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Abstract

Complex gene regulation is one of the key requirements for the evolution of higher
eukaryotes.! In these organisms, many genes are regulated by enhancers that are
104-108 base pairs (bp) distant from the promoter. Enhancer sequences usually
contain multiple small transcription factor binding sites (typically ~10bp), and physical
contact between the promoter and enhancer is thought to be required to modulate
gene expression.? Current methods have extensively defined chromatin architecture
at scales above 1 kb but until now it has not been possible to define physical contacts
at the scale of the key proteins determining gene expression. Here we define the
interactions between different classes of regulatory elements (enhancers, promoters
and boundary elements) in unprecedented detail, using a novel chromosome
conformation capture method (Micro Capture-C (MCC)), which allows physical
contacts to be determined at base-pair resolution. We find that highly punctate
contacts occur between enhancers, promoters and CCCTC-binding factor (CTCF)
sites and we show, using base pair resolution plots of ligation junctions, that
transcription factors generate a key component of the contacts between enhancers
and promoters. Our data show that contacts from CTCF sites highly correlate with co-
occupancy of cohesin and that interactions between CTCF sites are increased when
active promoters and enhancers are located within the intervening chromatin. We also
find that promoters make the strongest contacts with both enhancers and CTCF sites
and that while CTCF sites contact promoters strongly they only make weak contacts
with enhancers. The highly punctate nature of the contacts is an unexpected finding
because the current view is that physical contacts are constrained by much larger
domains such as topological associated domains (TADs).® Our results support a
model in which chromatin loop extrusion*® is dependent on cohesin loading at active
promoters and enhancers, explaining the formation of tissue-specific chromatin
domains without changes in CTCF binding. The data suggest that a separate
mechanism to loop extrusion underlies enhancer-/promoter contacts, which likely
involves DNA binding proteins at enhancers and promoters. The unprecedented



resolution obtainable with MCC is likely to transform the way in which we understand
the 3D structure of chromatin.

Main

The macroscopic structure of the genome has been defined by a variety of methods
including microscopy, chromosome conformation capture (3C) and ligation free
approaches.” This has shown that the nucleus is highly structured with a number of
layers of organisation at different scales, ranging from chromosomal territories and
TADs?®? down to smaller scale contact domains between regulatory sequences. These
approaches have successfully defined large and medium scale chromatin
architecture, but to date it has not been possible to define physical contacts at the
scale of the key proteins determining gene expression. This is because proteins such
as transcription factors bind short DNA sequences (~7-22 bp),'® which is well below
the kilobase resolution attainable with conventional 3C techniques.’ In order to fully
understand gene expression, it is important to define interactions at this scale, which
is impossible with the resolution of currently available imaging techniques and 3C
methods. We therefore developed a new high resolution 3C method (Micro Capture-
C (MCCQ)), which allows us to determine the physical contacts between regulatory
elements at the resolution of individual transcription factors, and thereby provides
unique insights into gene regulation.

MCC is able to map physical interactions at base pair resolution. This is a marked
increase in resolution compared to all other available 3C methods including Hi-C,3
Micro-C,'>'® Promoter Capture Hi-C,'” 4C' and NG Capture-C'® (Fig. 1). This was
achieved by combining five advances with the NG Capture-C'® method (Extended
Data Fig. 1), which currently provides the greatest sensitivity and resolution 3C data
from individual viewpoints.?° First, micrococcal nuclease (MNase) was used in place
of restriction enzymes. This fragments the genome largely independently of DNA
sequence'>'42" and we found that sub-nucleosome detail could be resolved by
titrating MNase to maintain inter-nucleosomal linkers (Extended Data Fig. 2a).
Second, we found that the resolution could be substantially improved through
minimising the disruption of nuclear architecture by using intact cells permeabilised
with digitonin,?? whereas previous 3C methods have largely used chromatin in solution
or purified nuclei. Third, we generated extremely deep data from individual viewpoints
(up to 500,000 unique contacts (mean 140,000) per 120 bp viewpoint, Extended Data
Table 1). This equates to over 1000-fold the depth of data obtained with “all vs all”
approaches such as Hi-C and Micro-C (over 3 trillion ligation junctions would be
required for this depth of coverage genome wide). Fourth, we generated contact maps
with base pair accuracy by directly sequencing the ligation junctions between reads at
different sites. This was achieved by reconstructing single reads from paired end
sequencing by sonicating the MNase 3C library to 200 bp fragments and sequencing
with 300 bp reads (Extended Data Fig. 1). Fifth, a new analysis pipeline was developed
to allow ligation junctions to be precisely located and protein-protein interactions to be
reconstructed (Extended Data Fig. 1). As with other Capture-C approaches, MCC



allows the simultaneous, parallel study of a large number of viewpoints in a single
experiment. Genome-wide profiles were generated from 330 viewpoints, including
promoters, enhancers and CTCF sites in primary murine erythroid and embryonic
stem (ES) cells (6 replicates of each cell type (3 biological x 2 technical)). The data
are highly reproducible and sequencing of the MNase digest controls showed cutting
across the genome and no bias in favour of hypersensitive sites (Extended Data Fig.
2b&c). Sequencing of the uncaptured Hi-C like MNase 3C libraries showed no clear
sequence biases but minor evidence of biases towards hypersensitive sites was seen,
which is likely due to variability in ligation rather than MNase cutting. Importantly,
correction for this effect does not appreciably alter the contact profile or peaks
detected (Extended Data Fig. 2b-f, Extended Data Table 2).

