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Abstract

The dynamic three-dimensional (3D) organization of the human genome (the “4D Nucleome”) is
closely linked to genome function. Here, we integrate a wide variety of genomic data generated
by the 4D Nucleome Project to provide a detailed view of human 3D genome organization in
widely used embryonic stem cells (H1-hESCs) and immortalized fibroblasts (HFFc6). We
provide extensive benchmarking of 3D genome mapping assays and integrate these diverse
datasets to annotate spatial genomic features across scales. The data reveal a rich complexity
of chromatin domains and their sub-nuclear positions, and over one hundred thousand
structural loops and promoter-enhancer interactions. We developed 3D models of population-
based and individual cell-to-cell variation in genome structure, establishing connections
between chromosome folding, nuclear organization, chromatin looping, gene transcription, and
DNA replication. We demonstrate the use of computational methods to predict genome folding
from DNA sequence, uncovering potential effects of genetic variants on genome structure and
function. Together, this comprehensive analysis contributes insights into human genome
organization and enhances our understanding of connections between the regulation of genome

function and 3D genome organization in general.
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Introduction

Since the publication of the first draft sequence of the human genome over two decades ago,
massive efforts have focused on identifying all genes and functional elements encoded in the
genome. The resulting encyclopedia of annotations has revealed a vast richness of coding and
regulatory information, leading to an increased understanding of gene regulation in a multitude
of cell types and conditions across human development and physiology 2. Integration of
functional annotations with genetic variation mapped at an increasing scale throughout
populations is starting to link genetically encoded functional elements and genes to complex

traits and human diseases.

Genomes are physical objects and not simply abstract linear databases of stored genetic
information. In the case of the human genome, 46 chromosomes are intricately organized as
physical objects in three dimensions inside the cell nucleus, while retaining the ability to change
and adapt to cell state transitions and cell lineage commitment. It is increasingly appreciated
that the spatial organization of genomes is tightly linked to how genetic information encoded
within them is activated, utilized, and expressed in a cell type and condition—dependent manner.
For instance, enhancers functionally interact with specific distal genes, while ignoring others,
through a process that can be controlled by genetic sequences such as insulator elements and
tethering elements. This may involve biophysical mechanisms including phase separation, direct
enhancer-promoter contacts, loop extrusion by cohesin, condensins, and possibly other folding
machines, as well as possible "action at a distance" mechanisms involving diffusion and/or DNA

tracking factors 37,

The genome is organized at different scales 8'2. At the local scale of the chromatin fiber,
nucleosome positioning and histone modifications influence the structure and accessibility of
DNA. At the scale of up to hundreds of kilobases, chromatin loops form in a dynamic fashion,
sometimes enriched near specific cis-elements, and in many, but not all, cases such loops are
generated through active loop extrusion by cohesin and condensin complexes '*. The pattern of
extrusion along chromosomes is modulated by cis-elements such as enhancers, promoters and
insulators "¢, The process of loop extrusion contributes not only to loops between specific cis-
elements including CTCF-bound sites, but it also underlies the formation of many topologically
associating domains (TADs; ""'°). Loci within TADs interact frequently through cohesin-
mediated extrusion %. TADs often have CTCF sites at their boundaries that block extrusion

182122 thereby lowering the probability of interaction between loci on either side of the boundary,
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a phenomenon referred to as insulation 2%, Finally, chromosomal domains that can range in size
from several kilobases to megabases cluster together in space to form sub-nuclear
“compartments” 24?®, Such associations can involve functionally distinct sub-nuclear structures
and bodies such as nuclear speckles, nucleoli, and the nuclear periphery. Many studies over the
last several years have started to describe these phenomena, exploring the mechanisms of their

formation and their potential roles in genome regulation.

To understand how genomes work to process genetic information into biologically meaningful
responses, it is critical to quantitatively map and mechanistically understand the physical
organization of the genome relative to itself and to nuclear landmarks and bodies, e.g.,
identifying which distal enhancers contact target genes and how they work together to regulate

gene expression.

The goal of the 4D Nucleome project is to gain detailed insights into the three-dimensional
folding of the human genome at the resolution of functional elements, in different cell states,
over time, and in single cells (i.e., to map the “4D nucleome”) so that links between
chromosome folding and genomic function can be derived, mechanisms of folding can be
explored, and causal relations between genome structure and function can be deduced 27-%°.
During its first phase, starting in 2015, a major focus of the project has been the development
and benchmarking of complementary experimental approaches for measuring the 4D nucleome,
the development of computational and modeling approaches to analyze and interpret 4D
nucleome data, and the generation of structural and quantitative models of the folded human
genome (Figure 1). We have collected data on chromatin state, chromosome folding, and
nuclear organization for two defined human cell types — embryonic stem cells (H1-hESC) and
immortalized foreskin fibroblasts (HFFc6), as well as multiple secondary cell lines. Datasets
were integrated to obtain linear annotations of 4D nucleome features along chromosomes, and
to build 3D genome models, including models that reflect cell-to-cell variation in genome
organization. Genome models and structural features were used to gain insights into how
chromosome structure relates to gene expression and DNA replication patterns, and to build
predictive models that can infer effects of sequence variants on chromosome folding, e.g., in
disease. Here, we describe the generation and analysis of genomic data types representing
different aspects of the 4D nucleome in the two cell types, in cell populations, and in single cells.
All data described in this work are publicly available at the 4DN Data Coordination and

Integration Center (https://data.4dnucleome.org/).
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Here we present a detailed analysis and integration of these data to:

e Benchmark and validate genomic assays for detecting and quantifying distinct features
of chromosome folding

e Integrate data obtained with diverse methods to produce genome-scale annotations of
spatial features of loci along the linear genome

e Generate ensembles of 3D genome models representing population-based folding
states and cell-to-cell variation in spatial organization

o Relate genome folding to functional processes such as transcription and replication

e Train computational methods to predict 3D genome folding from DNA sequence

e Start to apply insights obtained from these 4D nucleome studies to identify roles of
specific DNA elements in chromosome folding, and predict impact of disease-related

variants on genome folding and function
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Results

Benchmarking genomic assays for mapping genome folding

A growing number of assays are being developed to probe the three-dimensional folding of
genomes. Here we present the generation and analysis of data obtained with sequencing-based
assays that were the main focus of the first phase of the 4DN project, while ongoing and future
analyses of the consortium place emphasis on imaging-based assays. Sequencing-based
assays can be divided in two broad classes (Figure 1). The first relies on chromatin interaction
assays that comprehensively detect spatial proximities between loci, i.e., the interaction
frequencies between pairs or among sets of associated loci (e.g., 3C-based assays). The
second set of approaches report on physical distances of loci (i.e., TSA-seq, multiplexed
immunoFISH) or contact frequencies (i.e., DamID, SPRITE) to specific nuclear structures, such
as the lamina, nucleoli, nuclear speckles, etc. We started by comparingthe most used chromatin
interaction assays and integrating with assays that report sub-nuclear locus positions to gain

insights into how folding and nuclear placement relates to genome function.
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Overview of the key highlights from the first phase of 4D Nucleome project. (Top-left) Schematic plots illustrate two
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multimodal datasets generated or utilized to facilitate integrative analyses (see below). (Bottom-center) Multiple
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integrative modeling and analysis approaches are conducted to reveal the spatial features of chromatin loci by
combining 3D genome features and various multimodal datasets. The connections between different input data and
integrative analyses is illustrated through color-coded flow paths. (Bottom-right) An illustrative cartoon summarizes
the overarching aim of the project: to provide novel insights into structure-function relationships by connecting
variable 3D genome features (represented on the X-axis) derived from multimodal datasets (Y-axis) with key cellular
functions, such as transcription and replication (Z-axis). Our models are paving the way for identifying the sequence
determinants of genome folding and predicting how different variants might influence this folding process.

