype 
in ΔWAPL. f ) The aggregate tornado-plot extracts the signal around and at every individual loop visualises them as a 
heatmap, with a loop at every row (left). A K=3 clustered tornado on the APA-discovery object of figure 6d.
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cells lack vermicelli chromosomes (Fig. 6e). These results show that, although the 
absence of WAPL and SA2 correlate with an increase in loop size and the formation 
of extended loops, further differences in cohesin stability likely determine whether 
vermicelli chromosomes are formed (see Discussion).

Extended loops form at bidirectional anchors

Because both ΔSA2 and ΔWAPL cells show extension of loops, but result in different 
chromosome organization at the ultrastructural level, we looked in more detail at the 
extended loops in these different genotypes. To quantify and cluster the underlying 
loops of the APA, we used the aggregate_tornado-tool. Running this tool on our 
data showed that there are three clusters, of which cluster 3 (containing 674 pairwise 
sites) has a strong enrichment in the ∆SA2 only (Fig. 6f ). All three clusters had 
comparable numbers of CTCF-motifs at the anchors (Supp. Fig. 5f ). This enrichment 
in ΔSA2 thus shows that cohesinSA1 can form extended loops when cohesinSA2 is absent 
at previously identified loop-anchors. 

Casual observation of extended loops in figure 6a already revealed that not all loop 
anchors have the same propensity to form extended loops. To determine whether 
there are any predictive features for extension in the ΔSA2, we compared the signal 
in the WT-cells of these anchors in the different clusters, as well as the complete set 
of WT-anchors. We performed an ARA on the anchors in the wild-type Hi-C data (Fig. 
6g). The anchors of all three clusters show the expected stripe in the downstream 
direction (i.e. the direction of the called loop). Surprisingly, however, we observed a 
difference in contact enrichment in the upstream direction. The quantification of 
the signal upstream of the anchors (i.e., loop-flanking regions) showed that cluster 
3 anchors have a stronger upstream signal and showed stripe-like behaviour in the 
opposite orientation (Fig. 6h) These results suggest that bidirectional anchors (which 
have both up- and downstream loops in the wild-type) are more likely to gain extended 
loops in the ΔSA2. 

Discussion

Here we present GENOVA, an R package that combines the most important Hi-C 
data analyses and which can be run on commodity hardware. GENOVA has powerful 
visualization tools for a suite of analyses, ranging from relative contact probability 
plots to compartmentalization analyses and aggregations of TADs and loops. While 
visualization is an important aim in Hi-C data analysis, GENOVA also provides tools 
to quantify the underlying data for specific analyses. For instance, when the user runs 
an analysis to check the average contact frequency for a set of loops, the result can 
be visualized. However, the relevant pixel information can also be extracted using 

Figure 6 (continued) Cluster 3 harbours ΔSA2- and ΔWAPL-specific extended loops. g) Aggregate region analysis on wild-
type data, using upstream anchors of all loops (primary) and those of the extended loops from the clusters found in figure 
6e. h) Quantification of the upstream regions from the ARA of figure 6g.
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quantification tools. These data can then be visualised and analysed with one of the 
many visualisation and statistical tools available in R. Specifically for this reason 
the package does not contain options to automate null-hypothesis testing. Due to 
that the sheer number of possible tests and comparisons we leave it up to user to 
choose the statistical test that matches their data type. We are confident that running 
the quantify-tool on the discovery-objects of the aggregations, provides the user with 
enough options to pursue these tests outside of GENOVA.

The aggregation analyses also enable the analyses of more sparsely sequenced 
datasets. The costs of sequencing Hi-C matrices to kilobase resolution can be 
quite daunting, especially when replicates are involved. By performing aggregation 
analyses, relevant information can be extracted from datasets that are sequenced at 
relatively low depth. Importantly, this also opens the door for performing analyses 
on replicate experiments, which are now often combined into a single dataset to 
boost the visualization. Obviously, these analyses work only for perturbations that 
have a general effect on 3D genome organization. For perturbations that affect only a 
handful of loops in the genome, deeper sequencing will still be required.

A number of tools have been developed that enable the browsing of Hi-C data such 
as Juicebox26 and HiGlass53. These tools also enable adding one-dimensional tracks 
for ChIP-Seq and RNAseq data, for instance. Although GENOVA does not allow 
interactive browsing of Hi-C data, it does offer the creation of publication-ready 
Hi-C matrix plots that can be annotated with genomic features and genomic data 
tracks. A powerful suite of tools that has an overlapping feature set with GENOVA is 
HiCexplorer54. This is a command line tool that is written in Python, we command 
structure that is similar to the popular deeptools package55.There is a large number 
of dependencies, which makes this package difficult to install on an operating system 
such as Windows. Because GENOVA is written in R it is largely platform agnostic and 
we have confirmed installation on Linux, Windows and MacOS. With the increasing 
popularity of R with in the genomics and broader life sciences community we believe 
that GENOVA can serve as an important go-to package for Hi-C data analysis for 
experimentalists and bioinformatics-specialists alike.

Cohesin variants differently contribute to 3D genome organisation

Recent studies have analysed the role of cohesinSA1 and cohesinSA2 in genome 
organization. In MCF10A breast cancer cells knock-down of SA1 leads to increased 
interactions between B-compartments, whereas knock-down of SA2 leads to 
increased interactions in the 100kb to 2Mb range16. Similar results were obtained in 
serum-grown mouse embryonic stem cells (mESC)33. It was shown in these cells that 
cohesinSA2 contributes to the formation of interactions between Polycomb bound 
genomic regions. It should be noted that a complete loss of cohesin leads to an 
increase in this specific type of interaction, suggesting that cohesin also plays a role 
in preventing these interactions56. Knock-out of SA2 in mESCs does not lead to a 
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specific down-regulation of Polycomb specific genes57. However, super-enhancer 
regulated genes were down-regulated suggesting a gene regulatory role for cohesinSA2. 
This is recapitulated in results mouse haematopoiesis, where loss of both SA1 and 
SA2 disrupted blood cell development, but loss of SA2 alone resulted in changes 
in expression of lineage specifying genes19. From these data, a model emerges in 
which SA1 and SA2 have highly overlapping functions in genome organization, but 
with important differences in loop formation properties, which can translate into 
differences in the gene expression programme.

Our Hi-C analysis in HAP1 cells knocked out for either SA1 or SA2 confirmed the 
previously described roles of cohesinSA1 and cohesinSA2 in genome organization.  We 
find that cohesinSA1 produces longer loops, while cohesinSA2 is biased towards shorter 
loops. The stronger compartmentalisation in cohesinSA2-only cells is consistent with 
a decrease in loop extrusion, as suggested by2,14,51. The analysis tools in GENOVA 
enabled us to systematically analyse a number of other features. For instance, we 
find as suggested previously that cohesinSA2 is biased toward generating intra-TAD 
contacts. Furthermore, we were able to show that cohesinSA1 is involved in the 
formation of extended loops, similar to cells that lack the cohesin release factor 
WAPL2,14. Both observations are consistent with a difference in affinity of SA1 and 
SA2 with WAPL17,33. It should be noted in this respect, however, that loss of SA2 does 
not result in vermicelli (see below). Our k-means clustering method enabled us to 
identify different subsets of extended loops. The loop anchors showing the strongest 
extension in the ΔSA2 cells were found enriched among loop anchors that showed 
interaction signal in both directions, i.e. bidirectional anchors. This could indicate 
that these regions act as strong boundaries for cohesin-mediated loop extrusion, 
which would result in longer loops if cohesinSA1 would be associated with chromatin 
for a longer time.

The differences in loop length are consistent with recent FRAP experiments that 
surveyed the residence time of the two cohesin variants by measuring cohesin 
association with DNA in the absence of either SA1 or SA217. CohesinSA1 was shown 
to have a longer chromatin residency time, which was suggested to result in longer 
extrusion and longer loops. Interestingly, co-depletion of CTCF with SA2 diminished 
cohesinSA1 residence time to wild-type levels, indicating that cohesin binding to 
chromatin is stabilised by CTCF. If CTCF leads to long-term stabilisation of cohesin 
the observed differences in loop length may also be the result of differences in 
extrusion kinetics between the cohesin variants. If cohesinSA2 would be slower to 
extrude, fewer cohesin complexes would reach a distal CTCF site and ultimately 
result in cohesin complexes stably associated with DNA. Recent advances in in vitro 
single molecule imaging experiments of cohesin-mediated DNA extrusion58,59 offer 
an exciting opportunity to measure these parameters. Alternatively, measuring loop 
formation kinetics using Hi-C following mitosis60 or rapid reconstitution of RAD21 
proteins levels8 in an SA1 or SA2 null background should be able to address this 
question.
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Finally, it has been speculated based on the loss of intra-TAD contacts and the 
overlap with enhancer marks that cohesinSA2 plays a role in enhancer-promoter 
interactions, while cohesinSA1 is thought to be responsible for looping together CTCF 
binding sites16,18,19. Our current results suggest that this distinction is too strict, as 
we show that CTCF-anchored loops are still present in the ΔSA1 cells This is further 
supported by the fact that other reports also show that CTCF-loops are still present 
in SA1-depletion lines16–18,33. It should be noted that cohesin’s CTCF binding pocket 
is conserved in both SA1 and SA261. It therefore is likely that CTCF can bind and 
regulate both cohesin variants. Our current results show that the different cohesin 
variants contributed differently to genome organization. Varying the levels of SA1 
and SA2 relative to each other could therefore be an important mechanism to 
regulate genome organization and gene expression. How these variants contribute to 
or counteract the function of the other variant in the wild-type situation will be an 
important question for the future.

Vermicelli versus extrusion

As described previously and again in this study, SCC1-staining during WAPL depletion 
leads to a thread-like distribution of cohesin in interphase nuclei as measured by 
immunofluorescence, known as the vermicelli phenotype62. This —and the fact that 
loops become extended— had been attributed to the increased stability of cohesin 
onto chromatin2. In the ΔSA2 cells we found extended loops, but not a vermicelli 
phenotype. An explanation could be the model above, in which the cohesinSA1-
only cells have increased cohesin-stability, but not enough compared to ΔWAPL to 
form sufficient numbers of loop-collisions to be visible as vermicelli. Multi-contact 
analyses are necessary to determine whether in the absence of SA2 loop collisions are 
indeed not formed15. Further research into the formation of loop-extension and the 
vermicelli phenotype is also needed to provide evidence for this model or uncoupling 
of the two phenotypes. 

Concluding, we propose a model in which cohesin-variants have differing loop 
formation kinetics, which leads to the changes in nuclear architecture that we observe. 
This points towards another layer of chromatin-regulation: balancing of the loops 
formed between specific anchors to ensure a proper chromatin landscape.

Availability

GENOVA is an open source software package in the repository http://www.github.
com/dewitlab/GENOVA.The generated data has been deposited under accession 
GSE160490 at GEO. 
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Supplementary Figure 1: GENOVA can produce tornado-plots of tracks and aggregations and produces robust 
results.
a) Calculating and aligning the insulation score of multiple samples can be done with the insulation_score and insula-
tion_tornado tools. b) Log-fold changes in RCP between the downsampled Hi-C matrices and the full high-depth dataset. 
c) Tornado-plots of an APA-discovery object, containing primary loops of Haarhuis et al. (2017), with K=4. d) RCP-outputs 
of siSA1 and siSA2 from Kojic et al. (2018), from either the hic-pro or juicer input. e) Number of loops surveyed in an APA 
versus the time taken for both 10kb and 25kb. Blue line denotes APA tool from GENOVA; yellow line denotes APA from 
juicer_tools.jar. f,g) ATA and APA of WT Hap1, subsampled to various levels of sparsity.
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Supplementary Figure 2: Knockout-strategy of Hap1 ΔSA1 and ΔSA2.
A) A puromycin-cassette is inserted by CRISP-cas9 in the third and fourth exon of SA1 and SA2, respectively. B) PCR 
confirms the loss of the endogenous locus and the gain of the puromycin-cassette at the targeted sites. 

Supplementary Figure 3: Contact-distributions of ΔSA1- and ΔSA2-replicates show strong similarity.
a) Statistics of generated Hi-C datasets for ΔSA1 and ΔSA2. b) Relative contact probabilities of wildtype (black), ΔSA1 
(blue) and ΔSA2 (red). Square denotes 1-10mb distance-range. c) Zoom of 1-10Mb distances, showing the individual rep-
licates. Replicate 1 in solid line and replicate 2 in dashed line. 
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Supplementary Figure 4: The loss of intra-TAD interactions is reproducible in SA2-knockouts and -depletions.
a) Snapshots of two regions on chromosome 5 and chromosome 9, showing wild-type in top-right and ΔSA2 in bottom-left 
triangle. b) Same as A, but for separate replicates 1 and 2. c) Aggregate TAD analysis of Hap1 TADs in the separate repli-
cates of ΔSA1 and ΔSA2 (top) and compared to wild-type (bottom). d) Quantification of the second diagonal in the ATA in 
figure 5d. e) Aggregate TAD analysis of MCF10A TADs in control, siSA1 and siSA2 data of Kojic et al. (2018).

Supplementary figure 4

A

C

rep 1
125

1

1

m
ea

n 
co

nt
ac

ts
fo

ld
-c

ha
ng

e 
(lo

g 2)

rep 2 rep 1 rep 2

WT

chr5:33000000-36000000 chr9:131860000-132570000

700

m
ea

n 
co

nt
ac

ts

WT

D

0.8

1.0

1.2

-1 1
distance from diagonal (AU)

W
T 

/ s
am

pl
e

SA1
SA2

0

ATA

E

siSA1 siSA2control
125

.5

.5

m
ea

n 
co

nt
ac

ts
fo

ld
-c

ha
ng

e 
(lo

g 2)

Kojic et al. (2018)

chr5:33000000-36000000 chr9:131860000-132570000 chr5:33000000-36000000 chr9:131860000-132570000

700

m
ea

n 
co

nt
ac

ts

ΔSA1 (1)

ΔSA1 (2)

ΔSA2 (1)

ΔSA2 (2)

ΔSA2 (1)

ΔSA2 (2)

ΔSA1 (1)

ΔSA1 (2)

B
ΔSA1 ΔSA2



— 115 —

Hi-C Analyses With GENOVA: A Case Study With Cohesin Variants

4

Supplementary Figure 5: CTCF-stripes are increased in ΔSA2.
a) Aggregate region analysis of wild-type, ΔSA1 and ΔSA2 on CTCF-motifs in the forward orientation. b) Quantification of 
the ARA on forward CTCF sites of supplementary figure 5A. c) Pyramid-plots of the replicates of ΔSA1 and ΔSA2 at chro-
mosome 12. d) APA of predicted extended loops in the data of Kojic et al. (2018). e) Western blot analysis confirms that 
WAPL levels are unaffected in ΔSA1 and ΔSA2. f ) Counts of inward- and outward-facing CTCF-motifs at and around the 
anchor-clusters of figure 6f. Inward denotes forward-motifs at upstream loop-anchors and reverse-motifs at downstream 
anchors (i.e. convergent sites). 
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5: Systemic loss and gain of chromatin architecture throughout zebrafish development.

Cell reports, 2018, 24(1), 1–10.e4. 

The spatial organization of chromosomes is critical in establishing gene expression programs. 
We generated in situ Hi-C maps throughout zebrafish development to gain insight into higher-
order chromatin organization and dynamics. Zebrafish chromosomes segregate in active and 
inactive chromatin (A/B compartments), which are further organized into topologically 
associating domains (TADs). Zebrafish A/B compartments and TADs have genomic features 
similar to those of their mammalian counterparts, including evolutionary conservation and 
enrichment of CTCF binding sites at TAD borders. At the earliest time point, when there is 
no zygotic transcription, the genome is highly structured. After zygotic genome activation 
(ZGA), the genome loses structural features, which are re-established throughout early 
development. Despite the absence of structural features, we see clustering of super-enhancers 
in the 3D genome. Our results provide insight into vertebrate genome organization and 
demonstrate that the developing zebrafish embryo is a powerful model system to study the 
dynamics of nuclear organization. 

Robin H. van der Weide*, Lucas Kaaij*, René Ketting & Elzo de Wit

SYSTEMIC LOSS AND GAIN OF CHROMATIN ARCHITECTURE 
THROUGHOUT ZEBRAFISH DEVELOPMENT

5
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Introduction
The spatial organization of the nucleus facilitates the interaction between distant 
functional elements in the genome1 and simultaneously inhibits the unwanted spatial 
interaction of functional elements2,3. Chromosome conformation capture (3C) studies 
have been instrumental in revealing the structural features of genomes4. For instance, 
Hi-C experiments have shown that interphase chromosomes are hierarchically 
structured5 and that this structure is lost during metaphase6. Chromosomes separate 
active and inactive chromatin into A and B compartments, respectively.  The A 
compartment correlates with high gene expression, active histone marks and early 
replication timing, whereas the B compartment is late replicating, enriched for 
repressive histone modifications and low gene expression. Compartments can be 
further subdivided into megabase-sized genomic regions that show preferential 
interaction amongst themselves, known as topologically associated domains (TADs)7,8. 
TADs represent a regulatory scaffold and contain two types of chromatin loops: 
enhancer promoter loops that regulate gene expression and loops formed between 
distal binding sites of the architectural protein CTCF.

One of the surprising findings of large-scale Hi-C studies in mammalian cells was the 
observation that CTCF loops are formed between pairs of convergently oriented CTCF 
sites9,10. Genome editing has shown that the orientation of CTCF sites is functionally 
important for the formation of loops11–13. A theoretical model that can explain the 
formation of loops between convergent CTCF sites located hundreds of kbs apart is 
the loop extrusion model14. In this model, an extrusion complex will progressively 
enlarge loops until it reaches a boundary element. One of the prime candidates 
for the extrusion complex is the ring-shaped Cohesin complex, which is thought to 
process the chromatin fiber through its lumen. In this model, CTCF bound to DNA 
would act as a boundary element. Recently a number of studies altering the protein 
levels of CTCF, Cohesin or Cohesin subunits are in agreement with this theoretical 
model15–18. 