The increased resolution afforded by MCC delineated a number of novel, biologically
important findings. First, it showed that extremely localised contacts occur between
active gene promoters and enhancers at all genes studied, including very well
characterised loci such as the globin genes (Hba-a1/Hba-a2 and Hbb-b1/Hbb-bs) in
mouse erythroid cells and Nanog, Pou5f1 (Oct4), Kif4, Myc and Sox2 in mouse ES
cells, (Fig.2 and Extended Data Figs. 3&4). The promoter contacts identified the
location of enhancers with near base pair precision. By performing base pair mapping
of ligation junctions we were able to detect the DNA sequences bound by proteins
such as transcription factors in a similar fashion to DNase | hypersensitivity footprinting
data (Fig. 1f, Extended Data Fig. 1).2% These results show that it is possible to identify
the precise location of the sequences bound by regulatory proteins in the enhancers
controlling a specific promoter using a single technique.

To further characterise the potential importance of these interactions, at 25 promoters
we included viewpoints 1 kb up or downstream from the promoter, which showed a
more generalised signal, with less prominent contacts with the enhancers (Extended
Data Fig. 3a-d). This was confirmed genome wide through analysis of the unenriched
Hi-C like data (Extended Data Fig. 3e). The localised contacts were also highly tissue-
specific; being absent in ES cells at genes only expressed in erythroid cells, and
conversely, absent in erythroid cells at ES cell specific genes (Extended Data Figs.
3&4). In addition, inactive genes such as the fetal Hbg gene at the beta globin locus
did not make contacts with the active enhancers despite being interposed between
the active promoter and enhancer. In addition, reciprocal contacts with promoters were
seen from enhancers (Extended Data Fig. 4c). At the Myc and Sox2 loci, which are
well characterised loci with long-range (~1 Mb) contacts, we were able to define highly
punctate contacts with enhancers and CTCF binding sites which aligned precisely with
the known location of these elements (Fig. 2, Extended Data Fig. 4).

With the increased resolution, we were able to define contacts with enhancers located
very close to the promoter (<2 kb), which have previously been impossible to visualise
(at the Poubf1 locus, for example). We were also able to separate signals from
contacts between regulatory elements in very close proximity such as at the erythroid



gene Pnpo, at which we have previously described a strain specific enhancer that is
located 1 kb upstream of the promoter of the adjacent gene Cdkbrap3 (Fig. 2).

We were also able to study contacts from the promoter to the gene body. It has
previously been postulated that active genes form a loop between the 3’ end of the
gene and the promoter to facilitate unidirectional transcription and re-initiation.?*
However, we found no evidence of contacts between the promoter and the 3’-UTR at
any of the 30 promoters we studied unless other elements, such as enhancers or
CTCF sites were in proximity to the 3’-UTR (Extended Data Fig. 4e&f).

The increased resolution allowed us to interrogate gene dense loci that have
previously been difficult to characterise with 3C methods. The promoter of the
erythroid transcription factor KIf1 was found to contact at least 15 other promoters and
enhancers in its vicinity (Fig. 2) and other promoters were seen to contact more than
20 surrounding promoters (Extended Data Fig. 5). This shows that promoters
colocalise very specifically in gene dense regions.

CTCF has an important role in determining genome structure’” and we therefore went
on to study the interaction profiles from CTCF binding sites. Surprisingly, we found
highly specific interactions between CTCF binding sites, which were dependent on the
cell type (Fig. 3a, Extended Data Figs. 6&7). For example, at the alpha globin locus
the well-studied HS-38 CTCF site?® interacts strongly with CTCF binding sites between
the promoters of the Hba-a1&2 genes in erythroid cells, when both the enhancers and
promoters are highly active. These contacts are absent in ES cells when the locus is
inactive despite similar levels of CTCF binding in the locus (Fig. 3a). In erythroid cells,
very few contacts were seen between the HS-38 CTCF site and the enhancers of the
gene despite the proximity of these hypersensitive sites; demonstrating that the
method does not simply report contacts with the nearest open chromatin regions.
Similar tissue-specific increases in CTCF to CTCF contacts were seen at many other
loci in both erythroid and ES cells upon activation of promoters or enhancers in the
intervening chromatin (Extended Data Figs. 6&7) and there was a correlation between
contacts between CTCF sites and interspaced active enhancers and promoters as
measured by H3K27ac (Extended Data Fig. 9a).