Sequencing-based chromatin interaction detection methods differ in important ways, e.g.,
detecting pair-wise contact frequencies as in Hi-C vs. sets of spatially proximal loci as in GAM
or SPRITE. These methods can be unbiased in that they identify spatially proximal loci
independent of specific factors (e.g., chromosome conformation capture-based assays * such
as Hi-C #* and Micro-C *'*2, SPRITE *, or GAM 34), or are tailored to identify interactions

between loci associated with specific proteins (e.g., ChIA-PET *® and HiChIP/PLAC-seq 7).

Here we compared the different methods for their ability to determine and quantify 4D nucleome
features, including chromatin interactions (i.e., pairwise proximity matrices), chromatin loops,
chromosomal domains and compartments, and the sub-nuclear positions of loci in H1-hESC
and HFFc6 cells. Data was compared using two concordant biological replicates obtained using
unbiased genome-wide approaches (Hi-C, Micro-C, and SPRITE, and GAM) and targeted
approaches (ChlA-PET for RNA Polymerase Il and CTCF, and PLAC-seq for H3K4me3)
(Supplemental Figure 1). We also refer to two recent comprehensive studies benchmarking
GAM against Hi-C *8, and Micro-C and Hi-C protocol variants . Those studies showed that
GAM and Hi-C, and Micro-C and Hi-C quantitatively differ in compartment detection and loop
detection. We also refer to a recent study where polymer models of chromatin 3D architecture
were used to show that Hi-C, GAM, and SPRITE bulk data all capture overall reference 3D

structures, while single-cell data can reflect the strong variability among single DNA molecules
40

One measure of data quality is the fraction of interactions that are intra-chromosomal (cis) vs.
inter-chromosomal (trans). For all datasets (except GAM, where such metric cannot be directly

obtained), the level of cis interactions was 70-90% (Supplemental Figure 1c), indicating high

10
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signal-to-noise ratios as random ligation events are thought to enrich inter-chromosomal
interactions (trans), and an absence of true signal is expected to produce only 2-5% cis
interactions. Datasets clustered (based on compartment and insulation profiles) first by cell type
and then by method. SPRITE and GAM, being the only multi-way interaction detection methods,

each clustered as a separate group (Figure 2b,d).
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Legend Figure 2

Methods for chromatin interaction detection differ in quantitative detection of compartmentalization

a. (Upper panel) Heatmaps of contact maps generated using Hi-C, Micro-C, ChlA-PET, PLAC-Seq, and SPRITE
(100 kb bins, chr. 2 0-70 Mb) derived from HFFc6 cells. (Lower Panel) Zoomed heatmaps of contact maps (25 kb
bins, chr2 12-16mb)

b. Spearman correlation of compartment profiles determined by Eigenvector decomposition (see Supplemental
Methods).

c. Compartment strength quantified using eigenvectors detected and quantified from contact data obtained with
corresponding 3D methods

d. Pearson correlation of genome-wide insulation scores for all methods.

e. Aggregated insulation scores at strong boundaries detected in multiple datasets (see Supplemental Methods),
using data obtained from indicated methods.

f. Preferential interactions quantified in Hi-C, Micro-C, ChlIA-PET, PLAC Seq, SPRITE and GAM, using DamID Seq
for Lamin B, Early and Late replication timing (E/L RT) using RepliSeq, and TSA Seq for SON to rank loci: The fold
enrichment indicates the preference of loci with similar associations with speckles (SON), nucleoli (PolR1E/NFIK),
lamina (Lamin B), or that display early or late replication to interact with each other, as detected by the indicated
interaction assays.

Compatrative analysis of chromatin interaction frequencies

To visualize relative interaction frequencies (“contacts”) between loci, contact maps were plotted
as two-dimensional heatmaps at different length scales (Figure 2a, data for HFFc6;
Supplemental Figure 1a for H1-hESC). Visual inspection of these contact maps at large
genomic distances show that ligation-based methods capture similar chromatin organization
patterns, independently of whether contacts are mapped with Hi-C, Micro-C, GAM, SPRITE, or
based on occupancy of specific proteins (CTCF, RNA Pol Il, H3K4Me3). Zooming in on specific
genomic regions shows that mapping of chromatin contacts enriched for CTCF, RNA Pol Il or
the H3K4me3 histone mark captures subsets of contacts seen as a composite in Micro-C and
Hi-C. SPRITE detects sets of spatially proximal genomic loci, ranging from clusters of 2 loci up
to thousands of loci. To visualize SPRITE data in Figure 2, we converted all clusters into
weighted pairwise interactions exactly as described *. For most subsequent analyses described

below, SPRITE data was split in subsets of interactions dependent on cluster size.

To quantitatively compare the contacts captured by each method, we computed interaction
frequencies P as a function of genomic distance (s) for HFFc6 cells (Supplemental Figure 1e;
similar results were obtained for H1-hESC cells). For all methods, the expected inverse
relationship between interaction frequency and genomic distance was observed. The shape of

the P(s) plots is comparable for all datasets, as indicated by the derivative of P(s). P(s) of all
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datasets revealed the presence of loops of around 100 kb as visible by the characteristic “bump”
in the P(s) plot around 100-200 kb *'. This characteristic bump has been ascribed to the
presence of cohesin-mediated loops. It is noteworthy that such global features of chromosome
folding are also detected with ChlA-PET and PLAC-seq that were targeted to enrich for
interactions involving sites occupied by CTCF, RNA Pol Il, or H3K4me3.

However, the methods differ in dynamic range, with Micro-C having the largest dynamic range
and SPRITE (all cluster sizes combined) and GAM (see *) the smallest. We further explored
SPRITE data split by cluster size. For small clusters (2-100 fragments), P(s) is steeper, and the
dynamic range approaches that observed with Hi-C. For larger cluster sizes (100-1,000 and
1,000-10,000 fragments), P(s) became increasingly flat, and frans interactions increased greatly
(Supplemental Figure 1f-h). Thus, SPRITE clusters of increasing sizes represent increasingly
larger chromosome structures, ranging from local pair-wise structures for small clusters to large
sub-nuclear structures containing sections from multiple chromosomes for the largest clusters.