A number of studies have shown that the disruption of TAD boundaries or CTCF 
loops results in the establishment of novel inter TAD interactions. These have been 
shown to be associated with misexpression of Hox genes19, upregulation of proto-
oncogenes20 and developmental disorders21, emphasizing the importance of TADs and 
loops in the regulation of gene expression. Whereas A-B compartments are dynamic 
throughout differentiation22,23, TAD boundaries are relatively stable between cell 
types and are even evolutionary conserved between mammalian species7,10. Despite 
the strong links between nuclear organization and gene expression it remains unclear 
how TADs, loops and compartments contribute to gene regulation, both in steady 
state and throughout development.

Efforts in Drosophila and mouse have delineated the 3D genome dynamics throughout 
development24–26. It was shown that there is a marked absence of both TADs and 
compartments early in mouse embryogenesis and that these structures are gradually 
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established following zygotic genome activation (ZGA). Interestingly, although TADs 
are largely established post-ZGA, both in mouse and fly it was shown that transcription 
is not required for initiating TAD formation. 

In zebrafish, prior to ZGA the cell cycle takes ~15 minutes, does not have gap phases and 
consists solely out of S and M phase. Post-ZGA, the S-phase lengthens and the G2 phase 
appears27,28. With the initiation of zygotic transcription the zygotic dependence on 
maternally provided mRNAs gradually decreases and histone modifications associated 
with active transcription and repression appear29–33. Locus specific 3C techniques 
have shown that enhancer-TSS interactions are present post-ZGA in zebrafish and are 
often stable34,35. However, so far little is known about in vivo higher order chromatin 
structures throughout vertebrate development. To address this, we present multiple 
Hi-C datasets spanning timepoints before ZGA until 24 hours post fertilization (hpf ), 
a timepoint at which most organs have been established.

Methods

Zebrafish (TU and TLF strain) were kept under standard conditions36 and staged 
according to27. To obtain large quantities of embryos with approximately the same 
developmental stage fish were mated for only 10-15 minutes. Every batch of embryos 
was staged based on morphological features; we made sure that the vast majority of 
embryos were at the correct developmental stage. The developmental stages were 
picked based on the presence of clear morphological features. In the case of the 
2.25hpf and 4hpf timepoints we wanted an embryo population that was either pre-
ZGA or post-ZGA and not a mixture of both.

In situ Hi-C

In situ Hi-C was performed using a protocol that was based on the high-resolution 
4C-Seq protocol34,37. Carefully staged embryo’s were dechorionated, deyolked and made 
single cell in three consecutive steps. First embryos were dounced and spun down at 500 
rcf at 4C. The precipitate was thereafter incubated in 2 ml of TRIPLE (life, Cat# 12605-
010) for 5 min at RT after which 10% end concentration FBS was added. This solution 
was filtered using a 100uM cell strainer (Sigma, Cat# CLS431752-50EA) and cells were 
spun down at 500 rcf at 4C to collect the single cells. These cells were subsequently 
processed following the standard 4C protocol using DpnII as the restriction enzyme. 
Successful digestion and ligation was confirmed using the agilent TAPEStation. We 
omitted the usual biotin incorporation and enrichment step due to the low amounts 
of DNA obtained from the early developmental stages. Reverse cross-linked DNA was 
quantified using QUBIT (thermo fisher) and subsequently sheared to 700-900 bp 
using the Covaris. We subsequently generated paired-end deep-sequencing libraries 
using the Ovation Ultralow Library Prep kit (Nugen). Libraries were sequenced on 
the HiSeq or NextSeq. Raw sequence data was mapped and processed to the GRCz10 
reference genome using HiC-Pro v2.9 38. Data is available from GEO GSE105013.
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4C-seq

4C-Seq was performed as described previously and above under the Hi-C section34,37. 
Briefly, after obtaining a single cell suspension, crosslinking of the nuclei, primary 
digestion with DpnII and ligation, the DNA was reverse crosslinked o/n at 65C. DNA 
was isolated by phenol/chloroform extraction and subsequently digested with a 
second restriction enzyme (Csp6I). To create circular DNA molecules, digested DNA 
was ligated under diluted conditions (10ml). DNA was precipitated with 1/10 volume 
3M sodium acetate and 1 volume isopropanol. DNA was quantified using QUBIT 
(thermo fisher). 4C PCR was done using NEB-Next High-Fidelity (NEB,M0541) in 
4 separate PCR reactions using ~1-200ng per PCR. See Supplementary Table 1 for 
primer sequences. 4C-seq data is available from GEO accession GSE105014.

Cell cycle quantification

Carefully staged embryos were manually dechorionated and subsequently incubated 
o/n with 1ug/ml DAPI (Roche) in PBST. Stained embryos were washed three times with 
PBST. Embryos were imaged using an Upright Spinning disk Confocal Microscope 
(Zeiss). Quantification of cell cycle stages was done manually. 

ATAC-seq

ATAC-seq data was taken from34,39. The raw sequencing data was mapped using 
bowtie2 using the GRCz10 reference genome with default parameters. We called peaks 
using MACS240 with parameters -g 1.5e9, --nomodel, --shift -100 and --extsize 200. To 
identify CTCF-motifs within the ATAC-seq peaks, we used FIMO41 of the MEME 
suite. For this, we searched for the vertebrate CTCF-motif (Jaspar ID: MA0139.1)42.

TAD-analysis

TADs were called with HiCseq43, using the 20kb matrices of 24hpf. Next, we counted 
the number of CTCF-motifs in forward or reverse orientation in ten 10kb bins from 
the TAD-border. Since this resulted in a clear enrichment of CTCF on the TAD-border, 
consistent with observations in other animals, we opted to use this information for 
CaTCH44. With CaTCH, we were able to call TADs, with the a priori information 
about the enrichment of CTCF on boundaries. Unfortunately, due to scaffolding 
errors and uncovered regions in the reference genome there were erroneous TAD 
calls. The reason for this is that scaffolding errors and regions without coverage 
resemble (strong) TAD borders. We therefore first performed an automatic filtering 
of TAD borders by removing TAD borders that overlap with Hi-C bins that had 
no coverage. Second, because scaffolding errors are clear in the Hi-C matrix45, but 
difficult to detect automatically, we performed further manual curation of our set of 
TAD borders. Insulation-scores were calculated as described46, using a window-size 
of 500 kb. The generated tracks were aligned on the 24hpf 5’ TAD-borders using 
deeptools247 with the following parameters: -a 500kb, -b 500kb –bs 10 kb.
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The Aggregate TAD Analysis was performed as described15 using the 24hpf CatTCH 
TADs and the 20kb matrices of each time-point. In short, this method takes every 
TAD and its surrounding region and resizes them to a 100•100 matrix. These resized 
matrices are then averaged across and plotted using ggplot2.

Conservation-analysis

To quantify the conservation of TADs in zebrafish, we look whether two orthologous 
genes within one zebrafish-TAD are within 1 Mb of each other in another species. To 
measure the conservation between TADs, we asked whether two orthologous genes 
in two neighboring zebrafish TADs are within 1 Mb of each other. We only use genes 
that have strict orthologs (i.e., a zebrafish gene can only have a single ortholog in a 
comparison species). We then quantify both these queries by using the percentage 
of TADs with at least one gene-pair within 1 Mb. The gene-builds used were from 
EnsEMBL genes 90 and queried using Biomart. Because distance-distributions of 
intra- and inter-TAD gene pairs are not similar (Supp. Fig. 1f ), we computed the 
conservation scores for three distance-bins. Because the number of gene pairs differ 
per distance bin between intra- and inter-TAD we subsample the largest group to the 
smallest group. For a proper representation we randomly subsample 100 times.

ChIP-Seq data

ChIP-Seq data was downloaded from GSE32483 and mapped with Bowtie 2.3.348 
using default parameters. BigWig- and BED-tracks were generated with MACS240, 
using the –bdg to generate tracks. The alignment of histone marks on TAD-borders 
was done by aligning the bigwig-tracks on the 5’ border with deeptools247. Super-
enhancers were called using the HOMER 4.949, taking the H3K27ac mark as input. 
To calculate the super-enhancer spatial interactions, we used PE-SCAn50; for intra-
chromosomal interactions we only use interaction that are > 5Mb apart (“far-cis”).

To quantify the distance between enhancer and promoters, we defined both in every 
time point. We define a promoter as a region with an H3K4me3 peak that is within 
2kb of a TSS, taken from EnsEMBL gene annotation release 90. An enhancer is 
defined as a region with both H3K27ac and H3K4me1 peaks, and no overlap with 
an H3K4me3 peak. Next, we found the closest enhancer for every promoter and 
calculated the distance between these pairs. Finally, we determined the observed over 
expected ratio by randomly shuffling the positions of the enhancers. We shuffled the 
positions within a 1Mb window around the enhancer. The average observed value was 
divided by the average randomized value for every time point.

Compartment-analysis

Homer was used to perform a 100 kb resolution principal component analysis for each 
time-point, using the H3K4me1 ChIP-seq data as annotation of active regions. To 
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find the most informative principal component, we searched for the best correlation 
between a PC and GC-content as proposed6. 

PE-SCAn

For all pairwise combinations of super-enhancers along a chromosome a submatrix 
is extracted from the Hi-C matrix. The average of all these submatrices is calculated 
to determine the signal. Next, the super enhancer positions are shifted by 1 Mb and 
the same procedure is repeated to generate an average random matrix (not shown). 
The average real matrix is normalized by the median of average random matrix to 
determine whether super-enhancers preferentially interact. Note that super-enhancer 
pairs that lie within 5 Mb of each other are not taken along in this analysis (indicated 
by red diagonal). For interchromosomal super enhancer comparisons the same 
procedure is followed.

Co-expression

Tomo-seq data was taken from Junker et al. (2014)51 and GSE59873. In order 
to determine whether genes in the same TAD have a higher probability to be 
co-expressed, we calculated the Spearman rank-correlation for all neighboring genes 
on a chromosome. We selected gene pairs that had a correlation coefficient above 
a certain threshold (ρ > 0.4, ρ >0.5 or ρ > 0.6). We stratified the gene pairs whether 
they were found in the same TAD or not. We scored the correlation coefficients at 
different distances, where d=0 represents directly neighboring genes, d=1 are gene 
pairs with one gene in between, et cetera. We performed our analysis separately on 
three biological Tomo-seq replicates. As a quality filter, we removed Tomo-seq sections 
in which less than 6000 genes were detected.

Replication timing

Replication timing data was taken from Siefert et al. (2017)28 and GSE85713. 
Biological replicates were averaged per timepoint. The replication timing scores 
were stratified based on whether a region was in the A compartment and in the B 
compartment.

Nucleosome positioning

Nucleosome positioning data were taken from52 and GSE44269. Single-end reads 
were mapped to the GRCz10 reference genome and intersected with 4hpf and 24hpf 
inferred CTCF binding sites (see above) using bedtools window53 with a window size 
of 1 kb. Nucleosome center positions were inferred by adding 73 (i.e. 147/2) to reads 
mapped to the plus strand and subtracting 24 from reads mapped to the minus 
strand (i.e. 147/2 – 49, where 49 is the length of the read). Only reads with a mapping 
quality > 10 and CTCF motifs with a FIMO score > 12 were used in the analysis.
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Houskeeping-genes

Shannon-Entropy as a measure for tissue-specificity has been originally introduced 
by Schug et al. (2005)54. Please note that those authors use an additional statistical 
approach to define whether the gene is specific to a particular sample and we do not 
do that in our analysis. A detailed description of the benefits of using this approach 
over other approaches is provided by Schug et al. In brief, conventional strategies 
often define tissue specificity as the relative expression in a sample compared to all 
samples considered. In contrast Shannon-Entropy measurements take into account 
the observed expression levels in all samples and when measuring the specificity 
of expression of gene A in one sample it takes into account the distribution of 
expression levels of gene A in all samples. To compute the Shannon-Entropy we used 
the following formula where P contains the TPM values for a given gene across n 
RNA-seq experiments. First the expression values are normalized:

Next the Shannon entropy is calculated as follows:

A high Shannon entropy score indicates tissue-specificity, whereas a low Shannon 
entropy score indicates the genes is more broadly expressed. The top and bottom 
1000 genes are classified as tissue-specific and housekeeping, respectively and were 
used for further analysis.

TPM values were obtained using RNA-Seq data from the following SRA files: 
SRR1821783-4, SRR1821807-8, SRR1821827-8, SRR2959456, SRR1616928-9, 
SRR1914392, SRR957180, SRR1205160-1, SRR372787-372803.

(1)∑
n

i = 1

PiPi,norm = Pi

(2)∑
n

i = 1

Pi,normlog2(Pi,norm)H(P) = −
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Results & Discussion

Zebrafish chromosome folding is consistent with known features of 3D ge-

nome organization.

To study the 3D genome organization in zebrafish we generated Hi-C maps of 24hpf 
old embryos and plotted the observed interaction frequencies as a heatmap (Fig. 
1a).  Visual inspection revealed that the zebrafish genome at the whole chromosome 
level shows compartmentalization5. We used HOMER to call A/B compartments 
at 100kb resolution (Fig. 1b). In mammals, A compartments are associated with 
active chromatin, whereas B compartments are transcriptionally less active. Active 
chromatin, as marked by e.g. H3K4me3, H3K4me1 and H3K27ac, is strongly 
enriched in the A compartment compared to the B compartment (Fig. 1b and Supp. 
Fig. 1a). Similar to mammalian compartments, A compartments are more gene 
dense and show a higher level of transcription (Supp. Fig. 1a,b). These results suggest 
that compartment alization in the zebrafish genome is likely governed by the same 
biochemical principles as in mammalian chromosomes.

At higher resolution, it becomes apparent that the A/B compartments are further 
subdivided into topologically associating domains (TADs). Visual inspection of 
the TAD calls using CatCH44 revealed that some of the called TADs are actually 
likely scaffolding errors. Although Hi-C data theoretically allows for re-scaffolding of 
chromosomes55,56, the resolution of our dataset does not permit this (data not shown). 
We therefore devised a computational strategy (see Methods) to identify and remove 
these genomic rearrangements from the TAD dataset. After a final, manual, curation 
of the dataset ~1700 TADs were identified. The median size of the TADs is ~500 
kb in zebrafish, which is in the same order of magnitude as observed in mouse and 
human (~800 kb).

We next sought to characterize the genomic features present at TAD boundaries. 
In other organisms TSSs and especially house keeping genes are enriched at TAD 
boundaries7. Here we confirm that also in zebrafish TSSs are enriched at TAD 
boundaries (Supp. Fig. 1c). We used previously published RNA-seq datasets (see 
Methods) to determine whether genes are tissue specific or broadly expressed 
(“housekeeping”). To do this the genes were ranked according to the Shannon-
Entropy values obtained from the RNA-seq data. The top and bottom 1000 genes are 
classified as tissue-specific and housekeeping, respectively (see Methods)54. Looking 
at these two classes of genes we find that, also in zebrafish, house-keeping genes 
are enriched at TAD boundaries whereas the tissue specific genes are only slightly 
enriched over the background of all genes (Supp. Fig. 1d).

Another characteristic of mammalian TADs is the conservation of borders in the 
genome. To determine the degree of conservation of zebrafish TADs we compared 
the position of orthologous genes within TADs between zebrafish and two species 
of ray-finned fish (i.e. Medaka or Japanes rice fish, Orizias latipes and green spotted 
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pufferfish, Tetraodon nigroviridis) and two species of mammals (human and mouse). 
Because the position of TAD borders for the fish species are unknown, we asked 
whether gene pairs that are found together in a zebrafish TAD are found within 
1 Mb of each other on the same chromosome in the species we compare them to. 
If a TAD contains a conserved gene pair we count this as intra-TAD conservation. 
We performed this same analysis for gene pairs that lie in neighboring zebrafish 
TADs, from which we get an inter-TAD conservation score. Because the distances of 
intra-TAD gene pairs are much lower than inter-TAD gene pairs, we divided the gene 
distances into three bins (see Supp. Fig. 1f cumulative distribution of distances). We 
then plotted the observed intra-TAD conservation versus the inter-TAD conservation 
(Fig. 1c and Supp. Fig. 1e for a schematic representation). We find that the intra-TAD 
conservation is stronger than the inter-TAD score at every length scale. These results 
show that there is positive selection pressure within the vertebrate lineage to keep 
gene pairs in TADs together, implicating TADs as the mediator of selection in this 
process.

Based on these observations we investigated the mechanisms that lie at the basis 
of the formation of TADs. In mammalian Hi-C experiments it has been shown that 
loops9 and TADs10 are demarcated by convergently oriented CTCF sites. We used 
a previously published ATAC-seq dataset35 derived from 24hpf embryos to identify 
open chromatin regions (OCRs) containing a CTCF binding motif. In total we 
identified ~37000 OCRs with high confidence CTCF motifs in the ATAC-seq dataset. 
We plotted the orientation of the inferred CTCF binding sites relative to the TAD 
boundaries. From this we can see that CTCF binding sites are more numerous close 
to TAD boundaries (Fig. 1d). Furthermore, when we stratify CTCF motifs based on the 
orientation of the binding motif of CTCF we find that close to the left/5’ boundary, 
the number of forward or inward pointing CTCF sites outnumber the reverse motifs 
(Fig. 1d). At the right/3’ border the opposite is found. Although our Hi-C maps 
lack the resolution to pinpoint the exact CTCF motif(s) responsible for boundary 
formation, these results do show the characteristic convergent orientation closer to 
the TAD boundary that was previously observed in mammalian Hi-C maps9,10. One 
of the models that explains the interaction between convergently oriented CTCF 
sites located hundreds of kbs apart is the loop extrusion model13,14. Our observations 
suggest that loop extrusion may also be responsible for TAD formation in zebrafish.