To determine whether specific CTCF-CTCF interactions correlate with cohesin we
generated data from 20 CTCF sites classified as having high or low co-occupancy of
RAD21 (a component of cohesin) by ChlP-seq. We find that when cohesin is not
present significant peaks of interaction virtually do not occur between CTCF bound
sites (Fig. 3b, Extended Data Fig. 8). In keeping with previous studies,*?52" the
interaction frequency was heavily determined by the relative orientation of CTCF
binding sites, with greater numbers of contacts between convergent sites than
divergent sites or sites in the same orientation (Fig. 3c). Metaplots of junctions
between CTCF sites confirm this orientation dependence and show that there are



consistently strong contacts with the neighbouring nucleosomes when the CTCF sites
are in a convergent orientation (Extended Data Fig. 9b).

The data support a model of loop extrusion whereby activation of promoters and
enhancers results in increased extrusion activity through increased loading of cohesin
(Extended Data Fig. 9f). To support of this, we demonstrated that the cohesin loader
NIPBL is enriched at active promoters and enhancers in comparison to CTCF sites
(Fig. 3 d&e, Extended data Fig. 9c-e). This provides an explanation for the generation
of tissue-specific chromatin interactions by a general, tissue-invariant extrusion
mechanism. This model explains how it is possible to have tissue specific changes in
chromatin structure that, are defined by CTCF, without alterations in CTCF binding.

It has previously been challenging to identify peaks of interaction in 3C data sets
systematically without using complex modelling algorithms, which makes it difficult to
perform unsupervised analysis of these data sets. The punctate nature of MCC data
meant that it was possible to use conventional peak callers such as MACS2.28 We
also analysed data with a customised Poisson model of the background data as well
as a deep neural network based approach (LanceOtron?°). Irrespective of the method
used, highly significant peaks of interaction were demonstrated (Extended Data Fig.
10a, Extended data table 2). At the majority of genes all of the significant peaks were
contained within the TAD and overall 87% of all ligation junctions in cis were located
within the local TAD (Extended Data Fig. 10b&c). Using these approaches combined
with annotation using GenoSTAN?®® we were able to show that promoters preferentially
contact enhancers and other promoters (Fig. 3f), whilst CTCF sites preferentially
contact other CTCF sites and promoters (Fig. 3g). This suggests that enhancer-
promoter contacts are at least in part mediated or maintained by a different mechanism
to CTCF / cohesin mediated interactions.

Based on our data we hypothesise that contacts from CTCF sites to other CTCF sites
and promoters are mediated predominantly via cohesin. By contrast, additional
mechanisms that involve regulatory DNA-binding proteins may stabilise and maintain
contacts between enhancers and promoters.

Using MCC it is possible to increase resolution by mapping ligation junctions between
fragments rather than whole reads. Using this approach, we were able to identify
transcription factor and CTCF binding footprints in a similar fashion to DNase |
hypersensitivity footprinting (Fig. 1f, Fig. 4, Extended Data Fig. 1c). Furthermore, we
could identify the binding sites of proteins contributing to chromatin interactions in
greater detail by generating separate profiles depending on whether the read
containing the transcription factor binding site was up or downstream of the junction,
analogous to ChIP nexus®' (Fig. 4, Extended Data Fig. 1c).

We went on to derive single base pair maps of ligation junctions between different
CTCEF sites and between promoters and enhancers (Fig. 4b, Extended Data Fig. 10a-



b). Superimposition of the directionality of the reads onto these maps allowed the
position of the protein leading to the contact to be determined (Fig. 4c) and it was
possible to generate maps of the protein-protein contacts at high resolution between
viewpoints and interacting elements (Fig. 4d, Extended Data Fig. 1c). At CTCF binding
sites the data show that protein binding at the core motif is a key determinant of the
physical interactions and that strong contacts occur with the surrounding nucleosomes
(Fig. 4d&i). The contacts between enhancers and promoters generated complex
patterns of interactions (Fig. 4e-h&j, Extended Data Fig. 10d&e) compared to CTCF
binding sites, which correlated well with transcription factor binding motifs; providing
evidence that there may be dynamic contacts or multiple interaction states.

We found that the patterns of footprints altered in a cell type specific manner by
capturing from promoters which are active in both erythroid and ES cells, which use
the same enhancer sequences in both cell types (Fig. 4k-m, Extended Data Fig. 10e-
g). In these reused enhancers we found clearly different footprinting patterns,
suggesting that contacts are dependent on different cohorts of transcription factors in
the two cell types (Fig. 41&m, Extended Data Fig. 10f-h). To examine the specificity
and functional importance of these protein/protein interactions we went on to show
that the strength of interactions is significantly reduced when a 2-4bp sequence was
deleted to disrupt an NF-E2 binding site at the main enhancer at the alpha globin locus
(Extended Data Fig. 11). Deletion of this sequence results in reduced NF-E2 binding
at the enhancer and transcription of the alpha globin genes.