This is illustrated in more detail below.

Methods differ in detection and quantification of chromosomal compartments

Genomes are generally spatially segregated into active A and inactive B compartments that
correlate with euchromatin and heterochromatin, respectively 242, A and B compartments can
be further split into subcompartments with distinct chromatin states and interaction profiles
(314344 and below). Compartmentalization is readily visible in all contact maps shown in Figure
2a (and Supplemental Figure 1a) as a plaid pattern of enriched interactions between domains of
the same type, and depleted interactions of domains of different types. We used eigenvector
decomposition and found that A and B compartmentalization is typically captured in the first
eigenvectors (as shown before 2*), which were highly correlated for most assays (Spearman
coefficient > 0.73; Figure 2b), and clustered according to cell type. GAM eigenvectors correlated

with lower Spearman coefficients.

Compartmentalization strength can be calculated by ranking loci based on the value of the first
eigenvector along both axes of an interaction map to produce a “saddle plot” **#5. In such plots,
B-B interactions cluster in the top left, and A-A interaction in the bottom right.
Compartmentalization strength is then calculated for A and B compartments separately as the
ratio of the B-B or A-A interaction scores and the level of A-B interaction scores. We find that in

H1-hESCs compartmentalization is relatively weak, in all methods, in comparison to the
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terminally differentiated HFFc6 fibroblast cells, as reported before 3°6. Interestingly, different
compartment strengths were found with each method for HFFc6 cells: The strongest
compartmentalization was found with SPRITE data obtained from clusters containing 2-100
fragments, and with Hi-C (Figure 2c). Compartmentalization detected with GAM, Micro-C, and

the targeted assays was considerably weaker.

We also explored the contribution of larger SPRITE clusters to the detection of
compartmentalization. We find that inclusion of larger SPRITE clusters results in decreased
compartmentalization strength in both H1-hESC and HFFc6 cells, and loss of the smaller
compartment domains due to becoming absorbed into flanking domains (Extended Data Figure
1a,b,c). Comparing the distributions of compartment domain sizes as detected by all methods,
we find that GAM and ChIA-PET detect the smallest domains (for GAM: 80% of domains are <1
Mb), while for data obtained with most other assays only 50% of domains are smaller than 1
Mb; Extended Data Figure 1e-f). However, compartmentalization is the strongest when
calculated with data obtained with relatively small SPRITE clusters (2-100 fragments) (Figure
2c).

Cytologically, compartmentalization is related to the preferential co-localization of sets of loci at
preferred sub-nuclear locations, or around specific sub-nuclear bodies "¢, For instance, B
compartment domains are often located near the nuclear and/or nucleolar periphery and are
late replicating *°. Such domains include Lamin Associated Domains (LADs) and these have
been shown to colocalize by Hi-C %°. In contrast, A compartments and gene dense chromatin in
general are located within the nuclear interior, are earlier replicating *°, and enriched for active
genes *'3. A subset of A compartment domains contains genomic regions with high gene
expression that are preferentially positioned near nuclear speckles and are early replicating 3*°*.
This allowed us to assess, and validate, performance of each of the chromatin interaction
assays to detect compartmentalization by using orthogonal data sets representing independent
measures of sub-nuclear compartments. For H1-hESCs and HFFc6, we generated genome-
wide maps of LADs using Lamin B1 DamID °°, of speckle-associated domains using SON TSA-
Seq *°, of nucleolar associated domains using POLR1E TSA-seq and NFIK TSA-seq %, and
determined replication timing using Repli-Seq %. We calculated the extent to which preferential
interactions between loci of the same type are detected with each interaction method (Figure
2f). We find compartmentalization calculated in this way is again stronger in HFFc6 cells as
compared to H1-hESC cells. SPRITE (2-100 cluster size) and Hi-C generally detect the
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strongest homotypic associations. Micro-C, ChlA-PET and PLAC-seq also detected such
preferentially homotypic interactions, but these preferences appeared weaker. GAM and
SPRITE detected relatively strong associations between loci associated with the nucleolus.
These assays may be able capture interactions with a larger contact radius, which may
contribute to their ability to detect co-association of loci at and around larger subnuclear
structures such as speckles and nucleoli. Interestingly, interactions between loci with similar
replication timing is observed with all assays, consistent with earlier reports that early and late
replication domains correlate strongly with A and B compartments detected by Hi-C %°. In HFFc6
cells this correlation between replication timing and interaction frequency is much higher than in
H1-hESC cells, consistent with the previous demonstration that consolidation of replication
domains occurs during hESC differentiation coincident with a progressive increase in the

alignment of replication timing with A / B Hi-C compartments 4690,

Together, these observations show that all methods can be used to qualitatively detect
compartmentalization and to identify compartment domains (Extended Data Figure 1b).
However, quantitative differences between the methods are large, both in terms of the size of
compartment domains, the ability to detect smaller compartment domains, and the ability to

quantify the strength of compartmentalization.

Detection of TAD boundaries

TAD boundaries can reduce the probability of interactions between cis-regulatory elements and
genes located on either side of the boundary, and therefore there is a great interest in
identifying their genomic locations and characteristics. To measure such boundaries, we
performed insulation analysis 2. First, we found that insulation score profiles were visually very
similar for data obtained with the different methods, although for SPRITE where the sequencing
was not high depth, and GAM data the profile has a reduced dynamic range (examples in
Figure 2a insets, and Figure 2e). This result was confirmed by calculating and clustering
genome-wide Pearson correlation values of insulation scores: insulation profiles for data
obtained with all methods were highly correlated (For all assays but SPRITE and GAM: r > 0.76
for H1-hESC and r > 0.8 for HFFc6); SPRITE and GAM-derived insulation scores had lower
correlation values with other data sets (SPRITE r = 0.28-0.75; GAM: r = 0.19-0.36; Figure 2d).
Insulation profiles are generally clustered by cell type, except SPRITE and GAM data. Finally,
insulation scores aggregated at a set of boundaries identified in multiple datasets (see

Supplemental Methods) showed that all methods detected boundary strength in comparable
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ways, except for SPRITE and GAM where boundary strength appeared weaker (Figure 2e). In
summary, local domain boundary formation is a robustly detected feature of genome folding that

is captured by a variety of chromatin interaction assays.

Extended Data Figure 1
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Legend Extended Data Figure 1

Chromatin interaction assays quantitatively differ in detection of small compartment domains

a. Eigenvector 1 obtained from SPRITE data derived from a range of cluster sizes along a typical genomic loci,
showing that small compartments are not detected when data from larger SPRITE clusters is used.

b. Examples of Eigenvector 1 profiles obtained from data generated with the different genomic assays indicated.
c. Compartmentalization strength calculated with interaction data obtained with different SPRITE clusters, for H1-
hESC and HFFc6.
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e-f. Cumulative distributions of compartment sizes, as detected with Hi-C, Micro-C, ChlA PET, PLAC Seq, and
SPRITE (cluster size 2-100) for H1-hESC and HFFc6 cells.