Finally, mammalian genes within the same TAD tend to be temporally or spatially 
co-expressed57,58. To look into this in zebrafish we used Tomo-seq data generated at the 
15-somite stage to identify spatially co-expressed genes51. We asked which neighboring 
genes at various distances were co-expressed. Upon stratifying co-expressed genes 
based on whether they lie in the same TAD or not, we find that neighboring genes 
that are co-expressed are more likely to be within the same TAD than the global 
average (Fig. 1e and Supp. Fig. 1g). In summary, we show that the zebrafish genome is 
organized in TADs and that the TADs we observe have similar features as observed 
in mammals.
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Zebrafish chromosomes lose TAD structure during the m/z transition.

We next set out to study the dynamics of 3D genome organization throughout zebra-
fish development and generated additional Hi-C maps at various developmental 
time points. Because we rely on clearly visible morphological structures we chose the 
following time points: 2.25hpf (prior to ZGA), 4hpf (post-ZGA) and 8hpf (gastrulation) 
(Fig. 2a). Visual inspection of the obtained contact matrices showed the organization 
of the zebrafish genome into TADs at 2.25hpf (Fig. 2b). Surprisingly, however, after ZGA 
there is a dramatic loss in TAD structure. At 8hpf, TAD structures gradually reappear 
leading up to the TAD structures we see in 24hpf embryos. To visualize the dynamics 
of TADs in a genome-wide manner we generated plots showing the aggregate TAD 
signal (Fig. 2c). This confirmed the locus specific analysis and reveals that the loss of 
TAD structure at 4hpf is a genome-wide phenomenon. To quantify TAD boundary 
strength in an alternative way, we also calculated the insulation score around TAD 
borders. Insulation scores are calculated by sliding a square along the diagonal of 
the Hi-C matrix (Supp. Fig. 2a)46. Genomic regions that show strong insulation such 
as TAD borders will have a low insulation score. We generated aggregate plots of 
the insulation scores of 24hpf TAD boundaries throughout zebrafish development. 
These plots show that the TAD boundary insulation is indeed the weakest at 4hpf 
and that this is the case for the vast majority of TAD boundaries (Fig. 2d and Supp. 
Fig. 2b). Note that our Hi-C profiles are the sum of multiple independent template 
preparations from multiple independent collections of embryos. Analyses of the 
independent templates recapitulate our findings in the combined dataset (Supp. Fig. 
2c). 

It is tempting to speculate that the loss of 3D genome organization is linked to 
the rapid rate of division these cells, since previous work has shown that metaphase 
chromosomes show a complete loss of TAD structure6. However, two lines of evidence 
lead us to be confident that this cannot be the full explanation. First, at 2.25hpf we 
do see TAD structures, while at this time point the rate of division is as high, if not 
higher than at 4hpf. Second, we used microscopy to visualize metaphase nuclei at the 
stages for which Hi-C maps were generated. These analyses showed that the majority 
of the cells at 4hpf are not in metaphase (Supp. Fig. 2d-g).

We were surprised that ZGA is associated with a loss of higher order genome 
organization. In part because also at 4hpf active enhancers need to loop to TSSs to 
regulate their expression. To confirm the observations in the Hi-C data, we performed 
4C-seq experiments; we chose 4hpf and 24hpf as the timepoints with the greatest 
difference and designed viewpoints at putative enhancers, TSSs and close to TAD 
boundaries. We find that, with the exception of the region flanking the viewpoint, the 
contact frequency within a TAD is much lower at 4hpf compared to 24hpf (Fig. 2e). 
When we systematically compare the contact frequency within the TAD (excluding 
the 15 kb flanking the viewpoint) between 4hpf and 24hpf we find that 11 out 
11 viewpoints show an increase at 24hpf (Fig. 2f and Supp. Fig. 3). However, some 
chromatin loops do exist at 4hpf, because we find that the TSS of Sox2 loops to a 
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distal (>100 kb) cluster of enhancers (Fig. 2e upper panel). Sox2 in mouse embryonic 
stem cells is regulated by a distal super enhancer, which forms a chromatin loop. We 
have previously shown that this interaction is independent of CTCF and Cohesin12. 
This is also in line with recent results that show that super-enhancer interactions can 
form in the absence of Cohesin17.

What could be causing the loss of TADs at 4hpf? A recent study in mouse ES cells 
has shown that rapid depletion of CTCF results in the weakening of TAD boundaries 
in mouse ES cells16. We therefore tested whether the binding of CTCF was affected at 
4hpf. First, we analyzed an ATAC-seq dataset of 4hpf embryos34 and found that there 
was an almost 5-fold enrichment of CTCF motifs in the open chromatin regions 
over a shifted control (14% of OCRs vs. 2.8% of shifted OCRs), including the typical 
convergent orientation close to TAD borders (Supp. Fig. 2h). This suggests that the 
relevant CTCF sites are accessible at 4hpf. Second, we aligned a 4hpf nucleosome 
positioning dataset52 on the 4hpf and 24hpf CTCF-motif-containing open chromatin 
regions and detected the characteristic nucleosome positioning pattern for both the 
inferred CTCF binding sites (Supp. Fig. 2i). These results imply that CTCF is bound to 
DNA and actively promoting nucleosome remodeling at 4hpf, and that the observed 
lack of TAD structure at 4hpf is not simply due to a complete absence of CTCF. In 
summary, in the time period right after the ZGA the characteristic segmentation of 
interphase chromosomes into TADs is largely lost, even though certain chromatin 
loops can still be formed.

Enrichment of enhancer-associated histone marks negatively correlates with 

TAD boundary strength.

TADs are thought to act as regulatory scaffolds that facilitate long range promoter-
enhancer interactions58. To investigate this we analyzed previously published ChIP-seq 
datasets33 of the active promoter mark H3K4me3, poised enhancer mark H3K4me1 
and the active enhancer mark H3K27ac. For certain genes we observed an increase in 
distal enhancers during developmental progression (Fig. 3a). To determine whether 
this is a genome-wide effect we calculated the distance between all active enhancers 
to the closest active TSS (Fig. 3b). This analysis confirms that on average the enhancer-
TSS distance increases significantly with the strengthening of TAD boundaries later 
in development. 

Figure 2 (continued) indicated in black and 24hpf ATAC-seq inferred CTCF binding sites are displayed using red (forward 
orientation) and blue (reverse orientation) triangles. Below the plots the TAD signal or insulation score is plotted. Insula-
tion scores were calculated for Hi-C matrices with 20kb resolution and a window size of 25 bins. Local minima correlate 
with TAD borders. c) Aggregate TAD plots, based on TAD calls from 24hpf, for all four Hi-C datasets. d) Insulation scores 
around 24hpf TAD borders throughout zebrafish development, as indicated. e) 4C-Seq experiments show the contact fre-
quency of the Sox2 TSS (top) and an H3K27ac enriched region (bottom) at 4hpf. Above the plot the 24hpf TADs are indi-
cated in open rectangles. Below the 4C-Seq plot enhancers (light blue rectangle) and gene models (dark blue rectangle) are 
depicted. f ) Boxplot showing the quantification of the contact frequency in the 15kb region flanking the viewpoint and 
the rest of the TAD measured in 11 4C-Seq experiments at 4hpf and 24hpf (p=0.00054, paired Wilcoxon rank sum test).
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We next set out to investigate the distribution of these three histone marks relative to 
the TAD boundaries throughout development, by aligning the 4hpf, 8hpf and 24hpf 
ChIP-seq data on the 24hpf TAD boundaries (Fig. 3b). We found that H3K4me3 
was enriched around TAD boundaries, which is in agreement with the observation 
that mostly active genes are also enriched at TAD boundaries. Interestingly, even 
though at 4hpf TAD boundaries are much weaker, we do see an enrichment of active 
promoter marks at those boundaries. At this timepoint we also see an enrichment of 
H3K4me1 and H3K27ac around TAD borders. Throughout development, however, 
this enrichment is gradually lost.
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These observations are consistent with a model in which distal regulatory elements 
cannot regulate genes over long distances in the absence of TADs and are therefore 
selected against. Our observations are also consistent with a model based on results 
in regulatory T cells that suggests that 3D genome organization can also instruct 
distal monomethylation of H3K4 by MLL459. In the absence of proper TAD structure 
and long-range looping this would result in loss of H3K4me1 signal far away from 
MLL4 bound TSSs.

Chromosome compartmentalization is lost and subsequently established 

throughout development

One of the clearest forms of chromosome organization is the compartmentalization 
of active and inactive chromatin into A and B compartments, respectively. When we 
inspect our Hi-C maps of the various timepoints, we find that there are dramatic 
differences throughout development. We find very strong compartmentalization 
of chromosomes at 2.25hpf (Fig. 4a). To our knowledge, all previous studies that 
looked at compartmentalization in Hi-C data found a correlation between active 
chromatin and the A compartment. However, the 2.25hpf timepoint is prior to 
ZGA, which means there is no transcription occurring. This shows that chromosome 
compartmentalization can take place without transcription. This is in line with our 
previous observation that the inactive X chromosome adopts the organization of the 
active X after the knock-out of Xist without gene activation60. Paradoxically, when 
we look at the 4hpf embryo genome we see that ZGA is accompanied with a near 
complete loss of compartmentalization (Fig. 4a). Similar to our observations for 
TAD organization, we see that compartmentalization increases from 8hpf onwards. 
Reassuringly, we find that the loss and gain in compartmentalization is found in 
independent templates (Supp. Fig. 4a,b). Next, we analyzed three aspects of genome 
biology in relation to these observations: long-range intra-chromosomal contacts, 
replication timing and the clustering of super-enhancers. 

We calculated how intra-chromosomal contacts are distributed as function of their 
distance. To this end we bin the contacts based on their distance. Note that we use 
an exponential increase in the distance bin size. We observe that the two timepoints 
with clear A-B compartmentalization, 2.25hpf and 24hpf, have the highest relative 
frequency of contacts between genomic regions that are >5MB apart (Fig. 4b and 
Supp. Fig. 4c).

One of the features that has been shown to be most strongly correlated with A/B 
compartmentalization is replication timing. A compartments generally replicate early 
in S phase, whereas B compartments are late replicating61,62. To determine whether a 
similar correlation exists in zebrafish, we made use of a recently published dataset that 
measured replication timing throughout zebrafish development at roughly the same 
timepoints for which we have generated Hi-C maps28. We determined the distribution 
of replication timing at 28hpf in 24hpf A and B compartments and found a strong 
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association (Fig. 4c). Importantly, also at 4.33hpf, when ostensibly there are no TADs 
and compartments, the replication timing data show a clear association with the 
compartments at 2.25hpf and 24hpf, suggesting that compartments and replication 
timing can be uncoupled. This is further supported by observations on the 2.25hpf 
compartments. Although the A/B compartments at 2.25hpf show a clear association 
with replication timing at 2.75hpf, the A/B compartmentalization at 2.25hpf is more 
predictive of replication timing at 28hpf. This shows that replication timing domains 
can form in the absence of compartments and suggests that other, perhaps DNA 
sequence intrinsic, characteristics dictate replication timing. It is therefore important 
to emphasize that even though there is a clear correlation between A/B compartments 
and replication timing, the relationship is likely more complicated than one dictating 
the other.

We23,50 and others17,63 have previously shown that super-enhancers show preferred 
interactions in the genome over large distances (> 10Mb). To determine whether super-
enhancers showed clustering in the 3D genome of the developing embryo we first 
called super-enhancers based on H3K27ac data (see Methods). We subsequently used 
Paired-End Spatial Chromatin Analysis (PE-SCAn) to perform pairwise alignment of 
the Hi-C data on all the intra- and inter-chromosomal super-enhancer combinations 
(see Methods and Fig. 4d). At 4hpf, we could not call enough super enhancers to 
perform PE-SCAn for intra-chromosomal interactions. At 8hpf and 24hpf we see 
a clear enrichment of spatial interactions for super-enhancer combinations (Fig. 
4e). These observations are replicated for inter-chromosomal interactions (Fig. 4e). 
This is particularly notable given that at 4.33hpf and 8hpf there is only weak A/B 
compartmentalization and TAD formation. Our analyses show that super-enhancer 
clusters can form independently of both TADs and A/B compartments.

Conclusion

We show here that the 3D organization of the genome in the developing 
zebrafish embryo shows three clear stages. Directly after fertilization strong 
compartmentalization and TAD-like structures are apparent (stage 1). After ZGA, 
these structures are lost (stage 2). Finally, at 24hpf both compartments and TADs 
are reestablished (stage 3). Although TADs and A/B compartments are strongly 
associated with transcription, we show here that TADs and compartments can form 
in the absence of transcription, indicating once more that transcription is not a 
prerequisite for compartmentalization. Conversely, we also show that expression does 
not require TADs and compartments per se.

Figure 4 (continued) genome with other regions on the same chromosome. Because contact frequency decreases with 
distance, we use exponentially increasing bin sizes. c) Boxplots showing replication time for genomic regions called as A 
(red) and B (blue) compartments at 2.25 hpf (upper boxplot) and 24 hpf (lower boxplot). d) Schematic explanation of the 
PE-SCAn method. The average contact frequency is calculated for all pairwise super-enhancer combinations). e) PE-SCAn 
results of intra chromosomal interactions between super-enhancers called at 8 and 24 hpf in the respective time points 
(top). Average pairwise contact frequency between super-enhancers on different chromosomes (bottom).



— 137 —

Systemic Loss and Gain of Chromatin Architecture Throughout Zebrafish Development

5

When we compare the developmental dynamics of the 3D genome in zebrafish 
embryos with Drosophila or mouse, what stands out is the organized chromosomes at 
the earliest assayed time point (stage 1). In mouse, oocytes and female pronuclei lack 
compartments, whereas sperm and male pronuclei do show compartmentalization26,64. 
In the zygote and 2-cell stage 3D genome features such as compartments and TADs 
are not present. Upon further development (i.e. 4-cell and 8-cell stage), TADs emerge, 
independent of transcription. It is important to note the different time scales involved 
here, whereas in zebrafish the dynamics of the 3D genome has occurred within the 
first 24 hours after fertilization, in mouse not a single cell division has occurred in this 
time frame. In Drosophila however, development is much quicker reaching the 10th 
nuclear cycle (i.e. 512 cells) 2 hours after fertilization 65. At nuclear cycle 12, after 
the minor ZGA, there is a clear absence of chromatin architecture24. The embryos 
at the 2.25hpf time point that we assay in our study have undergone 7 cell divisions 
and are still transcriptionally silent. It will be interesting to see whether at earlier 
developmental time points in Drosophila embryos the 3D architectural features are 
absent as in mouse or whether they have organized chromatin architecture, similar 
to zebrafish embryos.

The formation of TADs is dependent on the binding of Cohesin to DNA. In interphase 
nuclei, loss of Cohesin or loss of factors that load Cohesin on the DNA results in a 
strongly diminished TAD organization, however, this is accompanied by an increase 
in compartmentalization15,17,18. On the other hand, stabilization of Cohesin on DNA 
can result in strongly diminished compartmentalization, but results in the formation 
of longer CTCF/Cohesin loops15,66,67. The lack of TADs and compartments is most 
reminiscent of metaphase chromosomes, in which both compartments and TADs 
have disappeared, due to the activity of the Condensin I and II complexes68,69. 
However, in our microscopy analysis only a minority of chromosomes show the 
characteristic rod-shaped chromosomes of metaphase. A possible explanation is that 
full decondensation is prevented in cells that are in stage 2. This could be achieved if 
the Condensin complexes remain active throughout interphase. Although, the exact 
role of Condensin in interphase chromosome organization is not completely clear, 
details of it are starting to emerge70.

