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Summary

Most disease-associated variants identified by population based genetic studies are non-coding, which
compromises finding causative genes and mechanisms. Presumably they interact through looping with
nearby genes to modulate transcription. Hi-C provides the most complete and unbiased method for
genome-wide identification of potential regulatory interactions, but finding chromatin loops in Hi-C data
remains difficult and tissue specific data are limited. We have generated Hi-C data from primary cardiac
tissue and developed a method, peakHiC, for sensitive and quantitative loop calling to uncover the human
heart regulatory interactome. We identify complex CTCF-dependent and -independent contact networks,
with loops between coding and non-coding gene promoters, shared enhancers and repressive sites.
Across the genome, enhancer interaction strength correlates with gene transcriptional output and loop
dynamics follows CTCF, cohesin and H3K27Ac occupancy levels. Finally, we demonstrate that intersection
of the human heart regulatory interactome with cardiovascular disease variants facilitates prioritizing

disease-causative genes.
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Introduction

Genome-wide association studies (GWAS) have been remarkably successful at identifying the genetic
basis of common human diseases and traits. However, the identification of target genes and underlying
mechanisms remains challenging. Indeed, more than 90% of disease-associated variation resides in non-
coding DNA (1000 Genomes Project Consortium et al., 2010; Chen et al., 2016; Maurano et al., 2012).
Integration of chromatin features has demonstrated that GWAS risk variants are enriched in evolutionary
conserved elements, regions of open chromatin, and potential tissue-specific regulatory elements
(Maurano et al., 2012; Roadmap Epigenomics Consortium et al., 2015; Schaub et al., 2012). These findings
suggest that GWAS-associated variants may affect disease risk by changing the function of distal

regulatory elements controlling gene expression.

To act on gene promoters, regulatory elements need to be in close spatial proximity. Distant regulatory
elements can accomplish this through chromatin looping (Deng et al., 2012; Tolhuis et al., 2002). This
articulates the ‘3D genome promise’, which hypothesizes that the identification of all chromatin loops in
all cell types will link distal regulatory elements to genes and thus help assign function to non-coding
genetic variation in health and disease (Krijger and de Laat, 2016; Spielmann et al., 2018). In recent years,
various studies have emphasized the relevance of utilizing genome topology for the interpretation of
disease-associated variation (Groschel et al., 2014; Liu et al., 2017; Lupiafiez et al., 2015; Smemo et al.,
2014). For example, a study that employed 4C-seq, a chromosome conformation capture technique,
shifted the paradigm for the genetic locus most significantly associated with obesity. The obesity-
associated intronic variants were presumed to interact with the promoter of the nearest gene, FTO, but
instead were found to interact over a long distance with the homeobox gene IRX3 (Smemo et al., 2014).
In subsequent work, the obesity risk variant was shown to disrupt a repressor binding site, which led to
enhancer release and doubling of IRX3, but not FTO expression, as well as increased lipid storage in early

adipocyte differentiation (Claussnitzer et al., 2015).

Chromosome conformation capture (3C) methods (Dekker et al., 2002), and in particular, the high
throughput variants 4C, 5C, and Hi-C (Dostie et al., 2006; Lieberman-Aiden et al., 2009; Rao et al., 2014;
Simonis et al., 2006), have proven instrumental for uncovering genome structures inside the living cell
nucleus. They demonstrated that long-range contacts between enhancers and promoters are often cell-
type specific and typically confined within topologically associating domains (TADs). TADs are looped
structures inside chromosomes that span an average size of 1 Mb and that contribute to cell-type specific

gene activity, replication timing and chromatin signatures (Bonev et al., 2017; Dixon et al., 2012; Nora et
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al., 2012). The regulatory function of TADs has become clear in recent studies, where disruption of TAD
boundary loops was observed to cause deregulation of genes that can lead to disease (Krijger and de Laat,
2016; Nora et al., 2012; Rao et al., 2017; Spielmann et al., 2018). Thus, to systematically interrogate the
topological and possible functional consequences of non-coding genetic variation, it is necessary to assess

their involvement in all categories of chromatin loops, in the relevant cell type.

Promoter-enhancer interactions and sub-domain structures inside TADs are challenging to systematically
detect from Hi-C data since they are more dynamic and tissue-specific than TAD-spanning loops. For this
reason, targeted DNA conformation capture methods are currently preferred to intersect GWAS hits with
chromatin loops. Examples of such methods are promoter-capture (Choy et al., 2018a; Hughes et al., 2014;
Mifsud et al., 2015) and HiChlP strategies (Mumbach et al., 2017), which enrich Hi-C libraries for presumed
relevant DNA interactions to enable their selective sequencing and analysis. These methods are inherently
limited to the targeted regions of the genome and are more susceptible to technical bias, so they are less
comprehensive and conclusive than Hi-C. Given these challenges, it would be ideal to develop methods

for much more sensitive chromatin loop calling from Hi-C datasets.

Here we present peakHiC, an approach that extracts individual contact profiles for all genomic sites from
replicate Hi-C datasets to search for reciprocally confirmed chromatin contacts and to quantify their
interaction strength. peakHiC identifies an order of magnitude more loops than other approaches and
finds genes, enhancers, and CTCF occupied sites in the genome that can be confirmed as valid and
functionally relevant. We then generated Hi-C data from primary cardiac tissue and applied peakHiC to
uncover a detailed spatial regulatory interactome of the human heart. Finally, we interpreted GWAS
variants in the context of the folded genome, to greatly enhance the identification of disease associated

genes at cardiovascular disease risk loci (Figure 1A).
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Results

Chromatin loop identification by peakHiC

To investigate the spatial configuration of the genome in primary human heart tissue, we applied in situ
Hi-C to primary human left atrium (LA) and ventricle (LV) from four donors (Table 1). Using the frequent
cutting restriction enzyme Dpnll, an average of ~385M valid Hi-C read pairs per sample were obtained,
totaling 1.51B and 1.58B Hi-C contacts for LA and LV, respectively. Since the LA and LV Hi-C contact
matrices were highly similar (see below), we combined all libraries to have an extensive human heart Hi-
C dataset of >3B contact pairs. For comparison, we used the published deeply sequenced Hi-C dataset of
the human lymphoblastoid cell line GM12878 (~4.9B Hi-C contacts across 9 replicate Hi-C datasets: (Rao
et al., 2014)).

Hi-C data can be transformed into so-called virtual 4C (V4C) contact profiles that visualize the chromatin
interactions of given chromosomal sites of interest (‘viewpoints’, as generated by 4C technology (Van De
Werken et al., 2012). For robustness, we extract, plot, and collectively analyze all contact pairs involving
a bin (average size of ~12 kb) of neighboring restriction fragments centered on a site of interest (gene
promoter, enhancer, domain boundary, risk variant) (see methods and Table 2 for further justification).
Such V4C profiles may not show structural domains as clearly as traditional Hi-C contact matrices, but do
provide a more intuitive and more detailed visualization of the contacts made by these genomic sites, at

a resolution that we show is high enough to interpret their underlying principles (Figure 1B).

On initial visual inspection of overlays from our V4C contact profiles we found that many tissue-specific
gene promoters had specific local chromatin interactions in the corresponding tissue (Figure S1A and
S1B). Current Hi-C data analysis packages fail to systematically identify local but possibly functionally
meaningful genomic interactions. We therefore developed an analytical tool to better enable mining Hi-

C data for possibly regulatory chromatin loops.

We recently presented a non-parametric regression-based analysis tool, called peakC, for reproducible
calling of chromatin interaction peaks from 4C and Capture-C datasets (Geeven et al., 2018). To create
peakHiC, we modified this peak caller for systematic chromatin loop identification from our Hi-C derived
VAC contact profiles (See Figure 1C). For chromatin loop identification by peakHiC, in principle any
genomic site of interest can be interrogated. As viewpoints in this study, we selected the 49,052 currently

annotated transcription start sites (TSSs) of coding and non-coding genes of the human genome (hgl9)
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derived from the annotation database TxDb (UCSC) available on Bioconductor, complemented with a set
of 493,937 putative CTCF binding sites derived from the CTCFBSDB 2.0 database (Ziebarth et al., 2013).
Peak calling was limited to the 2Mb genomic interval surrounding each viewpoint, the interval in which
the vast majority of regulatory sequences are located that have direct measurable impact on a gene’s
expression (Bhatia and Kleinjan, 2014). For each viewpoint and replicate V4C profile an independent
background model was calculated and used to rank contacts according to their signal over background.
Rank-product statistics was applied across replicates to assign a P-value that evaluates the statistical
significance of each identified loop. For a contact to be definitively scored as a loop anchor, we required
that it had to similarly identify the original viewpoint (Figure 1C). We noticed that peakHiC-scored
interactions largely corresponded to the visually appreciable peaks in V4C contact profiles (Figures S1A
and S1B), which is the first requirement of a peak caller. peakHiC currently ignores interactions spanning
less than 30kb, as loops within this range cannot reliably be discerned from the high local contact

background.

To validate the method, we initially applied peakHiC to published GM12878 Hi-C datasets. peakHiC
identified ~135,000 high confidence chromatin loops in GM12878. This includes ~83% of the loops called
within 2Mb intervals by the widely used Hi-C analysis package HICCUPS (Durand et al., 2016), but gives a
~15-fold increase in loop numbers (Figure S1C). To validate the newly identified chromatin loops, we
applied aggregate peak analysis (APA), a critical quality check for contact specificity (Rao et al., 2014). The
newly called loops showed clear focal contact enrichment in APA (Figure S1D), which confirmed their
interaction specificity. Loop formation occurred over all distances with an efficiency that decayed
exponentially (Figure S1E). Ninety-two percent of the peakHiC loops occurred inside previously called
TADs (Dixon et al.,, 2012). We subdivided the loops into eight categories based on viewpoint
characteristics, categorized based on either being promoter centered, CTCF-bound, H3K27Ac marked or
combinations thereof, plus a category that had none of these characteristics at the viewpoint (Figure 1D).
The majority of the loops were CTCF centered, but nearly 60,000 loops had no CTCF associated with the
viewpoint. A large cohort of ~35,000 loops had none of the aforementioned marks (Figure 1D).
ChromHMM analysis applied to the GM12878 epigenome (Ernst and Kellis, 2012) showed that the most
frequent signature on those anchors is quiescent or repressed chromatin (Figure S1F). All categories of
loops showed clear focal contact enrichment in APA (Figure 1E), supporting they are valid loops. In
general, CTCF-centered loops spanned the largest distances (mean 291Kb) while loops centered on
enhancers acted over shorter genomic intervals (mean 191Kb) (Figure 1F). To further validate peakHiC

loops, we next subjected the different categories to a more detailed investigation.
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The CTCF looping landscape uncovered by peakHiC in GM12878 cell line

We first focused on CTCF-anchored loops. PeakHiC found over 60% of all CTCF-bound sites involved in one
or more chromatin loops in the GM12878 cell line (Figure 2A). Looped sites generally had higher CTCF- and
cohesin ChlIP-seq signals than non-looped CTCF occupied sites (Figure S2A). Cohesin-dependent CTCF
looping is critical for domain formation but is also hypothesized to counteract the spatial aggregation of
active and inactive TADs in A and B compartments (Haarhuis et al., 2017; Nuebler et al., 2018; Schwarzer
et al., 2017) and prevent TAD compartment conversion (Schwarzer et al., 2017). While the overall CTCF
and cohesin ChIP-seq signals were similar in A and B-type chromatin, both at looped and non-looped sites
(Figure S2A), peakHiC found that a much larger percentage of all CTCF-bound sites in A than in B was
engaged in looping (~80% versus ~50%) (Figure 2B). Since binding site density was also more than two-
fold higher in A than B (i.e. in A more binding sites are accessible) (Figure S2B), CTCF looping density was
more than 4-fold higher in the A than in the B compartment (~54 versus ~12 loops per Mb, in A and B,
respectively) (Figure 2C). When considering all loops, we found a looping density (across the cell
population) of ~100 loops/Mb in the A compartment versus ~20 loops/Mb in the B compartment (Figure
2C). This would agree with the idea that active loop formation is required to counteract

heterochromatinization of active chromatin regions.