Detection of chromatin loops

We next evaluated the ability of different chromatin interaction methods to detect chromatin
loops, defined as focally enriched long-range interactions between specific pairs of loci (Figure
3a). For this analysis, we employed a hybrid approach, combining our previously developed
platform-agnostic tool Peakachu 5! with platform-specific methods, which allowed us to
effectively identify loops for different assays (Supplemental Methods). We currently do not have
tools to detect significant looping interactions with sufficient resolution from GAM data, and the
sequencing depth for SPRITE is not sufficient, and therefore did not attempt to call loops using
those datasets. However, Aggregate Peak Analysis (APA) revealed that chromatin loops
detected with other methods exhibited enriched SPRITE and GAM signals, albeit weaker
compared to data obtained from other methods. Notably, smaller SPRITE clusters with 2-10
fragments displayed greater enrichment for such loop signals than larger clusters (Extended

Data Figure 2).

Combining all chromatin loops detected, we defined a union set of loops and loop anchors for
each cell type (H1-hESC: 91,960 anchors; HFFc6: 80,003 anchors). We first examined the
extent to which loop anchors are detected with multiple assays. For H1-hESC cells, a set of
13,569 loop anchors were detected by all assays, representing the largest subset of anchors.
The second largest subset comprised 10,542 loop anchors detected by Hi-C, Micro-C, and
CTCF ChIA-PET, while the third largest subset was solely detected by Pol || ChlA-PET (Figure
3b). Conversely, in HFFc6 cells, a clearer separation between loop anchors detected through
unbiased and targeted methods emerged: the largest subset consisted of loop anchors
exclusively detected by Pol Il ChlA-PET, the second largest subset being loop anchors solely
detected by Micro-C, and the third loop anchors detected by both Hi-C and Micro-C (Extended
Data Figure 3a).

We then systematically investigated chromatin features, such as histone modifications and
CTCEF binding, of loop anchors identified with different assays. For loop anchors detected by
each combination of chromatin interaction mapping methods, we calculated fold-enrichment

scores for various chromatin states (Figure 3b, and Extended Data Figure 3a). These states
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were defined by ChromHMM 62, a software that uses ChIP-Seq signals of various factors to
learn and segment the genome into different states (ChromHMM states, i.e., strong enhancers,
poised promoters, active promoters, transcriptional transition states, etc. - see Supplemental
Figure 2 and Supplemental Methods). Through clustering analysis, we observed that loop
anchors in both H1-hESC and HFFc6 cells could be categorized into two main groups: 1)
anchors detected by Pol Il ChIA-PET, characterized by high enrichment for active promoters,
strong enhancers, and the transcriptional transition state; and 2) anchors detected by Hi-C,
Micro-C, or CTCF ChIA-PET, exhibiting enrichment primarily for CTCF-bound sites.

Based on the composition of chromatin states at chromatin loop anchors, we further projected
the union set of chromatin loops (H1-hESC: 124,061 loops; HFFc6: 115,850 loops) onto a two-
dimensional (2D) space using Uniform Manifold Approximation and Projection (UMAP)
(Supplemental Methods) and identified 6 loop clusters (Figure 3c for H1-hESC; Extended Data
Figure 3b for HFFc6). Again, we observed distinct chromatin states for different loop clusters
(Figure 3d, Extended Data Figure 3c and Supplemental Figure 3): 1) the first cluster
predominantly featured loops between poised promoters; 2) the second cluster mainly consisted
of loops between insulators; and 3) the remaining 4 clusters exhibited varying degrees of
enrichment for transcription-related chromatin states, including active promoters, weak
promoters, strong enhancers, transcriptional elongation, and transcriptional transition states.
Interestingly, we found that the enriched chromatin states for some clusters differed greatly
between H1-hESC and HFFc6 cells, likely reflecting extensive epigenetic reprogramming and
loop dynamics during the developmental process that gives rise to the two cell types. Moreover,
insulator-related loops in the second cluster were largely longer-range, while transcription-
related loops in clusters 3-6 were largely shorter-range, which agree with previous findings that
short-range chromatin loops are more relevant to gene regulation (Figure 3d and Extended Data

Figure 3c) 3°°
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Legend Figure 3

Cross-platform loop comparisons. We identified and compared chromatin loops from 5 experimental methods: Hi-
C, Micro-C, CTCF ChIA-PET, RNA Pol Il ChlA-PET, and H3K4me3 PLAC-Seq.

a. The number of detected loops in each platform in two 4DN tier 1 cell lines H1-hESC and HFFc6. In panels b-g, we
only included data from H1-ESC.

b. (top) Upset plot comparing loop anchors from different platforms. (bottom) Fold enrichment scores of ChromHMM
states for each loop anchor category in the upset plot. The bar plot on the right represents the number of loop
anchors overlapping with different chromatin states, and different colors in a bar represent different categories in the

upset plot.
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c. UMAP projection and clustering of the 124,061 union loops in H1-ESC based on the composition of ChromHMM
states at interacting loop anchors.

d. For different loop clusters in panel c, we calculated fold enrichment scores of ChromHMM states, the median
genomic distances between the loop anchors, and the average loop strengths in different platforms. SPRITE_2_10
represents a subset of DNA SPRITE clusters with 2-10 fragments.

e. UMAP projection of chromatin loops from individual platforms.

f. An example showing the differences of platforms in detecting insulator-related loops. Contact maps are plotted at
the 5 kb resolution, and chromatin loops are marked by blue circles.

g. An example showing the differences of platforms in detecting transcription-related loops. Contact maps are plotted
at the 1kb resolution, and chromatin loops are marked by blue circles.
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Legend Extended Data Figure 2

Aggregate Peak Analysis for the same high-confidence chromatin loops in different platforms in H1-hESC (a)
and HFFc6 (b). The high-confidence loops for both cell lines were defined as those that can be identified by at least
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two methods. For each platform, distance-normalized signals at the 25 kb resolution within the 21X21pixel window

centered at the coordinate of each loop are extracted and aggregated.
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Legend Extended Data Figure 3

Cross-platform loop comparisons in the HFFc6 cell line.

a. (top) Upset plot comparing loop anchors from different platforms. (bottom) Fold enrichment scores of ChromHMM
states for each loop anchor category in the upset plot.

b. UMAP projection and clustering of the 115,850 union loops in HFFc6 based on the composition of ChromHMM
states at interacting loop anchors.

c. For different loop clusters in panel b, we calculated fold enrichment scores of ChromHMM states, the median
genomic distances between the loop anchors, and the average loop strengths in different platforms. SPRITE_2_10
represents a subset of DNA SPRITE clusters with 2-10 fragments.

d. UMAP projection of chromatin loops from individual platforms.
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We further characterized loops using additional transcription factor binding data and found that
loops from different clusters are enriched for distinct transcription factors (Extended Data Figure
4; Supplemental Methods). Notably, Polycomb-group (PcG) proteins, such as EZH2 and RNF2,
are specifically enriched at loop anchors in the first cluster. This is reminiscent of recent studies
suggesting that a subset of chromatin loops is mediated by Polycomb repressive complex 2

