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Figure 5 Multi-contact profiles reveal formation of multi-way chromatin contacts. Contact profiles for the ß-globin 

locus in fetal liver cells are shown. Plots contain the following: a schematic representation of the elements present in the 

locus, with relevant genes depicted as gray boxes, relevant DNase I Hypersensitive (HS) sites shown as white boxes. A 

4C-like plot is shown for each experiment, in which all fragments in selected circles are plotted using bins of 1 Kb. Viewpoint 

site is emphasized in red, selected sites of interest (SOI) are emphasized in blue. On the right, respective numbers of circles 
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Overall, the contacts formed by elements in 
the LCR show a tendency of directionality: 
when circles with an upstream SOI are 
selected, the additional sites captured in 
these circles tend to be enriched on the 
upstream region as well, and vice versa. 

This directionality is also observed for the 
HS5 viewpoint in E14.5 FL (Fig. 5c). When 
HS5 loops to ß-major, ~7% and ~9% of 
circles contain HS2 and HS3, respectively. 
In HS5-HS2 or HS5-HS3 circles, the other 
elements of the LCR are consistently found 
in ~10% of the circles. Further, co-occurring 
contacts seem to originate from ß-major and 
HS-60.7/-62.5. In concatemers that contain 
HS5 and HS-62.5, upstream elements 
are depleted, which is in line with what is 
observed in Fig. 5a and 5b. 

Taken together, multi-way contacts in the 
ß-globin locus in E14.5 fetal livers seem to 
form specifically between sites that have well 
documented regulatory functions, while the 
intervening genomic regions are skipped. 
Among the concatemers that were assessed, 
and with every SOI that was selected for, 
most often HS2 and HS3 of the LCR were 
identified together, also when loops towards 
more distal regulatory sites are found. 
This finding suggests that HS2 and HS3 
cooperate in at least a subset of cells. 

Statistical analyses are required to 
appreciate under- and overrepresentation 
of contacts

Figure 6 focuses on our second locus, the 
HS5-1 enhancer of the Pcdhα gene cluster. 
In figure 6a, all fragments across all circles 
analyzed are shown in 4C-like plots for NPC 
(Fig. 6a, top) and E14.5 fetal livers (Fig. 6b, 
bottom), revealing the extensive structural 
difference that exists between the locus in 
these two cell types. In FL, HS5-1 loops to 
several local elements, and these loops are 
fairly equally distributed on both sides of 
the viewpoint. In contrast, the contactome 
of HS5-1 in NPCs reaches across much 
larger distances towards the 5’ outer end of 
the Pcdhα locus. There, contacts concentrate 
around the exons that serve as alternative 
transcriptional start sites, reproducing the  
regulatory loops previously demonstrated by 
others39. 

To appreciate contacts that arise 
simultaneously, we again identified the 
fragments co-captured in concatemers that 
contain a given selected site. In contrast to 
the 1Kb bins that were used for this in figure 
5, we changed bin size to 5 Kb here. From 
top to bottom, figure 6b shows a collection 
of six VP-SOI plots, with SOIs at regulatory 
elements and isoform promoters. What 

are indicated. VP-SOI plots show the sequence elements covered by fragments in circles that contain the indicated SOI, 

using green bars, representing three(+)-way contacts identified by MC-4C. Each VP-SOI plot also shows the two-way contact 

profile, as indicated by the background-4C plot in pink, to consider over- or underrepresentation of identified multi-way 

contacts in relation to the expected frequency based on the observations from the two-way contact profiles. (a), (b), and (c) 

respectively show contact profiles for ß-minor, HS3, and HS5 viewpoints. For details on calculations, see Method section. 
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stands out at first glance is that many bins 
are co-captured at lower frequency than 
would be expected based on their observed 
frequency in the two-way 4C-like plots, as 
appreciated when comparing the green and 
soft pink bars. In some cases, this depletion 
appears more prominent than in others. 
For example, when HS5-1 loops to the 
promoter of Pcdha12, sequences covering 

Pcdhac1 appear depleted, as do sequences 
around HS7 and in the direct surrounding 
of Pcdha12. Vice versa, when considering 
concatemers that contain Pcdhac1, Pcdha12 
and the other isoform promoters seem to 
co-occur only rarely. Strikingly, when HS5-
1 loops to the other enhancer described 
for this cluster, HS7 (Fig 6b), most bins 
covering gene promoters and the constant 
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Figure 6 Multi-contact profiles in the Protocadherin locus. Overall plot features are similar to figure 5, now illustrating 

the Protocadherin locus. (a) 4C-like two-way contact plots for the HS5-1 enhancer in NPCs (top) and FL (bottom). Bin-size is 

1Kb. (b) 4C-like plot and VP-SOI plots are shown, now using bins of 5 Kb, with selected SOIs indicated in blue. 
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3’ end of the gene appear underrepresented, 
with the exception of Pcdhac1. Although 
preliminary, these plots do suggest that 
certain contacts vanish when pairs of other 
sites loop together. However, before being 
able to conclude anything regarding mutual 
exclusivity of certain contacts, in potential 
relation to the regulation of allele-specific 
expression of a single Pcdhα isoform, more 
rigorous statistical measures are required. 
Further, binning the contacts into smaller 
regions might benefit the spatial resolution 
at which co-captures can be distinguished. 
However, combining current read numbers 
with smaller bin sizes across a region that 
is 2.5 times the size of the ß-globin locus, 
resulted in plots with data too sparse to be 
interpreted. 

In summary, our results demonstrate that 
MC-4C enables the identification of large 
numbers of multi-contact structures, which 
we have demonstrated for three ß-globin 
viewpoints in E14.5 fetal liver cells and 
for the HS5-1 enhancer in the Pcdhα 
gene cluster in NPCs. Although only 
preliminary, our results suggest that hub-
like clusters exist and that certain regions 
are over- or underrepresented when other 
sites find each other in the nucleus. To start 
testing various hypotheses of regulatory 
multi-way looping, and for example assess 
whether multi-way contacts demonstrate 
or reflect synergism, mutual exclusivity, or 
competition between regulatory elements or 
promoters, appropriate statistical methods 
are required to be able to exceed the level of 
visual observation.
When only considering pair-wise contacts, as 

is the case for example in 4C-seq experiments, 
statistical analyses often compare observed 
to expected contact frequencies, based on a 
selected or built background model. For MC-
4C, defining an appropriate background 
model is difficult. To get a first impression of 
the relevance of the observed multi-contact 
configurations in relation to background 
signals, we included experiments in tissues 
in which the two studied loci are inactive. 
Although comparison between multi-way 
folding of the active and inactive loci (Fig. 5 
& 6 and Supplementary Fig. 5 & 6.) suggests 
that our observations in Fig. 5 and Fig. 6 
do not simply reflect background folding, 
read numbers are especially low for VP-SOI 
combinations in inactive regions, which is 
coherent with the rationale behind selection 
of SOIs. To assess whether the identified 
multi-contact structures are found to loop 
together with frequencies that aberrate from 
what would be expected based on their pair-
wise contact frequencies, we used VP-SOI 
plots combined with regular 4C-like plots 
(Fig. 5, Fig 6b), to have a first impression 
of under- and overrepresented regions. For a 
more robust analysis, we are constructing a 
correction model for MC-4C, based on data 
permutation of all the ligation junctions 
present in the concatemers filtered dataset. 

DISCUSSION

Despite the fact that genome-wide contact 
maps can nowadays be generated with 
exceptional sequencing depths, the extent to 
which 3D structures occur simultaneously 
has remained mostly elusive. To elucidate 
this enigma, methods are required that 
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can uncover co-occurring contacts at the 
level of single alleles. Although the results 
presented here are still preliminary, we have 
demonstrated that MC-4C is a powerful 
technology to study allelic multi-way 
chromatin contacts at an unprecedented 
resolution. We have identified concatemers 
composed of three or more individual 
contacts that embody relevant regulatory 
structures such as the active chromatin hub, 
giving confidence that these structures can 
indeed exist at the scope of a single-allele. 

Recently, others have set out to demonstrate 
simultaneous contacts between more than 
two genomic elements as well. Although 
conceptually interesting, the in-gel 
replication of interacting DNA segments 
(INGRID) technology15 could identify 
only low percentages of interacting regions, 
even between pairs of elements engaged in 
previously described 3D loops. Further, 
it was concluded that, if 3-way contacts 
exist, these would only arise in <3% of the 
chromosomes present in a sample. The 
discrepancy between this finding and FISH 
experiments, which have been widely used to 
validate 3C-based studies, was attributed to 
its suboptimal discrimination between direct 
and indirect co-occurrences15. These findings 
contrast with our ability to co-crosslink 
and identify multi-component contacts 
within the murine ß-globin locus. Our VP-
SOI plots reproducibly show simultaneous 
contacts between the individual HS sites 
and the ß-major gene promoter, albeit with 
relatively low frequencies. Furthermore, 
recent modifications to 4C and Hi-C 
protocols have recently allowed the 

assessment of ‘beyond 2-way’ contacts. A 
modification of the tethered conformation 
capture method53, titled tethered multiple 
3C (TM3C)16, applies a tweaked mapping 
strategy to analyze chimeric reads that are 
normally discarded during mapping of 
Hi-C data. This way, triple and quadruple 
contacts could be constituted. Although 
interesting and straightforward, presented 
intra- versus inter-chromosomal contacts16 
seem to suggest high levels of random 
ligation events. Others have presented 
similar creative mapping strategies for 4C 
data54 (& unpublished work, BioRXiv Jiang 
et al 2015). 

In contrast to approaches that analyze a 
small percentage of by-products generated 
with a regular pair-wise contact assay 
protocol, MC-4C enables targeted analyses 
of unique multi-ligation concatemers, 
which allows for a more in-depth analysis of 
selected loci of interest. The use of a TGS 
strategy to sequence entire concatemers 
derived from 3D structures of individual 
alleles underwrites the great advantage of 
MC-4C: its approach focuses on multi-way 
concatemers specifically. This emphasis shows 
from the statistics presented in this paper: 
the majority of reads reveal ligation of at least 
two non-viewpoint fragments, uncovering ≥ 
3-way chromatin contacts. Several biological 
and technical aspects should be kept in 
mind when starting to deduce biological 
insights on co-occurrences, synergism, and 
mutual exclusivity of chromatin contacts. 
The spatial configuration of the chromatin 
polymer at the sub-TAD level has been 
shown to fluctuate55, with the majority of 
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regulatory contacts being short-lasting. If 
formation of specific multi-way interactions 
such as the complete active chromatin 
hub depends on multiple simultaneous, 
yet distinct encounters of probabilistic 
nature, these structures would only arise 
sporadically. However, when all sites are 
located in a single TAD, establishment and 
stabilization of a productive contact could 
increase the likelihood that other (relevant 
as well as non-relevant) regions within the 
same TAD bump into this structure while 
probing the TAD for contact partners. 

Besides biological considerations of the 
frequency at which multi-way regulatory 
contacts can be expected at a single cell 
level, also several methodological features 
should be taken into account. In assays 
that determine chromatin conformation 
by crosslinking and proximity ligation, 
linearly proximal fragments highly 
prevail in the pool of ligation options and 
therefore dominate raw capture profiles, 
reflecting polymer physics. This effect likely 
multiplies when considering multi-contact 
configuration, with the same rules of local 
ligation preferences applying to any distal 
fragment that is co-captured in a given string 
of ligated fragments. Further, specifically 
when chromatin hubs are indeed formed, 
the local pool of fragment ends competing 
for ligation might be of higher complexity 
than for more relaxed 3D structures. 
Whenever a given site ligates to a non-hub 
fragment or fails to ligate to the same string 
as the selected viewpoint and/or SOI due 
to sterical difficulties, this fragment can no 
longer be identified as co-occurring for that 

allele. In summary, many aspects have to be 
carefully considered when starting to extract 
biological meaning from the created co-
capture profiles. 

In the Pcdhα locus, we observed an 
underrepresentation of certain regions 
when the HS5-1 enhancer was forming 
multi-way contacts elsewhere. However, our 
current results do not give the impression 
that enhancer-isoform looping occurs in a 
purely mutually exclusive fashion, although 
co-occurrences in single concatemers remain 
to be analyzed. Previous work in our lab has 
suggested that the HS5-1 enhancer already 
loops to gene promoters in embryonic 
stem cells, presumably mediated by CTCF 
(unpublished, PhD thesis Sjoerd Holwerda). 
Corresponding to our observation with 
MC-4C (Fig. 6a), 3D loops were no longer 
observed in FL cells, suggesting that at least a 
part of the 3D structure between HS5-1 and 
promoters is preformed in the embryonic 
genome, and released down non-neuronal 
lineage paths. Rather than serving as a final 
decision for isoform promoter selection, 
chromatin looping of the enhancer(s) 
might serve as a means to narrow down the 
options, with loops increasing the chance 
for promoters in close spatial proximity to 
be selected for transcription. Actual choice/
selection might then be triggered by other 
mechanisms such as hypomethylation. 
Important to keep in mind is that we 
applied MC-4C to NPCs, and not to the 
cerebellar Purkinje cells that are used in most 
other studies of the Pcdhα locus. Purkinje 
cells are the second largest type of neurons 
and their plentiful dendrites form elaborate 
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networks, that depend on isoneuronal self-
avoidance principles. In our follow-up 
studies, Purkinje cells might be more suited 
to study multi-contact organization in the 
protocadherin loci, assuming that their 
transcriptional identity is more pronounced 
than that of NPCs. 

Currently, only a low percentage of reads 
contributes to the set of valid circles. These 
numbers are likely to decrease further 
after mapping and duplicate removal 
have been optimized, narrowing down to 
unique concatemers only. Future MC-4C 
improvement should aim at minimizing the 
PCR cycles needed for library preparation  
or at establishing other ways of target-
enrichment. Options worth exploring are 
the use of capture libraries or of CRISPR/
Cas9 to selectively pull-down circles that 
contain local sequences, which can directly 
enter library prep or can be amplified first 
by linear PCR, or a limited number of 
genome amplifications. Further, the cost-
effectiveness of MC-4C will increase when 
employing the recently launched successor 
of the PacBio RSII: The SequelTM System. 
The platform contains a million ZMWs, 
embodying a 6.6 fold increase compared 
to the RSII sequencer, which will result 
in a similar fold increase in number of 
output reads, while read length, consensus 
accuracy, and coverage are maintained or 
even improved. Importantly, the machine 
costs only a third of the price of the RSII. 
Alternatively, MC-4C can be combined 
with other long-read methods, such as 
Oxford Nanopore’s MinIon, or Paired-End 
300 Illumina sequencing.  

METHODS

Definitions
To make this manuscript clearer to non-experts we 

introduce the following definitions. Visual explanations 

can be found in figures 1a,b and 2c. 4x6 template 

describes the purified DNA concatemers right after 

the circularization following RE2 in the MC-4C 

protocol. Circle or concatemer refers to the individual 

molecules that make up the circularized 4x6 template. 

They contain concatenations of restriction fragments 

that were ligated to each other. SMRT bells refer to 

the molecules in the PacBio sequence library: double 

stranded iPCR amplicons with SMRT adapters ligated 

to their 5’ and 3’ termini. Reads refer to consensus 

reads produced by the PacBio Portal software. To 

obtain consensus reads, adapter sequences are removed 

and the remainder Polymerase reads that comprise 

multiple passes around the SMRT bell molecules are 

computationally merged into a consensus sequence. 

Reads should in theory be equal to PCR amplicons, 

with potential changes induced by library prep and 

sequencing. Our mapping pipeline first cleaves the 

reads at the recognition sites of RE1 and RE2, creating 

split reads (restriction fragments). Sequence errors can 

introduce or remove restriction sites in the read that are 

not present in the reference genome or in the amplicon. 

Our pipeline identifies these cases: when the aligner 

assigns an additional cleaving and maps a split read to 

two distinct regions in the genome, this indicates loss 

of a restriction site (e.g. GATC became GATT) that 

resulted in a chimeric split read. When errors introduce 

new recognition sequences (e.g. GATT became 

GATC), the splitting will create an over-cleaving of the 

read. In the mapping phase, both split reads align next 

to each other in the reference genome, similar to what 

is observed when two actual restriction fragments were 

not separated due to incomplete digestion during the 

template preparation, or when digested neighboring 
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fragment ends ligated back to each other. In the latter 

case, it is important to distinguish between restriction 

fragments, which are the theoretical fragments in the 

reference genome, delineated by the used restriction 

enzyme. Due to RE1’s suboptimal restriction efficiency 

in crosslinked chromatin, not all restriction sites are 

digested. We assign the term true fragment to the 

actual fragments that we observe in the sequenced 

reads, which are on average larger than restriction 

fragments in the reference genome due to undigested or 

re-ligated restriction sites. Hence, a single true fragment 

can contain multiple restriction fragments. After 

mapping, individual split reads are joined, generating 

concatenated reads or circles. Concatenated reads are, 

in principle, similar to the read before the splitting step, 

yet some observed fragments have been masked because 

of quality of mapping. The viewpoint or viewpoint 

region refers to the restriction fragment that contains 

the viewpoint primers, extended to the first RE2 sites 

that flank this fragment. 

Technical procedures
Cell culture. Neural progenitor cells (NPCs) were 

generated from E14Tg2A (E14) IB10 ESCs as 

described previously (Splinter 2011, Conti 2005) and 

were expanded in DMEM F12/Glutamax medium 

(Gibco) supplemented with N2 (Gibco) and 20ng/ml 

FGF and EGF (both Peprotech). 

Cell isolation, crosslinking, lysis. Fetal livers were 

isolated from 14.5dpc mouse embryos by fetus 

dissection. After removal of fat and excessive blood, 

liver cells were pipetted through a 40 μM cell strainer 

(BD Falcon) to obtain a single cell suspension. NPCs 

were harvested using TrypLETM (Gibco). In batches 

of 107, cells were crosslinked with 2% formaldehyde 

(Merck) in PBS/10%FCS (for fetal liver cells) or 

DMEM/10%FCS (for NPCs), and lysed as described 

previously (van de Werken 2012).   

MC-4C 4x6 template preparation. Templates were 

prepared according to previously described protocols 

(van de Werken 2012, Splinter 2012), with several 

adjustments. After DpnII digestion (RE1), nuclei were 

pelleted and resuspended in 1x ligation buffer for in-

nucleus ligation. After successful ligation, crosslinks 

were reversed overnight at 65°C in the presence of 200 

mM NaCl and 200 µg Proteinase K. 3C templates were 

purified using NucleoMag p-beads (0.01x) (Machery-

Nagel) and isopropanol (1x). To create 4x6 templates, 

3C templates were trimmed with a designated 6-cutter 

(HindIII) (RE2) and subsequently re-ligated at a DNA 

concentration of 5 ng/µl. Selection of 6-cutter was 

viewpoint-dependent, with the aim to digest inside 

of the DpnII-fragments neighboring the viewpoint of 

interest. By doing so, we eliminate those viewpoint-

containing circles that contain (stretches of ) undigested 

or self-ligated DpnII fragments adjacent to the 

viewpoint, representing the genomic neighbors of the 

viewpoint and creating non-informative sequence reads 

(figure SX for visual explanation). After the second 

digestion, 4x6 templates were again purified with 

NucleoMag beads followed by size-selected using 0.7-

0.8x Agencourt AMPureXP® beads (Beckman Coulter). 

Inverse PCR. Primers for inverse PCR were designed 

near the DpnII restriction sites demarcating the 

viewpoint fragment. For each experiment, we 

performed 15 PCR reactions on 100ng 4x6 template. 

Typically, PCR reactions were prepared as follows: 75 μl 

5x Phire® reaction buffer (Thermo Fisher Scientific), 15 

μl dNTPs (10mM), 18.75 μl 10 μM primer mix (fwd 

and rv), 1500ng 4x6 template, 15 μl Phire® Hot Start 

II DNA Polymerase, and milliQ to a total volume of 

375 μl. PCR reaction mix was divided into 15 wells and 

PCR conditions were as follows: 30’’ 98°C; 34 cycles 

of 10’’ 98°C; 30’’ 64°C; 4’ 72°C; final elongation of 

5’ 72°C; ∞ 12°C. Reactions were pooled (375 μl) and 

stored for generation of sequencing libraries. 
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Preparation of SMRTbell PacBio NGS libraries. 

PCR amplicons were used to prepare PacBio® 

SMRTbell libraries, following the ‘procedure and 

checklist 3-20Kb template preparation’ provided 

online by Pacific Biosciences, belonging to the PacBio® 

Template Prep Kit. In brief, and with minimal 

adaptation: pooled PCR samples were cleaned up and 

concentrated with 0.6x 5x-pre-washed AMPureXP® 

beads. To remove single-stranded DNA ends, samples 

were treated with ExoVII at 0.2U/μl. DNA damage 

repair was performed according to the protocol but 

incubation time was extended to 1h. Directly after 

subsequent end repair, samples were purified with 

0.5X AMPureXP® beads, followed by overnight Blunt 

Ligation Reactions prepared according to the protocol. 