Alternatively, decreased activity of the Cohesin complex could be an explanation 
for the loss of TADs, however, this would require an inhibitor for the formation 
of compartments (see above). It has been suggested that compartments are 
phase separated domains, whose formation is countered by loop extrusion17,18. 
Heterochromatin protein 1 (HP1) has been suggested to play a role in phase 
separation of heterochromatin domains71,72, but likely other factors are also involved. 
Proteins or post-translational histone modifications that counter phase separation 
may decrease compartmentalization. For example, phosphorylation of the 10th 
serine and acetylation of the 14th lysine of histone H3 interferes with the binding of 
HP173 and may thereby counter compartmentalization.
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We believe that the systemic reprogramming of the 3D genome in the developing 
zebrafish embryo is a promising model to study fundamental questions in nuclear 
organization.
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Supplementary Figure 1: Zebrafish TADs recapitulate known features of TADs. 
a) Distribution of H3K27ac ChIP-seq peaks and gene density in the A and B compartments (Wilcoxon rank sum test, 
p=1.7x10-90 and p=7.1x10-28, resp.) b) Transcripts per million of genes in the A or B compartment (Wilcoxon rank sum 
test, p=3.3x10-372). (C) Overlap of TSSs from all EnsEMBL genes with TAD borders. Confidence intervals were obtained 
by 1000 circular permutations of the TAD borders (p<0.001). (D) Overlap of house-keeping and tissue specific TSSs, as 
indicated, with TAD borders. p=0.018 and p<0.001, resp. e) Schematic representation of the analysis in Fig. 1c shows two 
zebrafish TADs with five genes (top part) that have an ortholog in humans (lower part). Genes 1 and 3 form an example of 
a gene pair, which are present in zebrafish within the same TAD and are within 1 Mb distance in humans. This situation is 
classified as intra-TAD conservation. Gene pair 2 and 5 is within 1 Mb in the human genome, but present in neighboring 
TADs in zebrafish. This is classified as inter-TAD conservation. f ) Cumulative distributions of intra- and inter-TAD gene-
pairs (black and red, resp.). The three size-ranges (S, M and L) are used to stratify the conservation-analyses to overcome 
differences in numbers of intra- and inter-TAD gene-pairs. g) Barplots showing the enrichment of correlated genes, as 
indicated, based on three different Tomo-Seq datasets (red bars) within TADs as compared to all genes (grey bars). 
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Supplementary Figure 2: Hi-C analysis shows loss and reestablishment of chromatin architecture throughout 
development.
a) Schematic explanation of the insulation score. By sliding a square along the diagonal of a Hi-C matrix (shown here 
horizontally) the insulation score is calculated. At TAD borders there will be a segregation of interactions leading to a 
reduction in the score. TAD borders therefore show a local minimum in the insulation score. b) Average insulation scores 
around 24hpf TAD borders throughout zebrafish development (top). Bottom shows the insulation scores for the individ-
ual TAD borders for all four Hi-C datasets in a heatmap. c) Top panel shows the average insulation scores aligned to TAD 
borders for all the Hi-C templates. Bottom panel shows a heatmap quantifying the (dis)similarity of Hi-C templates of 
different timepoints. Pairwise difference are measured as the Wilcoxon rank-sum test p-value of the insulation scores at 
the TAD borders. Hierarchical clustering shows the clustering of templates from the same timepoint. 
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Supplementary Figure 2 (continued) d-g) DAPI stained zebrafish embryos at indicated developmental stages. At 2.25hpf 
the embryos divide synchronously and the number of embryos showing a certain nuclear staining is indicated in the top 
left of the image. White arrows indicate nuclei in metaphase and blue arrows indicate nuclei in other cell cycle stages. h) 
Motif count and orientation of CTCF binding sites inferred from 4hpf ATAC-seq relative to TAD borders. i) MNase-seq 
read density surrounding ATAC-seq inferred CTCF binding sites at 4hpf (top) and 24hpf (bottom). CTCF binding sites are 
separated on their orientation, as indicated.
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Early in development embryos undergo a transition, during which maternally 
deposited transcripts are replaced by zygotic transcripts. During this transition 
the zygotic genome is activated. Recently, the three-dimensional organization of 
the genome (3D genome) has been charted surrounding this transition phase in 
a number of species. A common feature of the 3D genome in all these species is 
that they go through a phase, during which architectural features of the 3D genome, 
such as TADs and compartments are lost and a uniform chromatin architecture is 
established. Here, we review the data regarding this enigmatic phase and discuss 
similarities and differences between species. We also consider mechanisms that may 
be responsible for the formation of the uniform chromatin architecture. The uniform 
organization of chromosomes during early development may serve as an important 
in vivo paradigm for the general study of the 3D genome.
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Introduction
The three-dimensional organization of the genome (or 3D genome) plays a 
crucial role in a number of nuclear processes such as expression and mitosis1. 
Advances in sequencing and imaging methods have led to the identification 
of several hierarchically organized layers of chromosomal architecture2–6. 
Chromosomes are divided into transcriptionally active (A) and inactive (B) 
compartments in vertebrates4. Compartments are subdivided into Topologically 
Associated Domains (TADs)7,8, which are on average 1Mb in size and are thought 
to form the regulatory scaffold of the genome, containing genes and their 
respective regulatory elements9. TADs have been found to be stable between 
cell types and even between species. Finally, within TADs loops are formed 
between convergently oriented binding sites of the insulator protein CTCF10,11. 
In Drosophila, chromosomes are also divided into physical domains resembling 
vertebrate compartments12. However, despite the presence of a CTCF ortholog 
(dCTCF) flies lack CTCF anchored chromatin loops, rather chromosome loops 
are anchored by Polycomb and cohesin13,14.

The ring-shaped cohesin complex acts in concert with CTCF to create loops and 
TADs15. Varying the levels and/or stability of cohesin on chromatin by ablating 
the regulators of cohesin affects formation of TADs and CTCF-anchored 
chromatin loops (see Box 1). Compartments, on the other hand, have been 
suggested to be formed by block copolymerization or microphase separation16 
and are antagonized by the formation of loops15,17–19. Although models based 
on loop extrusion and microphase separation can explain key characteristics of 
the 3D genome, an important unanswered question that remains is how the 3D 
genome is related to gene expression, i.e. is the 3D genome a result of expression 
or is expression dependent on the 3D genome?

Zygotic genome activation: a model for transcription-mediated genome 

organization?

To begin answering these questions early embryonic development ostensibly 
is an excellent model. After fertilization, the genome of the zygote is 
transcriptionally silent and the cell or cells rely on maternally deposited 
mRNA for protein expression. This is followed by the degradation of 
maternal mRNA and activation of zygotic transcription, also known as the 
Zygotic Genome Activation (ZGA). The onset of ZGA can vary widely between 
species, which is reviewed in Tadros & Lipshitz20. In Drosophila, for instance, 
the major ZGA occurs at nuclear cycle 14, 2.5 hours post fertilization (hpf ). 
In zebrafish, ZGA occurs at ~3hpf at which point 10 nuclear cycles have 
taken place. In mice, on the other hand, the first major wave of ZGA occurs 
in the two-cell stage, more than 24hpf. In these species, how the transition 
from transcriptionally silent to active chromosomes is related to changes 
in chromatin architecture has recently been a subject of active study.



— 150 —

Chapter 6

Uniform chromatin architecture during early development.

All the 3D genome analyses done so far during early embryogenesis have uncovered 
a common feature between species, namely that their 3D genomes go through a 
phase during which architectural features such as compartments, TADs and loops 
are absent or severely weakened. We will refer to this 3D genome state as uniform 
chromatin architecture (UCA)14,19,21–26. It is important to note that the UCA phase 
occurs at different timepoints relative to ZGA. In mice and flies UCA precedes 
ZGA, whereas in zebrafish and medaka UCA coincides with ZGA (Fig. 1). Below we 
will discuss what is known about the developmentally related UCA and offer some 
possible mechanisms into how this specific structure is formed. Although the UCA is 
superficially similar between the different species suggesting that this is a common 
theme in development, there are also a number of important differences. We would 
like to discuss this by going over the changes in the organization of the 3D during 
development for mouse, zebrafish, medaka and fruit fly.

By far the best studied developmental 3D genome progression model is of mouse 
fertilization and development. Detailed 3D genome analysis has been performed for 
germ cells to zygote and well into embryonic development19,21,22,26. During the early 
stages of mouse spermatogenesis, the 3D genome exhibits TADs and compartments 
(Fig. 1a)27–29. At the pachytene stage, during which homologous chromosomes pair and 
the synaptonemal complex is formed, TADs are lost and compartments become more 
strongly defined. The absence of TADs, however, is a transient state and upon sperm 
maturation, the 3D genome assumes an organization with TADs and compartments. 
How the 3D genome changes during meiosis in oocytes has not yet been charted, 
however it should be noted that in mice there are no lampbrush chromosomes, which 
are observed in non-mammalian vertebrate oocytes30. During later stages of oogenesis 
the 3D genome does undergo a drastic transformation. Whereas immature oocytes 
have loops, TADs and compartments, upon maturation a UCA is formed with severely 
weakened TADs and compartments (Fig. 1a)26
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Figure 1: Chromatin interaction landscapes throughout gametogenesis and early development. 
A) Reprogramming of chromatin architecture during spermatogenesis shows a loss of TADs at the 
pachytene stage. B) The transcriptionally active immature oocytes have TADs and compartments, 
which are lost during its transition to mature oocytes. C) A UCA precedes the ZGA in mouse and fruit 
flies. In medaka and zebrafish ZGA is accompanied by a UCA phase. Dotted line denotes the onset of 
ZGA; blue square denotes a UCA.

Figure 1: Chromatin interaction landscapes throughout gametogenesis and early development.
a) Reprogramming of chromatin architecture during spermatogenesis shows a loss of TADs at the pachytene stage. b) The 
transcriptionally active immature oocytes have TADs and compartments, which are lost during its transition to mature 
oocytes.
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Paternal and maternal pronuclei are formed during the fusion of the sperm and 
the oocyte. The sperm-derived paternal pronucleus starts to resemble the oocyte-
derived maternal pronucleus with the formation of a UCA21,22,26. It is important to 
note that there is some discrepancy with respect to the degree of weakening of TADs 
and loops. Bulk Hi-C analyses suggest that loops and TADs are completely erased21,22, 
whereas single nucleus analyses show very weak loops and TADs19,26. All these studies 
agree on the near complete absence of compartmentalization of the genome. After 
the first nuclear cycle the UCA is dissolving, with loops and compartments reaching 
full strength at the 8-cell stage (Fig. 1b)19. The formation or strengthening of TADs 
and compartments therefore seems to coincide with the onset of zygotic expression. 
However, the establishment of TADs and compartments is at least in part independent 
of transcription because transcription inhibition by alpha-amanitin did not prevent 
the formation of these structures21,22. 

Hi-C experiments in two species of fish, i.e. zebrafish (Danio rerio) and medaka 
(Oryzias latipes), have shown that 3D genome features such as TADs, loops and 

Figure 2: the UCA during development in different model organisms.
A UCA precedes the ZGA in mouse and fruit flies. In medaka and zebrafish ZGA is accompanied by a UCA phase. Dotted 
line denotes the onset of ZGA; blue square denotes a UCA.
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compartments are conserved between mammals and these two ray-finned fish 
species23,24. The formation of loops between convergently oriented CTCF sites is 
also conserved, suggesting that the mechanism of CTCF-anchored loop formation 
is conserved as well. However, contrary to mouse embryonic development, the 
formation of a UCA actually coincides with the onset of ZGA and persists during 
ZGA (Fig. 2). The UCA is gradually lost from the 3D genome and TADs, loops 
and compartments are formed. In zebrafish, the 3D genome shows compartments 
and TADs also before the major wave of zygotic genome activation, meaning that 
the 3D genome undergoes an extensive reorganization during the early stages of 
development23. Interestingly, the UCA is associated with a specific distribution of 
histone post-translational modifications associated with promoters and enhancers. 
During the UCA-phase the distance between promoters and putative enhancers is 
smaller compared to later developmental time points at which TADs are present23. 
These observations suggest that the lack of TAD structures in the UCA phase 
limits the regulatory search space to more promoter-proximal regions and that the 
absence of TADs carries a functional consequence with respect to gene regulation.

Two studies in the fruit fly Drosophila melanogaster, have charted the 3D genome 
during early development and found that the early genome before the zygotic 
genome activation starts out with a UCA14,25. Hug et al. found that the ~200 TAD 
borders found at nuclear cycle (nc) 12 were enriched for RNA Polymerase II 
(PolII). The enrichment of RNA PolII at TAD borders is consistent with earlier 
analyses in Drosophila cell lines31. Upon the activation of the zygotic genome 
there is a marked increase in the formation of TADs, which coincides with the 
recruitment of RNA PolII to TAD borders. Inhibition of transcription with alpha-
amanitin or triptolide did not inhibit the formation of TADs and compartments, 
however, the strength of TAD boundaries was significantly weakened25. In addition 
to RNA PolII TAD borders at nc12 are enriched for the transcription factor Zelda. 
Depletion of Zelda results in a loss of RNA PolII binding and a concomitant loss 
of TAD boundaries. It is worth reiterating that although Drosophila has a CTCF 
ortholog, the binding sites are not enriched at loop anchors or TAD borders13,32,33, 
nor is there a convergent orientation rule associated with CTCF dependent TAD 
or loop formation.

Establishing a uniform chromatin architecture

One of the outstanding questions regarding the UCA is the process behind their 
formation. Because of the relatively recent discovery of the developmental UCA 
very little information is available on how they are established. Below we would 
like to review how architectural proteins and epigenetic factors are involved in 
organizing the 3D genome and how this may or may not be linked to the formation 
of the UCA. Since both TADs and compartments are lost during the UCA-phase, 
we would like to discuss the mechanisms behind the formation of these structures 
and what is necessary to inhibit these processes.
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TAD boundaries form at the binding sites of CTCF7,34 and chromatin loops are 
formed between two distal CTCF binding sites10. Although the binding sites of CTCF 
have not been mapped in early mouse development, in medaka24 and zebrafish23 there 
is direct and indirect evidence that CTCF remains bound to DNA during the UCA 
phase, suggesting that loss of CTCF is not an explanation for the weakening of TADs 
and loops in the UCA phase. Decreased loading of cohesin on chromatin results in 
the weakening of TADs and loops17,18. This is consistent with the observation that 
there are fewer specific cohesin binding sites in zebrafish during the UCA phase 
compared to later developmental stages35. An alternative mechanism for decreasing 
cohesin residence time on DNA and diminishing TADs is increased activity of the 
cohesin release factor Wapl (see Box 1). Molecular dynamics simulations have shown 
that this should also weaken TAD borders and result in a loss of loops36. 

However, loss of cohesin on chromatin is associated with an increase in 
compartmentalization17,18,37. An additional mechanism is therefore necessary to 
explain the lack of compartments. What drives the organization of the 3D genome 
into compartments is not completely understood. Chromosomes segregate into 
two main compartments inside the nucleus, the active A compartment and the 
inactive B compartment4. A compartments contain active genes and histone post-
translational modifications associated with active transcription (e.g. H3K4me1/3). 
B compartments on the other hand are transcriptionally inactive, replicate late 
in S phase and are enriched for heterochromatic histone modifications (e.g. 
H3K9me2/3)38. Recent microscopy and biochemistry analyses have suggested that 
heterochromatin forms a phase separated compartment and its constituent protein 
HP1 can phase separate39,40. Furthermore, in silico modelling of nuclear organization 
has suggested that the B compartment (i.e. heterochromatin), rather than the A 
compartment is the driver of compartmentalization41. This would suggest that in 
order to overcome compartmentalization, one needs to overcome the attraction 
between B compartments. One possibility would be the phosphorylation of H3S10, 
in concert with acetylation of H3K1442–44, which leads to a dissociation of HP1, 
which in turn may inhibit compartmentalization. Interestingly, although H3S10P is a 
marker of mitotic chromosomes, in early mouse development it is found abundantly 
throughout interphase as well, actually serving as a better marker for pericentromeric 
regions than HP145. The mechanisms described above suggest a two-pronged 
pathway towards the formation of a UCA, i.e. weakening of TAD borders through 
the suppression of cohesin mediated loop formation, combined with an epigenetic 
inhibition of compartmentalization.

It should be noted that during mitotic chromosome condensation TADs and com-
partments are also completely lost46,47. The 3D genome of mitotic chromosomes 
is therefore superficially similar to the UCA. However, there is the obvious differ-
ence of mitotic chromosomes being highly condensed and rod-shaped and chromo-
somes during the UCA phase assuming a regular decondensed interphase structure. 
These differences are also translated in the contact probability distribution in Hi-C 
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maps23,25 (Fig. 3c). So, despite the absence of TADs and compartments, the UCA is 
not simply a mitotic chromosome. However, might the proteins responsible for the 
formation of the mitotic chromosome also be responsible for the establishment of 
the UCA? Chromosome condensation is dependent on the condensin complex, a 
structural maintenance of chromosomes (SMC) complex similar in structure to the 
cohesin complex (Fig. 3a). The structure of mitotic chromosomes is the result of the 
loop extrusion activities of the condensin complex47–49. There is no evidence currently 
suggesting that condensin-mediated loop extrusion is blocked by boundary proteins 
such as CTCF. Reduced condensin activity compared to the chromosome condensa-
tion in metaphase may be a putative alternative pathway for the creation of a UCA. 
Although condensin is thought to be largely cytoplasmic, a nuclear pool persists dur-
ing interphase and is also found to be associated with chromatin. Interestingly, in 
mouse embryonic stem cells, which do not have a UCA, but have a nuclear organi-
zation that is reminiscent of early embryos50,51, knock-down of condensin subunits 
Smc2 and Smc4 results in a loss of H3S10P and an increase in H3K9me3. This is 
specific to embryonic stem cells as it is not seen in mouse embryonic fibroblasts52. 
Much about the interphase role of condensin is still unclear53,54, let alone its role in
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Figure 2: Chromatin interaction landscapes can be modified by altering cohesin dynamics. A) 
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its lumen. B) The cohesin complex is loaded onto chromatin by the loader-complex NIPBL/MAU2 
(SCC2/SCC4). The activity of WAPL leads to dissociation of cohesin from chromatin. C) Depleting 
CTCF only leads to a loss of TADs and loops. Knock-out of loader-complex members leads to a loss in 
TADs and loops, which is accompanied by stronger compartmentalization. Loss of WAPL leads to an 
increase in loops, but a loss of compartments. In silico models (denoted by computer-icon) show that 
increasing WAPL activity results in a weakening of TADs, presumably accompanied by an increase in 
compartmentalization. Aside from having no TADs and compartments, mitotic chromosomes have more 
local interactions and thus a more pronounced diagonal in Hi-C matrices. This is not the case in a 
UCA, where the are no TADs and compartments, but no increase in close-cis interactions.

Figure 3: Chromatin interaction landscapes can be modified by altering cohesin dynamics. 
a) The SMC-complexes cohesin and condensin both have ring-like structures and can entrap chromatin in its lumen. b) 
The cohesin complex is loaded onto chromatin by the loader-complex NIPBL/MAU2 (SCC2/SCC4). The activity of WAPL 
leads to dissociation of cohesin from chromatin. c) Depleting CTCF only leads to a loss of TADs and loops. Knock-out 
of loader-complex members leads to a loss in TADs and loops, which is accompanied by stronger compartmentalization. 
Loss of WAPL leads to an increase in loops, but a loss of compartments. In silico models (denoted by computer-icon) show 
that increasing WAPL activity results in a weakening of TADs, presumably accompanied by an increase in compartmen-
talization. Aside from having no TADs and compartments, mitotic chromosomes have more local interactions and thus 
a more pronounced diagonal in Hi-C matrices. This is not the case in a UCA, where the are no TADs and compartments, 
but no increase in close-cis interactions.
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interphase nuclei during early development, however interphase condensin activity may 
represent an alternative pathway for the formation of a UCA and as such constitute 
an interesting player in the organization of the 3D genome during early development.

Early embryonic development as a model for 3D genome reorganization

As described above the activation of the zygotic genome proved not to be the best 
model to study the interplay between expression and the formation of structures 
such as TADs. However, the absence of TADs and compartments in interphase 
nuclei of early embryos was a surprising discovery. The appearance of TADs and 
compartments in development can be used to study the factors that are involved in 
their formation and the in vivo relevance of these domains for the proper regulation 
of developmentally regulated genes. The development of single nucleus Hi-C methods 
that allow the reconstruction of 3D models55 of even diploid genomes56 represents 
an important opportunity to expand the existing single nucleus Hi-C maps that have 
probed the oocyte-to-zygote transition. By performing these analyses in mutants of 
the critical factors important in the establishment of the 3D genome we can start to 
unravel the mechanisms that are important for the formation and dissolvement of a 
uniform chromatin architecture.