66,67 and

(PRC2) and may play a role in chromatin compaction and gene repression (see
references therein). Interestingly, the PcG proteins consistently co-localized with KDM4A.
Originally known as a demethylase targeting H3K36me3 and H3K9me3, recent studies have
shown that knockdown or overexpression of KDM4A can also significantly change the levels of
H3K27me3 %8°, This suggests KDM4A might play an important role in mediating a Polycomb-
type repressive state for these specific chromatin loops by coordinating with the PcG proteins.
As expected, insulator-related loops in the second cluster exhibit the highest enrichment of
CTCF and cohesin binding at their anchors but display relative depletion of a wide range of
transcription factors. Promoter-promoter loops in the third and fifth clusters are characterized by
strong binding of RNA polymerase Il, chromatin remodeling proteins, transcription initiation
factors, and histone lysine demethylase, consistent with their roles in gene activation. Moreover,
cohesin ChlP signal is observed across all loop anchors, suggesting that cohesin is localized at
the bases of many or even most types of loops. Loops in the fourth and sixth clusters are of
particular interest given that they are less enriched for RNA polymerase Il, but are highly
enriched for cohesin binding, which suggests that cohesin might be important in mediating
enhancer-promoter loops (note that these clusters are enriched with interactions between

enhancers and promoters based on Figure 3d).

We proceeded to calculate the average interaction strength for each loop cluster as detected by
individual assays (Figure 3d and Extended Data Figure 3c; Supplemental Methods). As
expected, in Hi-C, Micro-C, SPRITE, GAM, and CTCF ChIA-PET, the insulator-related loops
exhibit relatively higher interaction strength compared to loops in the other 5 clusters.
Conversely, in RNA Pol Il ChlA-PET and H3K4me3 PLAC-Seq data, transcription-related loops
demonstrate elevated contact strength. Subsequently, we highlighted chromatin loops detected
with each of the chromatin interaction assays on the two-dimensional UMAP projection of the
union set of loops (Figure 3e and Extended Data Figure 3d). Consistently, we found pulldown-
based methods with different enriched factors detect different subsets of chromatin loops: while
CTCF ChIA-PET predominantly captures insulator-related loops, both RNA Pol Il ChIA-PET and

H3K4me3 PLAC-Seq are specifically enriched with transcription-related loops in clusters 3-6.
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Interestingly, although both Hi-C and Micro-C are designed to detect all-to-all chromatin
interactions without bias, loops detected with these methods are less enriched with
transcription-related loops. These assays appear to excel in detecting structural CTCF-

anchored loops (Figure 3f-g).

Together, these analyses reveal that different chromatin interaction assays tend to detect
different types of chromatin loops with different efficiency. Unbiased genome-wide assays such
as Hi-C and Micro-C most efficiently capture CTCF/cohesin based loops, while assays targeting
RNA Pol Il or H3K4me3 capture more transcription-related loops, which is by design. Further,
most loop anchors, of any type, are associated with cohesin, suggesting a general role of this

loop-extrusion complex in chromatin looping.
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Legend Extended Data Figure 4

Transcription factor binding signatures of different loop clusters in H1-hESC.

a. ChIP-Seq binding profiles of selected transcription factors surrounding both anchors from different loop clusters.
Each row represents one loop.

b. Fraction of loop anchors bound versus fold enrichment for 62 transcription factors.

Annotation of spatial chromatin compartmentalization through integrative modeling
Previously, we have demonstrated that it is possible to derive linear genome-wide annotations

of spatial nuclear compartments by integrating complementary 3D genome mapping data, such

24


https://doi.org/10.1101/2024.09.17.613111
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.17.613111; this version posted October 27, 2024. 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 4.0 International license.

as subnuclear spatial localization data obtained with TSA-seq, DamID, and Hi-C data into a
unified probabilistic model SPIN °. The resulting annotations (i.e., SPIN states) reveal distinct
patterns of spatial localization of loci relative to multiple types of nuclear bodies and show strong
connections between large-scale chromosome structure and function, including replication
timing and gene expression *°. Here, we further applied an improved SPIN framework with the
support of joint modeling on multiple cell types to identify primary SPIN states in H1-hESC and
HFFc6 cells relative to nuclear speckles, nucleolus, and nuclear lamina. We integrated datasets
of TSA-seq and DamID to map proximity to nuclear bodies, and Hi-C to map chromatin
interactions, (Figure 4, see Supplemental Methods) and identified nine SPIN states with distinct
patterns of chromatin compartmentalization. These SPIN states are Speckle, Interior Active 1, 2,
3 (Interior_Act1, Interior_Act2, and Interior_Act3), Interior Repressive 1, 2 (Interior_Repr1 and
Interior_Repr2), Near Lamin 1, 2 (Near_Lm1 and Near_Lm2), and Lamina state (Supplemental
Figure 4a). The functional annotations of these nine SPIN states were verified by comparisons
with various functional genomic data (see below) and exhibit a high correlation with the original
SPIN states identified in K562 cells (Supplemental Figure 4b). Overall, different SPIN states
have distinct distributions and combinations of TSA-seq and DamID signals, reflecting distinct

patterns of spatial compartmentalization (Supplemental Figure 4c).

SPIN states stratify by histone modifications.

To gain a better understanding of the transcriptional regulatory landscape of these SPIN states,
we measured the enrichment of ChlP-seq signals for a range of histone marks on each SPIN
state as compared to the genome-wide average for each mark. For H1-hESCs, we used ChIP-
seq data, and for HFFc6 cells ChIP-seq data imputed using Avocado "2, We found that as the
SPIN state changes from nuclear periphery to interior (e.g., Lamina state to Speckle state), the
enrichment of active histone marks (e.g., H3K27ac, H3K4me1, H3K4me3, and H3K9ac)
increases, along with gradual depletion of the repressive heterochromatin mark H3K9me3
(Figure 4), consistent with what we reported earlier "° with additional cross cell-type
comparisons. Notably, active histone marks such as H3K4me1, H3K4me2, H3K4me3, and
H3K27ac are most prevalent in Speckle states (P < 2.2E-16), followed by Interior_Act1/2/3
states. Similarly, CTCF is most enriched in speckle-associated and interior active states,
consistent with recent studies ™ and shows an overall decrease from interior to peripheral SPIN
states (see the HFFc6 analysis in Figure 4). Although the correlations with histone marks are
generally consistent between H1-hESC and HFFc6, certain histone marks exhibit more variable

association with SPIN states. In particular, H3K27me3 is more enriched in Interior_Repr1 states
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in HFFc6 but has a stronger association with Interior_Act3 and Speckle in H1-hESC, indicating
cell type-dependent and variable nature of spatial localization loci associated with specific
histone marks (Figure 4, left panel). The variable distribution of H3K27me3 is also observed in
CUT&RUN data (Figure 4, bottom right panel). Previous work also reported a high cell type-
specific distribution of H3K27me3 across human cell lines . In addition, we found that more
interior SPIN states are more ubiquitous across cell types than more peripheral SPIN states,
consistent with previous observations of conservation of nuclear speckle associated domains *.
These results reveal that SPIN states have a generic correlation with active histone marks.
However, at least in certain cell types, SPIN states have a cell type-specific distribution of

repressive histone marks such as H3K27me3.