After treatment with ExoIII and ExoIV, followed by 

double AMPureXP® purification, we typically had 

yields of 20-45% compared to the pre-ligation samples. 

SMRTbell libraries were analyzed using an Agilent 

7500 Bio-Analyzer DNA ChIP. Individual steps in 

the protocol have been subjected to several rounds of 

test optimization, in which yields ranged from 0.1% 

to 45%. SMRTbell libraries were size-selected on a 

BluePippin platform (Sage Science) 0.75% agarose 

gel cassette with external marker S1 and size selection 

ranging from 1.5 Kb through 50kb, according to the 

manufacturer’s DF low voltage 1-6 Kb marker S1 

program. After overnight size selection the samples were 

recovered from the elution wells and wells were rinsed 

once with 0.1% Tween in electrophoresis buffer to 

improve DNA recovery. SMRTbells were subsequently 

purified and concentrated with 1x Ampure XP beads 

and eluted in 10 μl elution buffer. Of this, 1 μl was used 

for quantification on Qubit (Thermo Fisher Scientific) 

and fragment analysis on a Bioanalyzer High Sensitivity 

DNA chip (Agilent Technologies). 

Pacific Biosciences RSII NGS sequencing (C4 

chemistry). Primer and polymerase binding complexes 

were made according to the PacBio binding calculator 

(2.3.1.1.), using a 2500bp insert size setting and DNA 

polymerase vP6. Primer, polymerase, and subsequent 

magbead binding steps were performed according 

to the supplied protocol. Each sample complex was 

incubated with 35 μl washed magbeads for at least 45 

minutes on a labquake rotator device placed at 4°C. 

Final magbead-complex loading concentrations varied 

between 0.03nM and 0.05nM, using (one cell per well) 

V1 protocol with stage start. Sequencing was performed 

on a PacBio RS-II system using C4 chemistry, with 

2000bp insert size settings and 240 minute movie 

times. After completion of sequencing, obtained raw 

data was further processed to extract single molecule 

consensus reads from the insert template using the 

PacBio SMRT Portal version 2.3.0. Only those reads 

that reached minimal scores of 1000 nucleotides read 

length of insert, 90% accuracy, and at least one full pass 

around the adapter-ligated SMRTbell molecule were 

used to obtain reads of insert in fasta format.

Computational pipeline

Processing of reads. To determine the concatenated 

restriction fragments in each sequence read, we 

computationally split reads on the recognition sequences 

of RE1 and RE2. Split reads were extended with the 

bases of the restriction site on both ends, corresponding 

to the respective cutter. The created restriction fragments 

were mapped to the whole reference genome (mm9), 

using BWA-SW with default settings. BWA-SW was 

allowed to deal with left-over chimeric reads by splitting 

split reads further into segments that map separately. 

Correction of falsely introduced sites was done by 

extending all restriction fragments to the nearest 

restriction site in the reference genome (Supplementary 

Fig. S2). After mapping, restriction fragments were 

merged when they directly neighbor each other in the 

reference genome, accounting for undigested and re-
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ligated fragments. After mapping and optional merging 

and extension, the collection of true fragments derived 

from one single sequencing read were re-concatenated 

and again referred to as circles with a certain number of 

‘true ligation’ junctions inside. 

PCR duplicate removal. To consider unique circles 

only, PCR duplicates were removed via a series of steps. 

Initial pairwise alignment of all reads per experiment 

proved insufficient for reliable detection of duplicates, 

which was most likely due to random indels and other 

liabilities introduced by sequencing or library prep. 

Next, we conservatively considered only those true 

fragments that mapped within 1Mb surrounding the 

viewpoint area, and discarded all reads (but one) with 

the same combination of true fragments, with equal 

order and orientation. Throughout the process of 

pipeline optimization we regarded the distribution of 

fragments captured on trans chromosomes as a read-

out of efficient duplicate removal. Since individual 

trans captures are expected to be extremely rare, due to 

general characteristics of conformation capture studies, 

specific captures of trans fragments should only occur 

once when viewpoint primers bind specifically. 

Defining valid circles. Although virtually all reads—

except for the original 4x6 circles that are extremely 

diluted during PCR—are expected to begin and end 

with the oligo sequence used for inverse PCR, this is 

not always observed in the consensus reads. These 

aberrations might emerge during library preparation, 

for example via: i) breakage of molecules, ii) insufficient 

repair, resulting in broken or improperly repaired strands 

that are partially chewed away during exonuclease 

treatment, iii) removal of beginning or end sequence by 

the SMRT portal due to low quality at the initial bases 

of sequencing or due to misinterpretation of the primer 

or adapter sequences, iv) PCR aberrations, or v) low 

mappability of these fragments due to limited distance 

between primer and first RE1 site. Alternatively, our 

pipeline might fail to identify viewpoint sequences. 

Reassuringly, the contacts captured by circles that 

contain clearly mappable viewpoint sequences are highly 

similar to the contacts captured in the regions without 

a clear viewpoint fragment (Supplementary Fig. 3). To 

select valid circles for multi-way contact analyses, we 

pooled both sets and selected those circles containing 

2, 3, or more captured true fragments, outside of the 

viewpoint region (as defined by the region between the 

RE2 sequences that flank the RE1 fragment on which 

primers were designed; Supplementary Figure 1), yet 

within the 1Mb surrounding the viewpoint. 

Definition and selection of sites of interest (SOIs). For 

definition of SOIs, local enrichment of captures of true 

fragments, corresponding to genomic sites of interest, 

such as gene promoters, CTCF sites, or hypersensitive 

sites was assessed. SOIs were defined as 1Kb regions 

surrounding these sites (Supplementary fig. 4). 

Co-occurrence profiles, multi-contact profiles. Valid 

circles were selected for presence of a given SOI, and 

fragment distributions of these circles were plotted, 

binned at 1 Kb resolution. Presence of a SOI capture is 

defined by true fragments overlapping the SOI region 

with at least 1 bp.
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Supplementary Figure 1 4x6 MC-4C strategy. 
(a) RE2 is selected to digest, preferentially, both direct neighbor fragments of the DpnII viewpoint fragment. In regular 

conformation capture approaches, many reads are derived from such undigested or re-ligated events, but because of high 

numbers of sequence reads, their effect on the resulting profile is not dramatic. Here, due to lower sequence read numbers, 

removal of these undigested or re-ligated events is imperative. (b) Explanation of the region considered as viewpoint region, 

which deviates from the viewpoint fragment itself in that it is extended until the first RE2 restriction site for all but one 

viewpoint (see Supplementary Table 2). (c) Consequences of applying RE2. When both DpnII sites of the viewpoint fragment 

fail to digest during the first digestion, regardless of the success of the subsequent DpnII sites, circles will not contain a lot 

of useful information besides the direct linear neighbors of the viewpoint fragment. By applying RE2, both neighbors will be 

digested and ligation 2 will result in a small circle that is subsequently removed in the size-selection step performed before 

inverse PCR. When one of the two DpnII sites is digested or when both sites are digested in digestion 1, applying a second 

digest will (in addition to cutting the neighbor fragment that remains in option 1) potentially remove a part of the informative 

fragments in the circle. This only occurs when more than one RE2 site is present in a circle, because only then will a piece be 

removed. If this is not the case, ligation will result in reconnection of the two neighboring sites (not shown here). 
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Supplementary Figure 2 Statistics on mapping and corrections. 

Plots show for each experiment, how often the BWA-SW aligner had to assign an additional split to be able to map a pre-

split fragment to the genome. ‘1’ defines the number of fragments for which no additional split was made—the fragment 

consisted of only 1 continuously mapping sequence—with percentages indicated in numbers inside the bars. Percentages 

of chimeric reads are indicated at the 2 or >3 bars. The plot on the right shows the extent to which mapped fragments had 

to be extended to the nearest restriction site for all split reads in the dataset. These events indicate for example sequence 

errors that led to the creation of a restriction enzyme recognition site, which falsely cleaves the fragment at the said site 

during computational splitting of reads, after which two separate split reads are aligned to exactly the same restriction 

fragment in the genome. In the large majority of the cases, such treatment was not necessary, as appreciated from the =0 

bar. 
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Supplementary Figure 3 Comparison of reads with and without identified viewpoint fragment. 
Local read distribution of valid circles (with identified viewpoint fragment) and invalid circles (without identified viewpoint 
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between both profiles is indicated below the experiment name. 
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Supplementary Figure 5 (top figure) Multi-way contact profiles for ß-globin viewpoints in NPCs. 

Contact profiles for the ß-globin locus are shown, as in figure 5. Plots contain a schematic representation of the locus, with 

relevant genes depicted as gray boxes, relevant DNase I Hypersensitive (HS) sites shown as white boxes. A 4C-like plot 

is shown for each experiment, in which all fragments in selected circles are plotted using bins of 1 Kb. Viewpoint site is 

emphasized in red, selected sites of interest (SOI) are emphasized in blue. On the right, respective numbers of circles are 

indicated. VP-SOI plots show the sequence elements covered by fragments in circles that contain the indicated SOI, using 

green bars, representing three(+)-way contacts identified by MC-4C. Each VP-SOI plot also shows the two-way contact 

profile, as indicated by the 4C plot in pink, to consider over- or underrepresentation of identified multi-way contacts in 

relation to the expected frequency based on the observations from the two-way contact profiles. (a), (b), and (c) respectively 

show contact profiles for ß-minor, HS3, and HS5 viewpoints. For details on calculations, see Method section. 

Supplementary Figure 6 (bottom figure) Multi-way contact profiles for Pcdha HS5-1 enhancer in FL cells. 

Overall plot features are similar to Supplementary figure 5, now illustrating the Protocadherin locus in FL. (a) 4C-like two-

way contact plots for the HS5-1 enhancer in FL. 
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Viewpoint Primer 1 Primer 2

ß-major GCAGTAGTGATTCTATTCAATTTTTGGGATC CCAGATTTGTGAGCTCAGGGTTTAC

HS3 CTTCTCATTCTCTCAGCTATGTGAAAACAACC CAAAGCAGCCTCTCTCAGTCCC

HS5 TGCTGTGTGTTTGGGGATTATTGTTATTGGA GGTGAAAACGCCTCATTCTTTTTCTCTAG

PCDHa_HS5-1 GGAGGAGGTTAAAGCAAAGACTAAG ATCTCTGGTATTGTAAAGTGGTCGA

Supplementary Table 1

Viewpoint primers used for MC-4C PCR.

Viewpoint RE1 RE2 Size (bp) of viewpoint region* Coordinates 

ß-major DpnII HindIII 1720 7: 110976777 - 110978500

HS3 DpnII HindIII 2059 7: 111014021 - 111016079

HS5 DpnII HindIII 1419 7: 111022002 - 111023420

PCDHa_HS5-1 DpnII HindIII 3195 18: 37376186 - 37379386

Supplementary Table 2

Regions defined as viewpoint. * Any sequence mapping to the region between the two recognition sites of RE2, flanking 

the VP, is considered to map to the defined 'viewpoint region'. HS5 is an exception here, as only one of the two flanking 

fragments is digested by RE2. 
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Supplementary Table 3

Read numbers for every experiment after every step of the analysis pipeline.

 

PacBio SMRT Portal Report Data analysis pipeline

RunID 
Reads 

of 
insert

Read 
length 
(mean)

Number 
of passes 

(mean) 

Raw Reads (top), 
Fragments (bottom) Merged Duplicate-

removed
Local (1Mb 

Cis)

FL

ßmajor

16756 51788 2039 9,2
51788 (100%) 51788 (100%) 17148 (33%) 13316 (26%)

321830 (100%) 277664 (86%) 98970 (31%) 26752 (8%)

16820 49249 2036 11,2
       

       

FL

HS3

16706 12867 1984 11
12866 (100%) 12866 (100%) 8662 (67%) 8348 (65%)

90993 (100%) 77833 (86%) 57305 (63%) 25906 (28%)

16720 61530 1708 10,6
61506 (100%) 61506 (100%) 26976 (44%) 24462 (40%)

382041 (100%) 326785 (86%) 176663 (46%) 77830 (20%)

FL

HS5

16707 11770 2071 11
11769 (100%) 11769 (100%) 7044 (60%) 6756 (57%)

83214 (100%) 69242 (83%) 44956 (54%) 20831 (25%)

16721 63029 1876 10,7
63015 (100%) 63015 (100%) 22505 (36%) 20253 (32%)

404459 (100%) 339371 (84%) 143577 (35%) 65767 (16%)

FL

PCDHa_HS5-1
16748 51151 2122 11,1

51151 (100%) 51151 (100%) 19596 (38%) 16946 (33%)

321212 (100%) 278488 (87%) 124378 (39%) 32901 (10%)

NPC

ßmajor
16749 33757 2109 11,8

33756 (100%) 33756 (100%) 6728 (20%) 5913 (18%)

221450 (100%) 174898 (79%) 42710 (19%) 10963 (5%)

NPC

HS3
16750 47620 1965 11,6

47620 (100%) 47620 (100%) 12047 (25%) 11733 (25%)

377616 (100%) 283212 (75%) 86397 (23%) 35730 (9%)

NPC

HS5
16751 40545 2079 10,8

40545 (100%) 40545 (100%) 20025 (49%) 19517 (48%)

383298 (100%) 269710 (70%) 150606 (39%) 59112 (15%)

NPC

PCDHa_HS5-1

16710 46998 1833 11
46988 (100%) 46988 (100%) 21078 (45%) 19322 (41%)

319561 (100%) 254257 (80%) 143133 (45%) 52052 (16%)

16724 62367 1814 12
62348 (100%) 62348 (100%) 19781 (32%) 18131 (29%)

419464 (100%) 334674 (80%) 140587 (34%) 50955 (12%)
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INTRODUCTION

The three-dimensional (3D) configuration 
of the genome plays an important role in the 
regulation of gene transcription1-4. Higher-
order genome topology, such as the relative 
positioning of topologically associating 
domains (TADs)5-7, often correlates with 
the transcriptional activity of the genes 
involved8. 3D chromatin loops that occur 
between specific sequence modules within 
TADs, for example between enhancers 
and promoters, represent a more direct 
and causal9 relationship between genome 
configuration and transcriptional activity. In 
contrast to higher-order positioning, which 
is re-established after every cell division 
and subsequently maintained, chromatin 
structure at the sub-TAD level has been 
predicted to fluctuate even within a cell 
cycle, with every contact—random as well 
as regulatory—emerging as a probabilistic 
rather than stable event in a subset of cells in 
the population10. 

Enhancers are increasingly recognized as 

the genomic elements at which diverse 
regulatory signals are integrated to result in 
spatiotemporally fine-tuned gene expression 
patterns. Accessibility and activity of 
enhancers is highly tissue-specific11,12 
and the enhancer landscape undergoes 
swift transitions during development: the 
embryonic stem cell (ESC)-specific enhancer 
repertoire becomes restricted, while novel and 
more tissue-specific regulatory sites arise13. 
To be able to stimulate gene transcription, 
enhancers require spatial proximity to target 
genes. Enhancer-promoter loops juxtapose 
both elements11 and are therefore believed 
to be instrumental for establishment of 
the gene expression programs that define 
cell identity9,14-17. Currently, enhancer 
identification strategies distinguish poised 
and active enhancer states, identified 
respectively by H3K4me1+/H3k27ac- and 
H3k4me1+/-/H3K27ac+ histone marks, 
deposited on non-transcriptional start site 
(TSS) regions13,18. Although only active 
enhancers have been reported to correlate 

ABSTRACT

Regulatory chromatin loops juxtapose transcription regulatory elements such as 
enhancers to gene promoters, creating a 3D configuration that can predispose a 
gene for transcriptional activation. During embryonic stem cell differentiation and 
lineage commitment, pluripotency-specific genes are silenced while other identity 
genes become activated, a process that is believed to be at least in part guided and 
underwritten by transitions in the 3D contactome and enhancer state dynamics. Here, 
we explore the dynamics of chromatin loops between promoters of signature genes 
involved in differentiation to the cardiac lineage, and their local regulatory sequences 
that switch between unmarked, poised, and active enhancer chromatin states. 
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with increased transcription and enhancer 
RNA (eRNA) production, their tendency to 
engage in chromatin loops was reported to 
be similar19. 

Two types of 3D configurations are 
currently distinguished for enhancer-
promoter loops: preformed permissive loops 
and instructive loops that are established 
de novo20. Preformed loops are already 
present in progenitor cells and can provide 
a structural set-up regardless of, yet primed 
for, transcriptional activation. A recent study 
reported that the majority of the loops in the 
human and mouse genome was identified 
constitutively among most assessed cell 
types8. A similar level of permissiveness 
was described for developmental enhancers 
across two developmental stages in 
Drosophila21. This led to the hypothesis 
that transcription factors associated to 
enhancers induce preformation of loops and 
recruitment of RNA polymerase II, which 
is in most cases kept in a paused state until 
additional transcription factors or enhancers 
are recruited to release the pause and trigger 
activation21. In this way, preformed enhancer-
promoter contacts are believed to enable 
rapid transcriptional activation in response 
to (developmental) cues19-24. Furthermore, 
active polymerase pausing might serve as a 
blockade for enhancer activity25, which could 
provide a safeguard to prevent premature 
and undesired transcriptional firing in a 3D 
setting that is otherwise entirely set up to 
activate transcription21.

The instructive 3D configuration arises 
during differentiation from loci that 

display no particular loop structure when 
the gene is inactive20. Establishment of de 
novo loops has been ascribed to lineage-
restricted transcription factors, and these 
loops are thought to be especially required 
if high levels of transcription are needed26-29. 
Using various adaptations of 3C across 
many different cell types, recent studies 
have uncovered numerous cell type-specific 
enhancer-promoter loops8,19,30. De novo 
loops generally emerge at enhancers with 
cell type-specific activity31 and at genes that 
contribute to cell identity, where looping 
almost always coincides with a strong 
transcriptional boost8, implying a role in 
cell fate foundation. The presence of cell 
type-specific loops does not only indicate 
that de novo loops are formed; several 
previously established loops also vanish 
during development. When the tissue-
specific transcription factors associated with 
enhancer-promoter contacts are depleted, 
the loops can dissolve as well, which is often 
accompanied by a drop in expression of the 
gene involved28,32. 

Importantly, a recent study showed that the 
use of different chromatin conformation 
assays could lead to dissimilar conclusions 
of contact similarity33. Although initially 
a high overlap between promoter 
contacts in two different cell lines in the 
hematopoietic lineage was detected using a 
capture C approach (Chi-C) that involves 
hybridization-based pulldown of selected 
ligation junctions, additional assessment 
of specific individual promoter contacts 
using 3C revealed that the contacts formed 
by actively transcribed promoters differed 
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clearly in both cell types33. Hence, the 
large number of loops reported to be 
constitutively present across many cell types 
might be overestimated.

The concurrent existence of both types of 
enhancer-promoter configurations invokes 
several questions: how are these orchestrated 
mechanistically, and to what extent are de novo 
and preformed looping distinct phenomena? 
How do enhancer state transitions of the 
enhancer involved relate to this, and how 
does this affect expression of the contacted 
gene? To decipher the interplay between 
regulatory loops, variable enhancer states, 
and effects on transcriptional activity of 
developmental genes, we followed enhancer-
promoter looping during establishment of 
cell identity in the cardiac lineage. Cardiac 
lineage commitment is known to depend 
exquisitely on precise spatiotemporal 
control of gene expression programs. To 
gain insight into the regulatory chromatin 
landscape that underlies and accompanies 
this, a recent study extensively characterized 
the genome-wide enhancer state transitions 
that occur during in vitro cardiomyocyte 
maturation13. From this study, it became 
evident that enhancers in the cardiac lineage 
act in a highly cell type-specific manner. 
Hence, cardiomyocyte lineage commitment 
provides a beautiful platform to study 
enhancer-promoter loop formation.

Here, we apply high-resolution 4C-seq29 
to an in vitro model of directed mouse 
cardiomyocyte differentiation34, to follow 
the chromatin topology of many dozens of 
genomic regions during four subsequent 

stages in cardiac lineage commitment. 
To explore how regulatory chromatin 
loops between gene promoters and 
predicted enhancer elements evolve during 
differentiation of ESCs to cardiomyocytes, 
we intersected data on chromatin looping 
dynamics with enhancer state transitions 
and gene expression levels.

RESULTS

4C-seq analysis across four stages of 
cardiac lineage commitment

To study the dynamics of enhancer-promoter 
contacts during cell fate commitment, we 
applied 4C-seq to batches of 50 million 
cells isolated at the four stages of in vitro 
cardiomyocyte differentiation depicted in 
Figure 1a: undifferentiated embryonic stem 
cells (ESC, day 0), cells expressing mesoderm 
markers (meso, day 4), cardiac precursor cells 
that express cardiac transcription factors, but 
do not yet beat (CP, day 5.3), and beating 
functional cardiomyocytes (CM, day 10). 
Identification and isolation of cells was based 
on marker gene expression when required, as 
described previously13,34-36. 