In each compartment, we ranked the looped CTCF sites according to their CTCF ChIP-seq signal strength
(Figure 2D). This ranking uncovered two distinct classes of CTCF-centered loops (see methods). Class |
loops (~65%) are centered on the sites that most efficiently recruit CTCF and cohesin. They display the
typical hallmarks of domain boundaries: they insulate chromatin (i.e. block DNA interactions between
flanking sequences) and mark sites where DNA contacts switch direction from preferentially upstream to
downstream engagements (Figure 2D). Class | loops can therefore be classified as domain loops. Class Il
represents loops anchored on the ~35% sites that less efficiently recruit CTCF and cohesin, display no
obvious insulation capacity, and show no clear focal switch in contact directionality (Figure 2D). This may
imply that insulation is not coupled to looping, or that class Il loops occur in too few cells simultaneously
to appreciate these associated features in cell populations. Class Il CTCF loops are predominantly found
in the A compartment (17326 of all 22704 class Il loops), where they often have high levels of H3K27Ac at
their anchors (Figure 2D and 2E). They span smaller distances than class | loops (median distance of 206Kb
for class Il versus 245 Kb for class | in the A compartment and 283 Kb versus 342 Kb in the B compartment,
Figure S2C) and frequently (78%) share an anchor with a class | loop. Class Il loops are therefore referred

to as intra-domain loops. Over 50% of the class Il loops represent interactions between non-convergent
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CTCF binding sites (Figure 2F), and APA confirmed these are loops with significant enrichment (APA P2LL
between 1.1 and 1.7, Figure 2G).

A major advantage of peakHiC is that once chromatin loops have been identified, scores can be assigned
to their interaction strength, allowing for a more quantitative analysis of Hi-C derived chromatin contact
frequencies. We assigned an interaction score (IS) to each chromatin loop based on the number of
observed Hi-C ligation events between the 10Kb region of the V4C viewpoint and the 10Kb region under
the summit of the interaction peak (maximum VA4C score) (see methods) (Figure 2H). To compare loop
strengths across length scales, we converted this into distance-normalized interaction scores (see
methods) and compared these quantitatively to CTCF- and cohesin- ChIP-seq signals. Assuming that ChlP-
seq and Hi-C measures reflect the percentage of cells having these features, we hypothesized that ChIP-
seq derived binding efficiency scores for CTCF and cohesin and Hi-C derived looping interaction scores
should be correlated. Indeed, we observed a clear trend between Hi-C loop strength and median levels of

ChlIP enrichment for both CTCF and the cohesin subunit SMC3 (Figures 2l and 2J).

Transcription regulatory interactions uncovered by peakHiC in GM12878 cell line

We then used peakHiC to identify loops centered on 22,918 promoters of coding genes. We found nearly
70% (15,600) of all gene promoters involved in a total of 48,705 chromatin loops (average ~3
loops/promoter). 90% of promoter-centered loops formed within a TAD (intra-TAD loops) and collectively
contacted ~72% (31,293) of all H3K27Ac marked enhancers in GM12878 cells (Figure 3A). Most of the
promoter containing loops (~82%) had CTCF bound in at least one anchor, but 8,568 (~18%) loops did not
have CTCF bound at any of its anchors. APA analysis confirmed both categories represent true loops

(Figure 3B), which highlights the existence of CTCF-independent loops.

A further inspection of the promoter-centered loops revealed a number of interesting loop categories.
For example, we found many loops between promoters (P-P loops): roughly 60% of the looped gene
promoters contacted at least one other gene promoter (Figure 3C and 3D). In fact, many complex P-P
interaction networks were found involving three, four, or sometimes even more promoters. As was also
suggested from ChIA-PET experiments (Li et al., 2012a), the degree of P-P loop connectivity correlated
(Spearman’s rank correlation p=0.318) to the transcriptional output of the participating genes (Figure 3D).
We additionally found a large collection of coding gene promoters (11,559) looping to long non-coding
RNA (IncRNA) promoters (see below). Here the same trend was visible (Spearman’s correlation

rhos=0.309): the more individual contacts a gene made with different IncRNA promoters, the higher its
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overall transcriptional output (Figure 3E). This supports the idea that promoters of coding and non-coding

genes can also act as long-range enhancers of transcriptionfE.

An unexpected finding was that more than 50% of all promoters also loop to sites with a repressive
epigenetic signature, as judged from the GM12878-derived ChromHMM profiles. Figure 3C classifies the
genes according to their loop types in GM12878 cells (with enhancers (ENH), promoters (P), repressors
(REPR), or combinations hereof) and shows that the transcriptional output was highest for genes
contacting enhancers. Genes contacting repressors were generally inactive, as were genes not engaged in
looping. Both enhancer and repressor loop occurred over all distance ranges (Figure 3F). Little is known
about long-range gene repression. While our data may suggest that repression through looping is a
common transcription regulatory mechanism, targeted disruption of these loops would be required for

further investigation.

We focused on the promoter to enhancer (P-ENH) loops and quantified how frequently enhancers
contacted the non-nearest gene. We found >16,600 enhancers doing this, which represents 98% of all
enhancers engaged in promoter looping (Figure 3G). Whether these enhancers skipped the nearest gene
or also contacted it was often unclear, as our method is unable to score loops within a 30 kb distance.
Nevertheless, the data argue that nearest gene approaches are insufficient to comprehensively identify
target genes of enhancers. Cellular genetic screens recently identified enhancers that are functionally
acting on multiple genes simultaneously (Gasperini et al., 2019). Interestingly, we identified >8,500 loops
connecting two or more gene promoters to shared enhancers. Enhancer strength (assessed from H3K27Ac
fold enrichment) seemed to influence the ability to interact with more than one promoter, as the most

complexly connected enhancers also had the highest H3K27Ac levels (Figure 3H).

Our ability to assign an interaction score to each chromatin loop enabled us to compute a total enhancer
interaction score (IS) per gene, which we calculated by summing the interaction scores with individually
contacted enhancers (totENH-IS, see methods). When we ranked all gene promoters according to their
totENH-IS and intersected with the gene expression data, a striking genome-wide correlation between
enhancer interaction frequencies and transcriptional output was found (Figure 3I). This strongly supports
the idea that transcriptional activity is regulated through promoter-enhancer contact frequencies.
Moreover, as seen before for CTCF loops, we observed an overall quantitative relationship between
enhancer strength (i.e. H3K27Ac levels measured by ChlIP-seq) and loop strength as measured by Hi-C in

cell populations (Figure 3J).
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In summary, we demonstrate a genome-wide relationship between enhancer contact frequencies and
gene activity, and illustrate that loop strength correlates with enhancer strength. Additionally, peakHiC
uncovers extensive promoter-promoter contact networks, functionally unrelated promoters that contact
shared enhancers, promoters that contact repressive sites and promoters contacting IncRNA promoters.
Based on interaction scores these loops can now be prioritized and systematically analyzed for their

functional relevance.

The architectural and regulatory chromatin loops of the human heart

Having validated the relevance of loops and interaction scores called by peakHiC on published Hi-C data
from GM12878 cells, we applied the method to our Hi-C datasets generated from the left atrium (LA) and
left ventricle (LV) of primary human heart tissue. For data interpretation, we also generated H3K27Ac
ChlP-seq and RNA-seq profiles from the same donor tissue. We initially merged the LA and LV peakHiC
loops, because we observed a very high correlation between LA and LV in Hi-C contacts at loops called in
both conditions, even higher than between individual GM12878 datasets (Figure 4A and Figure S4A). We
thus obtained a total of >3B of valid Hi-C read pairs (~1.5B per heart tissue), which allowed calling a set of

~130,000 heart loops by peakHiC.

Overall, very similar chromatin contact networks were identified in primary human heart tissue as in the
GM12878 cell line. We defined heart A and B chromatin compartments based on clustering patterns in
the heart Hi-C datasets (see methods). Class | and class Il CTCF loops were readily appreciable based on
the ranking of their CTCF ChlP-seq score (Figure 4B), with the class | domain loops having high CTCF
occupancy and showing strong insulation at the anchors. Class Il, the intra-domain loops, had low CTCF
occupancy and showed no appreciable insulation at the anchors, but had high H3K27Ac levels specifically
in the A compartment. In heart, ~65% of gene promoters (14,940) were found involved in looping,
collectively contacting ~66% of the heart enhancers (27,535) (Figure 4C). We used our H3K27Ac ChlP-seq
data in combination with ChromHMM data from heart to classify the looped gene promoters. Also, in
heart the overall transcriptional output was highest for genes looped to enhancers, while gene promoters
exclusively looped to repressive chromatin sites had uniform low expression (Figure 4D). Furthermore, as
in GM12878 cells, we found a genome-wide correlation between the transcriptional output of individual
genes and their total enhancer interaction score (Figure 4E), and between enhancer loop strength and
H3K27Ac accumulation at loop anchors (Figure 4F). A significant number (10,224) of genes looped to
IncRNA promoters, with some genes showing high expression in relation to high contact frequencies but

without this being a genome-wide trend (Figure 4G). Nearly 8,000 promoters were spatially connected to
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at least one other gene promoter and again the degree of connectivity correlated with the expression
levels of the participating genes (Figure 4H). Collectively, our findings from human heart tissue support
our observations from GM12878 data and demonstrate that similar regulatory contact networks are

appreciable by Hi-C applied to proliferating tissue culture cells and frozen primary human tissues.