The different SPIN states also show clear separation of the multi-fractions for high resolution
Repli-seq "° data in H1-hESC, manifesting the strong connection between chromatin spatial
localization and replication timing as a crucial genome function (Figure 4, middle, and see

below).

SPIN states differentially associate with chromatin-associated RNAs

We further compared SPIN states with different types of chromatin-associated RNAs (caRNAs)
detected with IMARGI "8, RNA facilitates spatial compartmentalization in the nucleus ™.
caRNAs can promote or suppress chromatin looping depending on their associated genomic
sequences. Loop-anchor associated caRNAs often promote looping, including enhancer-
promoter loops °, whereas between-loop-anchor-associated caRNA often suppress looping 8.
We asked whether any SPIN state is enriched with chromatin-associated RNAs (caRNAs)
containing specific types of sequence features, especially repetitive elements. We selected the
caRNAs if their RNA ends in IMARGI mapped to repetitive elements and further stratified them
into different groups according to SPIN states on their DNA ends (Supplemental Methods). To
avoid bias due to nascent RNA transcripts interacting with genomic regions where they are
transcribed, we only included interchromosomal iIMARGI pairs, where the transcription and
interacting genomic regions are on different chromosomes. We found that the genomic target
sequences of different types of repeat sequences associated with different types of caRNAs are
enriched for distinct SPIN states (Figure 4, right panel). The caRNAs that contained Alu,
srpRNA, SVA, and snRNA repeat elements are mostly enriched in interior SPIN states (e.g.,
Speckle, Interior_Act1/2/3), while the caRNAs contained connected to L1, ERVL, ERV1, and

LTR repeats are enriched in SPIN states closer to nuclear lamina (Lamina, Near_Lm2) (as
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shown in Figure 4). Thus, the caRNA’s sequence features correlate with the 3D
compartmentalization of the caRNA'’s target genomic regions. Similar to the observations of
histone marks, SPIN states away from the interior also show more variable and complex
patterns with associated caRNAs. This suggests that genomic sequence features are

associated with the 3D chromatin localization of the RNA's target regions.

Together, these results demonstrate that the SPIN framework effectively integrates various
nuclear organization mapping data to produce genome-wide large-scale compartmentalization
patterns relative to multiple nuclear bodies. These SPIN states stratify orthogonal functional

genomic data, including histone modification, replication timing, and RNA association.
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Legend Figure 4

SPIN states stratify the genome into distinct spatial compartments. Heatmaps show the enrichment of histone
marks, Repli-seq signals, and caRNAs (columns) on different SPIN states (rows). Colors of the heatmap indicate the

log2 fold-change enrichment calculated as the ratio of observed signals over genome-wide expectation.
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A three-dimensional view of the genome

Using ensemble Hi-C, Lamin B1 DamID, and SPRITE data, we employed our integrative
genome modeling platform (IGM) 8" to construct a population of 1,000 single cell 3D genome
structures at 200 kb resolution for H1-hESC and HFFc6 cells. These structures illuminate the
folding of chromosomes within the nuclear topography in single cells (Figure 5a,b), as assessed
by data from multiplexed FISH imaging 8 and TSA-seq data (Supplementary Figure 5). To
characterize the nuclear microenvironment of an allele in a cell, we define 14 structural features
that collectively specify its 3D position within the nuclear topography relative to the predicted
locations of nuclear bodies, compartments and properties of the chromatin fiber, as described in
8 (Figure 5c).

SPIN states. First, we assess the nuclear microenvironment of chromatin in different SPIN
states (Figure 5a,b,c), which exhibit distinct enrichment patterns of 3D structure features (Figure
5¢, Extended Data Figure 5a-d). For instance, the radial nuclear positions gradually increase
from ‘Speckle’ (in the center) to ‘Lamina’ SPIN states (at the periphery) in HFFc6 cells,
confirming expectations from the SPIN state analysis (Figure 5cd, Extended Data Figure 5a,c).
Our analysis also reveals associations of specific SPIN states to nuclear bodies, such as
nuclear speckles (Extended Data Figure 5a,c) or enriched interactions of 'Interior Act 2' and
'Near Lamina 1' SPIN state chromatin with the nucleolus (Figure 5c). Moreover, SPIN states
show characteristic projections of their 3D structure features confirming their structural
distinction (Extended Data Figure 5b).

Genome structure differences between cell types. Differences in gene expression between H1-
hESC and HFFcb6 cells frequently correlated with notable differences in the nuclear
microenvironment of genes, illustrated by different distances from nuclear speckles (Figure 5e)
and the radial positioning of chromosome 1’s p-arm (Figure 5f). For instance, the transcription
factor POU3F1 (OCT-6) plays a pivotal role in cell differentiation and maintenance of the
nervous system 8% Expressed in H1-hESC, the POU3F1 gene shows relatively small speckle
distances in a high fraction of cells (high speckle association frequency, or “SAF” in Figure 5g,
Extended Data Figure 5g) and is predominantly located in the nuclear interior (RAD (average
radial position) in Figure 5f,h), often at chromosome boundaries (high ICP (inter-chromosomal
contact probability) and transA/B in Figure 5g, Extended Data Figure 5g), confirming the
‘Speckle’ SPIN state observed in H1-hESC. In HFFc6, POU3F1 is silent and shows a different

nuclear microenvironment, located towards the nuclear periphery in a high fraction of cells (RAD
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in Figure 5eg, Extended Data Figure 5g), with predominantly local intra-chromosomal
interactions (low ICP) and a high degree of chromatin fiber compaction (low RG (radius of
gyration over 1Mb window)) (Figure 5g,h, Extended Data Figure 5g). Consistently, POU3F1 is in
the ‘Speckle’ SPIN state in H1-hESC while it is in the ‘Interior Rep1’ SPIN state in HFFc6 cells.
Our observations revealed opposing trends in nuclear locations for genes that are silent in H1-
hESC but active in HFFc6. THBS1 (Thrombospondin 1), a gene encoding a protein that
promotes cell adhesion in connective tissue cells, exemplifies this observation 8% (Extended
Data Figure 5h left panel). Consistently the SPIN state of THBS1 differs between H1-hESC and
HFFc6 cells, with a ‘Near Lamina2’ state in H1-hESC and a ‘Speckle’ state in HFFc6.
Interestingly, genes silent in H1-hESC often show a bimodal distribution of their nuclear
locations characterized by smaller subpopulation of alleles presented in a nuclear
microenvironment with features of an active state (i.e., THBS1, CAV1 dotted line in Extended
Data Figure 5h), which could either indicate increased structural heterogeneity between
individual cells or the presence of a subpopulation of H1-hESCs in a different state. Genes
highly expressed in both cell types typically show similar microenvironments, exemplified by
overlapping 2D distributions of their joint speckle and lamina distances in the models of both cell

types (Extended Data Figure 5i).