Although the role of cohesin in the formation CTCF-anchored chromatin loops was 
established almost a decade ago57, functional analysis of the role of architectural 
proteins in 3D genome organization has been challenging. The foremost reason for 
this is that genetic ablation of cohesin complex members or CTCF is embryonic 
lethal and leads to cell death in vitro. However, a number of recent technological 
developments have facilitated the functional analysis of architectural proteins in the 
3D genome. CRISPR-Cas9 genome editing58,59 has greatly expedited the creation 
of knock-out cell lines, which is important because low levels of an architectural 
protein can be enough to maintain the 3D genome60,61. Furthermore, acute depletion 
of architectural proteins enables the ablation of essential proteins within a very 
short timeframe (~1hr)15,61. These experiments have revealed that changes in the 3D 
genome also occur very rapidly, i.e. on the order of hours. Finally, the introduction 
of high-resolution Hi-C analysis has enabled the study of the 3D genome at 
unprecedented resolution10,51. These developments have enabled experiments that 
have led to an improved understanding of various architectural proteins in 3D 
genome organization and the establishment of models that can explain key features 
of 3D genome organization.

One of the surprising features of the vertebrate 3D genome is the formation of CTCF-
anchored chromatin loops that are formed between convergently oriented CTCF 
sites. The formation of these loops can be explained by the loop extrusion model36,62 
which posits that the formation of TADs and loops is dependent on the processive 
enlargement of loops by the cohesin complex. The formation of chromatin loops is 

Box 1: Regulation of the 3D genome by architectural proteins
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also dependent on factors that regulate the residence time of cohesin on chromatin. 
A complex consisting of Nipbl and Mau2 (Scc2 and Scc4) loads cohesin onto 
DNA, to initiate loop formation (Fig. 3b). Wapl, on the other hand, releases cohesin 
from chromatin leading to disassembly of chromatin loops. Further dissection of 
the contribution of the cohesin complex members and regulators of the cohesin 
complex will likely paint a more intricate picture of the factors are involved in the 
faithful establishment of 3D genome structures.
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7: General discussion

The last decade of research into epigenomics has revealed many levels of chromatin 
organization. With the discovery of loops, TADs, and compartments in Hi-C 
matrices came several mechanistic models on the formation and maintenance of 
these structures. To investigate these, we manipulated the amount and stability of 
the chromatin-bound cohesin in chapters 2, 3 and 4 and analysed the generated 
Hi-C data with GENOVA, also described in chapter 4. We further investigated and 
discussed the role of transcription on local genome organization and vice versa in 
chapters 5 and 6, where we use the Zygotic Genome Activation point in zebrafish to 
uncouple transcription and chromatin organisation. In this chapter, I will discuss the 
advances, gaps, and possibilities of the formation, maintenance, conservation, and 
role of chromatin architecture.

Robin H. van der Weide
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3D-organization by and due to extrusion
The sheer presence of the layers of chromatin organization leads to the question on 
how these layers are formed and maintained. This thesis provides arguments for (and 
against) the current proposed models. First, the group of entrapment-models (including 
the Brownian motion model) proposes that an SMC-ring randomly entraps pairs of 
nearby chromatin, thereby forming a loop1,2. Secondly, the facilitated tracking model 
suggests that chromatin-bound TBP and RNA Pol II start sliding from regulatory 
sequences like enhancers towards promoters, which would also form loops3,4. A third 
model is the loop-extrusion model: a cohesin-ring entraps a single chromatin-strand, 
which increases in length by the processive movement of cohesin over the chromatin, 
only stopping at CTCF-bound sites with a specific orientation5,6 (Fig. 1a).

The consequence of entrapment-based models is that loops form between any two loci 
that are in close proximity of each other, regardless of the chromosomes of origin of 
these sites. However, the proportion of reported chromosome-interactions in trans is 
only approximately ten percent of all interactions, indicating that interactions between 
loci on the same chromatin-fiber occur more frequently then the entrapment-models 
predict7. Moreover, the orientation-specific CTCF enrichment at loop anchors indicates 
that loop-formation is non-random8-10. The latter point is also a major argument against 
the facilitated tracking model: the model predicts that the majority of stable loops are 
between enhancers and promoters, instead of between CTCF-sites, and excludes local 
organization in gene deserts. The loop-extrusion model fits with most observations. 
Limiting bound cohesin diminishes TAD-boundaries11,12, stabilizing cohesin leads 
to longer loops11,13-16, depleting CTCF abolishes loops and TAD-insulation17, and 
changing CTCF-orientation renders its looping-capabilities obsolete8. Especially the 
CTCF convergency-rule and the lack of entangled chromatin points towards this model 
being the main driver of local chromatin organisation8,10,18 (Fig. 1a). 

But (how) does the larger-scale organization fit into the loop-extrusion model? Regions 
in the size-range of TADs have the propensity to cluster with other regions of the same 
epigenetic state, forming A- and B-compartments, in specific regions of the nucleus10,19 
(Fig. 1b). Observations that chromatin can form clusters at the nucleolus and near the 
nuclear lamina corroborate this20. Clusters at the nuclear lamina, Lamina Associated 
Domains, correlate well to B-compartments and have high amounts of H3K9me3 
domains21. Interestingly, by stabilizing cohesin in chapter 2 and 4, we saw a decrease 
in compartmentalization-strength and diminished LADs. By depleting WAPL or SA2, 
which were previously not known to play a role in compartments and LADs, we perturb 
compartmentalization. Nuebler et al. showed with polymer-modelling that, indeed, 
local extrusion counters the preferential clustering of compartments22. We show this 
balance between compartmentalization and loop-extrusion in more detail in chapter 
2, in which we demonstrate that stabilized cohesin leads to a loss of B-compartments, 
Lamina-Associated Domains, and diminished heterochromatin-domains. 
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In contrast, we found in chapter 3 that members of the mediator kinase module 
have a function in limiting heterochromatin. At Hyper-Compartmentalised Domains, 
caused by deletion of either MED12 or CCNC, we found a loss of CTCF-binding 
and loops. This suggests that hetero-chromatin can impede the formation of local 
chromatin organisation by limiting CTCF-binding, thereby leading to a loss of loop-
anchors. These results show that loops and compartments are communicating vessels: 
increasing one leads to an opposing change in the other.

However, the question on how cohesin traverses chromatin remains. The typical 
depiction of the complex is in the form of one or two inert ring(s) with chromatin 
in its lumen, but is the case? While elongating RNA-polymerase II can push cohesin 
over the gene its transcribing23,24, this cannot be the only motor. This, because we find 
CTCF-demarcated loops and TADs in silenced chromatin in chapter 3. Moreover, 
there are TADs in zygotes before the onset of transcription, which could suggest 
that loop-extrusion does not depend on RNA pol II alone25-27. A more parsimonious 
explanation for translocation would be the ATPase-activty of the SMC1 and SMC3 
head-domains. In line with this is the observation that ATP is only needed to 
reconstitute local organization after RAD21-depletion, but that it is not needed for 
loop-maintenance by stable cohesin28. Strikingly, in vitro studies showed that a single 
cohesin, together with its loader complex NIPBL/MAU2, can form chromatin loops 
in an ATP-dependent manner29. 

Figure 1: the loop-extrusion model and general structures of chromatin organisation. 
a) Loop-formation by the processive sliding of cohesin over the chromatin. The sliding (or extrusion) is stopped when 
stabilized at correctly oriented chromatin-bound CTCF or when dissociated by WAPL. b) Two levels of intra-chromosomal 
organisation: compartments and TADs/loops. Compartments from a chequering pattern in Hi-C matrices, indicating the 
clustering of regions with similar biochemical properties. Cohesin-mediated TADs and loops form the main structures 
at the megabase-scale.

compartments TADs
A B

cohesin
CTCF
WAPL
SCC2/SCC4
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The mechanism of how the ATPase domains move cohesin across the chromatin 
is still not fully resolved, but some theoretical models have been proposed. One of 
these is the model in which conformation-changes of cohesin cause translocation. 
In this model, ATP-hydrolysis forces cohesin’s coiled coils to bend like elbows on an 
arm, thereby reeling in DNA30,31. This model fits with the observation by Terakawa 
et al. (2017), in which cohesin’s homolog, condensin, moves with large (60bp) steps 
across the DNA32. Future research should focus on learning whether this is indeed the 
mechanism and what its consequences are. 

Choosing anchorable CTCF-sites

Aside from knowing how cohesin moves, it is also important to understand how 
cohesin stops. CTCF is enriched at TAD-boundaries and is needed to localize 
cohesin at these sites33. Depleting CTCF leads to a loss of loops and TADs, indicating 
that cohesin is not halted at the putative loop-anchors in the absence of CTCF17. 
Moreover, recent work suggests that CTCF protects cohesin from WAPL-mediated 
release34, which could provide an explanation why CTCF-anchored loops are to some 
extent stable structures. In this sense, the role of CTCF in the formation of local 
organization can be seen as a two-step process. Step one entails the formation of 
CTCF-bound sites along the chromatin, followed by step 2 in which cohesin will slide 
across the chromatin to stop and at these sites (Fig. 1a). But of the ±800 thousand 
possible sequence-specific binding sites (i.e., motifs) for CTCF in the human genome, 
why does it only bind at a subset (15-25%) of these putative binding sites11,35? 

We and others have shown that there is a strong preference of loops with CTCF-motifs 
at their anchors in a convergent manner (i.e., the convergency-rule)8,10,11,35. Yet, there 
are still many convergency-compatible motifs that are not used nearby the anchor 
inside the loop. There are examples of these sites, both for human and for zebrafish, 
in chapters 2 and 5. This is surprising because the loop-extrusion model predicts 
that cohesin will stop at the first CTCF with an inward (i.e., convergency-compliant) 
orientation. Closer inspection of the CTCF ChIP-Seq tracks suggests that CTCF is 
indeed not bound at these motifs. An explanation for this could be divergencies of 
the motif-sequence (i.e., motif-conservation): CTCF has a lower binding affinity at 
sites with mutated bases at key loci of its binding motif36. In line with this is the 
fact that CTCF-motifs at TAD-boundaries are more conserved than the genome-
wide average37. Conserved motifs are also more likely to be at TAD-boundaries in 
a comparison between mouse and dog genomes38. Moreover, in silico prediction of 
local organisation indicates that the amount of CTCF-motif conservation at a locus 
is one of the key determinants of that locus becoming a loop-anchor39. But even 
if a motif-sequence is close to optimal for CTCF-recognition and -binding, it still 
needs to be accessible. We find diminished CTCF-binding and local organization in 
domains that are hyper-heterochromatinized in chapter 3. The same has been found 
for DNA-methylation, which also impedes CTCF-binding40,41. For example, a single 
hypermethylated CTCF-motif at the boundary between the PDGFRA and FIP1L1 
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loci in gliomas impedes binding of CTCF, resulting in the loss of the TAD-boundary. 
This merging of the two TADs leads to the promiscuous expression of the oncogene 
PDGFRA by the interacting with the constitutive FIP1L1-enhancers42. These findings 
indicate that not all motif-sites are simply readable or detectable for CTCF, due to 
imperfect motif-sequences or their epigenetic silencing. 

But why do not all motifs that adhere to a local convergency-rule and have CTCF 
bound become loop-anchors? A clue could be the fact that TAD-boundaries are 
often enriched for housekeeping genes, transcription factors43,44, and histone-marks 
associated with active promoters (e.g., H3K27ac and H3K4me3)26,35. Transcription-
factors can augment the boundary-function of CTCF, like ZNF14345 and BRD246, 
enhancing lineage-specific chromatin interactions. But other transcription-factors 
can also compete for binding sites, like ADNP in the ChAHP-complex47. These 
findings suggest the exciting possibility of another level of regulation, which provides 
a mechanism to fine-tune the local organization based on availability and binding of 
such secondary proteins.

Aside from co-binding factors augmenting the insulator-function of CTCF, another 
possibility is that placing a series of CTCF-binding sites in the same orientation 
would also strengthen the insulation between domains. When a CTCF dissociates 
from chromatin, cohesin will continue extruding, but will pause again if there is 
another bound CTCF nearby. These additional “road blocks” would then lead to more 
stable loops, due to the additional pausing of cohesin at these anchors, compared 
to single-motifs anchors. These CTCF clusters have been noted before48,49 and are 
also to be appreciated in chapters 2 and 5. CTCF-clusters would ensure that if 
cohesin breaches the first CTCF-site, there are redundant sites where CTCFs can 
pause cohesin50. Identifying the optimal size of CTCF-clusters (which could be e.g., 
tissue-, stage- and gene-specific) would be an interesting avenue for future research, 
as would investigating the role of CTCF-colocalizing proteins, like ZNF143. Knowing 
the contributions of motif-similarity, chromatin environment, transcription, and local 
context would allow for the development of predictive algorithms to find cell-type/
disease specific loop-anchors and TAD-boundaries. 

The nature of TADs

TADs have been studied and used as annotation since the discovery of these domains 
in 201235,51, but what are TADs outside the context of a Hi-C heatmap? Schematic 
representations of the organizational layers show TADs as isolated globules of 
interconnected chromatin. However, typical Hi-C experiments generate an average 
contact-profile of thousands of cells (Fig. 2a). Inter-TAD contacts in these population-
averages are frequent and are often between TADs in the same compartment10. This 
indicates that TADs are not stable, isolated balls of chromatin. 



— 167 —

General Discussion

7

Studies leveraging single-cell Hi-C approaches generated heatmaps that do not show 
TADs52. But TADs re-appeared when in silico ensemble heatmaps were generated 
based on the scHi-C data. This suggests that the notion of these stable globules does 
not hold true in single-cells, but likely is an average profile of a population of cells 
(Fig. 2a). Furthermore, it also indicates that TADs in population Hi-C are not mere 
artefacts: they show the propensity of a region to interact with itself instead of with 
neighbours.

Microscopy experiments have also revealed heterogeneity between single cells on 
TADs. Super-resolution FISH measurements showed that TAD-like structures exist53, 
with enriched intra-domain contacts and CTCF-boundaries. Yet, Szabo et al.54 used 
the microscopy-technique 3D-sim to show that TADs are heterogeneous between 
single cells and that averaging leads to the distinct, isolated domains. Depletion of 
cohesin and CTCF also showed with microscopy that both have distinct roles in the 
formation and maintenance of TADs: cohesin increases intra-domain contacts, while 
CTCF restricts inter-domain contacts55. These studies show that TADs are not the 
isolated knotted balls one might see in the schematic representations. They represent 
the ongoing process of cohesin-mediated chromatin loop-formation56. 

TADs are not always homogeneous squares in a Hi-C map: loss of intra-TAD 
signal and/or enriched corners are often found. We (chapters 2 and 4) and others 
showed that increasing the residence time of cohesin causes intra-TAD contacts to 
decrease11,13-15,34. An explanation for these observations is that TADs are an average 
population “snap-shot” of cohesin extruding chromatin towards CTCF-anchors 
(i.e., TAD-borders). Both WAPL- and SA2-depletion lead to a larger fraction of 

Figure 2: TADs are emergent structures and fine-tune regulatory information. 
a) TADs in population Hi-C experiments are the average of dynamic chromatin-interactions at single. b) Without TADs, 
genes can interact with all available enhancers and more proximal enhancers are outcompeted. TAD-boundaries limit or 
guide the possible interactions between enhancers and promoters.
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chromatin-bound cohesin11,34, which can result in a larger fraction of the extrusion-
complex reaching the appropriate loop-anchors (i.e., convergent CTCF-sites). This 
results in a population average with less intra-TAD signal (Fig. 2a). A more extreme 
phenomenon are hollowed-out TADs with faded borders (corner-peaks). At these loci, 
increased cohesin-stability at CTCF-sites leads to even more diminishing amounts of 
active extrusion and thus results in a loss of all intra-TAD signal, which causes TADs 
to become loops in the Hi-C map. This indicates that TADs are valuable to study 
loop-extrusion dynamics57, especially upon perturbations11,13,17,58,59 and with genomic 
variation60. TADs also cover larger sets of Hi-C bins (the average TAD spans 40 bins 
at 20kb resolution), compared to loops (spanning at most 2 bins), which means that 
it is easier to get enough Hi-C signal for algorithmic identification of these structures 
in Hi-C maps. Especially in situations where high amounts of samples and Hi-C 
resolution are unfeasible, like in development26,61,62, and disease42,63, TADs allow for 
the identification and quantification of changes in the local chromatin landscape 
and thus loop-extrusion.

The evolutionary tale of 3D-organization 

However, TADs are not only found in human and mouse. We show in chapter 5 
that the zebrafish genome also comprises of TADs and compartments. Aside from 
TADs in vertebrates, similar domain-like structures have been identified in other 
organisms across the evolutionary tree: from Chromatin Interaction Domains 
(CIDs) in prokaryotes64 to TADs in plants65. To learn from the observations in other 
organisms, one must take caution to make the distinction between extrusion-mediated 
domains (like TADs) and epigenetically clustered domains (like compartments). 
A simple heuristic to distinguish them is that TADs do not chequer: there are no 
patterns of alternating squares found between TADs in the Hi-C matrix57 (Fig. 1b). 
Compartments, in contrast, cluster together on basis of chromatin activity, which 
leads to a chequering-pattern in the matrix66. 

Fruit flies (D. Melanogaster) are a well-studied organism in the field of epigenetics67-69. 
Sexton et al. generated the first Hi-C matrices of these invertebrates, in which 
they found domain-like chromatin structures that segregate in active and inactive 
clusters70. This indicated that compartmentalization is conserved. However, others 
suggested that the fruit fly genome also harbours chequering (!) sub-domains, which 
lead to the imprecise notion that invertebrates have TADs. While CTCF is important 
for the formation and maintenance of TADs and loops in vertebrates71, Drosophila 
CTCF (dCTCF) does not appear to have the same role in fruit flies. It has only a 
marginal enrichment at domain-boundaries72 and CTCF-knockout have limited 
changes in chromatin organisation73. Moreover, fruit flies have only one protein of 
the SA-family, which is a key cohesin subunit in vertebrates, compared to the two or 
four SA-family members in mice and zebrafish, respectively. These findings have led to 
the conclusion that CTCF and cohesin are not essential for loop-formation and that 
transcription governs their formation72. Conversely, these results can also be explained 
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by the fact that transcriptionally active regions have more active chromatin-
marks, like A-compartments, and that TADs do not exist in this organism. Thus, it 
seems plausible that invertebrate chromatin organization—in contrast to that of 
vertebrates—is not dependent on CTCF and cohesin, but relies on chromatin state 
(i.e., compartmentalization). 