Tissue specific chromatin loops of the human heart

We then sought to identify and characterize the most heart- and GM12878-specific chromatin loops. For
this, we first merged all heart and GM12878 datasets to obtain a total set of 234,838 loops (see methods).
We classified them, based on the characteristics of their viewpoints in heart, into the eight previously
described categories. We first investigated loop dynamics by simply interrogating whether each loop was
called in GM12878, heart, or in both cell types. Loops with CTCF bound at their viewpoint anchor were
more conserved between the tissues (44% conserved, 44,398) than loops not having CTCF at their
viewpoint (26% conserved, 34,016 loops) (Figure 5A and Figure S5A). Class | domain loops were
overrepresented among the tissue-invariant CTCF loops, while class Il intra-domain CTCF loops were
overrepresented among the tissue-specific CTCF loops (Figure 5B). To more quantitatively assess loop
dynamics, we ranked the loops according to the difference in interaction scores between heart tissue and
GM12878 cells. All categories of loops proportionally contributed to the 5% collection of most heart-
specific loops (Figure 5C). We re-classified the loops based on GM12878-specific features and repeated
the analysis to identify the 5% most GM12878-specific chromatin loops. Among these, enhancer-centered

loops were over-represented and CTCF-anchored loops were underrepresented (Figure S5A and S5B).

We then asked whether tissue-specific chromatin loop formation was associated with dynamic epigenetic
alterations or transcriptional changes between the tissues. For this analysis, we quantitatively compared
differential loop interaction scores to tissue-specific differences in their anchor-associated RNA-seq
expression levels and CTCF- and H3K27Ac ChiIP-seq signals. We focused on the 5% most tissue-specific
chromatin loops and divided them into promoter-centered and non-promoter-centered loops (Figure 5D).
The most heart-specific promoter loops showed heart-specific accumulation of H3K27Ac, both to the
promoter anchor (Figure 5D) and to its interacting anchor (Figure S5D). We also found a clear heart-
specific increase in expression of the genes engaged in these loops (Figure 5D). CTCF binding to these
heart-specific loop anchors was similar between heart and GM12878 cells. Very similar results were seen
for the category of non-promoter centered heart-specific chromatin loop: overall their anchors also
showed higher levels of H3K27Ac, but not of CTCF, in heart than in GM12878 cells. Also, the expression of

their closest gene was clearly higher in heart (Figure 5D). Corresponding epigenetic and transcriptional
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changes were observed for the 5% most GM12878-specific chromatin loops (Figure 5D). In a separate
analysis, we further divided the 5% most heart- and GM12878-specific loops into the eight categories of
loops described earlier, and analyzed their associated changes in H3K27Ac, CTCF and expression levels. As
expected, results were very similar, but by separately considering CTCF-anchored loops it also became
appreciable that tissue-specific accumulation of CTCF can accompany tissue-specific loop formation

(Figure S5C).

We then looked further into the genes engaged in the 1% most prominent heart-specific loops. Table 3
list these 200 genes, among which many well-established cardiac genes including the transcription factors
MEIS1, GATA4, GATA6, and TBX5, as well as the genes encoding the connexin proteins GJAI and GJAS.
Overlays of VAC contact profiles derived from heart and GM12878 Hi-C datasets highlight their strong
heart-specific long-range chromatin interactions (Figures 5E and 5F). An intersection with pathways and
traits defined by the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al. 2017) revealed
an enrichment for cardiomyopathy traits, the PI3K-Akt, and Hippo signaling pathways among the genes
involved in the top 1% most prominent heart-specific loops (Figure S5E). We then asked whether
differential enhancer interaction scores were predictive of the differential expression levels of genes.
Figure 5G ranks all genes according to their differential enhancer interaction score being highest either in
heart (left) or in GM12878 (right) and shows their differences in expression levels between heart and
GM12878 in color coding. The panels show that this ranking of genes based on their contact dynamics
with enhancers clearly selects the genes that are most specifically expressed in GM12878 (top) and heart

(bottom) (Figure 5G).

Collectively, the data shows that in particular tissue-specific enhancer activity and to a lesser extent tissue-
specific CTCF binding events contribute to the strengthening of tissue-specific chromatin loops. Genes
displaying major differences in enhancer contact frequencies between tissues typically also show
corresponding changes in gene expression. The fact that the most dynamic non-promoter centered loops

also often localize near tissue-specific genes suggests they may be relevant for their expression as well.

Integration of cardiac specific chromatin loops with GWAS for cardiovascular traits and
diseases

Most disease-associated loci identified in population based genetic studies or GWAS are located in non-
coding regions of the genome and are presumed to modulate distal regulatory elements that loop to

control the expression of target genes in disease-relevant tissue. Following this, we hypothesized that
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genetic variants associated with cardio-vascular traits should be enriched in the anchors of heart-specific
chromatin loops and that the identification of these loops should help prioritizing the target genes. To
investigate this, we first intersected the top 10% most specific chromatin loops of the GM12878 cell line
and of primary cardiac tissue with genetic loci associated with human diseases and traits from the GWAS
catalog. We found that there was a larger overlap of GWAS loci for cardiovascular (CVD, 14%) compared
to non-CVD traits (8.6%) in cardiac tissue (Figure 6A). We then examined whether there was enrichment
in the overlap between genetic loci associated with specific CVD or non-CVD diseases or traits and the top
10% strongest loops in GM12878 or cardiac tissue. In cardiac tissue, we observed strongest enrichment
for loci involved in heart-related traits including PR interval (fold enrichment (FE.yqisc) = 1.77, p = 4.3x10"
03), atrial fibrillation (FEcarqiac = 1.51, p = 6.6x10%%) and the combined cardiovascular group (FEargiac = 1.33,
p = 4.1x10°°), with nominal significance for PR and AF and significance after correcting for multiple testing
for the combined cardiovascular group. For GM12878 loops, we observed Alzheimer’s (FEgm12878= 2.51, p
=9.7x10%), inflammatory bowel disease (FEgm12g78= 2.2, p = 7.4x10°%%) and LDL (FEgu12875 = 2.04, p = 1.3x10°
93) showing the strongest fold enrichment and significance after correcting for multiple testing (Figure 6B,
Table S2). To further examine the relationship between the PR interval, atrial fibrillation, coronary artery
disease, and the QT interval at the genome-wide level, we then plotted the summary level results for each
disease or trait. In these modified Manhattan plots, we have illustrated the overlap of disease-associated
loci with P-value < 5x10® and the top 10% strongest loops that are found in cardiac tissue or GM12878,
showing that at many loci there is clearly more overlap with heart-specific loop anchors than with

GM129878-specific loop anchors (Figure 6C, Figure S6).

We then examined the local VAC profiles at a series of GWAS loci, to identify a number of interesting
categories of cardiac specific loops linked to disease loci (exemplar plots in Figure 6D-6F and Figure S7).
One category is displayed in Figure 6D in which an intragenic disease SNP loops to a distant gene.
rs11991744 is a sub-threshold locus for the PR interval, is intronic to KLHL38, yet loops to FBX032, an E3
ubiquitin ligase implicated in muscle atrophy. Another example of an intragenic variant that based on Hi-
C may well be involved in the regulation of another, more distal, gene is rs17608766, which is associated
with blood pressure (P = 2 x 10%¢) (Kichaev et al., 2019) and QRS interval duration (P = 1 x 10**) (Prins et

al., 2018a) and is located intronic to GOSR2, yet loops to WNT9B (Figure S7A).

A second category highlights risk variants located in large gene deserts that form strong heart-specific
loops over large distances to a specific flanking gene. This is illustrated by the GJAI locus. The SNP
rs12110693 has been associated with heart rate (P = 1.6 x 10°)(Cho et al., 2009), resides in a 1Mb region
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devoid of any genes, and loops in a cardiac specific manner to the GJA1 gene encoding the gap junction
protein connexin 43 (Figure 6E). Similar examples were also observed with variants associated with
sudden cardiac death (Aouizerat et al., 2011) (rs4621553, P = 4.12 x 108) and the ion channel KCNN2 as
well as the PR interval (Verweij et al., 2014) (rs10850409, P = 7.62 x 10'%) and the cardiac specific
transcription factor TBX3 (Figure S7B and S7C).

A more common scenario is an intragenic disease associated SNP looping to the promoter of the same
gene. This pattern is illustrated by rs7545047 located in the genetic locus most significantly associated
with the QT interval (Arking et al., 2014). This variant is intronic to NOS1AP and loops to the proximal
promoter of the NOS1AP gene (Figure 6F). Similar results were observed at the rs652889 locus for the QT
interval (P = 8 x 107) (Marroni et al., 2009), which is located inside the large PTPRG gene and loops over
more than 200kb to its promoter, and the PR interval associated region (rs267567, P = 4.14 x 10'1%) (Butler

et al., 2012) which locates inside the ITGA9 gene and loops to its promoter (Figure S7D and 7E).

With these patterns in mind, we then sought to quantify the additive benefit of using Hi-C in combination
with peakHiC to facilitate the identification of candidate genes at GWAS loci. We began by using a large
GWAS of AF as a reference dataset and determined how many AF genetic loci looped to the TSS of a
candidate gene in the region. By considering variants in strong LD with the lead SNP (defined as a region
bounded by an R? > 0.8), we were able to identify candidate genes for many AF associated loci, an
approach that was then extended to coronary disease and blood pressure as well as electrocardiographic
traits. Traditionally, expression quantitative trait loci mapping (eQTL) is used to link a disease associated
variant to transcription of candidate genes at the locus (Figure 6F and Table S3). We found that using
peakHiC identifies candidate genes for many additional loci over eQTL mapping alone (Figure 6G). Using
candidate genes identified for cardiac conduction diseases and traits (atrial fibrillation, PR interval, and
QT interval), we then performed biological pathway enrichment analysis using Panther (Figure 6H and
Table S4) where we identified significant enrichment for a range of cardiac conduction related biological

processes.

Discussion

Hi-C to link disease variants to genes

More than 90% of disease-associated genetic variation uncovered by GWAS lies in non-coding DNA. Such

variants do not change the functionality of a gene product but instead are thought to affect transcript
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levels through distant gene regulation. In support of this concept, many of these genomic sites display
transcription regulatory potential in disease-relevant cell-types, as judged from their epigenetic
signatures (1000 Genomes Project Consortium et al., 2010; Chen et al., 2016; Maurano et al., 2012). Gene
regulation over distance requires chromatin looping to bring distal regulatory DNA elements in close
proximity to target genes. In order to nominate target genes of non-coding risk variants it is therefore
instrumental to uncover their long-range chromatin interactions. Since regulatory DNA elements act and
can form chromatin loops in a cell type-specific manner, it is best to study contacts involving disease loci

in the disease-relevant cell type.