In summary, we have defined 3C interactions in mammalian cells at unprecedented,
base pair resolution. We show that extremely well defined, highly punctate physical
contacts occur precisely between active promoters and enhancers in a tissue-specific
manner. Single base pair resolution plots of ligation junctions delineate transcription
factor binding sites, which shows that the proteins directly binding DNA at these sites
are important for mediating physical contacts between enhancers and promoters.
Extremely well-defined contacts also occur between CTCF sites which have co-
occupancy of cohesin, but sites with little cohesin show very few interactions with
anything other than the immediate surrounding chromatin. Our data clearly show that
the relative orientation of CTCF sites is a key determinant of physical contacts
between CTCF sites. Interestingly there is discordance in the interactions between
different classes of element. Promoters contact enhancers and CTCF strongly and
CTCF sites contact other CTCF sites and promoters but do not appear to contact
enhancers strongly. This suggests that enhancer-promoter contacts are maintained
by a separate mechanism to loop extrusion. Overall these data support the loop
extrusion model but they also show that additional mechanisms involving the DNA
binding proteins, such as transcription factors, play an important role in enhancer-
promoter contacts. The high resolution and signal to noise ratio achievable with MCC
is a very significant advance in contact mapping technologies and it is likely to redefine
the way in which we view chromatin structure. It is likely to facilitate our understanding
of how genes are controlled by regulatory sequences in the non-coding genome.
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Fig. 1 | Comparison of Micro Capture-C (MCC) with other 3C techniques in
erythroid cells from the promoters of the alpha globin genes (Hba-a71&2)
showing the profoundly increased resolution afforded by the new method. a, Hi-
C data of the region surrounding the locus (40 kb resolution).3? b, Promoter Capture
Hi-C'7 (output from GOTHIC) ¢, 4C-seq'® and d, NG Capture-C"® plotted to individual
Dpnll restriction fragments without windowing e, MCC read pileup without windowing.
Data was normalised to total number of unique reads across the genome. f, Plots of
the precise location of ligation junctions (number of unique junctions +/-1 bp) allow
footprinting of DNA binding proteins to be derived, similar to DNase | digestion; the
sites of protein binding can be determined because they protect the DNA from
cleavage by MNase. The Y-axis shows number of unique reads; profiles for 4C / NG
Capture-C and MCC are a composite from Hba-a1&2 promoters, which are identical.
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Fig. 2 | MCC defines highly specific contacts between promoters and enhancers
at many well characterised loci. These include the beta globin locus (Hbb-b1 and
Beta-s) in erythroid cells and Myc, Sox2 in ES cells, where highly specific long range
contacts can be seen with enhancers up to 1 Mb from the promoter. The profile at
Pnpo shows that the contact with a strain-specific enhancer we have previously
described,?? can be separated from the adjacent promoter of Cdk5rap 1 kb upstream.
At Poubf1 a super-enhancer is located 2 kb upstream of the promoter, which is too
close to distinguish by conventional 3C methods. The track for KIf1 shows that the
promoter at this gene dense locus forms distinct contacts with at least 15 surrounding
promoters.
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Fig. 3 | Contact profiles from the main CTCF boundary element (HS-38) at the
alpha globin locus alter with changes in gene expression a, MCC data, DNase |
hypersensitivity and ChlP-seq for CTCF and the cohesin component RAD21 in
erythroid cells in which the gene is active and ES cells in which the gene is not
expressed. b, Plot of the number of ligation junctions between CTCF sites called from
ChIP-seq data within the 1.2 Mb surrounding the viewpoint CTCF site, with high or low
co-occupancy of cohesin quantified by RAD21 ChlP-seq (erythroid cells, 6 replicates,
10 viewpoints, CTCF sites analysed low RAD21 n=468; high RAD21 n=498; ****
p<0.0001). c, Effect of CTCF orientation on ligation junction counts. The x-axis
displays distance relative to the viewpoint corrected for orientation of the CTCF at the
viewpoint; the y-axis displays junction count corrected for the orientation of the
interacting CTCF site; 6 replicates, 82 viewpoints, n=14010. d, Metaplots of RAD21
and NIPBL binding density (RPKM) at erythroid and ES cell specific superenhancers
in erythroid (red) and ES (green) cells, showing high levels of enrichment of both
proteins at active superenhancers compared to the same sequence in inactive cell
types3435. e, Heatmaps of 10kb genomic regions surrounding promoters, enhancers,
or CTCF binding sites showing DNase | hypersensitivity and ChIP-seq data for
H3K27ac, H3K4me3, mediator (MED1), NIPBL, RAD21 and CTCF. The chromatin
loader NIPBL is highly enriched at enhancers and promoters compared to CTCF sites.