One argument why invertebrate chromatin organisation is formed and maintained 
differently to vertebrates is the fact that dCTCF has a divergent N-terminus74. This 
sequence contains the YxF-motif, which was found to stabilise cohesin. Truncation 
of the N-terminus or mutation of the YxF-motif leads to loss of cohesin-enrichment 
at CTCF-sites and a loss of loops in mouse and human, respectively58,75 . This variant 
N-terminus could thus render dCTCF non-functional for blocking and stabilising 
extruding cohesin. If this is the case, we would expect the same CTCF-independence 
in vertebrates with similarly less conserved N-termini. Zebrafish CTCF has conserved 
zinc-finger domains to human CTCF, but low sequence-similarity in the C- and 
N-termini76. Yet, we show in chapter 5 that Zebrafish have TADs with a similar size-
range as mammals and have CTCF-motifs in the convergent orientation at their 
borders26. Furthermore, knocking out CTCF also leads to a loss of loops and TADs 
in adult zebrafish77. It also cannot be due to the YxF-motif sequence divergence, 
since it is conserved in both fruit flies and zebrafish58. These results suggest that the 
hypothesis of N-terminal divergence in CTCF is perhaps too obtuse and the further 
research is needed to uncover the underlying mechanistic differences between 
invertebrate and vertebrate local organisation. 

Genome-sizes can vary greatly between organisms, which raises the question 
whether the linear genome size has an effect on chromatin organisation and gene 
regulation. For example, the human genome of ±2.9Gb is almost double the size 
of the zebrafish-genome (1.7Gb), but dwarfs in comparison to the ±32Gb axolotl 
genome. TADs in axolotl scale with the increased size of the linear genome, where 
TADs show remarkable similarity in terms of conserved genes and regulatory regions 
compared to human TADs78. The increased linear space is filled with transposable 
elements, of which their functions could be interesting avenues of investigation. 
When the linear genome is smaller, like in zebrafish, we find that TAD-size decreases 
but high conservation of genic information persists. These observations are in line 
with a model in which TADs are evolutionary conserved gene-regulatory scaffolds.

Evolutionary studies including species with differing numbers of architecture-related 
homologs could help to shed further light on the conservation of organization. 
This could be done by selecting organisms with different numbers of homologous 
proteins of a cohesin subunit: an example of these are the SA-proteins, which vary 
from one to four homologs79. Furthermore, finding organisms with asymmetric losses 
of these genes (i.e., a deletion-event after a duplication-event) could provide insights 
into the need for redundant genes. This could be complemented by deletion of a 
homolog in different organisms. Aside from helping to understand the underlying 
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mechanisms of chromatin organization, cross-species studies will also aid research 
of species-divergence by evolutionary rearrangements80. An exciting possibility is 
that a TAD-duplication in an ancestor can lead to paralogous genes with novel 
functions. 

Coupling 3D organization and transcription

One of the main promises of studying chromatin 3D-organization was to couple the 
local chromatin landscape of a gene to its expression in a specific tissue and/or cell 
type81. The local sub-Mb scope is already being used extensively for this. For example, 
TAD-annotations are leveraged in genetics research to limit the search-space for 
identifying causal variants that affect a trait of interest82 and the extrusion-model 
helps explain complex phenomena like VDJ rearrangements in the immunology 
field83. However, the general genome-wide functional mechanisms that relate nuclear 
architecture and transcription are still not completely clear.

In chapter 2, we showed that we can perturb loop-length, TADs, and compartments 
through altering cohesin-loading and -release. Yet, our analyses on gene-expression 
showed very mild effects. Similar studies, using SCC1- and CTCF-degradation, showed 
the same limited effects on transcription after degradation, although larger (indirect) 
effects on expression were noted several days after degradation17,59. This suggests that 
the 3D organization indeed does not play a direct role in transcription in a strict 
cause-consequence relationship.

Studies focussing on the onset of vertebrate gene expression at the Zygotic Genome 
Activation point (ZGA) also show that there is transcription without TADs14,25-27. The 
opposite was also true: TADs are observed when there is no transcription, like in pre-
ZGA zebrafish embryos (chapter 5) and when inhibiting expression with drugs like 
α-amanitin in early mouse development25,27. 

These findings show that transcription and organization do not depend on each 
other per se. How can we reconcile this with the fact that there are local examples 
of the contrary, like the SHH-locus described in chapter 1? It could be that there 
are no grand effects of nuclear organization on transcription84 and that (aside from 
polycomb interactions85) there are only local effects within the range of TADs. The 
local organization would then be responsible to limit—or tweak—the search-space of 
promoters and enhancers. This is in line with the fact that the small fraction of genes 
deregulated by cohesin-depletion have more proximal enhancers. Conversely, the 
cohesin-independent genes have more active histone-marks at their promoters86. The 
same holds in CTCF-depletion experiments, where CTCF-dependent genes in mESC 
also have fewer proximal enhancers87. These findings suggest that nearby enhancers 
are important when cohesin- and CTCF-dependent boundaries are lost (Fig. 2b). 
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Our findings in chapter 5 are in agreement with this model, where we find an altered 
epigenetic landscape in the presence and absence of TADs in mid- and post-ZGA, 
respectively. Enhancer-mark enrichment is more proximal to active promoters in 
the absence of TADs. In other words: if there are no insulated domains (i.e., TADs), 
promoters interact with proximal enhancers. When TADs arise, all intra-TAD regions 
come into closer proximity by active loop-extrusion, allowing for more interactions 
with distal intra-TAD enhancers.

Deletions, duplications and inversions of TADs, harbouring genes important for limb-
development in mice and patients, showed local—but large—changes in expression. 
Novel and promiscuous promoter-enhancer interactions, made possible due being in 
the same de novo domain, resulted in several severe limb-phenotypes: brachydactyly 
(shortened and webbed thumbs and index-fingers), F-syndrome (fusing of thumb and 
index-fingers), and syndactyly (additional digits)88. In line with this is the suggestion 
that RNA-polymerase II cannot transverse cohesin23 and that it is (consequently) 
enriched at the interior of a TAD89. From this, it follows that cohesin can direct or 
limit the available regulatory search-space of the transcription machinery to a single 
chromatin-loop, increasing (or enhancing) the chances of enhancers within this loop 
to interact with the promoter90. Thus, the local chromatin organization in vertebrates 
is likely to primarily function as an additional filter for contextually correct enhancer-
promoter interactions17, protecting promoters from non-applicable regulatory 
information and bringing enhancers into proximity of the promoter86 (Fig. 2b). This 
could aid in tightly regulating clusters of co-expressed genes, as we show in chapter 5. 
Novel multi-modal single-cell genomics or microscopy approaches could further help 
to quantify dependencies of specific sets of genes on the local organization.

Future studies will be able to use this information to further the fields of genomics 
in many ways: from the prediction of regulatory regions (e.g., enhancer, silencer) of 
specific genes to generating regulatory annotations for novel vertebrate reference 
genomes, which are being built in increasing numbers due to Hi-C guided de novo 
assembly91. Furthermore, it will also aid researchers in post-GWAS studies to prioritise 
non-coding variants within an eQTL. This could be done by studying their position 
relative to loop-anchors and by investigating their effects on deletion and formation 
of CTCF-binding sites and thus putative loop-anchors. These will all lead to a better 
understanding of gene-regulation in health and disease.

Using novel perturbation methods

The advances in this field have relied on the perturbation of putative factors in genome 
organization. One of the first published Hi-C matrices with depleted cohesin were 
based on conditional deletion of RAD21 based on the tamoxifen-inducible Cre-Lox 
system in NPCs92. This led, after 5 days of tamoxifen-treatment, to a 90% depletion 
of the protein. However, it resulted in only a partial loss of TADs and the prolonged 
duration of the experiment meant that there was a possibility that the observed losses 
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were secondary effects. Five years later, acute (± 6 hours) near-complete depletion 
of RAD21 showed an almost complete loss of loops and TADs59. This example 
illustrates the importance of maximizing protein depletion and doing so as quickly 
as possible to determine the direct role of a protein in a highly interconnected system 
as chromatin organization.

Aside from using the ZGA—which could be seen as transcriptome-wide RNAi due 
to the MiR430-induced degradation of maternal mRNA before the onset of zygotic 
transcription93—we have utilized the CRISPR-Cas9 system to make stable knock-
out HAP1 cell lines. This showed strong effects on organization, likely due to the 
depletion. However, we cannot easily infer direct and indirect effects. For well-studied 
genes with only one known specific function (e.g., WAPL only being known as the 
cohesin-release factor), direct effects can be inferred based on parsimony. In situations 
where this inference is not possible, for example in the case of MED12-depletion in 
chapter 3, ruling out indirect effects of knock-outs in stable cell lines is non-trivial.

As described above, the advent of first-generation targeted proteolysis systems, 
like the Auxin-Inducible Degron (AID), enabled the acute depletion of targeted 
proteins94. This tool has allowed the field of nuclear organization to separate cause 
and consequence of depleting extrusion-related proteins on chromatin organization. 
SCC1-AID experiments showed that Cohesin is required for the formation of 
loops and counters compartmentalization: observations in line with chapter 
259. With the same AID-system, this time with CTCF-AID, it was found that loop-
formation and TAD-insulation require CTCF. Interestingly, CTCF is not needed for 
compartmentalization17. These results are consistent with a model in which only 
the local organization relies on cohesin reaching CTCF-sites, where cohesin—and 
thus the loop—are stabilized34. Having lost stable loops but gained compartment-
strength in both acute SCC1- and CTCF-depletions, also suggests that the countering 
of compartmentalization by WAPL-knockout described above and in chapters 2 and 
3 is a direct consequence of more stable loop-extrusion, instead of a clonal effect. 
Lastly, Ningqing Liu and colleagues showed with a WAPL-AID that dynamic turnover 
of cohesin is required for regulation of enhancer-promoter interactions90. Although 
helpful, a challenge lies in the applicability of this system. For example, the AID 
system needs to be exogenously introduced in cells, compared to a CRISPR-mediated 
knockout. As discussed in chapter 4, not all proteins can be successfully tagged. 
And when a protein can be tagged, there is still the issue of leakiness95 and possible 
interference of the tag with a functional part of the protein (e.g., DNA-binding, 
catalytic site). These problems hamper discoveries in- and outside our field96.

Luckily, the future seems bright for depletion-studies. Next-generation systems like 
dTAG97, which use a tag-specific degrader, are more specific and less leaky. These 
should, firstly, allow for higher fidelity depletions of proteins part of and related to the 
extrusion machinery, resulting in more precise (and convincing) phenotypes. Secondly, 
perturbing proteins suggested having a role in loop-formation by co-localisation 
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with CTCF (e.g., MAZ and ZNF14345,98,99) could help provide mechanistic insights 
to their ability to regulate local chromatin organization. Combining these depletion-
phenotypes with novel approaches like engineered chromatin architecture100 and 
mutated residues in architectural proteins, like CTCF58, will likely be needed to fully 
understand the biological mechanisms of chromatin organization.

Computational approaches

There is a clear upwards trend in the amount of sequencing, which is evident from 
this thesis alone. These large amounts of data increase the importance of utilizing 
accurate and precise computational approaches. Furthermore, the speed of such 
approaches is important to allow for the maximal number of performed analyses. To 
this end, tools like GENOVA for Hi-C and DeepTools2 for ChIP-seq are proving to be 
essential16,101. 

The majority of Hi-C research has been performed on stable cell lines and in organisms 
with excellent reference genomes (like mice and human). Working with data from 
a different origin, like non-mammalian animal models or patient-derived samples, 
will lead to problems with current computational methodologies. For example, we 
have omitted chromosome 4 from all analyses in chapter 5, since this chromosome 
is not well scaffolded in the current zebrafish reference genomes (GRCz10 & 
GRCz11)102. These scaffolding-errors result in an erroneous Hi-C landscape with 
extensive translocations, which led to erroneous TAD-boundaries and a near-random 
compartment-score. Future work will be needed to construct more accurate reference 
genomes, possibly using Hi-C to re-scaffold current ones103, and design computational 
approaches to handle structural variants in epigenomics data104,105.

Another avenue for Hi-C analyses is applying artificial intelligence (AI) methods to 
negate typical weak points of the technique. Hi-C maps with suboptimal contrast 
(due to e.g., low cell-counts, shallow sequencing, or high nucleosomal debris) could 
be enhanced by several machine-learning approaches that are trained on high-
resolution Hi-C and Micro-C datasets106,107. Furthermore, other deep-learning 
methods are trained on the same datasets, supplemented by one-dimensional data, 
like ChIP-seq peaks, sequence similarity, and Dam-ID. The ambition here is that only 
one-dimensional data would suffice to produce contact frequency maps108-110. This 
also allows for predicting the effects of sequence variation on genome architecture—
possibly enabling variant-prioritisation in genome-wide sequencing projects on 
patient-cohorts. However, care should be taken as this reliance on the very few large 
datasets could lead to over-fitting on datasets from different cell-types (especially 
knockouts) or other model organisms, like the zebrafish-data of chapter 5. 

Computer vision (CV) is already being used in the 3D-genomics field. Methods 
in this category all aim to increase the reproducibility and accuracy of feature 
detection. Standard feature detection methods, like HICCUPS for loop-calling, take 
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a very heuristic approach, often identifying pixels with a fold-enrichment above the 
surrounding pixels. Novel CV-tools can call features like loops at a broader range 
of sizes111,112 and some can even call multiple classes of (partly unknown) features 
independently111. These methods will allow faster identification, annotation, and 
downstream analyses of known and novel structures, like the recent finding of plume-
like structures that appear after rapid depletion of WAPL and CTCF113,114.

Future insights and social impact

The field of 3D-genome architecture has matured over the past decade. Work in 
this thesis (as well as work from others) has shown that the driving force of this 
organization is very likely to be cohesin-mediated loop extrusion. However, we still 
do not know how a chromatin loop is initiated, nor being elongated, nor by what 
mechanism. It is also unclear how much variability there is in local architecture 
between cell states, tissues, and organisms. Future work will explore these interesting 
avenues to understand the nature of chromatin organisation by loop extrusion.

The knowledge obtained by the basic science in this thesis is—aside from expanding 
the body of knowledge—important for understanding how gene expression is (de)
regulated during development and disease. Mechanisms of disease in many cohesin-
related diseases (cohesinopathies) are still unclear but are now revisited from the 
scope of chromatin organization, instead of cohesion-defects115. Moreover, our work 
also gives insights into gene-regulatory interactions in the absence of chromatin-or-
ganization and presence of hyper-heterochromatinization. This will aid research 
into diseases related to dysfunctional enhancer functions (enhanceropathies) by 
non-coding mutations in transcription-factor binding sites and CTCF-binding sites. 
It is therefore encouraging to see an increase in manuscripts using features of the 
3D-genome (e.g., TADs, loop-anchors) to find the underlying mechanisms of disease 
and development.
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Meercellige organismen zijn opgebouwd uit veel verschillende soorten celtypes, welke 
allemaal een andere functie hebben: een zenuwcel in de hersenen heeft andere taken 
dan een witte bloedcel. Elk celtype heeft daarom een specifieke set van eiwitten, 
die de cel gebruikt voor deze taken. Toch hebben alle cellen nagenoeg dezelfde 
DNA-sequentie in hun celkern. Dit is, omdat DNA gecodeerde blauwdrukken van 
eiwitten bevat (genen), maar ook regionen die als schakelaar voor deze genen werken 
(enhancers). Elk celtype gebruikt een specifieke set enhancers om de juiste genen af te 
kunnen lezen (transcriptie), waardoor de juiste eiwitten gemaakt worden.

Gen-transcriptie komt op gang als het verpakte DNA (chromatine) van een enhancer 
en een gen dicht bij elkaar in de buurt komen door middel van chromatine-loops. 
Echter, liggen enhancers vaak niet direct naast een gen op het DNA, waardoor 
er miscommunicatie kan ontstaan. Een klassiek voorbeeld is de aangeboren 
handafwijking preaxiale polydactylie: het hebben van een extra vinger. Dit ontstaat 
wanneer de interactie tussen het gen SHH en de ZRS-enhancer wordt verstoord 
gedurende ontwikkeling van de hand in het embryo. Deze twee regionen moeten 
tijdens deze fase dicht bij elkaar komen in 3D, ook al liggen ze ver van elkaar af op 
het lineaire DNA: ongeveer de relatieve afstand tussen een hond en een fluitje aan 
weerszijden van een voetbalveld.
 Er zijn twee soorten chromatine: euchromatine en heterochromatine. 
Chromatine waar actief genen worden afgelezen (euchromatine), zijn anders dan inactief 
chromatine (heterochromatine). Zo is DNA minder strak opgewonden in euchromatine, 
wat het mogelijk maakt voor eiwitten om daar te binden. Heterochromatine bevat 
in contrast minder blootgesteld DNA, omdat het strakker zit opgewonden. Ook de 
plaats in de celkern is verschillend: heterochromatine wordt vaker aan de rand van de 
celkern gevonden, terwijl euchromatische regionen samenkomen in het midden van 
de celkern. Deze laatstgenoemde regionen kunnen daar eiwitten delen die een rol 
spelen in transcriptie(-regulatie). 