Hi-C is the most unbiased and complete genome-wide strategy to investigate spatial chromatin
conformations and is therefore in principle best suited to identify physical contacts between and among
genes, regulatory DNA elements and genetic risk variants. It is not trivial though to identify chromatin
loops in a sensitive and meaningful manner from Hi-C datasets, even with very high sequencing depth.
For that reason, researchers currently use alternative, more targeted chromosome conformation capture
strategies such as Hi-ChIP (Mumbach et al., 2017) and promoter-capture Hi-C (PCHi-C) (Javierre et al.,
2016; Martin et al., 2015) to topologically connect GWAS variants to genes. Hi-ChIP analyzes proximity
ligation junctions after chromatin pulldown with an antibody against a selected chromatin factor or
modification, to target loop analysis exclusively to genomic sites carrying this factor(Mumbach et al.,
2017). Hi-ChlIP results are therefore influenced by differences in protein occupancy and thus pulldown
efficiencies between genomic sites and the method cannot uncover chromatin loops between anchors
not carrying the selected factor or modification. PCHi-C is insensitive to protein occupancy issues but
ignores non-promoter anchored chromatin loops and fails to provide contact profiles of promoter-
interacting regions (PIRs), for reciprocal loop confirmation. PCHi-C has been used to prioritize candidate
target genes of GWAS hits associated with autoimmune diseases and blood cell traits (Burren etal., 2017,
Cornish et al., 2019; Javierre et al., 2016; Martin et al., 2015), colorectal cancer (Jager et al., 2015; Orlando
et al., 2018), breast cancer (Baxter et al., 2018) and bone mineral density (Chesi et al., 2019). Two recent
studies applied PCHi-C to link genes to GWAS hits associated with cardiovascular diseases (Choy et al.,
2018b; Montefiori et al., 2018). In both studies, human in vitro induced pluripotent stem cells-derived
cardiomyocytes (CM) were used instead of primary human donor heart tissue. CM contact libraries were
sequenced at an estimated depth of >1.5B read pairs. Using CHiCAGO, a dedicated algorithm to extract
loops from capture Hi-C datasets (Cairns et al., 2016), one study found 18,159 promoters involved in an
average of 35 (maximum = 433) interactions (Choy et al., 2018a), while the other study identified 14,954

promoters engaged in an average of 27 (maximum = 757) interactions (Montefiori et al., 2018). For
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comparison, peakHiC identified 26,327 promoters being engaged in an average of 2.7 interactions

(maximum = 25), plus ~23,000 non-looped promoters in heart.

Every peak caller relies on thresholding, which in the case of Hi-C analyses will always be arbitrary since
the method collects contact pairs from populations of cells that individually carry differently structured
genomes (Finn et al., 2019; Krijger and De Laat, 2013). For every Hi-C identified contact pair one could
argue it must be present in at least the tiniest fraction of cells. However, we recommend that our peakHiC
criteria, being that loops must be (1) reproducibly found across Hi-C replicates, (2) confirmed individually
by reciprocal peak calling, (3) confirmed collectively by APA, (4) visually appreciable from V4C contact
maps and optionally (5) correlating with known looping associated features such as transcriptional output
and epigenetic signatures, are essential for meaningful extraction of recurrently formed chromatin loops
from Hi-C and Hi-C-related datasets. Frequent spatial proximity between distal genomic sites does not
automatically imply a functional interaction: genomic contact data can therefore only help to prioritize
candidate target genes of risk variants and regulatory DNA sequences. Since peakHiC more selectively
filters recurrent chromatin interactions than PCHi-C and additionally employs Hi-C datasets that
interrogate not just promoter but all DNA contacts in an unbiased and genome-wide manner, we propose
that using Hi-C in combination with peakHiC is the preferred method to interpret GWAS hits in their 3D

genomic context and nominate the molecular mechanisms they may influence to contribute to disease.

Hi-C-derived V4C contact profiles to link individual genes to risk variants

Regardless of peak calling results, we emphasize the importance of visual inspection of overlay vV4C
contact profiles from different tissues, to best appreciate and prioritize the candidate relevant long-range
contacts of an individual gene, regulatory sequence or risk variant. Extracting V4C plots from Hi-C data is
not novel (Sexton et al., 2012; Zhang et al., 2012) and several online tools for the analysis and visualization
of Hi-C data offer the possibility to extract and look at VAC contact profiles (Harmston et al., 2015;
Robinson et al., 2018; Wang et al., 2018). Our V4C profiles differ in that we compile the contacts of a few
dozen neighboring Dpnll restriction fragments centered on a sequence of interest (a gene promoter, risk
variant, CTCF site, regulatory DNA element) and then use a sliding running mean window to plot their
contacts. This results in highly reproducible contact profiles: overlay V4C plots from the heart left atrium
and ventricle are nearly always indistinguishable and even GM12878 and heart V4C plots most often look
similar overall, with tissue-specific long-range chromatin contacts only to be found at particular sites of
interest. This overall reproducibility and our demonstration that tissue-specific chromatin contacts

generally relate to tissue-specific transcription patterns and protein binding events, highlights the

16


https://doi.org/10.1101/705715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/705715; this version posted July 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

importance to search for obvious cell-type specific long-range contacts, which is best done by inspection
of overlays of VAC contact profiles from different cell types. Binning contacts comes with a loss in
resolution, but at 10kb resolution it is often possible to nominate the gene promoter, CTCF site or

regulatory DNA element responsible for loop formation.

PeakHiC uncovers large-scale contact networks with regulatory potential

With peakHiC we uncovered several interesting chromosome topology features. Overall, our data
demonstrate that a much larger percentage of CTCF sites than anticipated are involved in chromatin
looping. These may have been previously missed possibly because they occur in smaller percentages of
cells, hence giving weaker signals in population-based Hi-C contact matrices. We identify a class of CTCF
loops (intradomain class Il loops) that generally do not adhere to the rule that productive loop formation
requires interactions between convergently oriented CTCF bound sites (de Wit et al. 2015; Sanborn et al.
2015). We demonstrate by APA the validity of these loops. Intra-domain class Il loops are relatively small
and developmentally dynamic and often share an anchor with the larger domain (class ) loops that
predominantly form between convergent CTCF binding sites. We and others recently showed that
multiple distal CTCF sites can spatially aggregate (Allahyar et al., 2018; Bintu et al., 2018), which we
proposed can be the consequence of collisions (‘traffic jams’) between chromatin extruding cohesin
complexes. We speculate that class Il loops between non-convergent CTCF sites may also be formed as a
consequence of loop collision events. We further observe that looping density, not only between genes
and regulatory sequences but also between CTCF binding sites, is much higher in the A than B
compartment. This supports the idea that active loop formation may be required to maintain an open
chromatin configuration (Schwarzer et al., 2017). We find extensive contact networks among multiple
gene promoters (as seen before (Dao et al.,, 2017; Li et al.,, 2012b)), between promoters and shared
enhancers (also frequently observed in PCHI-C experiments, see e.g. (Choy et al., 2018a)), and between
protein-coding gene promoters and IncRNA promoters (Engreitz et al., 2016). Interestingly, we also
frequently observe long-range contacts between genes and sites with a repressive chromatin signature.
In all cases interactions correlate with the expected corresponding transcriptional output. An important
advantage of peakHiC is its capacity to assign interaction scores to all long-range chromatin contacts. This
now enables ranking contacts based on their loop strength, to prioritize for each category the loops that
are most interesting for future systematic functional validation studies. Using a distance-normalized
interaction score we were able to show that loop strength correlates with CTCF, cohesin and H3K27Ac

association strength, as measured by ChIP-seq. This quantitative relationship not only supports a causal
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relationship between these factors and loop formation but also underscores that both Hi-C and ChIP
measurements (semi-)quantitatively reflect cell population frequencies of (DNA and protein) contact

events.

Connecting CVD risk variants to genes in the heart 3D genome

We initiated these studies to topologically connect cardiovascular disease associated variants in non-
coding DNA to possible target genes. The rate of disease-associated loci discovery has far outpaced the
ability of the field to identify the gene targets and mechanisms underlying the loci (reviewed in Gallagher
and Chen-Plotkin, 2018). The most simplistic method, merely assigning the most proximal gene as the
target, has a sound basis when considering the results of mammalian enhancer trap studies (Ruf et al.,
2011), but is rife with the potential for false positives in the absence of additional information. Differential
expression analyses in the heart through expression quantitative trait loci (eQTL) measurements have
improved our target assignment (GTEx Consortium et al., 2013; Roselli et al., 2018), but are limited by
sample numbers, the ephemeral nature of RNA species, and modest effect sizes for even the starkest
examples. In short, the effect on gene expression, at least in bulk tissue analyses, is often too subtle to be
reliably detected for all loci. Clearly, additive approaches are necessary to improve gene target prediction

form GWAS loci; one of which is presented herein.

By applying peakHiC to primary human heart Hi-C data we were able to link 151 CVD GWAS loci (R? >0.9)
to distal genes. In aggregate, this is a large increase in the number of loci for which we have a plausible
gene target in the relevant tissue type when compared to eQTL studies alone. The results for peakHiC-
called genes were particularly encouraging in the combined analysis of cardiac electrophysiology traits
where, in addition to known genes implicated in cardiac electrophysiology such as GJA5 (Christophersen
et al., 2013; Gollob et al., 2006) and TBX5 (Ma et al., 2016; Nadadur et al., 2016), a global examination of
biological processes associated with the genes identified yielded GO terms centered on the signal

conduction and contraction of the myocardium.

The results of eQTL analyses and peakHiC are rarely overlapping, a result likely due to the limitations of
each approach. The former relies upon strong effect sizes, where proximal regulation is enriched.
However, due to the resolution limits of peakHiC, and all 3C methods, these contacts are difficult to
successfully detect due to the decay curves generated from the ligation of nearby regions in 2-dimensional
space. However, eQTL methods rarely detect distal gene regulation, a class of events particular suited to

chromatin capture methods. Instead of proposing the superiority of one approach, we suggest that the
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methodologies are excellent complements to each other, aiding in gene identification for loci where the
other method may be weak. Importantly, neither eQTL nor peakHiC gene target prioritization is sufficient
to conclusively implicate a gene in disease or trait. Follow up studies on gene function using relevant
biological models, whether cell or model organism based, should be employed to convincingly establish a

role for this regulatory event in the given trait.
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Figure Legends

Figure 1 - Chromatin loop identification by peakHiC

A) Experimental design. Heart tissue from human donors is used to generate transcriptome, epigenome
and Hi-C 3D genome data to call and characterize cardiac chromatin loops and link non-coding

cardiovascular disease-associated variants to genes and regulatory DNA elements.

B) Heatmap of GM12878 Hi-C contacts (at 1Kb resolution), from which two virtual 4C contact plots are
extracted for the gene promoters of CTTNBP2NL (top) and RHOC (bottom) that reciprocally contact each

other.

C) Principles of peakHiC. For a loop to be scored by peakHiC, both anchors must independently and
reproducibly identify each other as a contact peak in their respective virtual 4C contact profile over its

corresponding background contact profile.

D) peakHiC called loops in GM12878, categorized by having their 10Kb viewpoint anchor overlapping with
a gene promoter and/or a CTCF ChIP-seq peak and/or an H3K27Ac ChIP-seq peak.

E) Aggregate Peak Analysis (APA) performed with Juicer on the categorized 134,629 GM12878 peakHiC

loops sites.

F) Boxplots showing the distribution distances spanned by each category of loops.

Figure 2 - The CTCF looping landscape in GM12878

A) Barplot showing the percentage of all CTCF bound sites (as determined by ChIP-Seq) found engaged by
peakHiC in chromatin looping, in GM12878.

B) Barplots as in panel A, but now split based on whether the CTCF site is located in the “A” or “B”

compartment.

C) Schematic showing the density of class | and class Il CTCF loops per megabase, in the A and the B

compartment.