f&g, Analysis of the strength of contacts from promoters with different classes of
elements as categorised by GenoSTAN showing that promoters preferentially contact
enhancers whereas CTCF sites preferentially contact other CTCF sites. Total
numbers of reads in the 1kb region surrounding different classes elements within 400
kb of the viewpoint (mean, SD).
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Fig. 4 | Single base pair resolution analysis of MCC ligation junctions. a, Fine
details of the contacts between two CTCF sites at the alpha globin locus (HS-38 and
HS-56). Protein binding sites can be identified as footprints from single base pair plots



of ligation junctions because the protein binding prevents MNase digestion.
Localisation of protein binding can be improved by separating profiles depending on
whether the ligation junction is upstream or downstream of the read and therefore
likely protein bound DNA sequence giving rise to the contact (Extended Data Fig. 1c).
At CTCF binding sites this highlights the central consensus sequence as the site
leading to inter CTCF contacts. b, Single base pair resolution plots of ligation junctions
between two CTCF sites showing that the junctions surround the central binding motif,
which is protected from MNase digestion. ¢, Shows the direction of the reads resulting
in the junctions (Extended Data Fig. 1) d, Reconstruction of position of DNA binding
proteins at the capture site and interacting site showing the central position of the two
CTCEF sites is critically important for binding. Data from the main enhancer at alpha
globin (e&f) and beta globin (g&h) showing that much more complex patterns of
ligation junctions occur compared CTCF sites. The reconstructions of the protein
binding sites correlates well with key transcription factor binding sites identified by
JASPAR and ChIP-seq (Extended Data Fig. 9c&d).'® i&j, Show reconstruction
metaplots of data from the strongest 150 CTCF-CTCF interactions and 65 enhancer-
promoter interactions. k, To show that MCC could detect subtle changes in chromatin
architecture, we captured from gene promoters that are active in erythroid and ES
cells, which use the same enhancers. I&m, MCC at the shared enhancers was able
to delineate different patterns of footprinting in erythroid and ES cells.



Extended Data
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Extended Data Fig. 1 | Overview of experimental and computational workflow. a,
Cells are initially fixed with formaldehyde and then permeabilised with digitonin. They
are subsequently treated with MNase at different concentrations. An end repair and
ligation reaction are then performed. This results in ligation of sequences in close
proximity in the nucleus. DNA is then extracted to make an MNase 3C library. This is
sonicated to a fragment size of ~200 bp. lllumina sequencing adaptors are added to
the library. This library manufacture process is scaled up to maximise the amount of
DNA available and complexity of the libraries. Multiple samples with different
sequencing indices are then mixed. The DNA is then denatured and mixed with a pool
of biotinylated oligonucleotides. These 120mer oligonucleotides were designed to
capture the central portion of the hypersensitive site at the promoter or the central
sequence of CTCF sites guided by a combination of motif analysis and DNase |
footprinting. Following a hybridisation reaction, a streptavidin bead pull down is
performed and the uncaptured material is washed away. The material is PCR amplified
and the oligonucleotide capture repeated to improve the purity. The reads are then
sequenced with 300 bp paired end reads, which allows the entire sequence of each
read to be determined since the DNA is fragmented to 200 bp by sonication. b, Shows
the overview of the data analysis. The raw fastq file is processed to reconstruct a
single read from the paired end sequencing. This is then mapped to the 800bp
sequence surrounding the capture oligonucleotide using the non-stringent aligner
BLAT. This allows the reads to be cut into ‘slices’ depending on whether they align to
the sequence around the capture site. This strategy allows ligation junctions in the
read to be determined with base pair accuracy. The resulting fastq file is aligned to the
genome using bowtie. This file is processed to remove PCR duplicates and the
junctions of the ‘slices’ within the reads are identified. ¢, Shows the different methods
used for data visualisation. Simple read pileups are generally used. However, the
resolution can be further increased by reporting the precise base pair position of the
ligation junctions. Since protein binding protects against DNA digestion by MNase, the
regions of protein binding can be inferred from footprints in the junction plots similar to
DNase | footprinting. More detailed localisation of the protein binding site that results
in the interaction can be achieved by separating the junction profiles based on whether
the read and therefore protein binding site is upstream of the junction or downstream
of the junction. Finally, single base pair resolution maps of junctions between the
capture site and the peaks at regulatory elements can be generated. In the example
above the central binding site of the two interacting CTCF sites is protected and the
ligation junctions surround this. The direction of the reads at the capture and reporter
sites can be used to identify the site of the proteins giving rise to the ligation junctions.
This can be plotted with arrow plots. Here this shows that the central CTCF motif at
both the capture and reporter site are the origin of the contacts between the two sites.
This is more easily visualised using 3D surface plots. These were constructed by
converting each data point into a rectangle 20 bp long and 4 bp wide in the direction
of the reads giving rise to the interactions. This shows the central binding site of the
two CTCF sites giving rise to the interactions and contacts between these central
CTCF motif and the neighbouring nucleosomes.
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Extended Data Fig. 2 | Technical details of library preparation, reproducibility
and biases. a, Optimal MNase 3C library digestion keeps the nucleosome tails intact
whereas over digestion leads to loss of nucleosome linkers. This results in a failure of
fragments to religate. Note that the digestion controls show that MNase cuts chromatin
into mononucleosomes and that there are very few fragments over 1000bp. The
fragment size considerably smaller than Dpnll digested chromatin. b, MCC profiles