We designed 4C-seq viewpoints for 85 
gene promoters that were selected based on 
differential or stage-specific expression levels 
and proximity to cardiac-associated (super-) 
enhancers (see methods for more details) 
(Fig. 1b, Supplementary Table 1). For two-
third of the experiments, 4C experiments 
were performed on biological replicates 
derived from independent differentiations. 
Each individual experiment was carried out 
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on 4x200ng of DpnII-Csp6I 4C template, 
representing ~250.000 genome equivalents. 
To determine the general quality of each 
experiment, we assessed the distribution of 
sequence reads over the cis-chromosome. 
On a global level, our experiments show the 
expected intra- versus inter-chromosomal 
distribution of contact probability29, as 
judged by a boxplot of the cis-over-trans 
capture ratio for all sequenced experiments 
(Fig. 1c). As can be appreciated from the 
outliers, several individual experiments 
performed poorly.

Overlay profiles reveal tissue-specific as 
well as preformed chromatin loops

To analyze how the 3D conformation 
of each promoter region changes during 
cardiomyocyte differentiation, the four 
4C profiles generated for each viewpoint 
were normalized and superimposed. Figure 
1d shows three examples of such overlay 
4C profiles, with the y-axis indicating 
the 4C coverage per million sequence 
reads. The gene encoding the pluripotency 
transcription factor SOX2 (Fig. 1d, top), 
which is highly expressed in ESCs only, 
provides a compelling example of stage-
specific chromatin conformation, with a very 
strong loop in ESCs. Although remnants 
of this loop—albeit considerably shifted—

may be appreciated in mesoderm, it has 
vanished completely in CP and CM cells, 
where two new loops to more downstream 
regions are formed. The ESC-specific loop 
of Sox2 observed here has been described 
previously as an ESC-specific contact with 
its downstream super-enhancer37. The 
Sox2 gene serves as a prominent example 
of a gene target of enhancer modulation: a 
phenomenon in which transcription levels 
of a gene are maintained within a stable 
range between two stages of differentiation, 
but dependent on different enhancers38,39. 

The second profile (Fig. 1d middle) shows 
the 3D contacts formed by the Lhx1 gene. 
Lhx1 encodes the LIM homeobox domain 
transcription factor LHX1, which is involved 
in regulating the expression programs 
that underlie formation of the body axis 
and the head in early embryogenesis40. 
In the mesoderm stage, the promoter of 
Lhx1 forms three strong loops to distinct 
upstream regions, corresponding to its 
mesoderm-specific transcriptional activity 
(Supplementary Table 2). 

The third overlay profile shows the contacts 
of Cxcl12 (Fig. 1d bottom), a gene that 
encodes the chemokine CXCL12 (also 
known as stromal cell-derived factor 
1, or sdf-1). CXCL12 and its receptor 

three selected viewpoints: P4 – Sox2 (top), P18 – Lhx1 (middle), and P46 – Cxcl12 (bottom). All panels show smoothened 4C 

profiles (running mean of windows of 31 fragments). Read counts are normalized to 4C coverage per million sequence reads 

(depicted on the y-axis). X-axis shows genomic location, including gene bodies (only the VP gene is mentioned). Plots show 

profiles generated for each stage superimposed, with embryonic stem cells (ESC) in dark blue, mesoderm (meso) in light 

blue, cardiac precursors (CP) in orange, and cardiomyocytes (CM) in red.
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CXCR4 are expressed constitutively in 
many organs, including cardiomyocytes41, 
and their function is required for normal 
heart formation42. The overlay 4C 
profile demonstrates a strong loop to a 
distal downstream region. This loop is 
most pronounced in CM but seems to 
be established gradually while lineage 
commitment progresses. 

The section above demonstrates how visual 
inspection and comparison of different 
4C-seq profiles can serve to uncover 
both stage-specific and more constitutive 
chromatin loops between gene promoters 
and putative regulatory sites. To be able 
to analyze contact dynamics for a large set 
of experiments in a more systematic and 
quantitative manner, and subsequently 
intersect the obtained results with other 
datasets, we developed a peak calling method 
for the objective identification of specific 
long-range contacts.

Promoter contacts formed during cardiac 
lineage commitment

First, a quality filter for local cis coverage 
scores (lcc) was set to only consider those 
4C experiments with an lcc > 0.5 (in case 
of replicates) or > 0.6 (when no replicate 
was included). We ignored viewpoints 
that failed to meet these criteria in any of 
the four stages, which reduced the number 
of gene promoters analyzed for long-range 
contacts to 47. For experiments that were 
performed in replicate, we only considered 
those regions that were called as peaks in 
both experiments. By applying the peak 

caller (Fig. 2a and Method section for more 
detailed description) we identified 412 
distinct chromatin loops formed across the 
four stages of differentiation. Approximately 
half of the peaks was selectively called 
in only one stage (Fig. 2b, ‘ALL’), with 
each individual stage showing such stage-
specific peaks (Fig. 2b, stages). We further 
notice a relatively large amount of peaks 
called in the CP stage. The transition from 
CP to CM during in vitro differentiation 
is known to be difficult, possibly because 
lineage commitment depends on a delicately 
balanced regulatory landscape. The high 
number of CP-specific peaks—twice the 
number of ESC- or meso-specific peaks, and 
three to four times more than identified in 
CM—might be the reflection of a trial-and-
error kind of mode of finding the appropriate 
regulatory contacts.  

Figure 2c shows two examples of contact 
profile plots, with called peaks indicated 
as numbered blue boxes underneath the 
plot area, and arrows clarifying the stages 
in which the region was called. The plots 
illustrate some of the intrinsic problems of 
peak calling based on a single threshold. 
Both plots contain regions that are 
exclusively scored as peak in some stages, 
but not others, even though based on visual 
inspection one could argue that contacts are 
present in all stages. An example of this is 
provided in the upper plot, which shows the 
contact profile of the Hand2 gene. Here, 
peak 7 is called in ESC and CM, but not in 
the two intervening stages (Supplementary 
Table 3 contains all peak calling scores). This 
might point either to false-negative scores in 
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meso and CP, or to false-positively scored 
peaks in ESC and CM. 

A second consequence of employing a 
single-threshold approach is that it does not 
allow for a distinction between peaks with 
different intensities. This can for example be 

appreciated for peak 7 in the second profile 
of figure 2c, which represents the contact 
profile of the Adcy6 gene. Both caveats may 
argue that a more quantitative comparison 
between 4C signals is needed to understand 
contact dynamics, which will be discussed 
in more detail below. With 412 peaks called 
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across 47 viewpoints in four stages, adding 
up to 188 different contact profiles, it is 
evident that multiple peaks are identified per 
promoter. Figure 2d indicates the number of 
peaks called per viewpoint, in each stage. 
On average, between three and five peaks are 
called in each contact profile. 

To achieve more confidence that the 
identified contacts could be functionally 
relevant, we intersected the called 4C peaks 
with previously generated ChIP-seq data 
for enhancer marks. Mono-methylation 
of Lysine 4 of Histone 3 and acetylation 
of Lysine 27 of Histone 3 (H3K4me1 and 
H3K27ac) are routinely used as indicators of 
potential enhancer activity18,43,44. Based on 
the enrichment patterns of H3K27ac+ and 
H3K4me1+/-, versus H3K4me1+ only13,18, 
as identified by ChIP-seq in the four stages 
of the cardiomyocyte model, we assigned 
active and poised enhancers, respectively. 
As was described previously, the set of 
enhancers predicted to show activity during 
differentiation to cardiomyocytes is highly 
dynamic13. For all called 4C peaks, we 
assessed whether  they might represent a loop 
to a putative enhancer region by performing 
an overlap analysis between the peaks and 
the stage-specific enhancer data. Based on 
this, enhancer scores were assigned to each 
peak, with an ‘A’ for peaks overlapping at 
least one active enhancer, a ‘P’ for peaks 
overlapping at least one region identified 
as a poised (but not active) enhancer, and 
a ‘U’ for regions that do not overlap any 
enhancer marks in the respective stage (for 
full dataset, see Supplementary Fig. 1a and 
Supplementary Table 3, last four columns). 

In figure 3a, enhancer overlap scores for all 
peaks called per stage are shown. 

Most of the promoter contacts in each stage 
form with an active enhancer (~60%), 25-
30% involves a poised enhancer, and only 
5-15% forms with an apparently unmarked 
genomic region. To put these results in 
perspective we subsequently asked whether 
a given region in a given stage had a higher 
chance of being scored as ‘A’(ctive) when 
being engaged in a loop with the promoter. 
Reassuringly, at each stage the overlap with 
regions classified as active enhancers is highest 
when they are also found engaged in looping 
towards a promoter (Fig. 3b). Collectively, 
and despite the caveats mentioned earlier, 
this shows that the regions identified by our 
peak caller to loop to a promoter are enriched 
for active enhancer signatures. During 
differentiation, these regions engage and 
disengage in contacts in accordance with the 
change in their enhancer status,   suggesting 
that these loops might be functionally 
relevant. In possible agreement with this 
we further find that the intensity of the 4C 
signal across regions scored as contacts is on 
average lowest when no enhancer marks are 
resent, and highest when they have an active 
enhancer signature (Fig. 3c).

To see how the identified enhancer-promoter 
contacts are distributed around the gene, we 
plotted their location in relation to the TSS. 
Figure 3d reveals a smooth decay of peak 
frequency on both sides of the TSS. The 
regions upstream and downstream of the 
TSS seem very comparable in terms of peak 
frequency, which corresponds to the global 
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symmetry of contacts around promoters 
described previously33. The slight increase 
of contact frequency with the region just 
downstream of the TSS illustrates a local 
asymmetry that was described by others as 
well; these contacts were suggested to reflect 
promoter-gene body contacts specifically 
formed by highly active promoters19,33,45. 
Based on the broad distribution of active 
enhancers across the region (Fig. 3e), we 
asked what percentage of all active enhancers 
in the 100Kb area upstream of the TSS is 
found to be engaged in the enhancer-
promoter loops that we uncovered. Figure 
3f shows that in each stage, 25-40% of the 
active enhancers within the 100Kb upstream 
of the TSS is engaged in promoter looping. 

Of note, a given peak can overlap multiple 
enhancers, as peak sizes exceed the size of 
active and poised enhancers (Supplementary 
Fig. 1b for enhancer sizes, Supplementary 
Table 3 for 4C peak sizes). Thus, according 
to our peak calling algorithm, a considerable 
amount of active enhancers in the immediate 
vicinity of our selected gene promoters is 
not involved in 3D loops. We expect that 
these non-interacting enhancers are less 
likely to be of functional importance for the 
transcriptional output of the corresponding 
genes. 

Promoter-enhancer loops dynamically 
follow enhancer signatures during 
differentiation 

To get an impression of the dynamics 
of promoter-loop formation during 
differentiation, we took all 412 loops and 

sorted them on their presence in ESCs 
(Fig. 4a). Surprisingly, roughly 50% of the 
contacts formed in ESCs appears to already 
dissolve in the subsequent stage and only 
52/412 (~13%) of all chromatin loops seems 
to be conserved across all four stages. This 
indicates that regulatory contacts might be 
more dynamic than anticipated from models 
assuming an overall permissive, tissue-
invariant spatial genome conformation. 

To understand how enhancer signature 
dynamics during in vitro cardiomyocyte 
differentiation affect looping behavior, we 
implemented the following analysis. First, 
we asked whether any relationship exists 
between the maintenance of formed loops 
and the maintenance of an active enhancer 
signature when cells transit to the next 
differentiation stage. Figure 4b shows that 
when loops to active enhancers continued to 
exist in the next stage of development, the 
area most frequently still carried the active 
enhancer marks as well. In a few cases, the 
sequences involved had exclusively lost 
the H3K27ac mark, while H3K4me1 was 
retained, signifying a transition from active 
to poised enhancer state. Only rarely, the 
looped region had erased all enhancer marks. 
This is observed for all three respective 
transitions needed to transform ESCs into 
cardiomyocytes. The opposite was found for 
loops that suspended during differentiation. 
When loops to active enhancers were no 
longer identified in the next stage, the 
sites most often correspondingly lost both 
enhancer marks as well (Fig. 4, b). 

Subsequently, we scrutinized the opposite 
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event: when a chromatin loop with an active 
enhancer is identified at a given stage, what 
was its enhancer signature in the previous 
stage, if the sequence involved already 
showed a preformed configuration? And, 
what marks were deposited on sites that 
had not yet formed a chromatin loop in the 
previous stage? Figure 4c shows that sites 
already engaged in preformed chromatin 
loops much more often also carried active 
enhancer marks in the preceding stage, 
rather than having a poised enhancer status, 
or no enhancer marks at all. Vice versa, 

sequences that form de novo loopsn and 
that were therefore not in contact with the 
promoter, were most often unmarked in the 
preceding developmental stage. In summary, 
the most prominent events seem to indicate 
that developmentally conserved loops with 
promoters most often involve constitutively 
active enhancers. More dynamic chromatin 
loops that are lost or formed de novo 
between successive developmental stages, 
most often return to, or originate from, 
an unmarked state, respectively. Such an 
extensive reconfiguration of the spatial 
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regulatory landscape as we show here for 
a selection of key identity genes, forming 
loops that establish and dissolve in a manner 
that correlates strongly to alterations in the 
enhancer state of the sequences involved, 
has not been reported before and suggests 
that the instructive model for 3D regulatory 
contacts might be more prevalent than 
currently thought.

Looping to active enhancer regions 
correlates with expression

Lastly, to gain insight into the relation 

between enhancer-promoter looping and the 
transcriptional output of genes, we focused 
on the expression dynamics of the genes 
investigated. A comparison between the 
expression dynamics of the viewpoint genes 
across the four stages (see Supplementary 
Table 2 for details on RPKM levels per stage) 
and the peaks called in each stage did not 
reveal an overall correlation (Supplementary 
Fig. 1c, left and middle panels). When 
only contacts with active enhancers were 
considered (Supplementary Fig. 1c, right 
panel), a slightly better correlation could be 
appreciated, for example for Ctgf, Sphkap, 
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Ramp1, Gata4, Atp2a2, Dppa2, and Tbx5, 
suggesting that the number of contacts with 
active enhancers provides a better prediction 
of gene expression levels. 

We reasoned that a putative relationship 
between expression changes and looping 
behavior of genes might be better revealed 
not by following them during differentiation 
but by only considering, per gene, the two 
developmental stages with most extreme 
differences in transcriptional output (Fig. 
5, ‘Expression’). Based on this segregation 
two classes were formed: one corresponding 
to the most active state of the gene (H, in 
dark gray) and the other corresponding 
to the least active state (L, in light gray). 
We subsequently interrogated for all 
experiments in H and L classes the number 
of loops called (‘# of loops’) and of these, 
the loops that involve an active enhancer 
(‘Loops to Active enhancer’) for each gene 
in the corresponding stage. In addition, we 
calculated the sum of the 4C scores for those 
peaks that were called in that particular 
stage (‘4C Score Loops only’) as well as the 
4C scores of only those loops to enhancers 
predicted to be active in that stage (‘4C 
Score Loops to Active Enhancer’). 

Now it becomes immediately obvious that, 
in this differentiation model, expression 
changes of key cell identity genes correspond 
to their dynamic looping behavior. When 
genes are highly expressed, the number of 
loops scored is 2-fold higher than when 
these same genes are inactive or expressed 
at low levels (the median number of loops 
is 6 as compared to 3 loops per gene in H 

and L, respectively). This difference even 
increases to 4-fold when only considering 
loops formed with active enhancers (median 
4 and 1 loop per gene for respectively H and 
L expressed genes). Correspondingly, the 4C 
signal intensity at contacted sites is higher 
for active versus inactive genes, implying 
that active genes more frequently make 
long-range contacts with distal sequences, 
including active enhancers.  

In summary, contrary to the currently 
prevalent permissive model for chromatin 
loops, which predicts that most long-
range gene contacts are tissue-invariant 
and that the 3D genome is overall and 
predominantly preformed, we find that 
developmental genes involved in cardiac 
lineage specification dynamically engage and 
disengage in contacts with distant regulatory 
sites, to presumably up- and downregulate 
their expression in the corresponding stages 
of development.   

CONCLUSION & DISCUSSION

We have used 4C-sequencing to assess 
chromatin conformation of a series of gene 
promoters across four stages of in vitro 
directed cardiomyocyte differentiation. 
Using a peak calling approach, we selected 
a set of 412 chromatin loops for which 
loop formation and overlap with predicted 
enhancer elements were followed through 
differentiation. In each stage, we found that 
the majority of chromatin contacts formed 
with active enhancer elements. Contacts 
with active enhancers yielded higher local 
4C coverage than contacts with poised or 
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Although a proportion of our 4C peaks 
were identified constitutively during 
differentiation, the majority of peaks was 
found to be absent in at least one stage. 
Many recent studies have reported on the 
relative portions of preformed versus de 
novo formed cell type-specific contacts, 
with considerable differences in established 
numbers8,19,21,30,31,33,46. This might relate to 
actual biological differences in organism 
or developmental lineage studied; the 
system studied here was previously reported 
to exhibit a lot of variation in enhancer 
identity across the subsequent stages13. On 
a more technical note, the scale of the study 
and the method used to assess chromatin 
conformation can affect the extent to which 
variation between cell types is observed33. 
Further, the means to define presence or 
absence of enhancer-promoter loops plays 
a key role in assessing whether loops are 
constitutive or stage-specific. 

What is evident from our current analysis 
is that the application of a computational 
method to assess regions of increased capture 
probability—e.g. peak calling—can reveal 
interesting and previously unappreciated 
principles, such as the described finding 
that active enhancers that form de novo 
chromatin loops during differentiation 
are more often unmarked than marked as 
poised enhancers in the preceding cellular 
stage. Also, although the percentage of 
dynamically formed and detached loops was 
remarkably high, this correlated well with 
developmental transitions of the chromatin 
signatures at the sites involved as well as 
with the relative levels of transcriptional 

unmarked regions. Enhancers involved 
in loops that were maintained between 
successive stages often maintained their 
active state as well, which contrasts with 
the enhancer decommissioning that was 
most often observed when loops were lost 
between stages. Further, loops that emerged 
de novo with active enhancers were most 
often derived from unmarked regions. The 
latter is surprising, as a poised configuration 
was expected to facilitate looping at later 
stages of development. 

In future work, we plan to integrate these 
data on loop formation with data obtained 
from ATAC-seq and binding of transcription 
factors and architectural proteins. Such 
integration of data from various levels 
and players implicated in the regulatory 
chromatin landscape of a defined lineage 
commitment model can presumably enable 
elucidation of the order of (collaborative) 
events that ensure establishment of the 
regulatory landscape that underlies the 
expression patterns of cell identity genes. 
Especially for the regulatory loops that show 
non-constitutive behavior, intersection of 
datasets could uncover more general aspects 
of chromatin looping and might reveal 
novel insights into the order of (pioneering) 
events that precede establishment of a de 
novo enhancer-promoter loop. For this, 
combining our current data set with data 
obtained from ChIP-seq for Pol2, lineage-
specific transcription factors, and eRNA 
production could lead to new insights 
into the orchestration of factors involved 
in the process from loop formation to 
transcriptional activation.    
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output of the contacted gene. At the same 
time, the usage of a single threshold for peak 
calling does introduce an additional level of 
data obscuring. As discussed, from visual 
inspection of profiles it was in several cases 
evident that peaks were either missed, or 
falsely called. Adjusting the threshold that 
defines whether a given loop is called as peak 
will immediately influence the total and 
possibly the relative numbers of constitutive 
versus stage-specific loops. To circumvent 
this in future analyses, a more quantitative 
assessment and comparison of contact 
frequencies might be required.      

METHODS

Cardiomyocyte differentiation Directed differentiation 

into cardiomyocytes was performed essentially as 

described13,34. In short: E14 Tg (Nkx2-5 – EmGFP) 

mESCs47 were grown using standard culture techniques 

under feeder-free conditions. For differentiation, 

embryoid bodies (EB) were generated and cultured 

for two days at 75000 cells/ml in serum free medium 

(3 parts IMDM: 1 part Ham’s F12 (Cellgro), 0.05% 

BSA, 2mM Glutamax, B27, N2 (all Gibco), 40 μg/

ml ascorbic acid, and 4.5x10-4 M monothioglycerol). 