D) Heatmaps of CTCF-bound chromatin loop anchors in the A (top) and B (bottom) compartment, ranked
according to anchor-associated CTCF ChIP-seq enrichment, showing the SMC3 (cohesin) and H3K27ac

ChlP-seq signal and the Hi-C derived insulation score and directionality index (DI) in GM12878 cells.
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Classification into type | and Il loops is based on anchors showing (class 1) or not showing (class Il) a switch

in DI (see Methods).

E) Boxplots showing H3K27ac ChIP-seq enrichment at the anchors of class | and Il loops, in the A and B

compartment.

F) Stacked barplot showing the relative contribution of pairs of convergent (green), tandem (yellow) and

divergent (purple) CTCF bound sites to class | and class Il loops, in the A and B compartment.

G) Heatmap plots that show the result of aggregate peak analysis (APA), which measures normalized
enrichment of Hi-C contacts between pairs of convergent (left), tandem (middle) and divergent (right)
oriented CTCF-associated binding sites in GM12878 cells. All categories show enrichment, confirming the

validity of these chromatin loops.

H) Schematic showing how interaction scores are assigned to pairs of anchors forming a chromatin loop
identified by peakHiC. Virtual 4C (V4C) contact profiles serve to link a viewpoint anchor to its contacting
loop anchors, as described. The selected viewpoint site (e.g. a transcription start site (TSS) or a CTCF
binding site) defines the center of the 10kb viewpoint bin, the summit of its contact peak (i.e. where its
VA4C score is maximal) defines the center of the 10kb contacting loop anchor bin. The sum of all contact
events measured between any pair of restriction fragments located in these two 10kb bins, normalized

for the complexity of the Hi-C library, defines the interaction score between the two loop anchors.

I-J) Boxplots showing that CTCF (I) and SMC3 (J) protein occupancy levels at DNA loop anchors (based on
ChlP-seq enrichment) in GM12878 correlate with the strength of their most prominent loop (as

determined based on Hi-C interaction scores normalized for linear distance (see methods)).

Figure 3 - Transcription regulatory interactions uncovered by peakHiC in GM12878

A) Stacked barplot showing the proportion of gene promoters (top) and H3K27Ac-marked enhancers

(bottom) involved in chromatin looping, as defined by peakHiC in GM12878 cells.

B) Aggregate Peak Analysis (APA) applied to promoter-centered peakHiC loops with (left) or without (right)

CTCF bound to any of its anchors.

C) Left: barplot showing the not looped genes (NO LOOPS) and looped genes (from panel A), with the
latter further categorized based on whether or not they contact another promoter (P) and/or having

H3K27Ac ChIP-seq peaks (ENH) and/or a ChromHMM repressive chromatin signature at any of its loop
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anchors. Right: boxplot summarizing the gene expression (in RPKM) of genes belonging to each of these

categories.

D) Promoter-promoter contact networks. Pie-chart shows the distribution of promoters involved in
contacts with different numbers of other promoters. Boxplot showing the gene expression (in RPKM)

distribution for each of these categories of genes.

E) Promoter-LncRNA promoter contact networks. Pie-chart shows the distribution of promoters involved
in contacts with different numbers of LncRNA promoters. Boxplot showing the gene expression (in RPKM)

distribution for each of these categories of genes.

F) Interaction score (normalized) of promoter-centered enhancer (green) and repressor (black) loops,
plotted against the linear distance spanned by the loops. Enhancer loops have strong H3K27Ac signal
(ChIP-seq signal > 50th percentile) and low H3K27me3 signal (ChIP-seq signal < 1st percentile) at the
anchors. Repressor loops have strong H3K27me3 signal (ChIP-seq signal > 50th percentile) and low

H3K27Ac signal (ChlIP-seq signal < 1st percentile) at the anchors.

G) Illustration showing the number of promoter-enhancer loops (16323) that link an enhancer to a non-

nearest promoter.

H) lllustration shows the number of loops linking distinct promoters to shared enhancers. Boxplot shows
the H3K27Ac ChlP-seq signal (log2 fold enrichment) at enhancers contacting two or more promoters (top),
one promoter (middle) or no promoter (bottom): stronger enhancers more likely engage with multiple

genes.

I) Genome-wide quantitative correlation between the enhancer interaction score of genes and their
transcriptional output. Genes are ranked from left to right according to increased total enhancer
interaction score and are color-coded according to their transcription output in GM12878 cells (white =

low, red = high expression).

J) Stronger enhancers form stronger loops. Boxplots show the H3K27Ac ChlPseq signal distribution at
anchors of loops grouped (per quartile) according to loop strength (distance normalized), at the viewpoint

(left) and the contacting anchor (right).
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Figure 4 - The architectural and regulatory chromatin loops of the human heart

A) Similarities between peakHiC loop strength measured in human left atrium (LA) and left ventricle (LV)
heart tissue and GM12878 cells. Spearman’s rank correlation was computed for all independent Hi-C

templates in LV (4 replicates), LA (4 reps) and GM12878 (8 reps).

B) Heatmaps of CTCF-bound chromatin loop anchors in the A (top) and B (bottom) compartment, ranked
according to anchor-associated CTCF ChIP-seq enrichment, showing the anchor-associated H3K27ac ChlP-
seq signal, Hi-C derived insulation score and directionality index (DI), as measured in human heart tissue.
Classification into type | and Il loops is based on anchors showing (class 1) or not showing (class Il) a switch

in DI (see Methods).

C) Stacked barplot showing the proportion of gene promoters (top) and H3K27Ac-marked enhancers

(bottom) involved in chromatin looping, as defined by peakHiC in human heart.

D) Left: barplot showing the not looped genes (NO LOOPS) and looped genes categorized based on
whether or not they contact another promoter (P) and/or having H3K27Ac ChlP-seq peaks (ENH) and/or
a ChromHMM repressive chromatin signature at any of its loop anchors in heart. Right: boxplot

summarizing the gene expression (in RPKM) of genes belonging to each of these categories.

E) Genome-wide quantitative correlation between the enhancer interaction score of genes and their
transcriptional output. Genes are ranked from left to right according to increased total enhancer
interaction score and are color-coded according to their transcription output in heart tissues (white = low,

red = high expression).

F) Stronger enhancers form stronger loops. Boxplots show the H3K27Ac ChIPseq signal distribution at
anchors of loops grouped (per quartile) according to loop strength (distance normalized), at the viewpoint

(left) and the contacting anchor (right).

G) Promoter-LncRNA promoter contact networks. Pie-chart shows the distribution of promoters involved
in contacts with different numbers of LncRNA promoters. Boxplot shows the gene expression (in RPKM)

distribution for each of these categories of genes in heart.

H) Promoter-promoter contact networks. Pie-chart shows the distribution of promoters involved in
contacts with different numbers of other promoters. Boxplot shows the gene expression (in RPKM)

distribution for each of these categories of genes in heart.
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Figure 5 - Tissue specific chromatin loops of the human heart

A) CTCF loops are most conserved (in relative and absolute terms) between heart and GM12878 cells. Plot
shows per indicated category of peakHiC loops (as defined in heart) the proportion of shared and heart-

and GM12878-specific chromatin loops.

B) Class Il CTCF loops are developmentally more dynamic than class | CTCF loops. Doughnut plots show
that class Il loops are relatively overrepresented among the tissue-specific loops (bottom) as compared to

the shared loops (top).

C) Each category of loops contributes proportionally to the top 5% most heart-specific loops (based on
differential heart versus GM12878 interaction score). Plots shows per category the total number of

observed versus expected loops among the top 5% most heart-specific loops.

D) Tissue-specific loop formation coincides with tissue-specific accumulation of H3K27Ac (left) and CTCF
(middle) at the anchors, and with increased expression of the nearest gene (right). Boxplots show the
delta H3K27Ac ChIP-seq signal and delta CTCF ChIP-seq signal in heart over GM12878 at the loop anchors,
and delta gene expression (RNA-seq RPKM) of the gene closest to the center of the anchor, for the top 5%

heart tissue-specific loops (red) and top 5% GM12878 tissue specific loops (orange).

E,F) Normalized VAC overlay contact profiles measured in heart (red) and GM12878 (yellow), of gene
viewpoint GJA1 (E) and MEIS1 (F). In light grey are contacts shared between the tissues. Positive strand
genes are indicated in red, negative strand genes in blue. Below each panel is shown the CTCF and

H3K27Ac ChiIP-seq results.

G) Genome-wide quantitative correlation between tissue-specific differences in enhancer interaction
scores and tissue-specific differences in transcriptional output. Genes are ranked to have those with the
highest heart-specific enhancer interaction score on the left and those with the highest GM12878-specific
enhancer interaction score on the right. Color code indicates the differential expression level of a gene
(identified by using DESeqg2), with blue being over-expressed and white being under-expressed in a given

tissue (heart on top, GM12878 at bottom).

Figure 6. Relation between peakHiC data in human cardiac tissue and cardiovascular diseases.

A) Doughnut plot detailing the proportion of sentinel variants at GWAS loci from the GWAS catalog with
P-value < 5 x 10?8, intersecting with the top 10% strongest loops in GM12878 and/or heart. CVD:

cardiovascular traits, non-CVD: non-cardiovascular traits (see Table S3).
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B) Results of enrichment analysis of top 10% strongest HiC loops in Heart and GM12878 for sentinel
variants of various GWAS by GREGOR. AF: Atrial fibrillation, ALZ: Alzheimer’s, BMI: Body mass index, BP:
Blood pressure, CAD: Coronary artery disease, CVD: combined cardio-vascular traits, defined in the
methods, DEPR: Depression, IBD: Inflammatory bowel disease, LDL: LDL cholesterol, PR: PR interval, QT:
QT interval, SCZ: Schizophrenia, T2D: Type 2 diabetes, TC: Total cholesterol, TG: Triglycerides. (*) indicates

statistical significance.

C) Manhattan plot for the PR interval from the electrocardiogram intersected with top 10% strongest
peakHiC loop calls from heart (top) and GM12878 (lower, mirrored). Subthreshold (P-value > 5.0 x 10°%)

SNPs were not labeled when overlapping with a loop.

D) Virtual 4C plot demonstrating the looping of the heart rate-associated variant, rs1210693 with the
promoter of GJAL. For all VAC plots in this figure, blue and red bars indicate genes on the + and — strands,
respectively. Pink bars within the VAC histogram represent heart contact frequency, while orange bars
represent the same in the GM12878 cell line. Gray colored bars indicate regions where the contact

frequencies in both sample sources overlap.

E) Virtual 4C plot demonstrating the looping of the QT interval-associated variant, rs7545047 with the

promoter of GJAL.

F) Virtual 4C plot demonstrating the looping of the PR interval-associated variant, rs11991744 with the
promoter of FBXO32.

G) Bar graph detailing the percentage of loci for which a candidate gene was observed using eQTL
analyses, peakHiC, or both. R2 refers to the SNPs considered around the top variant for the various AF

loci. For CAD, PR, QT and BP an R2 of 0.8 was utilized. BP: blood pressure.