from the Hba-a1&2 promoters in erythroid cells showing interaction profiles derived
from MNase-based 3C library preparation using a conventional NP-40 based nuclear
extract, compared with data generated from intact cells permeabilised with digitonin.
Data from 3 biological replicates from two different concentrations of MNase are
shown. Counts are normalised to the total number of reads across the genome. The
assay is highly reproducible between replicates. In order to look for biases caused by
MNase digestion we sequenced the digestion controls. In addition, we sequenced the
Hi-C like 3C library without oligonucleotide capture to look for biases resulting from
the ligation reaction. The global distribution of reads from the MNase digestion and
the ligation junctions from the uncaptured library shows a very similar distribution to
background (bottom two panels), without obvious biases towards the hypersensitive
sites ¢, violin plots from genome wide analysis at different classes of element show
the number of reads from sequencing the MNase digestion controls and ligation
junctions in the uncaptured Hi-C like MNase 3C library in a 1 kb window around
different classes of element compared to control regions 10 kb downstream of the
element. Sequencing of the digestion controls shows no evidence of biases in MNase
digestion at enhancers or CTCF sites. There is a small reduction in the number of
reads at promoters, possibly due to loss of smaller fragments from histone depeleted
regions in the DNA extraction and sequencing library preparation. Conversely
sequencing of the ligation junctions reveals a slightly higher numbers of junctions at
promoters and regulatory elements including CTCF sites, which is likely due to the
ligation process. d, Analysis of the DNA sequence at ligation junctions detected no
biases towards ligation junctions AT rich sequences (which MNase is reported to cut
preferentially). e, Metaplots of the junction count from the uncaptured Hi-C library at
DNase | hypersensitive sites show a small bias to the central 200 bp where there are
more junctions, but this is partially offset because the fragment size is reduced in the
hypersensitive sites. There was no correlation between the strength of the
hypersensitive site and the number of junctions per kb within the site. A model of the
background distribution of reads was generated to correct for this effect was generated
using a 20 bp moving window across the metaplot of the hypersensitive sites. f, Plots
of single normalised MCC data (to the total number of reads across the genome from
the viewpoint) compared to double normalisation, which corrects for the small bias at
hypersensitive sites. This shows that double normalisation for the hypersensitive site
effect does not significantly change the interaction profile compared to single
normalisation. Peak calling with the machine learning based peak caller LanceOtron
of both single and double normalised data showed that 94% of significant peaks
remain unchanged by this correction (Extended Data Table 2).
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Extended Data Fig. 3 | Comparison of MCC from different capture sites from
active genes in erythroid cells. MCC profiles from the promoters of a, Hba-a1&2, b,
Hbb-b1 & Beta-s, ¢, Slc25a37 and d, Cd47 in erythroid and ES cells (anchor points
denoted by red arrows). The interaction profile was markedly different depending on



whether the viewpoint was directly over the hypersensitive site at the promoter
(central; blue) or shifted 1kb upstream (red) or 1kb downstream (green). Data are
reported as read pileups without windowing and the number of reads is normalised to
the total number of reads across the genome. Profiles of NG-Capture C data from the
same viewpoint, DNase-seq and ChlIP-seq data of H3K4me1, H3K4me3 and CTCF.
The bottom panel shows the MCC profile from the central viewpoint in ES cells as
control. At all genes there are significantly stronger interactions between the central
promoter and the known enhancers of the genes (denoted by green arrows) and CTCF
sites. e, Heatmap shows the punctate nature of promoter-promoter and enhancer-
enhancer contacts (compared to randomly chosen sites) using data from the
unenriched Hi-C library. The data presented show a 3kb region around the centre of
the hypersensitive site with a 50bp bin size.
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Extended Data Fig. 4 | Comparison of MCC from the promoters of active genes
in ES cells. a, MCC profiles from the promoter of Myc showing long range interactions
with enhancers of the gene over 1 Mb from the promoter. b, Analysis of the Sox2 locus
showing long range interactions 750 kb from the promoter of the gene, which precisely
localise with CTCF binding sites, DNase-seq (green, ENCODE UW) and ChIP-seq