Gene expression. To further study the links between nuclear topography and gene expression,
we analyzed the nuclear microenvironment of the 25% most highly and lowly expressed genes
in our HFFc6 genome structure models. Overall, most of these genes separate in projections of
their 3D structure features according to differences in expression level, highlighting a distinct
correlation of the nuclear microenvironment with gene expression (Figure 5i) (Extended Data
Figure 5e,f). 90% of the most highly expressed genes (including 73% of all housekeeping
genes) have a high to medium speckle association frequency, confirming previous similar
observations 33%4%_Among those, the 2,275 genes with the highest speckle associations (top
25% SAF) have predominant interior radial locations (RAD), relatively low cell-to-cell variability
in their microenvironment (low 8RAD, 8SpD) and a high level of inter-chromosomal exposure
(high ICP) (37% of these genes are housekeeping genes) (Figure 5j, right panel, Figure 5k,
Supplemental Figure 6a,b). We categorized these genes to be part of the ‘class I’
microenvironment (Figure 5j, Supplemental Figure 6ab) (Methods). These genes exhibit
relatively short lengths and are located in regions of high gene density (Supplemental Figure
6ab). However, 10% (659 genes) of the most highly expressed genes belong to a very different

nuclear microenvironment, designated as 'class II', typically associated with lowly expressed or
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silenced genes (Figure 5j, right panel). These genes feature minimal speckle associations (25%
lowest SAF) and high cell-to-cell variability in speckle distances and radial positions (high SpD,
8SpD, 8RAD, low SAF) (Figure 5k,l, Supplemental Figure 6ab). Situated more peripherally,
these genes are frequently located within chromosome territories characterized by low inter-
chromosomal proximities (low ICP) and exhibit enhanced associations with B compartment
chromatin (low transAB) (Figure 5k, Supplemental Figure 6ab). They typically are long genes
and reside in regions of low gene density (Figure 5l). Compared to lower transcribed class Il
genes, they exhibit notably higher CpG density and H3K4me3 and H3K27ac levels at their
promoter sites (p-value < 10 for both H3K4me3 and H3K27ac) (Supplemental Figure 6ab).
19% of these genes are identified as housekeeping genes, highlighting that housekeeping
genes can be found in at least two contrasting nuclear microenvironments. Overall class Il gene
promoters generally exhibit fewer enhancers within close sequence distances (<100 kb)
compared to class | genes (E in Figure 5I). However, highly expressed class Il genes
demonstrate higher enhancer densities when normalized by the number of nearby genes (<100
kb) than any other genes (E/G in Figure 51, Supplemental Figure 6ab). A distinction between
class | and Il gene promoters is evident when we quantify the number of accessible enhancers
within a spatial distance of 350 nm in the 3D folded genome structures (EN/G, i.e. spatial
enhancer density) 8. Highly expressed class Il genes exhibit a greater spatial enhancer
density from long-range intra-chromosomal proximities compared to class | genes (p-value < 10
®) (EN Intra/G and EN _Inter/G in Figure 5I, Supplemental Figure 6ab), which in turn display
notably higher contributions from inter-chromosomal proximities. This distinction likely occurs
because class | genes more frequently protrude beyond their chromosome territory towards
speckles, fostering heightened inter-chromosomal proximities at speckle sites (high ICP)
(Extended Data Figure 5j). Highly expressed class Il genes therefore have a larger number of
enhancers accessible from long-range interactions (up to 2 Mb), while having a lower number of
enhancers accessible at relatively close sequence distances (<100 kb) (Figure 5I,m). This
observation could explain the lower number of detected high frequency enhancer loops for
highly expressed class Il housekeeping genes (see section below), as very long-range
enhancer interactions are likely to be more variable between individual cells. Overall
housekeeping genes in class | and Il do not show substantial differences in their structural

properties from other highly expressed genes within the same class (Supplemental Figure 6¢,d).

In summary, our data-driven genome structure modeling revealed relationships between the

nuclear environment and gene expression.
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Legend Figure 5

3D Structural features and their cell-to-cell variabilities in relation to gene function.

a. Single cell genome structure model of the H1-hESC with genomic regions color coded by their SPIN states.

b. Slice through genome structure in A with only a few chromosomes shown together with predicted speckle locations
by red spheres,

c. Enrichment of different structural features for chromatin in different SPIN states calculated from the population of
models. RAD: 1-norm. average radial position, RG: chromatin fiber de-compactness (radius of gyration of chromatin
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fiber over +/-500kb), SpD: average speckle distance, NuD: average distance to nucleolus, ILF: interior localization
probability (fraction of alleles within 50% percentile interior volume), SAF: speckle association frequency, LAF: lamina
association frequency, ICP: inter chromosomal interaction probability, TransAB: trans A/B ratio, & features (RAD, RG,
Spd, Nud) show cell-to-cell variability of the respective feature (Methods).

d. Box plots for the distributions of average radial positions of chromatin regions in each SPIN state

e. Violin plots for distributions of speckle distance z-score differences for genes in H1-hESC and HFFc6 that are
significantly up-regulated (up to 9-fold) and significantly down-regulated (by more than 9-fold) in HFF over H1. Shown
are Z-score differences in speckle distances of genomic regions between both cell types (HFF - H1).

f. Average radial positions for a part of chromosome 1 in H1-hESC cells (upper panel) and HFFc6 cells (lower panel).
g. Log-fold enrichment of 14 structural features calculated for the POU3F1 gene in H1-hESC (upper panel) and
HFFc6 cells (lower panel), calculated from the 3D structure population.

h. (Left panel) Chromosome 1 in single cell 3D genome structure of H1-hESC (left panel) and HFFc6 (right panel).
The nuclear location of POU3F1 gene is shown by a yellow circle, red color shows chromosomal regions annotated in
the SPIN speckle state, blue regions show chromatin in the lamin SPIN state. Locations of predicted nuclear speckle
locations closest to POU3F1 are shown.

i. t-SNE projections of 3D structure feature vectors for chromatin regions containing the transcription start sites of
genes with the highest and lowest expression quartiles in HFFc6, as well as chromatin regions without known genes.
Shown are also the number of all genes in each group, while the number of housekeeping genes within each group
are shown in parenthesis.

j- t-SNE projections of the 25% most highly expressed genes with the top (left panel) and lowest SAF quartile among
all genes (bottom panel).

k. log-fold enrichment of 14 3D structure features for highly expressed genes (top quartile), lowly expressed genes
(bottom quartile) genes in class | and class || microenvironments.

l. log-fold enrichment for genomic properties (within a 200kb region), histone modifications (within +/- 10kb of TSS),
and 3D spatial enhancer densities at each TSS (Methods) for highly expressed genes (top quartile), lowly expressed
(bottom quartile) genes in class | and class |l microenvironments.