H) Bar graph detailing the results of gene ontology analysis using Panther. Results were generated from
genes identified as looping to GWAS loci in heart tissue for the following electrophysiological

diseases/traits: atrial fibrillation, PR interval, and QT interval.
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STAR Methods

Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contacts, Patrick T. Ellinor (ellinor@mgh.harvard.edu) or Wouter de Laat (w.laat@hubrecht.eu).

Experimental Model and Subject Details
Human Subjects: Adult human heart tissue samples were provided by The Myocardial Applied Genomics

Network (MAGNet; www.med.upenn.edu/magnet) at the University of Pennsylvania. Heart were

obtained from brain-dead organ donors free of any structural heart disease after next of kin provided
written informed consent for research use of donated tissue. Tissue use for research was approved by the

relevant institutional review board at the Gift-Of-Life Donor Program, Philadelphia, PA.

Method Details

Hi-C data

Paired-end Hi-C sequencing reads were aligned independently with bwa using its BWA-MEM algorithm
with default parameters to the hgl9 reference genome. Reads with both mates mapped were further
processed and filtered using the HiICUP (Wingett et al. 2015) pipeline to filter out experimental artifacts
(including non-digested and religated fragments) and PCR duplicates. The resulting valid Hi-C contact pairs
from left atrium (LA), left ventricle (LV) and GM12878 cell line were associated respectively to Dpnll, Dpnll

and Mbol restriction fragments, and used for downstream processing and analysis.

PeakHiC: definition of virtual 4C viewpoints and contact profiles

In order to transform Hi-C data into viewpoint centered Virtual 4C (V4C) profiles, we first associated each
1bp candidate viewpoint to its residing Mbol/Dpnll fragment. Given the sparsity of Hi-C data, we need to
pool captures across a number of restriction fragments neighbouring the intended viewpoint fragment in
order to increase the amount of captures available for analysis. We choose to pool 31 fragments for each
VAC viewpoint (see below and Table 2 for justification). We then count the number of Hi-C contact pairs
between the pool of 31 viewpoint fragments and all Mbol/Dpnll restriction fragments within a 2Mb
interval (1Mb upstream and 1Mb downstream, including intra-viewpoint contact pairs). The total number
of Hi-C contacts, for each viewpoint, was normalized by scaling with a constant to 1 million Hi-C contact

pairs per analyzed VAC profile (2 Mb) to aid visual comparison between profiles. Finally, VAC contact
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profiles were computed by calculating a running mean of normalized fragment coverage across 31

consecutive restriction fragments.

PeakHiC: peak calling — first round

For the lymphoblastoid cell line (GM12878), we used 9 different published Mbol digested in-situ Hi-C
libraries as input to peakHiC (Rao et al., 2014). For human heart Hi-C from left atrium (LA) and left ventricle
(LV), we used the data from 4 independent Hi-C templates from different donors described in this
manuscript. We adapted peakC (Geeven et al., 2018) to identify peaks in Hi-C data using the replicate V4C
profiles in these 3 different Hi-C datasets. peakC is a robust non-parametric method developed initially
for the identification of contact peaks in 4C-Seq and Capture-C data. Contact peaks are genomic regions
that in replicate experiments show a statistically significant increase in contact frequency over the
expected background. peakC fits a background model independently for every replicate VAC profile using
monotonic (isotonic) regression and uses rank-product based statistics to identify fragments that score
significantly above background in replicate experiments. It requires a significance threshold parameter
alphaFDR which aims to control the expected proportion of false positives at the desired level and an
additional threshold gWr (ratio with respect to background) parameter for further effect size filtering. We
ran the algorithm with parameters set to alphaFDR=0.05, qWr=1. We called peaks from 493,937 ‘CTCF
viewpoints’ and 49,052 ‘TSS’ viewpoints described in the main text. Loops that thus met peakC significance

thresholds were further filtered to be at least 30Kb apart.

PeakHiC: peak calling — reciprocality condition

Loop anchors from peaks identified by peakHiC from viewpoints in the first round are kept only if they are
found reciprocally, i.e. any loop anchor from a V4C viewpoint x must contain (another) V4C viewpoint
which makes a loop to a 10Kb loop anchor region that contains x. To determine this, all loop anchors
identified in the first round of loop calling are first re-sized to 10Kb regions centered at the maxV4Cscore
(Figure 2H) position. In case a resized loop anchor did not contain any VAC viewpoints from the first round,
we could not immediately verify the reciprocality condition. Instead we took all these ‘orphan’ loop
anchors as V4C viewpoints in a second round of peak calling and kept only those loops for the re-sized
10Kb loop anchor regions centered at the maxV4Cscore position contained the original V4C viewpoint

(from the first round).
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PeakHiC: loop interaction score calculation

For robust coverage-rank based scoring of Hi-C loop interactions across different V4C viewpoints and
different Hi-C maps (from different cell types / conditions) we did the following. PeakHiC loop anchor
summits (maxV4CScorePos, Figure 2H) are defined as the genomic position (bp) of the Mbol / Dpnli
fragment where the maximum peakC V4C score is attained. For each peakHiC peak, we resize both the
viewpoint region and its contacting anchor to bins of 10kb. For the viewpoint region, we center the 10 kb
bin at the site of interest (TSS, CTCF binding site, etc), for the contacting anchor we center the 10Kb bin
at the maxV4CScorePos. For each Hi-C library (replicate / condition) we counted the number of valid Hi-C
contacts between these pairs of 10Kb regions (one pair of regions for each peakHiC loop). We next
summed the Hi-C contacts across different replicates to get the Hi-C loop interaction score (IS) for each
loop in GM12878, LA, LV and HEART (Hi-C libraries from LA and LV combined). We then rank each peakHiC
loop within each Hi-C map based on its IS and compute its coverage rank quantile (a number between 0
and 1) relative to all other loops (covQ). Loops in the top and bottom 2.5% based on coverage (covQ) were

filtered out.

Total enhancer interaction score calculation

Per gene, a total enhancer interaction score (totENH-IS) is computed. We selected all the loops having
genes as viewpoints and contacting loop anchors overlapping with enhancers as identified with MACS on
ChlPseq data from H3K27Ac (paragraph “ChlIP-seq data analysis”). Per gene we finally summed up the

interactions scores (IS) from each loop on H3K27Ac peaks.
Loop distance normalization

To intersect Hi-C and ChIP-seq data and analyze whether there is a relationship between loop interaction
score (influenced by loop distance) and protein occupancy at the looping anchors (not influenced by loop
distance) it is necessary to first normalize the loop interaction score for distance. To normalize for the
distance between both anchors of a peakHiC loop on Hi-C loop coverage, we binned loops based on this
distance in 150 bins, such that each bin contains an equal number of loops. Next, we determined the
average loop interaction score (covQ values) of all loops in a bin and subtracted this bin specific average.
The resulting covQ.norm value is used for distance normalized interaction score ranking of peakHiC loops.
We used this interaction score measure in all instances where Hi-C loop strength (distance dependent)
was compared to ChIP-seq protein occupancy levels (not distance dependent).

(Dixon et al., 2012)
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Creating a non-redundant set of loops

We collected all the peakHiC reciprocal loops from HEART (LA+LV) and GM12878 for a total collection of
722,816 loops, by using ~540,000 TSS and CTCF viewpoints. For each loop we have two coordinates
referring to the viewpoint position (VP) and the genomic position of the summit of the interaction peak
(maximum V4C score). We denoted with X and Y the most up- and downstream positions of each loop.

Redundancy is removed in the following way:

— Genome is partitioned in 10Kb sized bins and a unique identifier is assigned to each bin;

— For each loop we assign two unique identifiers, as those from the residing bin for the anchor X
and Y. Any loop with the same pair of unique identifiers has both the anchors in the same pair of
10Kb genomic bins;

— If multiple loops occur in the same pair of genomic bins, we keep only the loop with highest read

coverage in its 10Kb anchors.

PeakHiC: VA4C viewpoint size determination

Selection of an appropriate VAC viewpoint size for peakHiC is a tradeoff between resolution and
coverage/reproducibility. In order to evaluate the minimum number of fragments to pool and be used for
the (meta) viewpoint region, we tested 5 different ‘fragment pool’ sizes of 11, 21, 31, 41 and 51
Mbol/Dpnll fragments centered on the fragment of interest. For these candidate viewpoint sizes we
generated V4C profiles for a collection of 4756 gene promoters viewpoints located on chrl, thus
generating 4756 profiles per candidate viewpoint size. For each V4C profile and for all different viewpoint

sizes we then computed a series of metrics, reported in Table 2, in the format mean(sd):

— the average viewpoint region size in bp (VPsize);

— the 10th and 90th percentile of the viewpoint region size;

— the average number of Hi-C contact pairs, per replica as well as for the total collection of
replicates, in a 0.2Mb and 2Mb region surrounding the viewpoint excluding those mapping on the
viewpoint region itself;

— the average coverage, namely the percentage of fragments covered by at least one Hi-C contact
pair, per replica as well as for the total collection of replicates, in a 0.2Mb and 2Mb region

surrounding the viewpoint.
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Based on our previously defined criteria to judge whether a 4C experiment is of sufficient quality for
meaningful interpretation (Van De Werken et al., 2012), we required to have a minimum local coverage
of 40% (0.2 Mb around the viewpoint). Following that requirement, we binned 31 fragments per
viewpoint, giving, per replicate Hi-C experiment, an average of 545 contacts and 46% coverage in the 0.2

Mb interval (total across all replicates: 4357 contacts and 85% coverage) (Table 2).

A and B compartments identification

A and B compartments in the heart Hi-C datasets (LA and LV) have been identified by using the Eigenvector
function on the Hi-C datasets from juicer tools (Durant et al. 2016); the sign of the eigenvector indicates
the compartment. For the GM12878 Hi-C data, we used the A and B compartment data as previously
published (Rao et al. 2014).

Insulation score and directionality index calculation

We implemented in R the insulation score calculation as defined by Olivares-Chauvet et al. 2016. Scores
were calculated in regions +/- 250Kb at 2Kb resolution. In heatmaps, visualized scores were multiplied by
-1 and mean zero normalized such that high positive scores reflect strong contact insulation. For the
directionality index (DI) calculation we used the definition by (Dixon et al., 2012). DI scores were also

calculated at 2Kb resolution. Heatmaps display z-score normalized values of the DI.

Classification of CTCF loops

For classification of CTCF loops into type | and type Il we first quantified the total bias in directionality
index (for each region centered around a looped CTCF site) by taking the difference of the directionality
index averaged over the 50 (2Kb spaced) bins up- and downstream of the CTCF site. We then computed a
running mean statistic to calculate enrichment in directionality bias for the CTCF sites ordered by CTCF
ChlP-Seq enrichment (Figure 2D, Figure 4B). This statistic averages the directionality bias at each site over
the 1000 CTCF sites nearest in the ranking and we determined the threshold at the first CTCF site for which
this running average went below 0. All CTCF sites above this threshold are classified as type |, with strong

directionality bias and high insulation average, and other CTCF sites are classified as type II.