data of H3K4me3, H3K4me1, NANOG, SOX2, OCT4 and CTCF. ¢, MCC profiles from
the promoter of Hbb (Beta-s), the inactive Hbb-y gene and from enhancer of second
enhancer, DNase-seq (green). Note that the profile from the inactive gene does not
show contacts with the hypersensitive enhancers but that it has contacts with the
surrounding chromatin compartment. d, MCC data from the promoter or enhancer of
Sox2 in ES cells, DNase-seq (green) and data from enhancer in erythroid cells. e,
Shows contacts from the promoter with the gene body at 4 genes that are transcribed
in erythroid cells (Hemgn, Fhdc1, Epb4.9 and Btg2). These data show no evidence of
gene looping between the promoter and the 3’ end of the gene. f, Metaplot of the
number of junctions detected between the promoter and the 4 kb region surrounding
the 3'UTR. To account for distance effects, short genes (<10 kb) (left) and long genes
(>10kb) (right) are plotted separately. The comparison between erythroid cells, in
which the genes are active and ES cells, in which the genes are not transcribed
controls for distance and mapping effects. The dot plots show that there are no
significant differences between the number of ligation junctions in 500bp bins
surrounding the 3’'UTR when genes are in active and inactive states (mean +/- SD).
This shows that there is no change in the number of contacts when the genes change
from an active to an inactive state.
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Extended Data Fig. 5 | Promoters in gene dense regions make contacts with
multiple promoters. MCC profiles from the promoters of a, KIf1 showing long range
interactions with multiple promoters in the 400 kb surrounding the gene. However, it
is likely that this gene is at least in part controlled locally as the region surrounding the
promoter is monomethylated and bound by the erythroid transcription factor GATA1
(data not shown); MCC data from Cldn13 showing contacts with 25 promoters and



enhancers in the surrounding 1.5 Mb. Again, this gene is likely to be controlled at least
in part by local regulatory elements. ¢, Atf5, Jund, Chd4, Gatad2a, Ddit3, Dedd2, Mafg
and Gfer showing the interactions in gene dense regions. d, Plot showing the number
of interacting elements within the 2 Mb region of each viewpoint (capture from
promotors) and promotor-promotor interactions dominated in these gene dense
regions.
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Extended Data Fig. 6 | MCC from CTCF sites at loci, which are active in erythroid
cells shows that highly punctate interactions occur between CTCF sites and that
these correlate with the activity of the intervening chromatin. Note that contacts
from CTCF sites do not correlate strongly with DNasel hypersensitivity. a, Capture
from the CTCF site downstream of the enhancers at the beta globin locus. This site
interacts strongly and precisely with the CTCF site upstream of the genes. These sites
are in a convergent orientation. These interactions are not present in ES cells when
the gene is inactive despite there being similar levels of CTCF occupancy at these
sites in both tissues. b, Capture from an intergenic CTCF site at the Cd47 locus in
erythroid cells shows strong interactions tissue specific interactions between
convergent sites upstream, that are not present in ES cells when the gene is inactive.



¢, At the Slc25a37 (mitoferrin) locus the CTCF site downstream of the enhancers
interacts strongly with the convergent CTCF site at the promoter of the gene in a tissue
specific manner. d, Strong and highly punctate contacts are seen between multiple
CTCEF sites at the gene dense KIf1 locus. DNase-seq (green), ChiP-seq of CTCF and
RAD21 are shown for both erythroid cells and ES cells. The RAD21 and CTCF ChIP-
seq are normalised using a spike in of human cells. e, Analysis from sequencing of
the unenriched Hi-C like library confirms highly punctate contacts between CTCF sites
(heatmap with 20bp bins +/- 1000 bp from the centre of interacting CTCF sites).
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Extended Data Fig. 7 | MCC from CTCF sites in ES cells shows that highly
punctate interactions occur between CTCF sites over very long ranges. a, At the
Myec locus highly specific, punctate contacts occur between the CTCF sites on either
side of the gene and its regulatory elements. These contacts correlate with
transcription (the gene is transcribed more in ES cells than erythroid cells). b, Similarly
at the Sox2 locus highly specific long range contacts occur between CTCF sites and
these are highly tissue specific. ¢, at Pou5f1 tissue specific contacts occur with a tissue
specific CTCF binding site that is found in ES cells but not erythroid cells. d, At Kif4
we captured from a tissue specific CTCF site, which contacts several CTCF sites in
the same orientation in the vicinity. In erythroid cells this sequence forms no specific
contacts with surrounding chromatin. DNase-seq, ChlP-seq of CTCF and RAD21 are
shown for both erythroid and ES cells.
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Extended Data Fig. 8 | Contacts from CTCF sites are highly correlated with
cohesin. a, MCC profiles from 4 CTCF sites with low co-occupancy of cohesin as
measured by RAD21 ChIP-seq. These sites form no peaks with surrounding CTCF
sites. b, When high levels of RAD21 coincide with CTCF the sites form multiple
contacts with surrounding CTCEF sites. Profiles are included for DNase-seq, ChlP-seq
of CTCF and RAD21 in erythroid cells.
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Extended Data Fig. 9 | Genome-wide analysis of inter CTCF contacts. a,
Correlation between the number of contacts between the CTCF site used as a
viewpoint and all of the CTCF sites within a 300 kb window either upstream (red) or
downstream (blue) of the viewpoint with the activity of enhancers and promoters within
the same 300 kb window as measured by H3K27ac ChlP-seq. The linked data points
from individual loci show that virtually all CTCF sites make more frequent contacts with