Er zijn microscopie-technieken beschikbaar om (veranderingen in) interacties tussen 
chromatine-regionen te meten. Echter, is dit vaak maar mogelijk voor enkele regionen 
per experiment. Een andere manier om naar interacties te kijken is met Hi-C. Hierbij 
worden interacterende stukjes chromatine aan elkaar geplakt, het omliggende DNA 
verwijderd en worden voor miljoenen cellen tegelijk alle DNA-sequenties afgelezen. 
Hierna kan voor elke regio bepaald worden of en hoe vaak het samen was geplakt 
met elke andere chromatine-regionen. Het resultaat is een tabel, vaak een Hi-C kaart 
genoemd: de getallen in deze tabel geven de gemeten aantallen interacties weer 
tussen twee regionen. 
 Doordat eu- en heterochromatine zich vaak in verschillende plekken van 
de celkern bevinden—en dus alleen met elkaar in contact komen—kunnen we dit 
ook met Hi-C kaarten zien. De kaarten laten een lappendeken-patroon zien van 
regionen die voornamelijk met elkaar in contact komen. Deze regionen noemen 
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we A- en B-compartimenten, welke respectievelijk een grote overlap vertonen met 
eu- en heterochromatine. De mate van interacties tussen regionen van hetzelfde 
compartiment wordt compartmentalisatie genoemd: een hoge compartmentalisatie 
indiceert dat A- en B- compartimenten volledig gescheiden van elkaar zijn en dus niet 
met elkaar in contact komen.

Locale extremen van interacties in een Hi-C kaart noteren we als loops: twee regionen 
(loop-ankers) die, vaker dan verwacht, dicht bij elkaar gevonden worden. Loop-ankers 
bevatten vaak enhancers en genen, zoals de hierboven beschreven ZRS en SHH. 
Echter zijn er ook bepaalde eiwitten die vaker dan verwacht voorkomen op ankers: 
vooral het DNA-bindend eiwit CTCF en een ringvormig eiwitcomplex (Cohesin) 
komen vaak voor. 
 Het eiwit CTCF kan DNA met een specifieke sequentie binden (CTCF-
bindingsplekken). Deze sequentie is geen palindroom, wat dus betekent dat CTCF 
op twee manieren kan binden: als een pijl, wijzend naar het middelpunt van de 
DNA-streng (forward) of wijzend naar een van de twee uiteinden van de DNA-streng 
(reverse). Interessant is dat voornamelijk loops worden gevormd tussen een forward 
en een reverse CTCF-bindingsplek (de pijlen wijzen naar elkaar toe): dit wordt de 
convergentie-regel genoemd. Het is gebleken dat polydactylie afhangt van convergente 
CTCF-binding, wat leidt tot de aanwezigheid van het ringvormige eiwitcomplex 
Cohesin. Cohesin kan chromosomen bij elkaar houden op dezelfde manier als een 
karabijnhaak (ook wel een klimhaak genoemd) een touw vasthoudt. Dit, plus het feit 
dat Cohesin vaak wordt aangetroffen op loop-ankers, doet vermoeden dat het een rol 
speelt in loop-formatie of -onderhoud.

De overkoepelende vraag is hoe chromatine-regionen bij elkaar komen? Hoe kan 
het dat dit bijna altijd op dezelfde manier gebeurt in de miljarden cellen van een 
organisme? En hoe kan het dat dit op een zelfde manier gebeurt in alle gewervelde 
diersoorten? In dit proefschrift onderzoek ik welke factoren een rol spelen in loop-
formatie en functie in zowel cellijnen als in ontwikkeling.

Een mogelijkheid is dat een ringvormig eiwitcomplex (Cohesin) werkt als een 
karabijnhaak op het chromatine. Een stuk “DNA-touw” wordt gevangen in de ring, 
waardoor een kleine lus ontstaat. Door het verder bewegen van Cohesin over het 
chromatine wordt de lus alsmaar groter. Deze extrusie stopt als Cohesin van het 
chromatine wordt verwijderd òf als Cohesin een barrière tegenkomt in de vorm 
van bijvoorbeeld CTCF. Cohesin wordt door andere eiwitten op het DNA geplaatst 
(NIPBL en MAU2) en verwijderd (WAPL). Als Cohesin inderdaad verantwoordelijk 
is voor het maken van loops, dan zou het verhinderen van plaatsing en verwijdering 
gevolgen moeten hebben voor deze loops. Dit laten we in hoofdstuk 2 zien: als 
we WAPL verwijderen (ΔWAPL) blijft Cohesin langer op het DNA en worden loops 
groter. Als we het laden van Cohesin op het DNA tegenhouden (ΔMAU2), dan zien we 
het omgekeerde effect van ΔWAPL. Het simultaan verwijderen van WAPL en NIPBL 
brengt de organisatie weer in balans. Dit laat zien dat de hoeveelheid Cohesin op het 



— 185 —

&

Nederlandse samenvatting

DNA bepalend is voor de (lengte van) loops. Ook is het een bewijs dat de karabijnhaak-
hypothese (cohesin-mediated loop extrusion) een goede verklaring geeft voor hoe en 
waar loops worden gemaakt.
 De langere loops in ΔWAPL cellen hadden twee gevolgen. We zagen dat de 
convergentie-regel veel minder werd gehandhaaft. Dit komt waarschijnlijk doordat 
Cohesin langer de tijd heeft om loops te maken, waardoor de kans dat Cohesin-
loops in wording op elkaar botsen toeneemt. Omdat de plek waar deze botsing 
gebeurt vrij willekeurig is, is de aanwezigheid van een correct georiënteerde CTCF 
niet gegarandeerd. Het resultaat is dat twee loops een loop-anker delen, welke vaak òf 
geen òf een verkeerd georiënteerde CTCF bevatten. We vonden ook aanwijzingen dat 
loop-formatie en compartmentalisatie elkaar in balans houden: in de ΔMAU2 cellen 
zagen we minder stabiele loops en meer segregatie van A- en B- compartimenten.

In hoofdstuk 3 beschrijven we dat in ΔWAPL cellen compartmentalisatie afneemt en 
ook heterochromatine-regionen verdwijnen, dit laatste waarschijnlijk als gevolg van 
het eerste. In deze cellen blijken ook verschillende genen niet meer van levensbelang 
te zijn. De geproduceerde eiwitten van twee van deze genen, MED12 en Cycline-C, 
behoren beide tot de kinase-module van het Mediator complex (CKM). Het Mediator-
complex is betrokken bij genexpressie en er zijn indicaties dat het een rol speelt in 
loop-formatie. 
 Tot onze verrassing waren heterochromatine domeinen extreem versterkt 
in ΔCKM cellen. CTCF- en Cohesin-binding zijn verlaagd in deze domeinen, met 
waarschijnlijk als gevolg het verlies van loops. Dit duidt op een rol voor de CKM 
in het beperken van heterochromatine-domeinen en daarmee het reguleren van 
genexpressie, in plaats van een directe rol in loop-formatie. 

De methode om interacties tussen alle chromosomale locaties te meten (Hi-C) is erg 
krachtig, maar het is voorbehouden aan wetenschappers met specialistische kennis 
(bioinformatici) om de resulterende data te gebruiken. De data is vaak erg groot en de 
algoritmes zijn verspreid over verschillende softwarepakketten. Daarom hebben wij 
GENOVA gemaakt: een softwarepakket dat het merendeel van bekende algoritmes 
kan uitvoeren (plus een paar unieke). Wij beschrijven dit pakket in hoofdstuk 4 
en brengen daarbij verschillen in loop-formatie tussen de twee Cohesin-varianten 
in kaart. Het blijkt dat de stabielere variant 1 langere loops maakt dan variant 2 
(CohesinSA1 en CohesinSA2, resp.), vergelijkbaar met wanneer we WAPL verwijderen. 
Dit suggereert dus dat er een balans is in de lengte van loops, welke aan te passen is 
door te spelen met Cohesin-stabiliteit.

Maar hoe verandert de 3D-organisatie tijdens de vroege ontwikkeling van een 
gewerveld dier? Hiervoor hebben we in hoofdstuk 5 gekeken naar de embryonale 
ontwikkeling van zebravissen. Voordat in deze embryo’s genen worden afgelezen 
(het embryo gebruikt dan nog eiwitten die de moeder in het ei heeft achtergelaten) 
vonden we 3D-organisatie: loops en compartimenten. Even later, wanneer het embryo 
zelf genen gaat aflezen, is alle organisatie tijdelijk verloren. Dit suggereert dat er geen 
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transcriptie nodig is voor 3D-organisatie, maar ook dat 3D-organisatie niet per se 
nodig is voor transcriptie.

Met dit proefschrift tonen we aan dat Cohesin een belangrijke rol speelt in de 
chromatine-organisatie van gewervelden. Door het verstoren van belangrijke Cohesin-
eiwitten, hebben we laten zien dat het een directe rol heeft in het maken van loops en 
dat dit grote gevolgen kan hebben voor andere lagen van organisatie en uiteindelijk 
transcriptie. Deze informatie gaat in de toekomst helpen met het verklaren en 
verhelpen van foutieve genregulatie en de daardoor ontstane aandoeningen.
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Multicellular organisms are composed of a large range of cell types, which all have a 
different function: a nerve cell in the brain has other duties than a white bloodcell. 
Each cell type therefore has a specific set of proteins, which the cell uses for these 
tasks. However, almost all cells contain the same DNA-sequence in their nucleus. 
This is because DNA contains coded blueprints of proteins (genes), but also regions 
that acts as switches for these genes (enhancers). Each cell type uses a specific set of 
enhancers to read (transcribe) the appropriate genes, resulting in the production of 
the appropriate proteins.

Gene-transcription starts when the packaged DNA (chromatin) of an enhancer and a 
gene come into close proximity of each other by a chromatin loop. However, enhancers 
do not typically reside directly next to a gene on the DNA, potentially giving rise to 
miscommunication. A classic example of this is the congenital hand abnormality  
preaxial polydactyly: having extra fingers. This happens when the interaction between 
the gene SHH and the ZRS-enhancer is disrupted during the embryonic development 
of the hand. During this phase, the two regions have to be in close proximity in three 
dimensions, although they are far apart on the linear DNA: approximately the same 
relative distance between a dog and a whistle on opposite sides of a football field.
 There are two kinds of chromatin: euchromatin and heterochromatin. 
Chromatin where genes are actively transcribed (euchromatin), is different from inactive 
chromatin (heterochromatin). For example, DNA is more loosely wound in euchromatic 
regions, which enables proteins to binds there. Conversely, heterochromatin contains 
less exposed DNA, because it is tightly wound. Moreover, the location inside the 
cell nucleus is different: heterochromatin is found predominantly at the edge of the 
nucleus, while euchromatic regions coalesce in the center of the nucleus. The latter 
regions can share proteins that play a role in transcription and its regulation thereof.

There are microscopy-methods available to measure the (changes in) interactions 
between chromatin-regions. However, this is in most cases only feasible for a select 
few regions per experiment. Another method to study chromatin-interactions is 
Hi-C. Here, interacting pieces of chromatin are glued together, the surrounding DNA 
is removed and the remaining pieces of DNA are read for millions of cells in one 
go. Afterwards, the number of times two pieces of DNA were glued together can be 
counted. The result is a table, also known as a Hi-C map: the numbers in this table 
indicate the measured number of interactions between every pair of regions.
 Because eu- and heterochromatin reside in separate regions of the nucleus—
and thus predominantly interact with each other—we can also see this in Hi-C maps. 
These contain a chequering pattern of regions that preferably interact with each other. 
These regions are denoted as A- and B-compartments, which correspond roughly to eu- 
and heterochromatic regions. The bias towards intra-compartmental interactions (A-A or 
B-B) is called compartmentalisation: a high compartmentalisation indicates that A- and 
B-compartment are almost completely separate from each other and thus do not interact.
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Local extremes of interactions in a Hi-C map are denoted as loops: two regions 
(loop-anchors) that, more often than expected, come in close proximity of each other. 
Loop-anchors often contain enhancers and genes, like the above mentioned ZRS and 
SHH. But there are also certain proteins that are found more often than expected at 
these anchors: especially the DNA-binding protein CTCF and a ring-shaped complex 
(Cohesin) appear frequently.
 The protein CTCF is able to bind DNA with a specific sequence (CTCF-
bindingsites). This is a non-palindromic sequence, which means that CTCF can 
bind in two different orientations: like an arrow, pointing towards the middle of 
the DNA-strand (forward) or pointing to on of the two ends of the DNA-strand 
(reverse). Interestingly, loops are mostly formed between forward and reverse CTCF-
bindingsites (arrows pointing towards each other): this is called the convergency-rule. 
The aforementioned polydactyly dependents on convergent CTCF-sites, which leads 
to the presence of the ring-shaped protein complex Cohesin. Cohesin is able to hold 
together chromosomes like a carabiner (a climbing-shackle) holds rope. This, in 
combination with the fact that Cohesin is often found at loop-anchors, suggests that 
this complex plays a role in loop-formation or -maintenance.

The overarching question is how do chromatin regions come into close proximity of 
each other? How is it possible that this happens in the same manner in each of the 
billions of cells of an organism? And how does this happen in a similar fashion in all 
vertebrates? In this thesis, I investigate which factors play a role in loop-formation 
and function in cell lines and development.

One possibility is that a ring-shaped complex (Cohesin) acts as a carabiner on the 
chromatin. A piece of “DNA-rope” would then be entrapped in the ring, forming a 
small loop. This loop will then be enlarged by the continued sliding of Cohesin over 
the chromatin. This extrusion stops when Cohesin is removed from the chromatin 
or is Cohesin is halted by a barrier like CTCF. Other proteins play a role in this, 
with Cohesin being removed from the chromatin by the Cohesin-release factor WAPL 
and loaded onto the chromatin by the loader-complex NIPBL/MAU2. If Cohesin is 
indeed responsible for the formation of loops, hindering the loading and removal 
should have consequences on the formation of loops. This is what we show in chapter 
2: when we remove WAPL from cells (ΔWAPL), Cohesin stays longer in contact with 
chromatin and loops increase in size. We see the opposite to ΔWAPL when we limit 
Cohesin-loading (ΔMAU2). Hindering both loading and release of Cohesin restores 
the 3D-organisation. This shows that the amount and duration of Cohesin on the 
DNA is determining the length of loops. Moreover, this indicates that the carabiner-
hypothesis (cohesin-mediated loop extrusion) can explain why and where loops are 
formed. 
 The longer loops in ΔWAPL cells had two consequences. We found that 
the convergency-rule was being followed to a lesser degree. This is likely because 
Cohesin has more time to form longer loops, increasing the chances that Cohesin-
loops collide with each other (i.e., Cohesin traffic-jams). Because the collision-sites 
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are somewhat random, there is no guarantee of ending up at a correctly oriented 
CTCF-site. The result is two loops that share a loop-anchor, which often either lacks 
or contains a wrongly oriented CTCF-site. We also find clues that loop-formation and 
compartmentalisation are balanced: we saw smaller loops and more segregation of 
A- and B-compartments in the ΔMAU2 cells.

In chapter 3 we describe that ΔWAPL cells have decreased compartmentalisation 
and lose heterochromatin-domains, the latter possibly caused by the former. Multiple 
genes are also no longer important for the survival of these cells. Two proteins made 
from these genes, MED12 and Cyclin-C, are members of the kinase-module of the 
Mediator complex (CKM). The mediator complex plays a role in gene expression and 
there are reports that it also plays a role in loop-formation.
 To our surprise, heterochromatin domains are strengthened to a high degree 
in ΔCKM cells. CTCF- and Cohesin-binding are lowered in these domains, with 
probably as result the loss of loops we observe. This suggests a role for ΔCKM in 
restricting heterochromatin-domains and thereby regulating gene expression, instead 
of a direct role in loop-formation.

The method to measure interactions between chromosomal locations (Hi-C) is 
very powerful, but it is largely reserved to scientists with specialistic skills (mainly 
bioinformaticians) to use the resulting data. The data is often very large and analysis-
algorithms are spread over multiple software-packages. That is why we developed 
GENOVA: a software package to use the majority of known algorithms (and some 
unique to GENOVA). We describe this in chapter 4 and use it to compare the loop-
formation between the two cohesin-variants. This resulted in us showing that the 
more stable variant 1 makes longer loops, compared to variant 2 (CohesinSA1 and -SA2, 
resp.), comparable to when we remove WAPL. This suggest that there is a balance 
in the length of loops, which can be tuned by changing the amount and stability of 
Cohesin.

But does the 3D-organisation also change during the (early) development of a 
vertebrate? We studied the 3D-organisation through at the embryonic development 
of zebrafish in chapter 5. Before these embryo’s transcribe their own genes—the 
embryo still relies on proteins left in the egg by the mother—we found loops and 
compartment. Two hours later, when the embryo is transcribing its own genes, all 
organisation is temporarily lost. This suggests that transcription is not needed for 
3D-organisation, but also that 3D-organisation is not required for transcription per 
se.