ChiP-seq data analysis
ChIP-Seq NGS paired end reads were aligned to the hg19 human genome with Bowtie2 (REF) using default
settings, and duplicated reads were removed. Peaks were called using the MACS software (v2.1.0) (Zhang

et al., 2008) with default parameters. Peak enrichment was determined for each peak identified by MACS2
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using R with Bioconductor (Gentleman et al., 2004) and compEpiTools (Kishore et al., 2015) packages. In
short, the enrichment is defined as log2(PeakSig—inputSig), where PeakSig is the reads count on the
enriched region in the ChIP sample, inputSig is the reads count on the same region in the corresponding

input sample, both normalized by millions of mapped reads.

RNA-seq data analysis

RNA-seq NGS paired end reads were aligned to the hg19 human genome using the TopHat aligner (version
2.1.0)(doi: 10.1186/gb-2013-14-4-r36) with default parameters and duplicated reads were removed.
Reads count associated to each gene based on the UCSC-derived hgl9 GTF gene annotation were
generated using the featureCounts function using R with Bioconductor and Rsubread package (doi:
10.1093/nar/gkz114).

Gene expression was defined by determining reads per kilobase per million of mapped reads (RPKM) and
by defining the total library size as the number of reads mapping to exons only.

Differentially expressed genes were identified using the Bioconductor package DESeq2 (Love et al., 2014)
and by imposing g-value lower than 0.01 and absolute log2 Fold Change > 0.

For each gene we selected the most active TSS by selecting the one with the highest amount of RNA-seq

mapped reads in the region +/- 1Kb around each TSS.

KEGG pathway analysis

KEGG pathway enrichment analysis has been computed on the genes found in the top 1% HEART specific
loop anchors, after sorting them by differential normalized interaction score HEART vs GM12878. A total
of 443 genes have been provided to ConsensusPathDB (Kamburov et al., 2013) with default parameters

and plotting has been performed by selecting the top 5 ranked KEGG pathways.

Functional and GWAS annotation

HiC loops for intersection
We ordered the HiC loops (N=230,391) by diff.CovQ.norm and selected the top 10% loops (N=23,039) with
the strongest diff.CovQ.norm value for Heart (left ventricle and left atrium) and GM12878 respectively.

We included the viewpoint and anchor regions for each HiC loop for the intersections.

Overlap of CVD versus non-CVD GWAS loci with HiC loops
We identified sentinel variants for CVD loci from the GWAS catalog (Buniello et al., 2019) as well as

additional sentinel variants for AF (Christophersen et al., 2017a) and P-wave indices (Christophersen et
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al., 2017b). Included traits for the CVD group were: Brugada syndrome, P terminal force, P wave duration,
PR interval, PR segment, QRS complex, QRS duration, QT interval, TPE interval measurement, atrial
fibrillation, cardiac hypertrophy, cardiovascular disease - type Il diabetes mellitus, cardiovascular
measurement, cardiovascular measurement - left ventricular hypertrophy, congenital heart disease,
congenital heart malformation, congenital left-sided heart lesions, dilated cardiomyopathy, heart failure,
heart function measurement, heart rate and sudden cardiac arrest. For the non CVD group we kept the
remaining traits in the GWAS catalog excluding the previously listed CVD traits as well as: cardiovascular
disease, systolic blood pressure, diastolic blood pressure, blood pressure, coronary artery calcification,
abdominal aortic artery calcification, hypertension, myocardial infarction, coronary heart disease,
atherosclerosis, resting heart rate, RR interval, coronary heart disease - myocardial infarction, coronary
artery bypass - atrial fibrillation, coronary artery bypass - vein graft stenosis, cardiac arrhythmia, coronary
artery bypass - myocardial infarction, heart failure - mortality, response to statin - coronary heart disease,
stroke - coronary heart disease, large artery stroke - coronary heart disease, Conotruncal heart
malformations - parental genotype effect measurement, Conotruncal heart malformations, large artery
stroke - coronary heart disease, large artery stroke, carotid artery intima media thickness, coronary artery
bypass - Acute kidney injury - serum creatinine measurement and coronary artery bypass - myocardial
infarction. For each group we selected sentinel variants with P-value < 5x10-8 keeping the variant with
the lowest P-value within a 1mb window for each trait. Across traits we identified independent sentinel
variants, keeping variants with the lowest P-value and removing all correlated variants with r2 > 0.8 based
on European ancestry LD from 1000 Genomes phase3 v5 (1000 Genomes Project Consortium et al., 2015).
We intersected the sentinel variants from the CVD and non-CVD group with the top 10% strongest HiC

loops in heart tissue and in the GM12878 cell line.

Enrichment

We calculated the enrichment using the tool GREGOR v1.4.0 (Schmidt et al., 2015) for reported sentinel
variants for the complex diseases: atrial fibrillation (AF) (Roselli et al., 2018), alzheimer’s (ALZ) (Lambert
et al., 2013), coronary artery disease (CAD) (van der Harst and Verweij, 2018), depression (DEPR) (Wray
etal., 2018), inflammatory bowel disease (IBD) (de Lange et al., 2017), schizophrenia (SCZ) (Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2014) and type 2 diabetes (T2D) (Scott et al.,
2017), as well as the traits: body mass index (BMI) (Locke et al., 2015; Speliotes et al., 2010) blood pressure
(BP) (Warren et al., 2017), PR-interval (PR) (van Setten et al., 2018), QT-interval (QT) (Arking et al., 2014),
high density cholesterol (HDL) (Willer et al., 2013), low density cholesterol (LDL) (Willer et al., 2013),
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triglycerides (TG) (Willer et al., 2013) and total cholesterol (TC) (Willer et al., 2013). We also created the
group combined cardiovascular (CVD) including sentinel variants from the traits and diseases: AF, CAD,
BP, PR, QT, heart failure (Aragam et al., 2018), heart rate (den Hoed et al., 2013) and QRS-duration (Prins
et al., 2018b), echocardiographic traits of diastolic function, LV structure and systolic function (Wild et al.,
2017). We used the following settings to calculate proxies: r2 threshold of 0.8, a window size of 500kb
and European ancestry. The size of the neighborhood in GREGOR was defined as 1,000. The enrichment
was calculated for the top 10% strongest HiC loops in heart tissue and in the GM12878 cell line. Bonferroni

corrected significance threshold was established as P-value < 1.56x10-3.

Manhattan plots

We generated mirrored Manhattan plots of the summary results of the traits AF, PR and QT. Highlighted
are genome-wide significant variants (P-value < 5x10-8) that intersect with the top 10% strongest HiC
loops in heart tissue (red, highlighted in the upper half) and GM12878 (orange, highlighted in the lower
half). We used the (R Core Team, 2015) package qgman (Turner, 2018) for plotting.

GWAS-to-gene identification

For all sentinel variants from the traits AF, PR, QT and CAD we identified the proxies with r2 > 0.8, based
on linkage disequilibrium (LD) from a European reference set from the Broad AF study (Roselli et al., 2018)
calculated in PLINK v1.90 (Chang et al., 2015). We identified the nearest gene to the sentinel variant using
the RefSeq gene reference. We annotated the sentinel variants and proxies with genes identified via
expression quantitative trait loci (eQTL) from human LA samples from the Myocardial Applied Genomics
Network repository (Chang et al., 2015), as well as eQTLs from the Genotype-Tissue Expression (GTEXx)
project (GTEx Consortium, 2015) in the cardiac tissues right atrial (RA) and left ventricular (LV).
Additionally, we annotated genes where the anchor region of any called peak-HiC loops in LA and LV

overlapped with the gene’s TSS.

Gene set enrichment

To display the enrichment of heart loops in biologically relevant pathways that are specific to CVD, we
used the Gene Ontologies (Ashburner et al., 2000; The Gene Ontology Consortium, 2017) and performed
gene set enrichment on loops which intersected with a SNP or proxy (r2 > 0.8) for the following traits: AF,
BP, CAD, PR, QT. We used PantherDB (Thomas et al., 2006) to determine enrichment for the GO biological
process. Forthe first 10 terms, we plotted the number of genes present, and the raw P-value, as no terms

were significant due to the small number of genes per trait plotted. For combining the PR and QT gene
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lists, a short list of pathways were significantly enriched by FDR correction, and for that figure the FDR

corrected and adjusted P-values are displayed.

Data and Software Availability

Data Access

The Hi-C data from the human heart and GM12878 cell line have been linked to genetic variation for a
range of cardiovascular diseases and traits using the peakHiC algorithm. This data will be made publicly
available upon publication of the manuscript and can be found at the Broad Cardiovascular Disease

Knowledge Portal (www.broadcvdi.org). The human sequence data generated in this study are available

at dbGaP (https://www.ncbi.nIm.nih.gov/gap/), accession number phs001539.v1.p1.

Software

The algorithm from peakHiC is written in R (https://www.R-project.org/) and is available on GitHub at the

following link: https://github.com/vbianchi/peakHiC.

Tables

Table 1: Left atrium (LA) and left ventricle (LV) Hi-C mapping report.
Table 2: Statistical analysis and report of different Virtual 4C viewpoint bin sizes.

Table 3: Top 200 genes associated to top 1% most dynamic heart loops.
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Figure S1

A) Normalized VAC overlay contact profiles showing the local (-/+ 1 Mb) contacts of GJA5, C7, GATAGS,
MYBPC3, MYOZ2 and MB gene promoters. Contact frequencies found both in HEART and GM12878 are in
grey, contact frequencies unique to HEART or GM12878 are in red and blue, respectively. The viewpoint
is marked by vertical black dashed lines, vertical dashed lines show peakHiC-called loops. Below each V4C
plot: positive strand genes in red, negative strand genes in blue.

B) Normalized VAC overlay contact profiles showing the local (-/+ 1 Mb) contacts of CNR2, MEF2C, ASCL1,
TNFSF11, TNFSF9 and CD53 gene promoters. Contact frequencies found both in HEART and GM12878 are
in grey, contact frequencies unique to HEART or GM12878 are in red and blue, respectively. The viewpoint
is marked by vertical black dashed lines, vertical dashed lines show peakHiC-called loops. Below each V4C
plot: positive strand genes in red, negative strand genes in blue.

C) Venn diagram showing the amount of chromatin loops identified in GM12878 cell line by peakHiC
(blue), HiICCUPS (pink) and from both methods (green).

D) Heatmap plots that show the result of aggregate peak analysis (APA) which measures normalized
contact enrichment of Hi-C contacts between pairs of regions. The six panels show contact enrichment
for CTCF and promoter centered loops identified in GM12878 cell line by HiCCUPS only, peakHiC only and
both methods (Shared).

E) Barplot showing the distribution of genomic loops identified with peakHiC at different distance bins
from the viewpoint, ranging from 0 to 1000Kb with increment of 100Kb.

F) 18-state ChromHMM categories representation from GM12878, at the loop anchors of loops
whose viewpoint anchor do not overlap any CTCF peak, H3K27Ac peak and gene promoters
(OTHER category in Figure 1E) descendant sorted by frequency.
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Figure S2
A) Boxplots that show the distributions of CTCF and SMC3 ChIP-Seq enrichment at CTCF sites that are /
are not looping, split according to their location in the A or B compartment in GM12878 cells.

B) Doughnut plot showing the density of CTCF bound sites in A and B compartment in GM12878 cell line.