EBs were dissociated and reaggregated for 40h, in the 

presence of hActivin A, hVEGF, and hBMP4 (R&D, 

concentrations empirically determined per lot). EBs 

were dissociated and seeded at 470000 cells/cm2 in 

StemPro-34 medium (Gibco), supplemented with 

hVEGF, hbFGF, and hFGF10 (R&D). Cells were 

harvested at subsequent stages of differentiation: ESC – 

day 0, meso – 40h after treatment with Activin A, BMP, 

and VEGF, CP – 32 hrs after replating in StemPro-34, 

CM – day 10. At day 10, differentiation was assessed 

for yield of cardiomyocytes, by intracellular FACS for 

troponin T. Efficacy and yield was variable, essentially 

depending on optimal concentrations of Activin 

A (5-10 ng/mL) and BMP4 (0.1-0.8 ng/mL). For 

intracellular FACS, cells were trypsinized, quenched, 

and fixed in D-PBS with 3.7% formaldehyde for 30 

minutes at RT. All subsequent steps were carried out in 

D-PBS with 0.5% saponin and 4% FBS. Samples were 

washed twice and stained with anti-cardiac isoform of 

Troponin T (Thermo Scientific #MS295, Clone 13-

11) for 30 minutes at RT. Subsequently samples were 

washed and exposed to secondary antibody, after which 

samples were washed again. Cells were stained with 10 

μg/ml Hoechst in D-PBS with 4% FBS, and analyzed 

on an LSRII flow cytometer. 

4C-seq. 4C templates were prepared as documented 

previously29,48. In brief, 2% formaldehyde crosslinking 

was performed for 10 minutes on batches of 107 cells. 

After quenching with glycine (final concentration 

0.125M), cells were lysed in a lysis buffer with 150mM 

NaCl, 50mM Tris-HCl, 5mM EDTA, 0.5% NP-40, 

and 1% Triton X100. The first digest was performed 

overnight, with two to three batches of 200U DpnII 

(NEB), after which nuclei were spun down and 

resuspended in ligation buffer. Ligation was carried 

out at 16°C using 50U of T4 DNA ligase (Roche) in 

7ml total volume. After ligation checks, samples were 

decrosslinked o/n with Proteinase K (0.05µg/ml), after 

which the DNA was purified and digested with 50U 

Csp6I (Thermo Fisher Scientific). The second ligation 

was performed in 14ml volume, using 100U T4 DNA 

ligase. After SPRI-magnetic bead-based purification, 

4x4 templates were ready for PCR amplification, 

which was performed on 4x200ng template for each 

experiment. 

4C-PCR. As viewpoints, a selection of gene promoters 

was made based on proximity to cardiac-specific 

super-enhancers13, specifically selecting for genes 

encoding transcription factors, chromatin regulators, 
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association with the cardiac lineage, and association 

with development and/or cell-fate establishment. Some 

additional genes were included because of proximity to 

super-enhancers bound by cardiac-related transcription 

factors. See Supplementary Table 1 for a complete list of 

used viewpoints. Primer design for 4C PCRs followed 

previously described guidelines48. In total, we designed 

85 viewpoints that were interrogated in each of the four 

stages, adding up to 340 experiments of which 228 (57 

viewpoints) were performed in duplo, on two biological 

replicates of the differentiation system. Sequencing was 

performed on a NextSeq500 Platform (Illumina, Inc.), 

using 1x75 bp High Output run mode aiming for 1 to 

2 million sequence reads per viewpoint. 

4C computation. Sequence data were handled as 

described previously29. Briefly, sequence reads were 

mapped to a previously described reduced genome 

(mm9), after which the restriction fragment with the 

highest coverage (the viewpoint fragment) was removed 

from the dataset. The data were normalized to 1 million 

intra-chromosomal reads and plotted. 4C Peak calling. 

For each experiment, the local cis coverage (lcc) was 

computed as the fraction of fragments covered by at least 

one read in a region +/- 100Kb around the viewpoint. 

Experiments were filtered by considering both 

replicates only when lcc was higher than 0.5 for both, 

otherwise when lcc was above 0.6. 167 experiments 

reached an lcc above 0.5 in replicate experiments, and 

21 were added with lcc above 0.6 (without replicate), 

belonging to a total set of 47 viewpoints. For peak 

calling of 4C experiments, we performed explicit 

background modeling of the up- and downstream 

regions of the viewpoint independently. Based on the 

assumption that contact probability in an unstructured 

chromatin fiber is based on random encounters that 

decrease monotonically as a function of the distance 

to the viewpoint in, the background model computes 

monotonic regression of the 4C signal as a function 

of the distance to the viewpoint to model this decay. 

For implementation of monotonic regression, we used 

the Pool Adjacent-Violators Algorithm (PAVA) from 

the R package isotone, which is an implementation of 

monotonic regression. Peak calling was then performed 

by comparing the observed 4C signal to the predicted 

value of the background model for windows (n=16), 

and designate the extremes that reach a significance 

threshold as peaks of preferential contacts. For a given 

threshold q and a distribution F of residuals from the 

background model, every observation greater than Q3 

(F) + q*IQR (F), with Q3 and IQR (F) representing 

respectively the third quartile of F and the inter-quartile 

range, was called as a peak, with q set to 2.5. For 

viewpoints with replicates, only regions called as peaks 

in both replicates are kept. 

RNA-seq and ChIP-Seq. RNA-seq and ChIP-Seq 

datasets (H3K4me1, H3K27ac) were downloaded from 

the GNomEx database accession numbers 44R and 

7R2 and the corresponding publication13. Enhancer 

overlap was defined as follows; 4C peak regions were 

assigned ‘Active’ when overlapping H3K4me1 and 

H3K27ac marks, outside of promoters and CpG 

islands; 4C peak regions were assigned ‘Poised’ when 

overlapping H3K4me1, but not overlapping H3K27ac, 

promoters, and CpG islands. Overlap assessment was 

identified using the countOverlaps function of the 

IRanges Bioconductor package for R. 
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Supplementary information

Supplementary Figure 1 
(a) Heatmap showing for all 412 non-redundant peaks the enhancer overlap scores. Note: whether a peak is called in a 

stage is not included in this heatmap. For full details on peak calling and enhancer overlap scores, see Supplementary 

Table 3. Heatmap is clustered on enhancer scores in the ESC stage. (b) Sizes (in bp) of all identified active (A) and poised (P) 

enhancers in the 100Kb upstream the TSS. (c) Heatmaps showing normalized transcriptional levels for each gene included 

(left panel), number of peaks called per stage (middle panel), and of those, the number of these peaks that overlap active 

enhancers (right panel). 
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ID Name Stage Chr Bait Primer 1 + Barcode (AG) Primer 2

P03 Dppa5a ESC 9 78216163 AGAAGAATCAGATACTGGGATC GTGGTCTAGTAAAACACCGC

P04 Sox2 ESC 3 34547661 AGGAGGGTAATTTTAGCCGATC GAGGCTTGGGTCTAACTTCT

P05 Wnt7b ESC 15 85408524 AGCTGGTCTCCGTCTATTGCCC GGCTGTATCGGTATGTCTTT

P07 Nanog ESC 6 122657242 AGTGGAAGAGGAAACTCAGATC CAAATTTGGTTTTGGTCATT

P08 Phf17 ESC 3 41417614 AGCCTTTAAGTCTCCTTTAACG GCAGGTTAAGAGCTGACAGT

P09 Myc ESC 15 61817050 AGAAGAAGGGAGGGGAGGGATC AAGAGGAGGAGGAGCCTCAG

P10 Pou5f1 ESC 17 35643218 AGGGCGGACATGGGGAGATC CATGCCATCACTGTCTGTAC

P11 Dppa2 ESC 16 48310184 AGTCTTTCCTGGCTCAGCCTCC TGAGGAATTGTCTGGAAATC

P12 Mesp1 Meso 7 86938956 AGAACATGGGCTACATAAGATC GGGTCCCTAATAAATGAAGG

P13 Pcdh19 Meso X 130223424 AGTTCTCCTGGAGGATGGGATC CAAGCGGAAACTTACACACT

P14 Eomes Meso 9 118388629 AGAATTCCACCGGCACCAAACT GCATGGAGCCGTAGGGGTAG

P15 T Meso 17 8626878 AGCACCTGAGAGGGACTTCGGC AATGGGCAGCTGCTCGGTAC

P16 Six2 Meso 17 86087206 AGACTCCTGAGTCACAACGATC ACTACATCGAGGCGGAGAAG

P17 Apcdd1 Meso 18 63081281 AGAAAACCGCTTAGCTGAGATC GGTCTGTGGTCTGTTCAAGT

P18 Lhx1 Meso 11 84338011 AGGAACACGGGAGTAGAAAGCT CCCCTTTTGATTTGCTAGTA

P19 Fgf8 Meso 19 45817695 AGCTGTCTCTTCCAGCGTTCCG GCTGAGCTGCCTGTGAGTAC

P21 Msx1 Meso 5 38218958 AGTAGCGGCCCAGAAATTGATC TGAGTATCTATCTGGCCCTG

P22 Pitx2_a Meso 3 128900725 AGAGGAAAACCGACGAGAGATC CAGGCAAGGTTTAATATTGG

P23 Pitx2_b Meso 3 128917222 AGTTAGGGAGCCGACTTCCACG GTGTTTCTTCTCAACGGTGT

P24 Mesp1 Meso 7 86939195 AGAACATGGGCTACATAAGATC GGGTCCCTAATAAATGAAGG

P25 Wnt5b Meso 6 119496899 AGGAACCAGCTGTCCAAAGATC TGGCTCCTTTCTTGAGAGTA

P30 Sox18 CP 2 181406929 AGCTCTTCACTAGGAAAGGATC CAAGAAGAGGCAAGAACATC

P31 Oprk1 CP 1 5578887 AGCCCAAGCTCACCTCCAGATC ATTTCAACCTGTCTGCTCCT

P33 Acvr2b CP 9 119310315 AGTTCTTGGGAAGCTGAGGATC ACTTGCAGTTGGTTCTGTCT

P34 Tal1 CP 4 114729037 AGAAGCCGCTGAACGAGCATCT CCCATGTTCCTTAACACACT

P35 Batf3 CP 1 192919496 AGAGGTTTGGAGGTTGGTGATC ACTCCATTACCCTCTTCTGG

P36 Cbfa2t3 CP 8 125223648 AGGCCTGGCCTCAGATAGGATC AAATCAGAAAAGGTGCTTCA

P37 Fli1 CP 9 32348023 AGCTTACTGAGAGGACAGCTCC TGTTCAGACCTCTAAGCACA

P38 Gata2 CP 6 88148187 AGTGCAAGAGGCTGGTAGGATC CACCCCTATCCCGTGAATCC

P39 Gfi1b CP 2 28476951 AGTACCAATCCCTTCTGAGATC AAAGCCAGCATTTTTATGAG

P40 Hoxb1 CP 11 96225056 AGATTTTCTAGGTGCCTGGATC TTTGGGATGTAAAGGAAGAA

P41 Rfx8 CP 1 39778030 AGCAACGTTGGGCTAACGGATC CTACTTGGGCATCCTCTTTA

P42 Prickle1 CP 15 93427200 AGGCCCTCTGAGATATGGGATC CCTTGGCCTTTAAAGTTGTA

P43 Nppa CM 4 147374645 AGGAGACAGCAAACATCAGATC TGTCAGGGGCTCCAAATAAG

P44 Pln CM 10 53057829 AGAATGTCCAAAGTCAATGATC GCACAGCTTATTTTCAGCTT

Supplementary Table 1 4C-seq viewpoints

Description of the 85 4C-seq viewpoints used. The table states the viewpoint ID ('ID'), gene name ('Name'), stage with 

highest expression ('Stage'), chromosome ('Chr') and genomic location of viewpoint sequence ('Bait'), and sequences of 

inverse primers used for 4C-seq PCR ('Primer 1' + 'Primer 2'). 
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P45 Ndrg2 CM 14 52532251 AGGCTCTGCTGCTCTCTAGATC GCCACTATTAGGTGACCTTG

P46 Cxcl12 CM 6 117117768 AGTTCAGCCCTGCCAATAGATC TAATCACCCACCCACTATTC

P47 S1pr3 CM 13 51503675 AGGTATAGGTTTGGGGGTGGGG TCCTGACTCCTGTGTCTTGT

P48 Ankrd1 CM 19 36195912 AGTTCAAGCAAGGCCAAGGATC AGAGAACACTAGGAGAGGGG

P49 Atxn1 CM 13 46062065 AGGTGTTGTTCACTTGAGGATC TACAGTAGTTTAAACGCGCA

P50 Cspg4 CM 9 56713223 AGAGTTCCCATTAACAGAGATC TCTAGCTCTGGTGTCTGACC

P52 Ctgf CM 10 24314712 AGATCTCCAGTGACCAAAGATC AAGAGGTATAAGGAGGCCAG

P54 Jun CM 4 94720994 AGGTATACAGACAGCTGGAAAG GGCAAAATATCTTAAGGCTTC

P56 Kcnq1 CM 7 150290014 AGCTAAAAACTTTGGAAAGATC CTCTCTCCTTACATAGCCCA

P59 Sorbs2 CM 8 46592176 AGAAAACATCACCAAACTGATC AAAGGCTTAAGTTCTTTTATCG

P60 Ramp1 CM 1 93076922 AGGGCATCAGCAACTTTTGATC TAGTGGTAAGGGAGACTTGG

P61 Tbx20 CP/CM 9 24578636 AGAGTCCGAGGAGGTGACGATC AGCAGAGAACACCATCAAAC

P63 Hif1a CP/CM 12 75002675 AGCTTCAAAGTGAAGTCAGATC CTTCTTAAGCCTTGTGTGCT

P64 Mef2a CP/CM 7 74518053 AGGTCATCTCCTTCCTGTGCCG CTGCCTATTTGGGCTACTAA

P65 Mef2c CP/CM 13 83643155 AGGACACTTGTGCAGAGGGATC CATGCTCCCAAATTAGAAAG

P66 Mef2d CP/CM 3 87945816 AGAGGCACTAAAAGATTAGATC AAAAGAGCAAAGCACATCTC

P67 Gata4 CP/CM 14 63866011 AGTACAGTGAGGCAAATCTGAG AACGGTTTAAAGGAGGGTAC

P68 Tbx5 CP/CM 5 120283097 AGACAAACTGGCACACGAGATC AGAGTCCCAGAAAAGACTCC

P70 Hand2 CP/CM 8 59798773 AGAGACTGCTTGCCTTGGCGAT CACCCCTGTAATCAGAAAAG

P72 Atp2a2 CP/CM 5 122953320 AGGTGTCTGTCCATGACCTTGA CCGCCTCAAGACTTAAGATA

P73 Adcy6 CP/CM 15 98438229 AGGTCCTCTGGGAATAGAGATC TACAGAGACACTCTGGGGAG

P74 Sphkap CP/CM 1 83405834 AGAAGGGATGAAAGTCCTGATC AGGAACTACCTAGCAAGGCT

P76 Rcan1_a  SE target 16 92468648 AGGGGCAGACATCACCACGATC ACAGTGTGGAGACAGAAACC

P77 Rcan1_b  SE target 16 92400996 AGGACGTTTTCACAGGAAGATC TAGGTGGAGTGTCAGCTTTT

P79 Arhgef37  SE target 18 61699148 AGGTAGAGGCCACCAGAAGAAG GGGTCATGTAGCAGATATCC

P81 Cacna1h  SE target 17 25572147 AGACCTAGCCACCCAGGAGAGG TTTGTCTAGGACAGGAATGG

P83 Mical2  SE target 7 119368799 AGGCTAACCCCTGTTTCTGATC GAAGCTGCAATGGTGACAGC

P84 Brd4 Controls 17 32423156 AGTTACAGCCATTTATAATGAG ACATGGGGAACCTTAAAAAT

P85 Med12 Controls X 98468053 AGTAAAGCTTCCAGGCCGGATC CTGACTCTGATGACACGTTG

P87 Mga Controls 2 119721682 AGGATAGCCAACAGGGTTGATC TCAAGCTTTTCCAGTGTTCT

Continued from Supplementary Table 1
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VP ID Gene ESC MES CP CM VP ID Gene ESC MES CP CM

P01 Nr0b1 70,9 0,1 0,1 0,0 P45 Ndrg2 11,0 2,6 9,2 254,4

P02 Zfp42 251,3 0,8 0,4 0,1 P46 Cxcl12 0,5 0,6 2,1 44,0

P03 Dppa5a 320,7 1,9 0,6 0,1 P47 S1pr3 0,6 0,8 0,5 17,4

P04 Sox2 212,9 2,6 2,9 0,1 P48 Ankrd1 2,6 0,0 14,3 543,9

P05 Wnt7b 11,9 0,1 0,2 0,1 P49 Atxn1 0,6 0,1 0,7 6,3

P06 Esrrb 85,2 0,2 0,3 2,4 P50 Cspg4 0,2 0,1 0,3 23,8

P07 Nanog 163,8 4,8 0,4 0,1 P51 Csrp3 0,1 0,0 15,5 221,6

P08 Phf17 102,5 9,6 7,8 7,3 P52 Ctgf 39,5 5,6 4,7 199,2

P09 Myc 32,0 30,9 7,6 4,2 P53 Hif3a 2,1 3,4 3,2 43,6

P10 Pou5f1 670,0 76,4 5,6 0,0 P54 Jun 6,2 60,6 76,1 175,7

P11 Dppa2 24,0 0,2 0,0 0,0 P55 Mb 0,4 0,0 0,5 112,0

P12 Mesp1 0,1 148,3 0,3 0,1 P56 Kcnq1 0,1 0,1 0,6 9,6

P13 Pcdh19 0,3 23,1 0,1 0,1 P57 Ndrg2 11,0 2,6 9,2 254,4

P14 Eomes 2,4 73,7 0,1 0,0 P58 Myh6 3,3 0,5 111,8 1613,7

P15 T 3,6 53,2 0,2 0,0 P59 Myh7 0,5 0,6 106,1 1052,6

P16 Six2 0,2 30,6 3,5 0,0 P60 Sorbs2 0,1 0,1 2,8 11,8

P17 Apcdd1 2,2 30,7 4,8 2,4 P61 Ramp1 0,0 0,0 1,3 11,0

P18 Lhx1 0,0 42,9 7,2 0,0 P62 Tbx20 0,8 12,9 41,9 59,2

P19 Fgf8 2,9 16,3 20,7 1,9 P63 Hif1a 17,1 25,4 24,5 53,1

P20 Hand1 2,0 171,6 65,8 30,1 P64 Mef2a 2,7 4,8 9,7 27,3

P21 Msx1 0,1 148,3 0,3 0,1 P65 Mef2c 0,0 1,8 74,6 34,3

P22 Pitx2_a 5,3 4,1 1,2 0,7 P66 Mef2d 9,9 10,4 21,6 53,9

P23 Pitx2_b 5,3 4,1 1,2 0,7 P67 Gata4 0,4 50,7 53,2 59,3

P24 Mesp1 0,1 148,3 0,3 0,1 P68 Tbx5 0,0 0,4 10,0 18,8

P25 Wnt5b 0,7 6,5 1,9 0,7 P69 Nkx2-5 0,9 1,3 70,1 177,6

P26 Tlx1 0,1 0,0 15,8 0,3 P70 Hand2 0,1 30,8 199,0 39,5

P27 Nkx2-6 0,0 0,2 41,4 1,4 P71 Hdac5 6,8 13,6 22,7 39,0

P28 Klhl4 0,1 0,4 9,2 0,6 P72 Atp2a2 72,3 55,2 95,7 446,3

P29 Zfp503 0,3 1,2 21,9 1,9 P73 Adcy6 2,1 16,4 32,9 111,6

P30 Sox18 1,2 0,3 62,1 6,2 P74 Sphkap 0,0 0,1 40,1 33,3

P31 Oprk1 0,0 0,4 6,6 0,7 P75 Homez 1,9 3,9 3,8 1,3

P32 Cdh6 0,1 2,9 16,1 2,8 P76 Rcan1_a 12,4 17,5 14,2 62,9

P33 Acvr2b 13,6 51,4 35,1 21,5 P77 Rcan1_b 12,4 17,5 14,2 62,9

P34 Tal1 0,2 4,2 21,9 1,4 P78 Ppargc1b 0,6 1,6 0,7 14,3

P35 Batf3 0,9 0,2 2,9 0,8 P79 Arhgef37 0,1 0,1 0,3 1,1

P36 Cbfa2t3 0,2 0,7 13,7 3,4 P80 Ptchd2

P37 Fli1 0,0 0,7 10,8 1,3 P81 Cacna1h 0,5 1,3 1,8 73,9

P38 Gata2 1,9 4,0 14,6 0,9 P82 Prkch 0,9 1,3 4,7 3,3

P39 Gfi1b 0,1 0,3 6,5 0,2 P83 Mical2 0,5 0,2 1,8 43,9

P40 Hoxb1 0,2 24,1 14,6 0,1 P84 Brd4 36,6 38,6 36,8 24,8

P41 Rfx8 0,0 0,1 1,1 0,7 P85 Med12 10,1 19,9 22,0 18,4

P42 Prickle1 2,6 9,5 22,4 35,4 P86 Dlc1 26,7 16,8 10,8 24,9

P43 Nppa 0,2 0,2 0,2 692,8 P87 Mga 16,8 13,6 11,4 10,6

Supplementary Table 2 RPKM for all viewpoint genes, data from Wamstad et al 2012 (RNA-seq USeq7.0)
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Peak  

ID

Width 

(bp)

ESC meso CP CM VP Gene Dis-

tance 

to TSS

Up/
down-
str of 
VP?