With this thesis, we show that Cohesin plays an important role in the chromatin-
organisation of vertebrates. By perturbing important Cohesin-related proteins, we 
have shown that it plays a direct role in the formation of loops and that influences 
other layers of organisation and transcription. This information will help to explain 
and treat erroneous gene-regulation and the diseases resulting from it. 
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Abbreviations

4C  Chromosome Conformation Capture-on-Chip
APA  Aggregate Peak Analysis
ARA  Aggregate Region Analysis
ATA  Aggregate TAD Analysis
bp  Base Pair
C-SCAn  Cross Spatial Chromatin Analysis
Cas9  CRISPR-associated protein 9
ChIP-seq Chromatin ImmunoPrecipitation Sequencing
CID  Chromosomal Interaction Domain
CKM  Cyclin-Dependent Kinase 8 Module
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
eQTL  expression Quantitative Trait Loci 
FISH  Fluorescence In Situ Hybridization
FRAP  Fluorescence Recovery After Photobleaching
GENOVA GENome Organisation Visual Analytics 
gRNA  Guide RNA
H3K27ac Histone H3 lysine 27 acetylation
H3K27me3 Histone H3 lysine 27 trimethylation
H3K36me3 Histone H3 lysine 36 trimethylation
H3K4me1 Histone H3 lysine 4 monomethylation
H3K4me3 Histone H3 lysine 4 trimethylation
H3K9me3 Histone H3 lysine 9 trimethylation
HCD  Hyper-Compartmentalized Domain
Hi-C  Chromosome Conformation Capture, followed by NGS
HMM  Hidden Markov Model
HPF  Hours Past Fertilisation
kb  Kilo Base pairs (1000bp) 
LAD  Lamina-Associated Domain
Mb  Mega Base pairs (1 000 000bp) 
NGS  Next Generation Sequencing
PE-SCAn Paired-End Spatial Chromatin Analysis
RCP  Relative Contact Probability
RNA-seq RNA Sequencing
RNAi  RNA interference
SNP  Single Nucleotide Polymorphism
TAD  Topologically Associating Domain
TLA  Targeted Locus Amplification
TSS  Transcriptional Start Site
UCA  Uniform Chromatin Architecture
WT  Wild Type
ZGA  Zygotic Genome Activation



— 191 —

&

Curriculum vitae

Curriculum vitae

Robin H. van der Weide was born in Nieuwegein, the Netherlands, on the 29th of 
October 1988. Here, he completed his preparatory scientific education (VWO) at 
the Cals College secondary school. After a year of biomedical sciences at Utrecht 
University, he switched to a more theoretic curriculum at the Biology faculty. A 
bachelor’s thesis in the lab of Prof. dr. van den Ackerveken included work on the 
identification of genomic sequences harbouring pathogen resistance-genes in iceberg 
lettuce. After completing the BSc. in Biology, he continued his studies at the Utrecht 
University and Hubrecht Institute with the master-program Cancer, Stem Cells and 
Developmental Biology in combination with the honours program of the graduate 
school of life sciences. He completed the major internship in de lab of Prof. dr. 
Cuppen of the Hubrecht institute on the subject of the extraction of biologically 
relevant data from unmapped whole genome sequencing reads in inbred rat strains. 
He investigated non-coding mutations in familiar melanoma at his second internship 
in the lab of dr. Adams at the Wellcome Sanger Institute in Cambridge, United 
Kingdom. This work was awarded the jury prize at the graduate school honours 
symposium. He returned to The Netherlands for a short internship in the lab of 
Prof. dr. Medema at the Netherlands Cancer Institute in Amsterdam, setting up a 
computational framework to quantify ribosomal DNA. Afterwards, he joined dr. Elzo 
de Wit as a PhD-candidate to form a new lab on genome dynamics and function at 
the Netherlands Cancer Institute in Amsterdam, the Netherlands. The results of this 
work are presented in this thesis.



— 192 —

Addendum

List of publications

Haarhuis,J.H.I.*, van der Weide,R.H.*, Blomen,V.A., Yáñez-Cuna,J.O., Amendola,M., van 
Ruiten,M.S., Krijger,P.H.L., Teunissen,H., Medema,R.H., van Steensel,B., et al. (2017) 
The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension. Cell, 169, 
693-707.e14.

Kaaij,L.J.T.*, van der Weide,R.H.*, Ketting,R.F. and de Wit,E. (2018) Systemic loss and 
gain of chromatin architecture throughout zebrafish development. Cell reports, 24, 
1–10.

van Arensbergen,J., Pagie,L., FitzPatrick,V.D., de Haas,M., Baltissen,M.P., Comoglio,F., 
van der Weide,R.H., Teunissen,H., Võsa,U., Franke,L., et al. (2019) High-throughput 
identification of human SNPs affecting regulatory element activity. Nature genetics, 
51, 1160.

Krimpenfort,P., Snoek,M., Lambooij,J.-P., Song,J.-Y., van der Weide,R.H., Bhaskaran,R., 
Teunissen,H., Adams,D.J., de Wit,E. and Berns,A. (2019) A natural WNT signaling 
variant potently synergizes with Cdkn2ab loss in skin carcinogenesis. Nature 
communications, 10, 1–10.

Kaaij,L.J.T., Mohn,F., van der Weide,R.H., de Wit,E. and Bühler,M. (2019) The ChAHP 
complex counteracts chromatin looping at CTCF sites that emerged from SINE 
expansions in mouse. Cell, 178, 1437–1451.

Elbatsh,A.M.O., Kim,E.*, Eeftens, J.M.*, Raaijmakers, J.A.*, van der Weide, R.H.*, Garcia-
Nieto,A.*, Bravo,S., Ganji,M., de Bos,J., Teunissen,H., et al. (2019) Distinct Roles for 
Condensin’s Two ATPase Sites in Chromosome Condensation. Molecular cell, 76, 
724–737.

van der Weide, R.H. and de Wit,E. (2019) Developing landscapes: genome architecture 
during early embryogenesis. Current opinion in genetics & development, 55, 39–45.

van der Weide, R.H. van den Brand, T., Haarhuis, J.H.I., Teunissen, H., Rowland, B.D., 
de Wit, E., Hi-C analyses with GENOVA: a case study with cohesin variants, NAR 
Genomics and Bioinformatics, Volume 3, Issue 2, June 2021, lqab040

Schep, R., Brinkman, E.K., Leemans, C., Vergara, X., van der Weide, R.H., Morris, B., 
van Schaik, T., Manzo, S.G., Peric-Hupkes, D., van den Berg, J., et al. (2021). “Impact 
of chromatin context on Cas9-induced DNA double-strand break repair pathway 
balance.” Molecular Cell 81(10): 2216-2230.e2210.

* these authors contributed equally



— 193 —

&

PhD portfolio

PhD Portfolio

Courses

2016   12th Course on Chromatin Dynamics and Epigenetics, Institut Curie
2019   Biobusiness Course, Amsterdam UMC
2019   Epigenetics and Epitranscriptomics: from Mechanism to Cancer, NKI
2020   Writing in the Sciences, Stanford MOOC
2020   How to Write Research Papers, OOA

Seminars and workshops

2015-17  PhD-student retreat, OOA
2015-19  Computational cancer biology group meetings, Wessels group, NKI
2015-20  Research club & international seminar series, NKI/AVL
2015-20  Departmental meetings, Gene Regulation, NKI
2015-20  Genome function and dynamics group meetings, de Wit group, NKI

Teaching

2017   MSc. supervision Ms. Hazelaar, VUMC: differential expression in ΔWAPL.
2019   MSc. supervision Mr. Spaanderman, VUMC: TF-motif alterations by SNPs.
2020    Guest lecture Bioinformatics at Leiden University of Applied Sciences

(Inter-)national conferences and talks

2015 †   Dutch Chromatin Meeting (Nijmegen, NL)
2016   Dutch Chromatin Meeting (Leiden, NL)
2017 *   Dutch Chromatin Meeting (Rotterdam, NL)
2017 †   BioSB 2017: Dutch Bioinformatics & Systems Biology (Lunteren, NL) 
2018 *   Systems Epigenetics: Towards Precision Cancer Medicine (Amsterdam, NL)
2018-20  Oncode-CGC Annual Scientific Meeting, (Amsterdam, NL)
2018 *   Nuclear Organization & Function (CSHL, US)
2019 *   Evolution, Structure and Function of Chromosomes (Paris, FR)
2021*   GOA Young TAD award (Melbourne, AU)

* denote selected talks; † denote posters

Extracurricular activities

2015-17  Organising member of NKI/AVL Biostatistics studygroup
2015-18  NKI/AVL PhD committee on behalf of the Gene Regulation department
2016-18  Oncology Graduate School Amsterdam council on behalf of the NKI
2017-20  NKI Research High Performance Computing user committee



— 194 —

Addendum

Acknowledgements

It’s of course not only the science that made my PhD a wonderful experience: it’s the 
people who made it more fun, enjoyable, and interesting. While I will never be able 
to completely write down all the fond memories I have made with you, I will try to 
elaborate on this a bit more:

First: Elzo. You warned me at the beginning that a PhD is a marathon, not a sprint. In 
hindsight, I may have only listened partly: I handled it like a marathon of sprints. I’m 
truly thankful that you had the patience to coach me. Whenever I tried to implement 
something not strictly necessary—from Lachesis to an in-house TAD-caller—you 
gave me the time and space to find out for myself what was a good time-investment 
(and what wasn’t). Aside from all the collaborations, conferences, and off-topic chats, 
I really enjoyed the fact that I could see the lab grow to what it is today.

My promoter, Bas, thank you for all the help and advice. Moreover, thanks for always 
having your door open to get your calm and measured opinion on my projects and 
career-path. Thank you, as well as Lodewyk Wessels and Reuven Agami, for your 
support and keeping me on track as my PhD-committee. I also want to thank my 
reading committee Susanne Lens, Frank Grosveld and Harmen van de Werken 
for critically reading this thesis and suggesting improvements.

Hans: the fact that your list of amassed nicknames is lengthy (King of Pine Martens 
being my favourite) says a lot about how everybody likes and values you. This is also 
true for me: aside from all the technical challenges you overcame in the lab and the 
incredible amount of data you generated, you were always there to chat about anything 
and everything (especially why the Pixies were the most influential punk-band). I will 
miss your advice and the laughs we had, but I’m thankful that you’ll be at my side at 
“the end” as one of my paranymphs. Speaking of my awesome paranymphs, Ruben 
thank you for the good times and talks. You are a wonderfully positive and open 
person, which made you the perfect target to vent too, but also talk to about future 
plans. Fingers crossed that there comes a time when we can go to the mountains to 
ski, eat cheese, drink beer and play boardgames. To develop tagMeppR with you was 
a really fun experience and I hope the tool will be used a lot. Thank you both for 
standing beside me (on the 17th), while I’ll try to hold my nerves. 

While the lab started out quite timidly, this changed for the better in the latter years 
of my PhD. This led to more random chats and bad jokes, intermingled by actual 
science. We had good times (including ice-skating in the Olympic stadium!), and it 
has been great to see everybody’s development and successes. Ningqing, you were a 
worthy opponent for filling the quote-book. It was very nice to talk science, Ultraman, 
and Uiltjes with you as well as see your AID-work coming to fruition. Thanks Marijne 
for all the chats about dogs, crafting, tidyverse, WAPL and whatnot. 



— 195 —

&

Acknowledgements

I’m still envious of your creativity and your ability to multi-task knitting and listening 
to talks. While eating at Radion was…difficult, we did quite allright in Paris. Luca, our 
resident film-buff and padre dei gastruloidi. Thank you for helping me through some 
tough days, having fun on Fridays and for all the advice. While I could fill a lot more 
space with the abuuuundance of quotes, let me just thank you for bringing a lot of life 
into the lab, Michaela. It has been impressive to see you grow from an MSc-intern 
and I’m keen to see what you will do in the coming years. Also, thank you for being our 
guide to Naples! Teun, thanks for all the laughs and talks about programming—the 
HPC and GENOVA are in good hands. I enjoyed our moments of silly (Cambridge-)
smugness a lot, but I think you win with “your” oil-painting hanging in a Dutch 
university. Koen, we already had some overlap during your PhD and I really enjoyed 
you as my office-neighbour (not only because my desk looked impeccable next to 
yours). I was always a pleasure to hear how you enjoyed your young family. Thanks 
for your advice, your listening ear, being part of the Billie Eilish fanclub, and all the 
laughs! I also want to thank the former members of the lab (Tanya, Huy, Laura, and 
Stan) and wish the newer members (Mikhail and Moreno) a great time. And lastly, 
I want to thank my M.Sc. students, Sheree (I still terrorise people with the Scottish 
bagpipe-magnet you gave me!) and Douwe. All of you made the lab a nice place to be 
and helped me to grow.

I’m lucky to have had my main projects be collaborations with other labs. Benjamin 
and Judith, thanks for working together on the cohesin-projects. I think we produced 
three really nice stories and, more importantly, I learned a lot from you both. You 
relocating to B4 was a real plus (and saved me walking stairs). Plus, how many people 
can say they got to play with Lego for an explanatory movie about their research? 
Ahmed, I also enjoyed working with you on “other complex”. Your enthusiastic, 
but calm nature is something I aspire to. Lucas, the Zebrafish-project was a great 
experience. We troubleshooted our way to a very cool paper. I enjoyed your stories 
about you going on birding-adventures. Also, thanks for the light-hearted Skype-
meetings. We’ll see each other on the Uithof soon enough! Lastly, thank you Paul for 
the fun Cdkn2ab-collaboration. 

To everybody on B4: thank you all the meetings, cakes, borrels and chats. The 
Christmas-dinners were a really nice way to see everybody’s cultural background, 
cooking-skills, and to wind down a bit. I also enjoyed the department-outings: we 
did multiple escape-rooms, we tried fierljeppen (and arriving at that restaurant 
covered in mud and sludge), we played football in balloons and had a great archery 
tag tournament. Thank you all for contributing to this great department: honorary 
B4’ers Anoek and Anna, the Lenstra’s (Gert-Jan, Heta, Ineke, Jos, Marit, Stefano, 
Tineke, and Wim), the van Leeuwentjes (Deepani, Eliza Mari, Fred, Hanneke, Ila, 
Kitty, Muddassir, Thom, and Tibor), the Rowlanders (Alberto, Ángela, Claire, 



— 196 —

Addendum

Démi, Laureen, and Marjon), the van Steensels (Eva, Joris, Laura, Lise, Marcel, 
Mathias, Max, Noud, Omar, Sandra, Stefano, Tao, and Tom). Suzanne, thank you 
for taking care of us. You kept everything running smoothly and were always available 
to help or just to have a short talk (which often did not qualify as “short”). Also thanks 
to the hulpsinterklazen—I still have those poems! 

While a PhD is—as everybody says—one big adventure, I had other great adventures 
fighting in dungeons with Ruben, Christ, Miguel, Roel, and Xabier. During these 
weekly (therapy) sessions where we fought orcs, sailed with an Irish Rastafarian and 
slayed giants. It was just very nice to hang out with you guys, make lame jokes and 
have fun. Also thank you Corina for putting up with us and not laughing at us (out 
loud). Orc-orc! Thanks so much and I look forward to many more adventures.

We have all left since, but thanks Elmer, Ludo, and Tess for the biostats-studygroup. 
While the numbers of participants fluctuated significantly, it was always nice to talk 
about the inner workings and applications of statistical methods in an open and 
judgement-free manner. It was a great way to start my PhD and get a good feel for the 
math underlying the tools we all use.

Aside from the department, I’d also want to thank the broader NKI-community. The 
sheer amount of talks meant that a lot of cool research was on display. Thank you 
Patty, Hein, and Iris for working together and letting me see behind the curtain 
of the OOA graduate school. It was a blast to organise things like the PhD-day and 
-retreat. Moreover, thanks to the Wessels-lab for letting me join your lab-meetings. 
It was great to get your feedback and see your work, especially in the period where 
the number of computational researchers at my of department was slim. I also want 
to give a little shout-out to the RHPC (user-)committee, especially Daniel, Ismail, 
Robbie, Sander, and Torben. Thanks to your hard work we could all enjoy a smooth 
and speedy compute-cluster. Furthermore, thanks to everybody I met along the way:  
Rene, Jeroen, Jonne, Rob, Louise, Max, Daniel, Julia, David, Maarten, Tassos, 
Thomas, Bente, Wietske, Ruiqi, Thijn, Vincent, Joppe, Wilbert, Simon, Henry, 
Henk, Jan, Jelle, Arno, Roel, and many more.

Since finishing my work at the NKI, I’ve been fortunate enough to start my next 
endeavor in the lab of Jop Kind at the Hubrecht Institute. I’m very thankful to Jop 
and the whole lab for making me feel welcome and included—especially in light of 
all the lockdowns, forcing everything online. So thanks Chris, Ellen, Femke, Franka, 
Hidde, Isabel, Kim, Koos, Moritz, Pim, Ramada, Samy, Sandra, and Silke: good 
times ahead!



— 197 —

&

Acknowledgements

Ik zou deze PhD nooit kunnen doen zonder mijn vrienden en familie. Jullie hebben 
ruim vijf jaar het wel en wee moeten aanhoren rondom mijn PhD. Zonder de tripjes, 
etentjes, borrels, spelletjesavonden, sport en lompheid was dit nooit gelukt. Daarom 
bedankt Bastiaan, Jettie, Josien, Lisa, Lynn, Remco, Roel, Stan, Sven, Wouter en 
aanhang. 

Lieve schoonfamilie (Bert, Ezra, Koos, Michelle, Nancy en Sandra) bedankt dat 
ook jullie mijn wel en wee aanhoorden en interesse toonden in “iets met ringen en 
zebravissen”. Verandering van omgeving is goed voor de mens en daarom vind ik het 
zo fijn om bij jullie te zijn. Op naar nog veel meer goede gesprekken, acht muntjes, 
lopen met de honden, drop-potten, muziek, etentjes, musicals en gewoon gezelligheid.

Bedankt voor de interesse en steun familie: Laura, Nathalie, Paul en Reuben. 
Lieve pap en mam, Rob en Helma, zonder jullie was dit natuurlijk nooit gebeurd. 
Hoewel het altijd een strijd was om mij te laten stilzitten en leren, is het uiteindelijk 
best goed gekomen. Jullie hebben mij altijd gesteund in alles wat ik wilde bereiken: 
van wedstrijdskiën op Europees niveau tot aan genetica-onderzoeker worden. Jullie 
zeggen vaak “we weten niet van wie hij dat sporten/onderzoeken etc. heeft geërfd”, 
maar ik weet het wel: van hoe jullie mij ambitie, creativiteit en doorzettingsvermogen 
hebben meegegeven. Bedankt dat jullie er altijd voor mij waren en op naar nog veel 
meer leuke doelen en tijden in de toekomst!

Lieve Aida, ik wil je bedanken dat je aan mijn zijde hebt gestaan met veel liefde en 
gezelligheid. Samen—of nou ja, ook met Betsy—hebben we de successen van mijn 
PhD gevierd en de hindernissen aangepakt (gek genoeg beide vaak met sushi of piña 
colada). Jouw unieke combinatie van nuchterheid en positiviteit was vaak hetgeen 
wat nodig was om een oplossing te vinden. Ik kijk uit naar nog veel schnaaacks, binge-
watchen, dromen over de toekomst en leuke avonturen samen: van het blokje om met 
Betsy tot grotere reizen. 

Again, thank you all for being a part of this adventure!



— 198 —

Addendum