C) Boxplots that show the distributions of loop distances (between VP and loop anchor) for the sets of
loops defined in Figure panel 2C.
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Figure S3

A) VAC contact profiles in GM12878 for gene promoters PCDH1, LOC100506178, TRIM46, KCNA2, TMIE
and LOC145845. The viewpoints are marked by vertical black dashed lines, positive strand genes in red,
negative strand genes in blue. peakHiC loops identified on top of repressor regions, identified by
H3K27me3 ChIP-seq mark in GM12878, are marked with black boxes (10Kb in size) connected by an
horizontal dash line.


https://doi.org/10.1101/705715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/705715; this version posted July 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Figure S4
A) Heatmap plots that show the correlation in Hi-C contact counts between the 10Kb anchors of peakHi-
C loops in LA samples. Spearman’s rank correlation was computed for all independent Hi-C templates in

LV (4 reps), LA (4 reps) and GM12878 (8 reps).
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Figure S5

A) Stacked barplot showing the amount of peakHiC loops in common and tissue specific in HEART vs
GM12878 cell line. Category have been created by having the 10Kb viewpoint anchor overlapping
GM12878 CTCF ChiPseq peaks (CTCF), GM12878 H3K27Ac peaks (ENH), gene promoters (PROM), any
possible configuration of these three marks (CTCF/ENH, PROM/CTCF/ENH, PROM/ENH, PROM/CTCF), or
none of the above (OTHER).

B) Barplot showing the distribution per category identified in Figure S5A of the top 5% loops GM12878
specific vs expected. Loops have been selected after sorting them by differential normalized interaction
score GM12878 vs HEART (LA+LV) cell line.

C) Series of boxplots showing the delta H3K27Ac (ChIP-seq signal), delta CTCF (ChIP-seq signal) and delta
gene expression (RNA-seq RPKM of the closest gene to the center of the anchor) HEART vs GM12878 at
the anchors of top 5% HEART tissue specific loops (red) and GM12878 tissue specific loops (blue).

D) Series of boxplots showing the delta H3K27Ac (ChlP-seq signal), delta CTCF (ChIP-seq signal) and delta
gene expression (RNA-seq RPKM of the closest gene to the center of the anchor) HEART vs GM12878 at
the loop anchors of top 5% HEART tissue specific loops and GM12878 tissue specific loops, categorized by
having the 10Kb viewpoint anchor overlapping GM12878 CTCF ChiPseq peaks (CTCF), GM12878 H3K27Ac
peaks (ENH), gene promoters (PROM), any possible configuration of these three marks (CTCF/ENH,
PROM/CTCF/ENH, PROM/ENH, PROM/CTCF), or none of the above (OTHER).

E) KEGG pathway enrichment analysis computed on the genes found in the top 1% HEART specific loop
anchors. These loops have been identified after sorting them by differential normalized interaction score
HEART vs GM12878.
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Figure S6. Related to Figure 6. Manhattan plots detailing overlap between TSS-centered loops and
GWAS SNPs. Manhattan plots for A) atrial fibrillation, B) coronary artery disease, and C) the QT interval
of the electrocardiogram intersected with the top 10% strongest peakHiC loops from heart (red) or
GM12878 (blue). Subthreshold (P-value > 5.0 x 10-8) SNPs were not labeled when overlapping with a
loop. Insets for all three plots detail regions where top variants at GWAS loci were only found to
intersect with heart chromatin loops.

Figure S7. Related to Figure 6C-F. Exemplar virtual 4C profiles at GWAS loci.
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Table S1. Baseline characteristics of human heart donors

Age Height Weight Heart mass HMI LVEF Creatinine
Sex (years) Race (cm) (kg) (g) (g/m?) (%) (mg/dl)
Female 24 White 160 75 262 143.50 61 0.6
Female 55 White 168 57 343 210.31 70 0.5
Male 53 Black 193 100 443 191.33 N/A 0.8
Male 43 White 173 102 432 195.12 60 1

HMI: Heart mass index, LVEDD: left ventricular end diastolic dimension, LVESD: left ventricular end systolic
dimension, PW Thick: Posterior wall thickness, LVEF: Left ventricular ejection fraction.
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Table S2. Results of global enrichment analysis using GREGOR

Observe
Total # d # of Expected # A from

Disease/Trait Tissue of loci loci of loci expected P-Value

Atrial fibrillation GM12878 94 23 20.2 1.1 2.68E-01
Alzheimer's disease GM12878 21 11 4.4 2.5 9.66E-04
Body mass index GM12878 88 26 19.9 1.3 6.90E-02
Blood pressure GM12878 102 27 22.0 1.2 1.32E-01
Coronary artery disease GM12878 122 36 27.0 1.3 2.95E-02
Combined cardiovascular GM12878 486 142 107.8 1.3 1.04E-04
Depression GM12878 40 4 7.8 0.5 9.74E-01
HDL cholesterol GM12878 60 22 15.3 1.4 3.18E-02
Irritable bowel disease GM12878 159 77 34.9 2.2 7.40E-15
LDL cholesterol GM12878 30 15 7.3 2.0 1.33E-03
PR interval (ECG) GM12878 44 11 10.8 1.0 5.37E-01
QT interval (ECG) GM12878 35 14 8.7 1.6 3.03E-02
Schizophrenia GM12878 114 37 24.3 1.5 2.32E-03
Type 2 diabetes GM12878 127 29 24.1 1.2 1.49E-01
Total cholesterol GM12878 39 16 104 1.5 2.99E-02
Triglycerides GM12878 28 11 7.4 1.5 8.32E-02
Atrial Fibrillation HEART 94 32 21.2 1.5 6.61E-03
Alzheimer Disease HEART 21 5 4.6 1.1 4.96E-01
Body Mass Index HEART 88 26 22.4 1.2 2.14E-01
Blood Pressure HEART 102 22 233 0.9 6.60E-01
Coronary Artery Disease HEART 122 37 27.8 1.3 3.15E-02
Combined Cardiovascular HEART 486 151 113.3 1.3 4.07E-05
Depression HEART 40 9 9.7 0.9 6.64E-01
HDL cholesterol HEART 60 14 15.2 0.9 6.91E-01
Irritable bowel disease HEART 159 26 36.5 0.7 9.86E-01
LDL cholesterol HEART 30 7 6.8 1.0 5.31E-01
PR interval (ECG) HEART a4 19 10.7 1.8 4.28E-03
QT interval (ECG) HEART 35 10 8.7 1.1 3.68E-01
Schizophrenia HEART 114 25 26.4 0.9 6.59E-01
Type 2 diabetes HEART 127 34 26.1 1.3 5.10E-02
Total cholesterol HEART 39 7 9.9 0.7 9.05E-01
Triglycerides HEART 28 7 6.7 1.0 5.27E-01

Bold text indicates traits surpassing Bonferroni-corrected significance value (P < 1.56x103). “# of loci”
refers to the number of loci which overlap with the top 10% strongest loops from the respective dataset.
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Table S3. Candidate genes identified for cardiovascular GWAS loci.

Please see the attached .csv table

11


https://doi.org/10.1101/705715
http://creativecommons.org/licenses/by-nc-nd/4.0/

Table S4. GO biological pathways enrichment analysis for electrophysiological GWAS loci by Panther.

Genesin HiC genes Fold raw P-  FDR adjusted
GO biological process complete GO term observed Expected enrichment value P-value
bundle of His development (GO:0003166) 4 3 0.03 > 100 8.96E-06 1.42E-02
His-Purkinje system development (GO:0003164) 5 3 0.03 92.63 1.43E-05 1.50E-02
cardiac conduction system development (GO:0003161) 12 4 0.08 51.46 2.81E-06 6.36E-03
bundle of His cell to Purkinje myocyte communication
(GO:0086069) 13 3 0.08 35.63 1.37E-04 4.43E-02
cell-cell signaling involved in cardiac conduction
(GO:0086019) 27 4 0.17 22.87 4.51E-05 2.04E-02
regulation of cardiac muscle cell contraction
(GO:0086004) 37 4 0.24 16.69 1.38E-04 4.37E-02
ventricular cardiac muscle tissue development
(G0O:0003229) 54 5 0.35 14.29 3.88E-05 2.28E-02
regulation of striated muscle contraction (G0:0006942) 93 8 0.6 13.28 2.92E-07 4.62E-03
regulation of cardiac muscle contraction (G0:0055117) 77 6 0.5 12.03 1.60E-05 1.58E-02
ventricular septum development (G0:0003281) 69 5 0.45 11.19 1.16E-04 4.36E-02
positive regulation of muscle organ development
(GO:0048636) 70 5 0.45 11.03 1.23E-04 4.54E-02
positive regulation of striated muscle tissue
development (GO:0045844) 70 5 0.45 11.03 1.23E-04 4.43E-02
positive regulation of muscle tissue development
(G0O:1901863) 71 5 0.46 10.87 1.31E-04 4.42E-02
heart contraction (GO:0060047) 87 6 0.56 10.65 3.06E-05 2.31E-02
striated muscle contraction (GO:0006941) 108 7 0.7 10.01 9.63E-06 1.27E-02
cardiac ventricle development (G0:0003231) 124 8 0.8 9.96 2.25E-06 8.91E-03
action potential (GO:0001508) 95 6 0.62 9.75 4.88E-05 2.15E-02
heart process (GO:0003015) 99 6 0.64 9.36 6.07E-05 2.53E-02
regulation of muscle contraction (GO:0006937) 162 9 1.05 8.58 1.67E-06 8.82E-03

regulation of striated muscle tissue development
(G0O:0016202) 134 7 0.87 8.06 3.61E-05 2.29E-02
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regulation of muscle tissue development (G0:1901861)
regulation of muscle organ development (GO:0048634)
cardiac muscle tissue development (GO:0048738)
cardiac chamber development (GO:0003205)
muscle cell development (GO:0055001)

regulation of muscle system process (GO:0090257)
muscle contraction (GO:0006936)

muscle system process (GO:0003012)

striated muscle cell differentiation (G0:0051146)
muscle cell differentiation (G0O:0042692)

heart morphogenesis (GO:0003007)

striated muscle tissue development (G0:0014706)
muscle tissue development (GO:0060537)

muscle structure development (GO:0061061)
blood vessel morphogenesis (G0:0048514)

blood vessel development (GO:0001568)
vasculature development (GO:0001944)
cardiovascular system development (GO:0072358)
regulation of system process (GO:0044057)
negative regulation of transcription by RNA polymerase
Il (GO:0000122)

circulatory system development (GO:0072359)
animal organ morphogenesis (GO:0009887)
negative regulation of developmental process
(G0O:0051093)

cell-cell signaling (GO:0007267)

negative regulation of nucleic acid-templated
transcription (G0:1903507)

negative regulation of RNA biosynthetic process
(G0:1902679)

negative regulation of nucleobase-containing
compound metabolic process (G0:0045934)
anatomical structure morphogenesis (GO:0009653)
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1.52
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33
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3.78
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system process (GO:0003008)
regulation of multicellular organismal process
(GO:0051239)
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