ESC

enhancer

Meso

enhancer

CP

enhancer

CM

enhancer

P09_1 40256 0 0 0 1 Myc 830859 up P A/P P P

P09_2 4429 1 0 1 0 Myc 21977 up U P U U

P09_3 13378 1 0 1 0 Myc -27178 down A/P P P U

P09_4 24641 1 0 0 0 Myc -61066 down A/P P A/P A/P

P09_5 41928 1 1 0 0 Myc -104982 down A/P A/P A/P A/P

P09_6 10595 1 0 0 0 Myc -137410 down A/P A/P A/P A/P

P09_7 40969 1 1 0 0 Myc -473596 down A/P P P P

P09_8 12728 0 1 0 0 Myc -511180 down P P P A

P10_1 17397 1 0 0 0 Pou5f1 268389 up A U P P

P10_2 48268 0 1 1 0 Pou5f1 229768 up A/P P P P

P10_3 37007 0 0 1 0 Pou5f1 150003 up A/P P P P

P10_4 24661 1 0 1 1 Pou5f1 30331 up A/P A/P A/P A/P

P10_5 20216 1 1 1 1 Pou5f1 -30538 down A/P A/P P A/P

P10_6 23801 1 1 1 0 Pou5f1 -65903 down A/P P A/P P

P10_7 23607 0 0 1 0 Pou5f1 -114964 down U P P U

P10_8 22327 1 0 0 0 Pou5f1 -191184 down A/P A/P A/P A/P

P10_9 18219 1 0 1 0 Pou5f1 -217454 down A/P A/P A/P A/P

P10_10 25216 0 0 1 0 Pou5f1 -271320 down A/P U A/P A

P10_11 47714 1 1 1 0 Pou5f1 -321107 down A/P A/P A/P A/P

P11_1 11811 0 0 1 0 Dppa2 448485 up U U U U

P11_2 15119 0 0 1 0 Dppa2 63887 up U U A A

P11_3 24735 0 1 0 1 Dppa2 -40066 down A/P P U U

P11_4 62413 1 1 0 0 Dppa2 -131532 down A/P P P P

P11_5 44354 1 0 0 0 Dppa2 -289762 down A/P P A/P P

P11_6 23736 0 1 0 0 Dppa2 -346641 down P U U P

P11_7 7581 0 0 1 0 Dppa2 -631215 down U U U U

P19_1 20655 0 0 1 0 Fgf8 648763 down P P A/P P

P19_2 15829 0 0 1 0 Fgf8 570259 down P P P P

P19_3 48767 1 0 1 1 Fgf8 496974 down A/P A/P A/P P

P19_4 19852 0 0 1 0 Fgf8 231398 down P A A/P A

P19_5 29322 1 1 1 1 Fgf8 172310 down A/P A/P A/P A/P

Supplementary Table 3 Results of peak calling and enhancer overlap analysis 

Description of all peaks (t=412) called. The table states the Peak ID (ViewpointID_Peaknumber), the width of the peak (bp), 

the peak calling score with 1 indicating that a peak was called for the indicated stage, a 0 stating that no peak was called 

for the indicated stage. The next column indicates the gene used as viewpoint in this experiment, followed by the distance 

between the called peak and the TSS of the gene and the relative positioning to the TSS (peak resides up- or downstream of 

the gene). The last four columns indicate the scores of the enhancer overlap analysis, with A used for peaks that overlap at 

least 1 active enhancer, P used for peaks that overlap at least 1 poised enhancer, and U for peaks that overlap neither. A/P 

is used when both enhancers are found within the peak area. These are not further specified in the study and are therefore 

considered as A only.  
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P19_6 24523 0 1 0 0 Fgf8 105131 down P A/P A/P A/P

P19_7 24902 0 1 1 1 Fgf8 69195 down P P A/P A/P

P19_8 31409 0 0 1 0 Fgf8 34842 down A/P A/P A/P A/P

P19_9 1145 0 0 1 0 Fgf8 -21204 up P U U U

P19_10 8825 0 0 1 0 Fgf8 -33059 up P U A/P A/P

P19_11 15209 0 0 1 0 Fgf8 -235738 up P U P U

P19_12 11456 0 0 1 0 Fgf8 -416041 up P U P U

P19_13 14422 0 0 1 0 Fgf8 -597264 up P A/P P U

P21_1 22295 0 0 0 1 Msx1 524746 down P U U U

P21_2 25895 0 0 0 1 Msx1 497787 down A/P U U P

P21_3 96377 1 1 1 1 Msx1 -109549 up A/P A/P A/P A/P

P21_4 23890 0 1 0 0 Msx1 -170070 up A/P A/P A/P A/P

P21_5 25740 1 1 1 1 Msx1 -214665 up U A/P P P

P21_6 15440 0 0 0 1 Msx1 -410461 up P A/P U U

P21_7 44038 0 1 0 0 Msx1 -589843 up A A/P P P

P22_1 67191 1 1 1 1 Pitx2_a 840836 up U U P P

P22_2 28289 0 0 1 1 Pitx2_a 725719 up U U U U

P22_3 20819 1 0 1 0 Pitx2_a 354221 up P U U U

P22_4 17388 0 1 0 0 Pitx2_a 100004 up U P U U

P22_5 16566 0 0 0 1 Pitx2_a 48298 up U P P P

P22_6 9998 0 0 1 0 Pitx2_a 26946 up U P P P

P22_7 16892 0 0 1 0 Pitx2_a -26365 down A/P A/P P P

P23_1 42147 0 0 1 1 Pitx2_b 862999 up U P A/P A/P

P23_2 13307 0 0 1 0 Pitx2_b 832033 up U U P U

P23_3 10908 0 0 1 0 Pitx2_b 795589 up U U U U

P23_4 15136 0 1 1 0 Pitx2_b 720998 up U U U U

P23_5 13972 0 1 0 0 Pitx2_b -222413 down P U P U

P23_6 19266 1 0 0 0 Pitx2_b -351952 down A/P P A/P A/P

P23_7 16476 0 0 1 0 Pitx2_b -490439 down A/P U P P

P23_8 33024 0 0 1 1 Pitx2_b -522401 down U P P A/P

P24_1 18970 1 0 0 0 Mesp1 165803 down P P P U

P24_2 20778 0 0 1 0 Mesp1 39883 down P P P P

P24_3 1251 1 0 0 0 Mesp1 19804 down U A/P A/P A

P24_4 8695 1 0 0 0 Mesp1 -25286 up A/P A/P P A/P

P24_5 24248 0 0 1 0 Mesp1 -59497 up A/P A/P A/P A/P

P24_6 56721 1 1 1 1 Mesp1 -113281 up A/P A/P A/P A/P

P24_7 21068 1 1 1 0 Mesp1 -159602 up A/P U U U

P24_8 56691 1 0 1 0 Mesp1 -254007 up A/P A/P A/P A/P

P24_9 24982 0 0 1 0 Mesp1 -298359 up A/P U A/P A/P

P25_1 10620 1 0 0 0 Wnt5b 317928 down U A/P U P

P25_2 27566 0 1 1 0 Wnt5b 88762 down A/P A/P A/P A/P

P25_3 19790 1 0 0 1 Wnt5b 40379 down P P P P

P25_4 16181 1 0 0 0 Wnt5b -59253 up U U P P

P25_5 12181 0 0 1 0 Wnt5b -86590 up A/P A A A

P25_6 50564 1 1 1 0 Wnt5b -143045 up A/P A/P P A/P

P25_7 14718 0 1 0 0 Wnt5b -215132 up U U U P

P25_8 13078 0 0 1 0 Wnt5b -294066 up P P P P

P25_9 14703 0 0 1 0 Wnt5b -367921 up A/P P P A
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P25_10 9023 0 0 1 0 Wnt5b -768329 up A/P U A/P P

P33_1 37945 1 1 1 0 Acvr2b 300525 up A/P A/P A/P A/P

P33_2 12353 0 0 1 0 Acvr2b 263371 up P U P P

P33_3 9425 0 0 1 0 Acvr2b 153644 up P U U U

P33_4 37512 1 1 1 1 Acvr2b 80901 up A/P A/P A/P A/P

P33_5 9602 0 0 1 0 Acvr2b 34896 up P U P P

P33_6 22989 0 1 1 1 Acvr2b -41729 down A/P U P P

P33_7 16675 1 0 0 0 Acvr2b -174890 down P A/P P P

P33_8 13718 0 0 1 0 Acvr2b -430061 down P U U U

P33_9 27393 0 1 1 1 Acvr2b -494690 down P P U U

P34_1 10068 0 0 1 0 Tal1 658845 up U P P P

P34_2 9938 0 0 1 0 Tal1 364914 up P A A/P P

P34_3 46948 1 1 0 1 Tal1 141329 up P P P P

P34_4 58154 0 1 1 1 Tal1 65777 up P U U P

P34_5 10821 0 1 0 0 Tal1 25342 up U U U U

P34_6 16456 0 1 0 0 Tal1 -28600 down P A/P A/P P

P34_7 26831 0 0 1 0 Tal1 -203751 down U U U U

P34_8 27811 0 0 0 1 Tal1 -799887 down U A/P A/P P

P34_9 39551 1 1 1 0 Tal1 -878781 down A/P P P P

P35_1 63409 1 1 1 1 Batf3 171874 up A/P A/P A/P A/P

P35_2 17478 1 1 1 1 Batf3 94776 up U U U P

P35_3 38727 1 0 1 1 Batf3 -39905 down A/P A/P A/P A/P

P35_4 22939 1 1 1 1 Batf3 -72237 down P P A/P A/P

P35_5 15799 0 1 1 0 Batf3 -94774 down A/P P P A/P

P35_6 19698 0 0 0 1 Batf3 -113556 down A/P P P P

P35_7 22706 1 0 0 0 Batf3 -173355 down A/P A/P A/P A/P

P35_8 19267 1 0 1 0 Batf3 -196150 down U P A/P A/P

P35_9 13560 1 0 0 1 Batf3 -227919 down U U P P

P36_1 17679 0 1 0 0 Cbfa2t3 138515 down A A A/P A

P36_2 19365 1 0 1 0 Cbfa2t3 108321 down A/P A A/P A/P

P36_3 12643 1 0 0 0 Cbfa2t3 69430 down P A/P A/P A/P

P36_4 14307 1 0 0 1 Cbfa2t3 50198 down P A/P A/P A/P

P36_5 18975 1 1 1 0 Cbfa2t3 28797 down A/P A/P A/P A/P

P36_6 33401 1 1 1 1 Cbfa2t3 -68854 up P A/P A/P P

P36_7 18538 1 0 0 1 Cbfa2t3 -100260 up U A A/P P

P36_8 23645 1 1 1 0 Cbfa2t3 -126805 up A/P A A/P A/P

P37_1 33885 1 0 0 0 Fli1 632348 down P P P P

P37_2 20445 1 1 0 0 Fli1 257063 down P A/P A/P A/P

P37_3 23717 1 1 1 0 Fli1 195207 down P A/P A/P A/P

P37_4 14761 1 0 0 0 Fli1 160475 down P A/P P P

P37_5 37989 1 0 0 0 Fli1 132701 down A/P A/P A/P A/P

P37_6 26840 1 1 0 0 Fli1 91206 down A/P P P P

P37_7 26065 0 1 1 0 Fli1 -32238 up P A/P A/P P

P37_8 12471 0 1 0 1 Fli1 -161770 up U A/P P A/P

P37_9 29212 1 0 0 1 Fli1 -559388 up U U A/P P

P38_1 22040 1 0 0 0 Gata2 467680 up A/P A/P A/P A/P

P38_2 14651 0 0 1 0 Gata2 387481 up U P P P

P38_3 14488 0 0 1 0 Gata2 26811 up U U P P



173

Chapter 6  |  Dynam
ic regulatory chrom

atin contacts during cardiom
yocyte differentiation

P38_4 17179 0 0 1 0 Gata2 -28148 down A/P A/P A/P P

P38_5 22758 0 0 1 0 Gata2 -57011 down U A/P A/P P

P38_6 17923 0 1 0 0 Gata2 -103928 down U P A/P A/P

P38_7 13290 0 0 0 1 Gata2 -139285 down U P A/P P

P38_8 10857 0 0 1 0 Gata2 -188671 down P U A/P P

P38_9 26652 0 1 1 0 Gata2 -208993 down A/P P P P

P38_10 68163 1 1 1 1 Gata2 -267712 down A/P U P P

P38_11 19981 1 1 1 0 Gata2 -315649 down P U A/P A/P

P38_12 58498 1 1 0 0 Gata2 -668907 down A/P A/P A/P A/P

P39_1 29399 0 1 0 0 Gfi1b 186002 down A/P U A/P P

P39_2 21084 1 1 1 1 Gfi1b 111935 down A/P A A A/P

P39_3 13733 1 0 0 0 Gfi1b -57026 up U P U U

P39_4 15121 1 0 0 0 Gfi1b -143150 up A A/P A P

P39_5 15687 0 0 1 0 Gfi1b -177168 up P A/P P P

P40_1 16057 0 0 0 1 Hoxb1 275495 up P U U P

P40_2 19258 0 1 0 0 Hoxb1 184067 up A/P P P P

P40_3 24843 1 1 0 0 Hoxb1 157101 up A/P P P P

P40_4 23195 1 1 0 0 Hoxb1 91604 up P P P P

P40_5 40456 0 1 1 1 Hoxb1 42001 up A/P P A/P P

P40_6 31049 1 1 1 1 Hoxb1 -33965 down P A/P A/P A/P

P40_7 25608 1 1 1 0 Hoxb1 -86050 down P P A/P P

P40_8 58195 1 1 1 1 Hoxb1 -176826 down P P A/P P

P40_9 41153 1 0 1 0 Hoxb1 -309541 down A/P A/P A/P A/P

P40_10 44847 0 1 0 0 Hoxb1 -467202 down A/P P P P

P41_1 25335 1 1 1 1 Rfx8 141276 down A/P A/P A/P A/P

P41_2 22884 0 1 0 0 Rfx8 101515 down A/P A/P A/P A/P

P41_3 33031 1 1 1 1 Rfx8 45128 down A/P A/P A/P A/P

P41_4 18333 1 1 1 1 Rfx8 -29461 up P A/P A/P A/P

P41_5 16805 1 1 1 1 Rfx8 -64287 up U P P P

P41_6 56308 1 1 1 1 Rfx8 -167077 up A/P A/P A/P A/P

P41_7 40543 1 0 1 0 Rfx8 -243463 up A/P A/P A/P A/P

P42_1 27309 1 1 1 1 Prickle1 78993 down A/P A/P A/P A/P

P42_2 28690 0 1 1 0 Prickle1 43080 down P A/P A/P A/P

P42_3 16360 0 0 1 0 Prickle1 -109523 up U A/P A/P A/P

P42_4 36989 0 0 1 1 Prickle1 -143640 up U A/P A/P A/P

P42_5 16444 0 0 0 1 Prickle1 -220154 up U P A/P A/P

P42_6 14267 0 1 0 0 Prickle1 -306213 up U A/P P P

P42_7 39009 0 1 0 0 Prickle1 -613668 up P A/P A/P A/P

P48_1 9359 0 0 1 0 Ankrd1 38779 down P U U U

P48_2 488 0 0 1 0 Ankrd1 18431 down U U U U

P48_3 69250 1 1 1 1 Ankrd1 -56238 up P A/P A/P A/P

P48_4 21230 0 0 1 0 Ankrd1 -145534 up U A A/P A/P

P48_5 50156 1 1 1 1 Ankrd1 -235111 up A/P A/P A/P A/P

P48_6 61298 1 1 1 1 Ankrd1 -312007 up P P A/P A/P

P48_7 15338 0 0 1 0 Ankrd1 -373348 up A/P P P P

P48_8 8879 0 0 1 0 Ankrd1 -428034 up U U U P

P48_9 12984 0 0 1 0 Ankrd1 -487738 up U U A/P P

P48_10 6911 0 0 1 0 Ankrd1 -733958 up U U U U
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P49_1 24100 0 0 1 0 Atxn1 378484 down A/P P A/P A/P

P49_2 36956 0 1 0 1 Atxn1 340663 down P A/P A/P A/P

P49_3 19404 0 0 1 1 Atxn1 303312 down U P P A/P

P49_4 15315 0 0 1 0 Atxn1 252856 down A/P A/P A/P A/P

P49_5 11034 0 0 1 0 Atxn1 83626 down U U U P

P49_6 18095 0 0 1 1 Atxn1 49420 down P U A/P A/P

P49_7 13743 1 0 1 0 Atxn1 24934 down P U U P

P49_8 14051 1 0 1 0 Atxn1 -28801 up A/P U U P

P49_9 45021 0 1 0 0 Atxn1 -113559 up P P A/P P

P49_10 32417 0 1 0 0 Atxn1 -160962 up U U U P

P49_11 18275 0 0 1 0 Atxn1 -296174 up A/P A/P A/P A/P

P49_12 15229 0 0 1 0 Atxn1 -635651 up U U A/P P

P49_13 16231 0 0 1 0 Atxn1 -661640 up A/P A A/P A/P

P50_1 16351 0 0 1 0 Cspg4 657330 up A/P P P A/P

P50_2 16917 0 0 0 1 Cspg4 123176 up P P P P

P50_3 15097 0 0 0 1 Cspg4 91525 up P P A/P P

P50_4 10883 1 0 0 0 Cspg4 -28709 down A/P A P A/P

P50_5 16632 0 0 0 1 Cspg4 -132556 down U A A A/P

P50_6 15032 0 1 0 0 Cspg4 -158012 down U U U U

P52_1 60901 1 1 0 1 Ctgf 456148 up A/P A/P A/P A/P

P52_2 41395 0 0 1 1 Ctgf 394683 up P P A P

P52_3 52453 1 1 0 0 Ctgf 255674 up A/P P P P

P52_4 25340 1 0 1 1 Ctgf 212260 up P U P A/P

P52_5 49186 1 1 1 1 Ctgf 169218 up A/P P A/P A/P

P52_6 28792 0 0 0 1 Ctgf 109662 up U U A/P A

P52_7 48311 1 1 1 0 Ctgf 50566 up A/P P P A/P

P52_8 17530 0 0 0 1 Ctgf -28841 down A/P P A/P A/P

P52_9 20648 0 1 0 0 Ctgf -144087 down P P A/P A/P

P52_10 15950 0 0 1 0 Ctgf -204866 down A/P A A/P P

P52_11 19785 0 1 0 0 Ctgf -237306 down A/P A/P A/P A/P

P52_12 18654 0 0 1 0 Ctgf -683307 down A/P A/P P A

P54_1 26151 1 1 0 0 Jun 67840 down P A/P P P

P54_2 21338 0 1 0 0 Jun 43728 down U P P P

P54_3 12260 0 1 0 0 Jun 22948 down U P P A/P

P54_4 2276 0 1 0 0 Jun -23705 up P U U P

P54_5 31742 0 1 1 0 Jun -49591 up A/P A/P A/P A/P

P54_6 61511 1 1 0 1 Jun -101253 up A/P A/P A/P A/P

P54_7 13842 1 0 0 0 Jun -178142 up U U U U

P54_8 34438 1 1 0 0 Jun -211450 up A A/P A/P A

P54_9 20151 0 0 0 1 Jun -269714 up P A/P A/P A

P54_10 23159 0 1 0 0 Jun -638488 up A/P P A A/P

P54_11 27353 0 1 0 0 Jun -684498 up A/P A/P A/P A/P

P54_12 26340 0 0 0 1 Jun -817400 up U A/P P P

P54_13 14422 1 0 0 0 Jun -854744 up P A/P A/P P

P54_14 17402 0 1 1 0 Jun -872542 up U A/P A/P P

P56_1 15131 1 0 0 0 Kcnq1 165974 up A/P A/P P U

P56_2 35635 1 1 1 0 Kcnq1 99984 up A/P A/P A/P A/P

P56_3 17019 1 0 0 1 Kcnq1 36759 up A P A A/P
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P56_4 24337 1 0 0 0 Kcnq1 -35631 down A/P A A/P A/P