other CTCF sites in the direction of the region with the highest intervening levels of
H3K27ac. This shows that contacts between CTCF sites correlate with the activity of
the intervening chromatin. b, Metaplot of ligation junctions between CTCF sites. These
are separated by the relative orientation and position of the viewpoint and interacting
CTCEF sites. This clearly shows that the orientation and relative position of the CTCF
sites stongly determines contact frequency. c&d, MCC profile of promotor of Hba and
Hbb, DNase-seq (green, ENCODE UW) and ChlIP seq data of CTCF, RAD21,
H3K27ac, NIPBL, GATA1, NF-E2 and KLF1. e. Metaplots of RAD21 and CTCF
binding density (RPKM) at the two nearest CTCF binding sites flanking erythroid and
ES cell-specific superenhancers in erythroid (red) and ES (green) cells, showing
higher levels of enrichment of both proteins at CTCF sites flanking active
superenhancers compared to the same sequence near inactive enhancer sequences.
CTCF binding density of RAD21 and CTCF at 500 random sites in both cell types are
shown as a control. Boxplots of RAD21 binding (RPKM) at the two nearest CTCF
binding sites (1 kb region around the centre of the CTCF site) flanking erythroid and
ES cell-specific superenhancers in erythroid (red) and ES (green) cells, showing
higher levels of enrichment of both proteins at CTCF sites flanking active
superenhancers compared to the same sequence near inactive enhancer sequences
(p-values calculated using a two-sided Student T-test; box plots show mean+/-SD). f,
Proposed model for the way in which cohesin loading at active enhancer and promoter
elements alters CTCF-CTCF contacts using the alpha globin locus as a model. In
erythroid cells activity of the alpha globin genes and enhancers leads to increased
cohesion loading at these sites. This results in loop extrusion and subsequently
increased contacts between the CTCF sites upstream of the enhancers and distal to
the Hba1&2 promoters. These contacts do not occur in ES cells, despite very similar
levels of CTCF binding, because the enhancers and promoters are inactive and do
not load cohesin.
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Extended Data Fig. 10 | Analysis of peak calling and single base pair resolution
analysis of MCC ligation junctions. a, Manhatten plot showing highly significant
peaks of interaction irrespective of the method of peak calling (-log1o of the p values
are plotted on the Y axis). The data have been peak called with 3 different orthogonal
methods. MACS2, a custom poisson based model and a machine learning based



model. All of these methods calculate the enrichment over the background data, which
has undergone targeted capture. b, Histogram of the percentage of peaks falling within
the TAD in erythroid cells from promoters and CTCF sites. ¢, Percentage of ligation
junctions falling within the TAD in cis from erythroid promoters d&e, MCC footprinting
shows more complex patterns of ligation junctions at enhancers than at CTCF sites at
the Slc25a37 and Cd47 loci. f, The gene Atp5a1 is active in both erythroid (red) and
ES cells (blue) and there are contacts in both tissues with the promoter of Haus17 (g)
and a local enhancer (h). At both of these sites the footprinting is clearly different in
the two tissues, at sites with the same DNA sequence, showing fine scale changes in
the contact pattern resulting from different patterns of DNA binding proteins in the two
cell types.
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Extended Data Fig. 11 | MCC profiles at the main alpha globin enhancer (R2) of
showing specific loss of contacts when an NF-E2 site is deleted a, Genome
editng was used to make a small 2-4 bp deletion in an NF-E2 consensus motif in the
main R2 enhancer at the alpha globin locus (determined by Illumina sequencing). b,
ChIP gPCR showing loss of NF-E2 binding at the R2 enhancer compared to
enrichment at the adjacent R1 enhancer showing. Note that complete abrogation of
NF-E2 binding would not be expected because there are two NF-E2 binding sites in
the enhancer, which are separated by 26 bp. ¢, Deletion of the NF-E2 binding site at
the R2 enhancer results in a significant reduction in expression of the alpha globin



genes in erythroid cells from normal donors that have undergone genome editing at
the R2 NF-E2 site (editing efficiencies in excess of 90% with Cas9 ribonuclear protein,
data not shown). d, MCC profiles from the promotors of HBA1&2 in human HUDEP2
cells, showing that the interactions with the main enhancer (termed R2) reduce very
specifically (e) at the site of an engineered 2-4 bp deletion at the binding site of NF-
E2. In addition, the MCC footprint alters in specifically at the NF-E2 binding site (f). g,
Quantification of read depth at all other hypersensitive sites at the alpha globin locus
showing that the only statistically significant change is at the site of the deletion (Mann-
Whitney U test) (data from the edited clone aligned to a modified hg19 genome with
the deletion, mean +/- SD).
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