P56_5 101833 1 1 1 1 Kcnq1 -360143 down A/P A/P A/P A/P

P58_1 19541 0 1 0 0 Myh6 263745 down A/P A/P A/P A/P

P58_2 17565 0 1 0 0 Myh6 182502 down P P P A

P58_3 48891 1 1 1 0 Myh6 123310 down A/P P U P

P58_4 16896 1 0 0 0 Myh6 62724 down A/P A/P A/P P

P58_5 23947 0 1 1 1 Myh6 31000 down A U A/P A/P

P58_6 18202 1 1 1 1 Myh6 -30328 up A/P A A/P A

P58_7 63398 1 1 0 1 Myh6 -136678 up A/P A/P A/P A/P

P58_8 38009 0 1 0 0 Myh6 -493528 up A/P P P P

P59_1 52118 0 1 0 0 Sorbs2 223058 up A/P P P P

P59_2 29994 1 1 1 0 Sorbs2 38381 up U P P A/P

P59_3 20742 1 1 0 1 Sorbs2 -39191 down U P P A/P

P59_4 26744 0 1 1 1 Sorbs2 -78528 down P P P A/P

P59_5 56139 0 1 1 1 Sorbs2 -169546 down P P A/P A/P

P59_6 40927 0 1 1 1 Sorbs2 -248894 down P P A/P A/P

P59_7 20295 1 1 0 0 Sorbs2 -304319 down A/P A/P U P

P59_8 71103 0 1 0 0 Sorbs2 -432812 down A/P U A/P A/P

P60_1 22402 0 0 0 1 Ramp1 258491 up A/P A/P A/P A/P

P60_2 25185 1 1 1 1 Ramp1 207274 up P A/P A/P A/P

P60_3 41045 0 1 1 1 Ramp1 55933 up U U A/P A/P

P60_4 57990 1 1 1 1 Ramp1 -50409 down P P A/P A/P

P60_5 15493 1 0 0 1 Ramp1 -135415 down A/P A/P A/P A/P

P60_6 29840 0 1 0 1 Ramp1 -208677 down P U P A/P

P61_1 19840 1 0 0 0 Tbx20 271811 down P P P P

P61_2 30641 1 1 0 0 Tbx20 -43951 up A/P A/P A/P P

P61_3 26772 0 0 1 0 Tbx20 -73346 up U A/P A/P A/P

P61_4 50138 1 1 1 1 Tbx20 -198174 up P A/P A/P A/P

P61_5 52623 1 1 1 1 Tbx20 -249763 up P P A/P A/P

P61_6 15546 0 1 0 0 Tbx20 -311965 up U A/P A/P P

P61_7 39816 1 0 1 1 Tbx20 -367506 up P A/P P A/P

P63_1 24128 0 0 1 0 Hif1a 738626 up P U P A/P

P63_2 18053 0 1 0 0 Hif1a 267073 up P A/P A/P A/P

P63_3 52398 1 1 1 1 Hif1a 196743 up A/P A/P A/P A/P

P63_4 19346 0 1 1 0 Hif1a 153021 up A A/P A/P A/P

P63_5 84900 1 1 1 1 Hif1a 99210 up P A/P A/P A/P

P63_6 25013 1 0 1 1 Hif1a 38577 up P P A/P A/P

P63_7 8693 1 0 0 0 Hif1a -18299 down U U U A/P

P63_8 39707 0 1 0 0 Hif1a -58532 down P A/P P A/P

P63_9 34342 1 0 0 0 Hif1a -110596 down P U P A/P

P63_10 20513 0 0 1 0 Hif1a -262980 down U U U U

P63_11 41429 1 1 1 0 Hif1a -389142 down A/P A/P A/P A/P

P64_1 9825 0 1 0 0 Mef2a 681215 down U A/P A/P P

P64_2 21239 0 1 0 1 Mef2a 126301 down U U U A/P

P64_3 54065 1 1 0 1 Mef2a 61209 down P U P P

P64_4 12710 0 1 1 1 Mef2a 25774 down P A/P A/P P

P64_5 43054 1 1 0 1 Mef2a -42928 up U A/P A/P A/P

P64_6 26037 0 1 0 1 Mef2a -92149 up P A/P A/P A/P
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P64_7 23236 0 0 1 0 Mef2a -151765 up P A/P A/P A/P

P64_8 120024 1 1 1 1 Mef2a -235671 up A/P A/P A/P A/P

P65_1 43242 0 0 1 1 Mef2c 454815 up U U A/P A/P

P65_2 44169 0 0 1 0 Mef2c 303800 up U P P A

P65_3 31346 0 0 1 0 Mef2c 213037 up P P A P

P65_4 34893 1 1 1 0 Mef2c 157397 up U P A/P A/P

P65_5 21735 0 0 1 0 Mef2c 78910 up U U U U

P65_6 17092 0 0 1 0 Mef2c 39706 up U U P P

P65_7 17130 0 0 1 0 Mef2c -67948 down U P A/P A

P65_8 19293 0 0 0 1 Mef2c -144936 down U P P A/P

P66_1 12701 1 0 0 0 Mef2d 342113 up P P P A/P

P66_2 36056 0 1 0 1 Mef2d 195181 up A/P A/P A/P A/P

P66_3 36954 1 1 1 1 Mef2d 155056 up A/P A/P A/P A/P

P66_4 21664 1 1 1 0 Mef2d 104849 up P P P P

P66_5 20614 1 0 0 1 Mef2d 79616 up U U U U

P66_6 25442 1 0 0 0 Mef2d -32312 down P U P A/P

P66_7 48023 1 1 1 0 Mef2d -94148 down A/P A/P P P

P66_8 37112 1 1 1 1 Mef2d -146245 down A/P A/P A/P P

P67_1 29890 0 0 1 0 Gata4 738324 down U P U P

P67_2 18480 0 1 0 0 Gata4 491393 down A/P A/P A/P P

P67_3 26329 0 0 1 0 Gata4 263638 down P A/P A/P A/P

P67_4 43174 0 1 0 1 Gata4 163803 down A/P A/P A/P A/P

P67_5 50840 1 1 1 1 Gata4 89086 down A/P A/P A/P A/P

P67_6 22960 1 1 1 0 Gata4 46504 down P P A/P A/P

P67_7 17395 0 0 0 1 Gata4 -30636 up P P A/P A/P

P67_8 84637 1 0 1 1 Gata4 -100977 up P A/P A/P A/P

P67_9 32464 0 0 1 0 Gata4 -163916 up P A/P A/P A/P

P67_10 39349 1 0 0 0 Gata4 -201287 up A/P A/P A/P A/P

P68_1 49958 0 0 1 1 Tbx5 170745 up A/P A/P A/P A/P

P68_2 45471 0 1 1 0 Tbx5 52108 up P A/P A/P A/P

P68_3 44685 1 1 1 1 Tbx5 -256908 down P P A/P A/P

P68_4 57973 1 1 1 0 Tbx5 -600367 down A/P A/P A/P P

P70_1 29164 0 0 1 1 Hand2 769698 up P U P P

P70_2 25322 0 1 1 1 Hand2 699095 up A/P A/P A/P A/P

P70_3 54211 0 1 1 1 Hand2 443314 up U A/P A/P A/P

P70_4 42276 1 0 0 0 Hand2 223647 up U P A/P P

P70_5 25898 1 1 1 1 Hand2 -32070 down P A/P A/P A/P

P70_6 17682 1 0 0 0 Hand2 -92816 down A/P P P P

P70_7 48731 1 0 0 1 Hand2 -172449 down A/P P A/P A/P

P70_8 14797 0 0 1 0 Hand2 -212565 down P P U A/P

P70_9 23745 1 0 0 0 Hand2 -332314 down P A/P P P

P72_1 30049 1 1 1 1 Atp2a2 80207 down A/P P A/P P

P72_2 10155 0 0 0 1 Atp2a2 26999 down A/P P P A/P

P72_3 47287 0 1 1 1 Atp2a2 -44998 up A/P A/P A/P A/P

P72_4 78593 1 1 1 1 Atp2a2 -114253 up A/P A/P A/P A/P

P72_5 40161 1 1 1 1 Atp2a2 -213825 up A/P A/P A/P A/P

P72_6 46312 1 0 1 0 Atp2a2 -276999 up A/P A/P A/P A/P

P73_1 18993 1 0 0 0 Adcy6 500442 down A/P A/P P P
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P73_2 19725 0 1 1 0 Adcy6 464792 down P U P A

P73_3 17909 0 1 1 0 Adcy6 63495 down A/P U U U

P73_4 29997 0 1 0 1 Adcy6 35663 down A/P A/P A/P A/P

P73_5 29935 1 1 1 1 Adcy6 -38540 up A/P A U U

P73_6 31955 1 1 1 1 Adcy6 -94229 up A/P P A/P A/P

P73_7 67933 1 1 1 1 Adcy6 -154829 up A/P A/P A/P A/P

P73_8 21098 0 1 1 0 Adcy6 -263437 up P U A/P P

P74_1 21267 0 0 1 0 Sphkap 243254 down U U U P

P74_2 25810 0 1 0 0 Sphkap 214993 down U U P U

P74_3 39569 1 0 1 0 Sphkap 135114 down U U A/P P

P74_4 27744 1 1 1 1 Sphkap 78002 down P P A/P P

P74_5 29113 0 0 1 0 Sphkap 36644 down U P A/P A/P

P74_6 40868 0 1 1 1 Sphkap -94063 up U U P P

P74_7 39273 0 1 0 0 Sphkap -235348 up U U U U

P74_8 11541 0 0 1 0 Sphkap -283392 up U P U U

P74_9 20973 0 1 0 0 Sphkap -309000 up P U P P

P76_1 23698 0 0 0 1 Rcan1_a 527455 down A/P P A/P A/P

P76_2 19880 0 0 0 1 Rcan1_a 439517 down A/P A/P A/P A/P

P76_3 21836 1 0 1 0 Rcan1_a 353644 down A/P A/P A/P A/P

P76_4 16871 0 0 1 0 Rcan1_a 182775 down P A/P A/P A

P76_5 14673 0 1 0 0 Rcan1_a 152116 down P P P A/P

P76_6 29910 0 1 0 0 Rcan1_a 122372 down P A/P A/P A/P

P76_7 35021 1 0 1 0 Rcan1_a 78352 down A/P A/P A/P A/P

P76_8 8504 0 0 1 0 Rcan1_a -212072 up P P P A

P77_1 25812 1 0 0 1 Rcan1_b 529498 down A/P P A/P A/P

P77_2 18333 1 0 0 0 Rcan1_b 496173 down P A/P A/P A/P

P77_3 22366 0 0 1 0 Rcan1_b 413230 down P A/P A/P A/P

P77_4 52711 1 1 1 1 Rcan1_b 110886 down P A/P A/P A/P

P77_5 5553 1 0 0 0 Rcan1_b 42583 down A/P A A/P A

P77_6 28913 1 0 1 1 Rcan1_b 23196 down A/P A/P A/P A/P

P77_7 27699 1 1 1 1 Rcan1_b -7928 up A/P A/P P A/P

P79_1 15918 0 0 1 0 Arhgef37 354198 down U P P P

P79_2 32915 1 1 1 0 Arhgef37 276075 down A/P A/P A/P P

P79_3 42304 0 1 0 1 Arhgef37 238217 down P A/P A/P A/P

P79_4 15152 0 0 1 0 Arhgef37 -53171 up A/P P U A/P

P79_5 58556 1 1 1 1 Arhgef37 -113310 up A/P A/P A/P A

P79_6 48159 1 1 1 0 Arhgef37 -193310 up A/P A/P A/P A/P

P79_7 27611 0 1 0 0 Arhgef37 -251031 up P P A/P A/P

P79_8 37960 0 1 1 1 Arhgef37 -375452 up A/P U P A/P

P81_1 19539 0 0 1 0 Cacna1h 350858 down U U A/P A/P

P81_2 77543 0 1 1 1 Cacna1h 123932 down A/P A/P A/P A/P

P81_3 23183 1 1 1 1 Cacna1h 29312 down A/P A/P A/P A/P

P81_4 26577 0 1 1 1 Cacna1h -34810 up P P A/P A/P

P81_5 21647 1 0 1 0 Cacna1h -63594 up U P P A/P

P81_6 17465 0 0 1 0 Cacna1h -100041 up A A/P A/P A/P

P81_7 42153 1 1 1 0 Cacna1h -143950 up P A/P A/P A/P

P81_8 49104 0 1 1 0 Cacna1h -254860 up A/P A/P A/P A/P

P81_9 12900 0 0 1 0 Cacna1h -394653 up A/P A/P P P
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P83_1 24775 1 0 0 0 Mical2 201872 up P A/P P A/P

P83_2 23677 1 0 0 1 Mical2 120098 up A/P A/P U P

P83_3 30934 1 0 1 1 Mical2 60892 up A A/P A/P A/P

P83_4 17757 0 1 1 1 Mical2 -28551 down U P A/P A/P

P83_5 64052 1 0 1 1 Mical2 -79410 down U A/P A/P A/P

P83_6 41860 1 1 0 1 Mical2 -132869 down A/P U A/P A/P

P83_7 28518 0 0 0 1 Mical2 -425161 down A/P A A/P A/P

P84_1 19112 0 0 1 0 Brd4 745894 down A/P A/P A/P A/P

P84_2 26140 0 0 1 0 Brd4 621862 down A/P A/P P P

P84_3 24947 0 0 1 0 Brd4 323197 down P P A/P A/P

P84_4 18460 0 0 1 1 Brd4 230645 down A/P U A A

P84_5 12136 0 0 1 0 Brd4 121332 down A/P P P P

P84_6 94595 1 1 1 1 Brd4 65106 down A/P A/P A/P A/P

P84_7 27006 0 1 1 1 Brd4 -36293 up A/P P A/P A/P

P84_8 46081 1 0 1 0 Brd4 -76352 up A/P A/P A/P A/P

P84_9 35910 0 1 0 1 Brd4 -220729 up A/P P P P

P84_10 12933 0 0 1 0 Brd4 -372585 up U P U U

P85_1 12428 0 0 1 0 Med12 523432 up U U U U

P85_2 33780 1 0 0 0 Med12 498323 up P A/P A/P A/P

P85_3 18737 0 0 1 0 Med12 464165 up A/P P A/P A/P

P85_4 24579 0 0 1 0 Med12 419698 up U U U U

P85_5 13254 0 0 1 0 Med12 387584 up U U U U

P85_6 43701 0 1 0 0 Med12 347421 up A P U U

P85_7 24923 1 0 0 0 Med12 281092 up U U U U

P85_8 26193 1 0 1 0 Med12 177912 up A/P U P P

P85_9 33863 1 1 1 0 Med12 137386 up A/P A/P A/P A/P

P85_10 39260 1 0 1 0 Med12 91495 up U U U U

P85_11 45672 1 1 1 1 Med12 44205 up A/P A/P A/P P

P85_12 60537 1 0 1 1 Med12 -49778 down A/P A/P A/P A/P

P85_13 23517 0 0 1 0 Med12 -137736 down A/P P P U

P85_14 9025 0 0 1 0 Med12 -187332 down U U U U

P85_15 23314 0 0 1 0 Med12 -213021 down A/P U U P

P85_16 38811 0 1 1 1 Med12 -262609 down A/P U U A/P

P85_17 26943 0 0 0 1 Med12 -649305 down A/P A/P A/P A/P

P87_1 23773 1 0 1 1 Mga 198357 up P U P A/P

P87_2 17772 0 0 0 1 Mga 140039 up A/P P P P

P87_3 18886 1 0 0 0 Mga 112041 up A/P U P U

P87_4 18383 1 0 0 0 Mga 90286 up A/P U U U

P87_5 27427 1 0 1 0 Mga 62107 up A/P A/P A/P A/P

P87_6 5540 1 1 0 1 Mga -759 down A P P P

P87_7 19031 1 1 0 1 Mga -53144 down A/P U U U

P87_8 17848 1 0 0 0 Mga -82400 down A/P U U U

P87_9 38234 0 0 1 0 Mga -113018 down A/P A/P A/P A/P

P87_10 39755 0 1 0 1 Mga -245672 down A/P A/P A/P A/P

P87_11 30550 1 0 0 0 Mga -285214 down P A/P A/P A/P
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Het menselijk lichaam bestaat uit miljarden 
cellen die allemaal afstammen van één 
bevruchte eicel. Ondanks de grote variatie 
in functie, uiterlijk en levensduur van de 
meer dan 200 verschillende celtypen in het 
lichaam, bezit iedere cel een vrijwel exacte 
kopie van het genoom. Het genoom van de 
mens bestaat uit ~3.2 miljard DNA baseparen 
verdeeld over 23 chromosoomparen en 
het bevat alle genetische informatie die 
nodig is om een bevruchte eicel te laten 
ontwikkelen tot een volgroeid mens. In het 
humane genoom liggen zo’n 19000 genen 
die coderen voor de eiwitten die belangrijk 
zijn voor het uitvoeren van allerlei processen 
in de cel. 

Slechts 2% van al het DNA in het genoom 
bevat coderende informatie voor het maken 
van een eiwit. Van de overige 98% werd 
lange tijd gedacht dat het overbodig zou 
zijn voor het functioneren van een cel. De 
afgelopen jaren hebben onderzoekers echter 
aangetoond dat dit zogenaamde ‘junk-DNA’ 
een immense hoeveelheid aan mogelijke 
regulators bevat, die bijvoorbeeld essentieel 
zijn voor het aan- en/of uitzetten van 
genen. We noemen dit soort stukjes DNA 
‘regulatoire elementen’. De bekendste en 
meest voorkomende regulatoire elementen 
zijn ‘enhancers’: zij zetten genen aan om 
meer van hun eiwit te produceren. 

Tijdens de ontwikkeling worden de 
verschillende celtypen gemaakt door het 
nauwkeurig inschakelen van de benodigde 

genexpressie programma’s. Het correct aan- 
en/of uitzetten van precies de juiste genen is 
niet alleen belangrijk tijdens de ontwikkeling; 
zolang je leeft kan de ontregeling van genen 
leiden tot ziektes zoals kanker. Het is dus van 
belang om via wetenschappelijk onderzoek 
meer inzicht te krijgen in de wijze waarop 
genen worden gereguleerd in de cel. 

Het (op)vouwen van DNA

In volledig uitgerolde staat heeft het humane 
genoom een lengte van ongeveer twee meter. 
Om dit te laten passen in de minuscule 
celkern van een cel—zo’n 10 micrometer in 
doorsnee—en het DNA tegelijkertijd nog 
toegankelijk te houden voor genregulatie, 
is het ingepakt en opgevouwen in een 
structuur die chromatine wordt genoemd. 
In de afgelopen jaren hebben onderzoekers 
een verband aangetoond tussen de 
driedimensionale (3D) vouwing van het 
chromatine in de celkern en de regulatie 
van genexpressie. Hoofdstuk 2 van dit 
proefschrift betreft een literatuuroverzicht 
van de huidige inzichten in de vouwing van 
het genoom en de mogelijke rol hiervan in 
het reguleren van genen. 

Genoomvouwing is hiërarchisch en op 
ieder te onderscheiden organisatielevel 
lijken de gevolgen voor genregulatie en de 
factoren die betrokken zijn bij de vouwing 
en organisatie enigszins te verschillen. 
3D chromatine loops—of lussen—tussen 
regulatoire elementen en genen overbruggen 
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voornamelijk afstanden binnen de grenzen 
van zogenaamde ‘topologisch-associërende-
domeinen, of TADs. TADs zijn de 
structurele onderdelen van chromosomen 
waarbinnen enkele of meerdere genen 
met hun regulatoire elementen ruimtelijk 
afgeschermd liggen om te zorgen dat zij 
alleen onderling met elkaar interacteren. 

Enhancer-promoter lussen, of loops, 
representeren de meest directe link tussen 
3D architectuur en genregulatie; deze 
contacten zijn belangrijk voor enhancers 
om genen aan te kunnen schakelen. Ook 
op grotere afstand vinden 3D contacten 
plaats, bijvoorbeeld tussen gebieden in 
verschillende TADs of op verschillende 
chromosomen. Vanwege de ongestuurde 
herpositionering van chromosomen na 
iedere celdeling zijn contacten tussen TADs 
en tussen verschillende chromosomen 
minder betrouwbaar en controleerbaar. 
Daarom spelen ze waarschijnlijk een minder 
grote rol in het strikt controleren van 
belangrijke genexpressieprogramma’s. Wel 
is er een mogelijk functionele clustering 
waar te nemen op dit niveau: chromosomen 
positioneren zich vaak zo dat meer actieve 
en/of kleine chromosomen centrale posities 
in de celkern aannemen, terwijl grotere en/
of minder actieve chromosomen met name 
in de perifere regio van de celkern te vinden 
zijn. 

Ook TADs clusteren bij voorkeur met TADs 
die een vergelijkbare genactiviteit vertonen, 
waardoor twee hoofdcompartimenten 
ontstaan in de celkern: het A compartiment, 
bestaande uit chromosomale gebieden 

met een open karakter, veel actieve genen 
en actieve regulatoire elementen, en het B 
compartiment, waartoe gebieden zonder 
genen, met weinig actieve genen en met 
veel repressieve modificaties behoren. 
In hoofdstuk 2 wordt verder beschreven 
welke factoren betrokken zijn bij het tot 
stand brengen en in stand houden van de 
hierboven beschreven 3D structuur van het 
genoom.  

3D genoom vouwing in stamcellen

Pluripotente stamcellen (PSCs) bezitten 
de capaciteit uit te groeien tot ieder cel 
type van het menselijk lichaam, waardoor 
ze interessant zijn voor regenerative 
medicine: het idee om zieke lichaamscellen 
te vervangen door gezonde cellen die uit 
PSCs zijn gekweekt. Om beter te kunnen 
begrijpen hoe pluripotentie werkt wordt er 
veel onderzoek gedaan naar de genexpressie 
programma’s van stamcellen en naar de 
mechanismen die deze in stand houden. 
Omdat een deel van mijn werk gericht was 
op het onderzoeken van de 3D genoom 
vouwing in PSCs geeft hoofdstuk 3 een 
literatuuroverzicht van de kennis van de 
unieke kenmerken van de transcriptionele 
identiteit, het regulatoire landschap en de 
3D genoom architectuur in stamcellen. 
Daarnaast zet het de bevindingen van het 
vierde hoofdstuk van dit proefschrift in een 
groter kader.

In hoofdstuk 4 beschrijven we principes 
van de 3D genoomorganisatie in PSCs. 
PSCs staan bekend om een relatief open 
en dynamische chromatine structuur. Door 
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middel van 4C en Hi-C experimenten, twee 
technieken waarmee je kan achterhalen 
welke delen van het genoom ruimtelijk 
dichtbij elkaar in de celkern liggen, laten we 
hier zien dat de gebieden van het genoom 
die niet actief zijn relatief weinig organisatie 
vertonen in PSCs. 

Pluripotentie in PSCs wordt in stand 
gehouden door een goed gedefinieerde 
samenwerking van transcriptie factoren die 
specifiek in dit soort cellen voorkomen, 
waaronder Nanog, Sox2, Oct4, c-Myc, en 
Klf4. Wij ontdekten dat gebieden die rijk 
zijn aan bindingsplekken voor Nanog, Sox2 
en Oct4 een sterke neiging vertonen om 
contacten met elkaar te vormen in de celkern. 
Deze 3D organisatie verdwijnt wanneer 
cellen differentiëren en wordt gedeeltelijk 
hersteld wanneer gedifferentieerde cellen 
in het lab worden gereprogrammeerd naar 
geïnduceerde PSCs, ook wel iPSCs genaamd. 

Verder laten we door het verwijderen van 
eiwitten zien dat deze unieke vouwing 
van het genoom afhankelijk is van de 
aanwezigheid van transcriptie factoren 
Nanog en Oct4. Door het eiwit Nanog 
experimenteel naar een specifieke plek 
in het genoom te dirigeren waar het 
normaalgesproken niet bindt zagen we dat 
dit leidde tot nieuwe 3D contacten tussen 
deze plek en andere Nanog bindingsplekken 
in het genoom. Dit suggereert dat Nanog 
een directe rol speelt in de vouwing van het 
genoom in PSCs. Zowel bij het verwijderen 
van factoren als bij het creëren van een 
nieuwe bindingsplek zagen we slechts een 
aantal specifieke contacten verloren gaan of 

verschijnen, terwijl de globale vouwing van 
het genoom in beide gevallen intact bleef. 
Op basis van deze bevindingen denken we 
dat deze belangrijke transcriptie factoren in 
stamcellen samenwerken om het 3D genoom 
zo te vouwen en hervouwen dat stamcel-
genen op een effectieve wijze gereguleerd 
kunnen worden. We veronderstellen dat 
deze karakteristieke ruimtelijke vouwing van 
het DNA van stamcellen bijdraagt aan het 
stabiel handhaven van de pluripotente staat.       

DNA vouwing onderzoeken: knippen en 
plakken

De mens is al eeuwenlang bezig met het 
bestuderen van de vouwing van het DNA 
in de celkern. Oorspronkelijk gebeurde dit 
met een microscoop, waarmee onderscheid 
gemaakt kon worden tussen lichtere en 
donkere gebieden in de celkern: euchromatine 
en heterochromatine. Dit onderscheid 
tussen relatief open en actief DNA 
(euchromatine) en meer gesloten en inactief 
DNA (heterochromatine) komt grotendeels 
overeen met de A en B compartimenten. 
Tegenwoordig is microscopie nog steeds 
een veelgebruikte methode om 3D genoom 
organisatie te bestuderen, maar ondanks de 
vele mogelijkheden om DNA vouwing in 
individuele cellen te bekijken, is het lastig 
microscopie voor grotere cel populaties 
te gebruiken en is de resolutie nog een 
limiterende factor wanneer bijvoorbeeld 
enhancer-promoter contacten bestudeerd 
moeten worden. 

De in 2002 ontwikkelde moleculaire 
techniek 3C, voor chromatin conformation 
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capture ofwel chromatine structuur vangst, 
bood een oplossing voor de tekortkomingen 
van microscopie. 3C en zijn nazaten, 
zoals 4C, Hi-C en TLA werken vanuit 
eenzelfde basisprincipe: het DNA in elke 
celkern wordt gefixeerd met formaldehyde, 
waardoor het DNA, de histon eiwitten 
en alle andere eiwitgroepen die hieraan 
gebonden zitten aan elkaar vast worden 
gecrosslinked. Hiermee wordt een soort 
snapshot gemaakt van de precieze 3D 
organisatie van het genoom, waarbij stukken 
DNA die in elkaars nabijheid verkeren, 
omdat ze bijvoorbeeld een enhancer-
promoter contact vormen, aan elkaar 
vastgeplakt worden. Na het fixeren wordt 
het DNA geknipt met een restrictie enzym 
dat DNA fragmenten van verschillende 
grootte creëert, waarna de uiteindjes van 
deze fragmenten weer aan elkaar geplakt 
worden, dit wordt ligatie genoemd. Bij de 
ligatie-stap kunnen fragmenten die in de 3D 
celkern in elkaars buurt liggen, in dezelfde 
gecrosslinkte ‘haarbal’ aan elkaar ligeren. 
Hierdoor ontstaat er een verzameling van 
aan elkaar geplakte DNA fragmenten die 
in de 3D kern dicht bij elkaar lagen op het 
moment van crosslinking, terwijl ze niet per 
se ook op het lineaire genoom dichtbij elkaar 
lagen. In alle 3C-gerelateerde technieken 
wordt gebruik gemaakt van deze ‘samen 
gevangen’ stukken DNA, ofwel ligaties, om 
een beeld te vormen van de 3D vouwing van 
het genoom in de celkern. Na identificatie 
van de ligatie partners kan in kaart worden 
gebracht welke delen van het genoom vaker 
dan gemiddeld, of vaker dan verwacht, 
met elkaar in contact zijn. Met de reguliere 
4C techniek wordt steeds vanuit een 

gekozen regio op het genoom, bijvoorbeeld 
een gen, onderzocht welke contacten 
worden gevonden in een celpopulatie. Na 
identificatie van alle ligatiepartners wordt 
een gemiddeld contactprofiel of 4C profiel 
gemaakt met de meest gevonden contacten 
(zie bijvoorbeeld pagina 150). Een van de 
gebreken van 4C is dat er steeds slechts een 
enkele ligatiepartner wordt geïdentificeerd 
per allel en dus maximaal twee contacten 
kunnen worden gevonden per cel. Met 
andere woorden: er worden paars-gewijze 
contacten geanalyseerd. 

Om beter te kunnen begrijpen hoe 3D 
vouwing van het DNA een rol speelt bij 
genregulatie is het van belang om ook 
inzicht te krijgen in de 3D contacten die 
tegelijkertijd plaatsvinden, zoals bijvoorbeeld 
het geval zou kunnen zijn wanneer meerdere 
enhancers er samen voor zorgen dat een gen 
de juiste expressieniveau’s kan behalen. Om 
zulke verschijnselen te kunnen onderzoeken 
is een techniek nodig die niet slechts paars-
gewijze contacten analyseert, maar waarmee 
we ook de zogenaamde multi-way contacten 
kunnen onderzoeken. In hoofdstuk 5 
beschrijven we een door ons ontwikkelde 
methode die hiertoe in staat is: multi-contact 
4C (MC-4C). MC-4C maakt gebruik van een 
tussenproduct van de 3C techniek, bestaande 
uit een lange keten van aan elkaar geligeerde 
DNA fragmenten. Vervolgens wordt voor 
een gekozen gen of locus van interesse zo 
een keten van contacten geanalyseerd door 
middel van single molecule real time (SMRT) 
sequencing. We laten onder andere zien dat 
we met MC-4C in staat zijn om tussen de 
vier en acht gelijktijdig plaatsvindende 3D 
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contacten te identificeren en vinden steeds 
vele duizenden multi-way contacten per 
experiment. Hoofdstuk 5 beschrijft naast het 
experimentele protocol en de computationele 
analyse methode ook de eerste preliminaire 
resultaten van proof of concept studies waarin 
MC-4C wordt ingezet om de complexe 
regulatoire looping in twee genomische 
loci te onderzoeken. Samenvattend hebben 
we met de ontwikkeling van MC-4C een 
unieke nieuwe technologie gedefinieerd, die 
op den duur ook onderscheid zal kunnen 
maken tussen 3D contacten die coöperatief 
danwel exclusief plaatsvinden. Als afsluiter 
bevat het hoofdstuk een discussie waarin 
wordt beschreven welke optimalisaties op 
technisch en computationeel nodig zullen 
zijn om zulk onderscheid te kunnen maken. 

Zoals genoemd in het begin van deze 
samenvatting zijn enhancer-promoter loops 
belangrijk voor het reguleren van genen: 
door middel van deze 3D contacten kunnen 
enhancers ervoor zorgen dat de benodigde 
transcriptie factoren en machinerie de 
promoter van een gen kunnen aanzetten 
tot transcriptie. Ook werd er besproken dat 
het goed reguleren van genexpressie, onder 
andere door middel van enhancer-promoter 
loops, belangrijk is voor het ontwikkelen 
en behouden van celidentiteit. Tijdens 
de ontwikkeling gaan de (pluripotente) 
eigenschappen van een stamcel steeds meer 
verloren en wordt er plaats gemaakt voor 
celtype-specifieke eigenschappen. Hetzelfde 
geldt voor het 3D genoom: de open 
structuur en de PSC-specifieke vouwing 
gaan langzaam verloren, terwijl progressieve 
veranderingen in de genoomvouwing er 

voor gaan zorgen dat de nieuw verworven 
celidentiteit zo goed mogelijk gewaarborgd 
kan blijven. In hoofdstuk 6 onderzoeken 
we de dynamiek van enhancer-promoter 
loops, enhancer identiteit—actief versus 
poised— en genexpressie. Dit doen we in 
een celmodel van stapsgewijze differentiatie 
van stamcellen, via twee tussenstadia, naar 
cardiomyocyten: hartcellen die net als een 
echt hart een kloppende samentrekking 
laten zien in een kweekschaaltje. Door 
gebruik van de 4C technologie laten we zien 
dat er twee verschillende types enhancer-
promoter loops worden gevormd: celtype-
specifieke de novo gevormde loops die 
veelal in slechts 1 of 2 stadia geïdentificeerd 
worden, en voorgevormde loops, die in 
vrijwel ieder stadium worden gevonden. 
Deze bevinding sluit aan bij eerder 
gerapporteerde observaties, waarbij het 
eerste type loop vooral werd geassocieerd met 
hoge transcriptielevels van celtype-specifieke 
genen en binding van specifieke transcriptie 
factoren, terwijl van voorgevormde loops 
werd gesuggereerd dat ze een structuur 
aanbieden die het mogelijk maakt erg snel 
het betreffende gen te activeren. 

In tegenstelling tot andere onderzoeken, 
waarin de meeste loops als voorgevormd 
gerapporteerd werden, vinden wij dat de 
meerderheid van de door ons geanalyseerde 
contacten een zekere mate van celtype-
specificiteit liet zien. Verder zien we dat de 
meeste contacten plaatsvinden tussen een 
gen en een actieve enhancer en dat de novo 
loops in de meeste gevallen voortkomen uit 
een regio die in het voorgaande stadium 
nog niet gepoised was. Ook dit laatste is 
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in tegenspraak met eerder gepubliceerd 
onderzoek, waarin werd verondersteld 
dat een poised enhancer configuratie het 
vormen van een loop in een later stadium 
zou faciliteren. 

Samengevat laat hoofdstuk 6 zien dat de genen 
die belangrijk zijn in de hartontwikkeling 
verwikkeld zijn in een dynamisch 3D 
landschap vol regulatoire enhancer-
promoter contacten die waarschijnlijk van 
belang zijn voor het aan- en uitschakelen 
van de genexpressie in de bijbehorende 
stadia van hartontwikkeling. Het onderzoek 
beschreven in hoofdstuk 6 maakt deel uit 
van een groter samenwerkingsproject met 
het lab van Laurie Boyer aan MIT. De 
data die door ons geproduceerd zijn zullen 
op korte termijn worden geïntegreerd 
met data van andere technieken, met als 
doel het in kaart brengen van de complexe 
dynamiek van het regulatoire landschap 
in in vitro cardiomyocyte differentiatie. 
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Zo. Na vijf jaar promotieonderzoek en de 
nodige maanden schrijf- en designstress om 
dit boekje af te krijgen is het de hoogste tijd 
om het laatste (en tevens meest gelezen) 
hoofdstuk van mijn proefschrift te schrijven: 
het dankwoord. De afgelopen vijf jaar zijn 
voorbij gevlogen en duurden tegelijkertijd 
een eeuwigheid, uiteraard voorzien van 
de nodige nodige ups en downs, zoals 
gebruikelijk. Voordat ik overga tot de 
persoonlijke bedankjes wil ik graag iedereen 
bedanken die op wat voor manier dan ook 
heeft bijgedragen aan dit geheel.

Wouter, toen ik zeven jaar geleden voor het 
eerst bij je aanklopte had ik nooit kunnen 
bedenken dat we inmiddels naast die MSc 
scriptie ook (nu echt wel heel bijna) een 
PhD verder zijn. Ik ben heel blij dat je me de 
kans hebt gegeven om te komen promoveren 
onder jouw hoede. Bedankt voor het 
constante vertrouwen dat je in me had (en 
hebt), zeker ook op die momenten waarop 
de beren op de weg niet alleen in mijn 
hoofd bestonden. Ik heb ontzettend veel 
van je geleerd, zowel wetenschappelijk als op 
persoonlijk vlak. En aangezien (zelfinzicht-)
kwartjes nog wel eens wat vertraagd vallen 
bij mij gaat dat leerproces vast nog even 
door. Jouw enthousiasme en optimisme 
waren door de jaren heen vaak een zeer 
welkome afwisseling naast het scepticisme 
van de Statlers & Waldorfs van het lab. 
Het is geweldig te zien hoe jij je continue 
drive om zowel robuust als vernieuwend 
(‘sexy’) wetenschappelijk onderzoek te doen 

combineert met het in banen leiden van al 
je natte en droge labbers (dat is nog eens 
een complex regulatory jungle). Dat je bij 
dat alles ook nog oog blijft houden voor de 
personen achter de pipetten/beeldschermen 
blijkt alleen al uit het feit dat je het steeds 
weer voor elkaar krijgt een hele fijne en 
gezellige groep mensen bij elkaar te hebben; 
ik zal de jaarlijkse(?) retraites, kerstdiners, 
afscheids-etentjes en thank-god-wouter-is-
away-days (al was jij daar zelf uiteraard niet 
bij) dan ook erg gaan missen. Weerwolven 
zal nooit meer hetzelfde zijn. Bedankt voor 
alles, ik heb een onvergetelijke tijd gehad.

Dan mijn lieve krullige paranimfen, 
Maureen en Manda. 

Maui, al vanaf de eerste ontmoeting 
tijdens die Masterintro zat het goed tussen 
ons (dat lag vast aan die cóóólááá-roots) 
en inmiddels ben je een van mijn meest 
dierbare vriendinnetjes. We gingen van 
samen scriptie schrijven in de bieb naar 
trans-Atlantische telefoontjes tijdens onze 
buitenlandstages en begonnen daarna heel 
netjes op precies dezelfde dag aan onze 
PhD, jij bij Madelon en ik bij Wouter. Wat 
was het fijn door die jaren heen zoveel te 
kunnen delen, van koffie/lunch/rook-pauzes 
tot (PhD) perikelen en van leed op een 
operatietafel tot bedden tijdens retraites en 
Masterclasses. Lieve Maui, bedankt voor alle 
fijnheid, gezelligheid, steun en natuurlijk 
chocola (is dat eigenlijk niet hetzelfde?). Ik 
mis je en stiekem hoop ik dat we op den 

Dankwoord / Acknowledgments
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duur weer in eenzelfde land zullen wonen, 
dat maakt de stokbroodjes-stink met wijn 
en goede gesprekken op een of ander balkon 
net iets makkelijker. Ik vind je lief!

Manda, pop, iets meer dan een maand na 
jouw eigen verdediging sta je aan mijn zijde 
als paranimf, zo leuk! Ondanks dat ik je 
naam al tientallen keren had horen vallen in 
New York ontmoette ik je pas een jaar later 
in levende lijve op het Hubrecht. Wat voelt 
dat lang geleden en wat ben ik blij dat we 
vriendinnen zijn geworden. Bedankt voor 
alle blijheid en vrolijkheid die je brengt. Je 
inspireert me en hebt me geleerd het leven 
(af en toe) wat minder serieus te nemen (I 
am still learning). Laten we nog veel vaker 
marathon kano-tochtjes maken (speciaal 
voor jou zonder spinnen dit keer), terwijl 
we kater-pannenkoeken eten, whisky’s en 
scroppino’s mixen tot we (jij) niet meer 
kunnen lopen, John tegenkomen en niet 
te vergeten eindeloos superfijne gesprekken 
hebben, en gewoon fusie-eiwit. Ik ga je heel 
erg missen, maar op een of andere random 
manier zullen onze wegen zich toch wel weer 
kruisen.

Dan is het nu tijd de rest van de ‘de Laat-
jes’ te bedanken. Door de jaren van een 
promotietraject heen gaan collega’s een 
beetje aanvoelen als familie. Weggaan voelt 
dan ook als het verlaten van een warm nest. 
Bedankt voor al jullie gezelligheid, inspiratie 
en betrokkenheid.

Kantoorbuurmannen Elzo en Harmen, de 
eerste jaren stond mijn bureau tussen dat van 
jullie en ik had me geen betere plek kunnen 

wensen. Wat heb ik veel opgestoken van 
jullie eindeloze discussies. Elzo, bedankt voor 
de fijne samenwerking aan o.a. het Nature 
paper (nu gewoon hoofdstuk 4) en voor je 
grappen, gezelligheid en de Sud Afrikoanse 
lessen. Veel succes met je eigen lab op het 
NKI, wanneer is die lab-warming nou? 
Harmen, (jippie!), over verwachtingen doen 
we geen uitspraken, maar toch verwacht ik 
dat ik sinds jouw vertrek bekend sta als de 
meest klunzige van het lab (‘heb weer een 
vrouw aan gezeten…’). Bedankt voor de 
mooie tijd. Erik, zowel je bureau als je bench 
heb je aan me moeten afstaan; mijn verlate 
excuses daarvoor. Wat heb ik veel van jou 
geleerd, van 4C-en en het kweken van NPCs 
(zonder PBS) tot het nut van het hebben van 
een regenpak (and again, I am still learning). 
Jouw proefschrift is zo langzamerhand een 
collector’s item binnen het de Laat lab, daar 
kun je vast op een dag geld voor vragen. Heel 
leuk om nu weer met je samen te werken bij 
Cergentis. Dat geldt natuurlijk absoluut ook 
voor Peeee(etra), mijn allereerste en meest 
gezellige lab-overbuuf en tevens 4C goeroe. 
Het protocol van die eerste proef heb ik 
na al die jaren nog steeds, gelamineerd en 
wel. Thanks voor al je vrolijkheid, nagellak, 
lekkere recepten en mooie verhalen! Patrick, 
bedankt voor je gezelligheid, wijze raad, 
ongezouten mening (vooral over muziek) en 
indrukwekkende hoeveelheid kennis. Sorry 
voor al die keren dat ik je liet schrikken 
als je in het donker van je ochtendrust zat 
te genieten. Ik hoop dat je het naar je zin 
hebt in Eindhoven en binnen UCU. Sjoerd, 
bedankt voor de mooie momenten in het 
lab en daarbuiten (in een bootje, of in het 
water, of toch weer in de boot), veel plezier 
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nog in Basel met Tammie. Lieve Paula, ik 
waardeer jouw puurheid heel erg. Dank 
voor je vrolijkheid en je luisterend oor. 
Waanzinnig knap hoe jij het voor elkaar hebt 
gekregen je zwangerschappen te combineren 
met de laatste fase van je PhD. Heel veel 
succes en plezier met je nieuwe baan en je 
gezin. Yuva, thanks for your gezelligheid, 
cultural insights, and your great parties with 
the most delicious Turkish food. Good luck 
with Art 4 Science! Yunnie, I have good 
memories of your karaoke at Erik’s defense 
party, but also of our own attempt to sing 
the Chinese song about the mouse who loves 
rice at your party (the melody is still stuck in 
my head). Good luck in the future and enjoy 
your little family.

Over naar de nieuwe(re) lichting. 

Peter, met jouw heldere (en vaak 
voorspellende) kijk op dingen en je 
zorgzaamheid, kennis en ervaring heb je 
denk ik iedereen in het lab erg vooruit 
geholpen. Bedankt voor de gezelligheid die 
je steeds bracht en voor het vertier tijdens 
de avonduren, wanneer de sukkels van de 
Laat weer met hun magnetron-prakkie in de 
kantine zaten. Veel succes met je projecten 
en natuurlijk veel geluk met je gezin en 
straks je nieuwe huis. Chris, we already met 
during the first weeks of my PhD: great that 
you came back for a postdoc job. Thanks 
for your positive attitude, your kindness, 
your guacamole, and all the help that you 
give everyone in the lab. Good luck with 
your projects. Marjon, onmisbare lab-
duizendpoot. Met jou als buurvrouw in zowel 
het lab als het kantoor was het eigenlijk nooit 

saai (of stil) en waren zelfs de langdradigste 
spierbalproeven gezellig en vaak ook een 
stuk minder werk. Ik denk hierbij natuurlijk 
aan luciferase-marathons (jippie!), miljard 
4C templates voor het Nature paper, 
ontelbare hoeveelheden primers oplossen 
en het vervolgens zuiveren van evenveel 
4C PCRs (inclusief die momenten waarop 
jouw scheldkannonades over iets kleins 
zoals een omgevallen bak puntjes mij een 
hartverzakking bezorgden). Bedankt voor 
al je hulp met experimenten, voor het op 
orde houden van het lab (het in het gareel 
houden van de rest), het organiseren van 
kaartjes en cadeautjes wanneer er weer 
eens een baby bijkwam in het vruchtbare 
de Laat lab, maar  natuurlijk bovenal voor 
alle gezelligheid. Doen we die zeven urige 
boottocht (en achter-op-de-fietstocht) nog 
eens over? Carlo, laatste-loodjes-kantoor-
buurman, knutselende lab-overbuurman, 
mede allelic-4c warrior, ik zal de sauna- en 
poezengrappen voor nu achterwege laten 
(die komen vast wel terug bij jouw filmpje). 
Dank voor de fijne samenwerking, de 
gezelligheid, de kattenfoto's en de goede 
gesprekken. Succes met de laatste maanden 
van jouw PhD, dat gaat een prachtboekje 
worden. Dear Adrien, it was wonderful 
having you as a neighbor in the office after 
Harmen left and successors moved. Thanks 
for your positiveness and your overall joie de 
vivre, it has been an inspiration for me. Let’s 
soon meet up for beer or lunch—or both—
now that our new buildings are neighbors as 
well. Good luck with everything, including 
the awesome new house. Geert, wat een feest 
dat we er ineens iemand met echt verstand 
van wiskunde bij hadden. Ook echt verstand 
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van carnaval trouwens, en voetbal, en 
feestjes. Dank voor al je hulp (die eigenlijk 
altijd ineens even snel tussendoor moest), je 
engelengeduld om dezelfde dingen voor de 
zoveelste keer te moeten uitleggen aan ons 
biologen en natuurlijk boven alles voor de 
gezelligheid en vrolijkheid die je brengt. 
Snel een pilske doen nu het weer/nog kan. 
Valerio, I am very thankful for all the time 
you spend on the dry-lab part of Chapter 6. 
To be honest I think that without you, there 
would have been no chapter (or one filled 
with just my fake example graphs, which I 
hopefully now removed). All the best for the 
future (but you should be fine, considering 
that you have my old desk including all 
beautiful decorations). Hoi Hans! Wat was 
het leuk dat jij voor Wouter kwam werken. 
Bedankt voor de gezelligheid, je heerlijk 
flauwe humor en de goede gesprekken. Lukt 
het een beetje met Hi-C-en in Amsterdam? 
Nu wij beide weg zijn is het wel zaak voor 
Wouter om nieuwe Wijzen uit het Oosten 
aan te trekken trouwens, al is het alleen maar 
om zijn boerenaccent (of wat daar voor moet 
doorgaan) wat bij te schaven. Annette, my 
penguin-friend, I wish you all the best with 
your new career chapter! Thanks for the 
insights into the Germans, the many sweets 
and chocolates that you brought to the lab 
meetings, the Gemütlichkeit and of course 
for sharing the XCO-experience. Enjoy your 
holidays! Erica, thank you/bedankt/kiitos (I 
actually still don’t know whether you speak 
Finnish or not) for the nice BBQs, canoe 
parties, and of course for all the general fun 
that you bring into the lab. Succes met het 
afronden van je PhD! Cariennnnn, ik laat 
de bijnamen voor jou maar even achterwege 

want daar heb je de mannen al voor. 
Superleuk dat jij het lab kwam versterken 
in mijn laatste jaar. Bedankt voor de fijne 
gesprekken en inzichten en je vrolijkheid 
en eerlijkheid; ik mis je wel hoor! Succes 
met jouw PhD (gaat sowieso goedkomen) 
en laten we nou eindelijk eens een biertje 
drinken in het park voor ik naar Stockholm 
vertrek. Niels, jij was de laatste toevoeging 
aan het lab—heel leuk dat je er bij bent 
gekomen. Hopelijk heb ik je in de tussentijd 
kunnen overtuigen dat ik geen zwart hart 
heb (hooguit wat cynische humor). Veel 
plezier en succes de komende jaren! Thomas, 
mijn beste en enige student, dank voor je 
inzet, je mooie verhalen en je uitgebreide 
beschrijvingen van kookexperimenten. Veel 
success in Edinburgh. Bart, ook al was je 
niet mijn student, toch hoor ook jij op mijn 
bedanklijst thuis, al is het alleen maar om 
nog even herinneringen op te halen aan de 
mooie momenten in het lab, in de boot 
en in Boston. Succes met jouw volgende 
moves. Alle andere studenten die het lab 
de afgelopen jaren hebben bevolkt: bedankt 
voor jullie gezelligheid!

Ook buiten het de Laat lab hebben allerlei 
mensen bijgedragen aan de inhoud van dit 
boekje. 

Utrecht is thanking Delft; Jeroen (d.R.), 
veel dank voor de fijne samenwerking en de 
nuttige (altijd lange, sporadisch heftige, vaak 
kleurrijke en soms frustrerende) discussies. 
Amin, many many many thanks for your 
dedication, enthusiasm, and all your hard 
work on the MC-4C project. Good luck 
with the remainder of your PhD and I am 
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convinced that we will soon have a wonderful 
(and colorful) publication together. Anna 
C., good luck with deciding on your next 
steps, it was really nice to discuss the 3/4/5/
whatever C-field with you. Laurie and 
Kunle, thanks a lot for our collaboration; I 
hope that the merging of our data will lead 
to great new insights. Niels en Maaike, 
bedankt voor alle stamcellen!

Al ben ik tegenwoordig officieel ‘de Laat’-af, 
ik hoef de 4C-achtige technieken nog niet 
echt te missen nu ik lekker mag TLA-en 
bij Cergentis. Erik, Max, Petra, Marieke, 
Jantine, Mehmet, Monique, Najla, Ana 
Simone, Bastiaan, en ook Melissa (ook 
al hoor je natuurlijk officieel bij de de 
Laatjes), heel leuk en leerzaam om een paar 
maanden bij jullie te werken. Bedankt voor 
de gezelligheid en de nodige afleiding die 
jullie me hebben geboden in de stressvolle 
maanden begin dit jaar, maar absoluut ook 
voor de waardevolle en plezierige ervaring 
om in een bedrijfssetting met moleculaire 
biologie bezig te zijn.

Naast directe collega's hebben ook een 
heleboel andere mensen binnen het Hubrecht 
bijgedragen aan het werk- en leefplezier van 
de afgelopen jaren en daarmee dus indirect 
aan dit boekje. 

Never a dull day at the Hubrecht. In mijn 
eerste week viel ik dan ook direct met mijn 
neus in de PV-boter. Meisjes van PV2011; 
Maaike, Daisy en Evelyne, jullie vrolijkheid, 
luisterend oor en bak-uitspattingen (steeds 
weer een heel aangename verrassing een 
brownie, caramel shortbread of chocolate-

chip cookie te vinden op mijn bureau) 
hebben ongetwijfeld bijgedragen aan het 
doorkomen van de afgelopen jaren. Maaike, 
lief vriendinnetje, semi-dubbelganger, ik 
beloof echt dat ik snel naar Basel probeer te 
komen want ik mis je. Bedankt dat je er altijd 
voor me bent, soms zelfs in de achtertuin in 
Neede. Ik ga alle fijne gesprekken, etentjes, 
het tripje naar Rome en natuurlijk die 
geweldige huisfeestjes op Ledig Erf nooit 
meer vergeten (gelukkig hebben die nooit 
meer kunnen tippen aan die fantastische 
nacht in Boston). Veel succes daar en ik 
duim dat Lucas snel bij je is! Evelyne, Eefje, 
Eve, wat hadden we veel plezier tijdens die 
geniale borrels die we organiseerden en wat 
is er veel veranderd sinds het snijden van de 
worst in de oude kantine. Veel succes met het 
afronden van jouw boekje (bedankt trouwens 
ook voor het regelen van Gildeprint – hier is 
het resultaat!) en heel veel plezier samen met 
Peter in jullie geweldige grote-mensen huis. 
Daisy, ik vind het nog steeds jammer dat 
wij elkaar eigenlijk pas echt leerden kennen 
na het PV jaar want ik vind je zo leuk en 
gezellig! Bedankt voor de fijne gesprekken, 
het uitwisselen van frustratie(s) en je hulp 
met cover-beslissingen. Veel succes met 
jouw laatste loodjes en veel plezier straks 
in Cambridge met die (ongeveer) enige PV 
man. 

Lieve Annie en Wannie, Anne & Wanda, 
niet te geloven dat jullie al meer dan 4 jaar in 
Aussie zitten. Ik mis jullie heerlijke gekheid, 
maar hopelijk zien we elkaar snel want het is 
de hoogste tijd voor meer sticky blue shots, 
dim sum en biertjes en dansjes aan de gracht. 
Mijn eerstvolgende ver-weg bestemming is 
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absoluut Brisbane! Tam, lieverd, de gang is 
maar saai sinds jij weg bent; bedankt voor 
alle gezelligheid en knuffels en ik wens je 
nog heel veel plezier samen met Stoepie daar 
in Basel. Emily, little duckie, I miss you! 
Thanks for the fun fun fun fun and good 
luck with your own lab, you rock. For all of 
the innumerable Fridayafternoon/evening/
midnight/early-morning/crap-we-forgot-
to-have-dinner borrels, ‘non-friday but 
another good reason (as if we needed one) to 
drink’ borrels, PV-weekends in cow houses, 
sailing trips, new year’s parties, houseparties, 
labstapdagen, Masterclasses, PhD retreats, 
and many other adventures, thanks to 
everyone already mentioned, but also to 
Laila, Saskia, Silja, Melanie, Dorien, 
Sebas vH, Pim, Roel H, Kay, Sven, Francis, 
Myrthe, Fabian, Paul, Elke, Gisela, Roel N, 
Sara, Anoek & Leon, Maartje L, Maartje 
V, Lucas, Sander, Rob, Charlotte, Dennis, 
Annabel, Jeroen, Jelmer, Grégory, Sasja, 
Lotte, Dylan, Lennart, Bas, Hesther, Carrie, 
Javi, Chloé, Rick, Ive, Dan, Jeroen, Alex, 
FP, Eirinn, Flore, PJ, Mauro; stop following 
me around the globe, but just fyi; your next 
destination will be Stockholm, Miriam; 
special thanks to you for being my defense-
partner in crime; see you the 23rd of June 
as a PhD! Kim; dank voor het proofreaden 
van minstens twee hoofdstukken en voor je 
vriendschap—kom ons maar snel opzoeken 
in Stockholm. Natuurlijk mogen ook de 
UMC chickies Marlous, Nayia en Eva (snel 
afspreken lieverd, ben benieuwd naar je 
verhalen!) niet ontbreken.

Het Hubrecht Instituut zou niets zijn 
zonder de fantastische mensen die er iedere 

dag alles aan doen om de boel op rolletjes 
te laten verlopen. Mensen van de facilitaire 
en technische dienst, IT, financiën, P&O, 
dierverzorging, Albron, bedankt! Naast 
dat jullie werk sowieso onmisbaar is 
om onderzoek te kunnen doen, maakt 
jullie vriendelijkheid het leven van een 
onderzoeker ook een stuk aangenamer. 
Tijdens mijn promotietijd was ik ook nog 
drie jaar onderdeel van de Hubrecht OC; 
Romke, Jeroen B, Jeroen K, Maaike vdB 
en natuurlijk Rosalie, bedankt voor deze 
vaak gezellige welkome afleiding van het 
dagelijkse lableven. Thea, bedankt voor je 
vrolijkheid bij de voordeur. Litha, bedankt 
voor jouw geweldige inzet die het leven van 
de aio’s in de meest hectische periode van 
ons Hubrechtse bestaan zowel leuker als 
makkelijker maakt (zei ik al onmisbaar?). 

Hoewel het de laatste maanden stiekem 
toch wel een beetje zo voelde beperkt het 
leven zich normaalgesproken niet tot de 
labsgrenzen. Ook in de buitenwereld zijn er 
allerlei lieve mensen die altijd voor me klaar 
staan en die ik graag wil bedanken. 

Nina, liefste feeks! Wat lijkt onze eerste 
ontmoeting bij het waterbad op het Saxion 
toch lang geleden en wat is er veel gebeurd 
in de tussentijd. Hadden we toen kunnen 
geloven dat we straks allebei een PhD op 
zak hebben? Bedankt voor al je vrolijkheid, 
gezelligheid, vertrouwen, vorkjes prikken, 
shopdates, lieve kaartjes, heerlijkheid en 
natuurlijk voor alle avonturen door de jaren 
heen. Het voelt alsof je er altijd voor me bent. 
Heel veel succes met jouw laatste loodjes (ik 
ben trots op je joh!) en zoals je al zei: het gaat 
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sowieso top worden in Stockholm (of welk 
buitenland dan ook) als jij op bezoek komt. 
Het wordt namelijk wel weer tijd voor een 
slipdress dacht ik zo. 

Stephanie, Tettie, lief vriendinnetje, wij 
gaan ook alweer heel wat jaren terug. Ik vind 
het superfijn dat we zoveel kunnen delen. 
Bedankt voor je liefheid, je oprechte interesse 
en natuurlijk ook voor alle avonturen de 
afgelopen jaren, zowel in wit licht setting 
als daar buiten. Ik ben benieuwd wat jullie 
volgende stap gaat zijn, maar ik kom sowieso 
langs. Succes met het afronden van je boekje 
en ik hoop echt heel erg dat ik bij jouw 
promotie(feest) aanwezig kan zijn! Ik ga 
mijn best doen. 

Amanda, bedankt voor alle gezelligheid 
tijdens onze Master en PhD jaren, met jullie 
geweldige bruiloft en het 'wekelijkse' high-
speed bijkletsen tijdens ons XCO uurtje als 
hoogtepunten. Succes met jouw laatste PhD 
loodjes! Ik wens jullie heel veel geluk samen 
in Meppel en ik kom absoluut een keer langs 
om Bas z'n baksels te proeven. 

Anna S., miepie! Wat ben je een lief 
mensje, bedankt voor de gedeelde pinguïn 
liefde en natuurlijk ook bedankt voor de 
hulp met InDesign en Photoshop en alle 
vogogogogogels. Het is de hoogste tijd voor  
speciaalbiertjes nu dit boekje eindelijk af is. 
Ik vind het geweldig om te zien hoe goed je 
het allemaal doet in Rotterdam en straks vast 
en zeker ook in Zürich! Ik ben trots op je.

Haarlose vriendjes, al zie ik jullie niet zo 
veel, het is altijd fijn weer even bij jullie aan 

te waaien als ik in het Oosten ben. Nancy, 
wat hebben wij veel plezier gehad tijdens al 
onze avondjes in City/Lido en Billsbar. Al 
is het uitgaan tegenwoordig wat minder, 
het is altijd gezellig je weer even te spreken. 
Dikke knuffel! Sanne, bedankt voor de fijne 
bijkletsmomenten, jij helpt me vaak dingen 
vanuit een ander perspectief te zien. Ik vind 
je lief! Veel geluk met je gezinnetje. Lisanne, 
tussen de afwas, wiskundebijles, high teas en 
alle gewone thee en wijn door ben je een goed 
vriendinnetje van me geworden. Dankjewel 
voor de gezelligheid en de interesse die 
je altijd hebt voor wat ik allemaal aan het 
uitspoken ben. Ik ben er voor je, ook al is 
het op afstand! 

Lieve nichtjes, Tessa, Annemarie en 
Claudia. Ik ken jullie al (bijna) mijn hele 
leven lang en wat is het fijn dat jullie er 
zijn. Vergeleken met de tijden van Claudia-
6-konijntjes, hinkelen en bubsy verschillen 
onze levens nu nogal, maar superleuk dat we 
elkaar ondanks dat gewoon blijven zien op 
de (bijna) jaarlijkse nichtenweekendjes. De 
volgende in Stockholm, Groningen, Zuid-
Amerika of Neede? Keuze genoeg. Lieve 
Tes, bedankt voor de fijne gesprekken en het 
kopje koffie dat altijd klaar staat als ik mijn 
hoofd weer eens in het Oosten laat zien. Heel 
veel geluk met je gezin, het is geweldig jou 
als moeder te zien! Anne en Clau, zo top dat 
jullie nu ook beide aan een PhD begonnen 
zijn (en nog wel op dezelfde dag), heel veel 
succes. Ik ben trots op jullie alledrie en ik ga 
jullie missen in Zweden. 

De rest van de Bouwmannetjes en 
Harkinks, bedankt voor de belangstelling die 
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jullie in mijn promotie onderzoek toonden 
de afgelopen jaren. Hier is het resultaat!

Fijn thuisfront, lieve Papa & Ida, jullie 
hebben me altijd vrij gelaten om te doen 
wat ik het leukst vond, zolang ik maar mijn 
best deed. Dit proefschrift is dan ook zeker 
weten een resultaat daarvan! Fijn dat het 
eindelijk klaar is hè? Bedankt voor jullie 
voortdurende steun vanuit de Achterhoek 
en voor jullie vertrouwen in mij. Ondanks 
dat het vaak (letterlijk) een ver-van-jullie-
bed-show zal zijn geweest waren jullie wel 
steeds heel benieuwd hoe het ging met het 
promoveren; hopelijk geeft dit boekje (of in 
ieder geval de samenvatting) een klein beetje 
een idee van waar ik me de afgelopen jaren 
mee bezig heb gehouden. Binnenkort zullen 
de bezoekjes aan de Achterhoek nóg minder 
frequent worden maar hebben jullie er wel 
een mooie nieuwe vakantiebestemming bij 
(moet je die koffer toch maar weer inpakken, 
pap, en Tico en Sem mogen wat mij betreft 
gewoon mee hoor). Bedankt voor alles, jullie 
zijn lief! 

Tom(my), liefste en fijnste broer(tje). Wat is 
het fijn het gevoel te hebben dat het altijd 
goed zit tussen ons en dat je altijd achter me 
staat, ook al zien we elkaar niet veel. Weet je 
eigenlijk wel hoe trots ik op je ben? Nu dit 
boekje af is gaat er eindelijk weer tijd zijn 
voor biertjes, concerten, festivals en hopelijk 
nog heel veel meer van die goede gesprekken 
die we tegenwoordig hebben samen!

Sanne, echt superleuk dat jij er tegenwoordig 
bij bent. Komen jullie ons straks samen 
opzoeken?  

En dan tot slot; 

Lisa, honey, my happy little sushi roll. Wat 
fantastisch dat jij er ineens was. Je hebt dit 
proefschrift, maar bovenal mijn wereld, 
oneindig veel mooier gemaakt. Bedankt voor 
al je liefde, geduld en eeuwige vertrouwen 
in mij en ons Ik zou (nog) een boek vol 
kunnen schrijven over alles waarvoor ik je 
dankbaar ben, maar wie moet ik eigenlijk 
bedanken voor jou? We hebben ons maar 
dapper door de afgelopen maanden vol 
promoveer- en afstudeerstress heengeslagen. 
I am so so proud. Heel binnenkort is dit 
gekke hysterisch drukke jaar voorbij en 
kunnen we eindelijk beginnen aan ons 
(honey-homebase-)leventje samen. Ik kan 
niet wachten. Ik hou van je. 
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