m. Comparison of the intrachromosomal 3D spatial enhancer density at TSS of housekeeping genes in class | (high
SAF) and class Il (low SAF) microenvironments. Only enhancers at a sequence distance >1Mb are considered.
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Legend Extended Data Figure 5

3D Structural features and their cell-to-cell variabilities in relation to gene function.

a. Distributions of speckle association frequencies (SAF) for chromatin in different SPIN states calculated from a
population of 3D structures of HFFc6 genomes.

b. tSNE projections of structure feature vectors for chromatin in different SPIN states in HFFc6.

c. Distributions of SAF and normalized radial positions for chromatin in different SPIN states calculated from a
population of 3D structures of H1-hESC genomes.

d. Log-fold enrichment of 14 3D structural features for chromatin in different SPIN states calculated from the
population of models.

e. Distribution of speckle association frequencies for chromatin in different gene expression categories in HFFc6.
f. Distribution of gene expression levels for housekeeping and non-housekeeping genes stratified by their speckle
association frequencies.
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g. (left top panel) Distribution of gene expression levels taken from 6 gene expression experiments for POUF31 gene
in H1-hESC and HFFc6. (second panel from right). 2D distribution of joint speckle distance and lamina distance for
POU3F1 genes in 1000 single cell models. (right top panel) Schematic view of structural features in single cell
models. RAD: radial position, LaD, Distance to the nuclear envelope, SpD: Distance to the closest speckle.
(remaining panels) Cumulative distributions from single cell structure features of POU3F1 gene in the simulated cell
population. (speckle distance, inter-chromosomal contact probability (ICP), transAB ratio).

h. (left panel) Gene expression levels of THBS1 in H1-hESC and HFFc6 cells. (middle top panel) distribution of joint
speckle distance and lamina distance for THBS1 genes in 1000 single cell models. (lower panels) log-fold enrichment
of 14 structure features for THBS1 gene in HIESC and HFFc6 cells. (Most Right panel), the same panels are shown
also for the gene CAV1.

i. (left panel) Gene expression levels of ACTB in H1IESC and HFFc6 cells. (Middle top panel) distribution of joint
speckle distance and lamina distance for ACTB genes in 1,000 single cell models. (lower panels) Structure feature
enrichment for ACTB gene in H1-hESC and HFFc6 cells.

j- Scheme illustrating decreased contributions from long-range sequence distances for class | and increased
contributions for class Il genes.

Integrative single-cell 3D genome analysis unveils cell-to-cell variability of 3D genome
structures

To further investigate the mechanisms orchestrating chromosome 3D architecture, we sought to
further investigate the variability in single-cell 3D genome structure using different integrative
modeling approaches. Previous comparisons between model-predicted single-molecule 3D
structures and multiplex microscopy data showed that both loop-extrusion and polymer phase

separation (Strings & Binders Switch model '3

recapitulate not only the average contact
probabilities and patterns, but also the entire ensemble of microscopically observed single-
molecule conformations in single cells, supporting the view that those are fundamental
mechanisms shaping chromatin folding %>°+% Imputation of single-cell Hi-C contact maps using
Higashi has also enhanced the single-cell 3D genome folding analysis with graph representation

learning %7

, Which complements polymer modeling.

We first verified that both SBS polymer models and Higashi imputed scHi-C contact maps of the
DPPA locus (chr3: 108.3 - 110.3Mb) in WTC-11 pluripotent stem cells at 10 kb resolution, which
result in ensembles of structures that are consistent with bulk Hi-C at the population level
(Figure 6a) and improve correlations between merged scHi-C and bulk Hi-C data (Figure 6a,

also see Supplemental Methods).
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Next, we calculated single-cell TAD-like domain boundaries using single-cell insulation scores
%.97 and observed that both SBS polymer models and Higashi imputed scHi-C data reveal the
variability of TAD-like domain boundaries while remaining consistent with the insulation scores
calculated from bulk Hi-C (Figure 6a). To view the direct correspondence of Higashi imputed
scHi-C contact maps and SBS polymer models, we found nine mutual nearest neighbors by
quantifying the pairwise similarities between scHi-C and polymer models (Figure 6b). This
analysis supports cell-to-cell variability of TAD-like structures using an integrative approach from

different analysis methods, consistent with observations based on multiplexed imaging methods
98

We next aimed to investigate the variability of chromatin loops at the single-cell level, which has
not been analyzed extensively due to the sparsity of scHi-C data and the limitation of spatial
resolution in multiplexed imaging methods. We utilized polymer models %29, Higashi-imputed

%.97 and the recent SnapHiC contact maps *° derived from WTC-11 scHi-C

scHi-C contact maps
datasets, to identify chromatin loops at high sensitivity (Supplemental Figure 7). This integrative
analysis of chromatin loops, A/B compartments, and TAD-like domains identified from single
cells with different analysis approaches revealed that genomic loci within the same
compartment or TAD-like domain are more likely to form stronger chromatin loops in the same
cell (Figure 6¢). For example, in a representative chromatin loop near gene RABGAP1L, the
normalized loop intensity is much higher for single cells where this loop is located within the
same TAD-like domain or the two loop anchors located in the same compartment, specifically in

both A compartments (Figure 6d).

Together, our findings illustrate the cell-to-cell variation in chromatin folding in individual cells.
Observations from integrative single-cell modeling and analysis suggest that the formation of
loops, TAD-like domains, and compartments, although at different scales, are not merely
correlated properties of chromatin folding observed in the bulk (averaged) contact maps.
Instead, these structures can be coherently observed at the single-cell and single-molecule
level, indicating that they are likely driven by a hierarchical mechanism. The variability of
chromatin folding in individual cells, at the level of loops, TADs and compartments, likely
contributes to the dynamic regulation of gene expression and other nuclear processes,
providing further insight into the complex nature and dynamics of genome organization and

function.
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Legend Figure 6

Cell-to-cell variabilities of 3D genome features.

a. Heatmap on the top shows the merged scHi-C contact maps at a 2Mb region from chr3 imputed by Higashi
(bottom-left) or predicted by the SBS polymer model (top-right). Insulation scores from bulk Hi-C, calculated insulation
scores after Higashi imputation and SBS polymer modeling are shown at the bottom.

b. 3D genome structure models, raw scHi-C contact cap, and the imputed contact map from three mutually similar
cells between Higashi imputation and SBS model are shown.

c. The average normalized intensity of chromatin loop across 188 WTC-11 cells is calculated and compared by
dividing loops based on their relative position within TADs and A/B compartments. The pink boxplot (left) represents
the difference between loops in the same TAD and loops spanning multiple TADs. The blue boxplot (right) shows the
difference between loops in the same A/B compartment and loops spanning different compartments. A representative
chromatin loop near gene RABGAP1L is highlighted in the box plot on the right. The original distribution of the
normalized intensity of this specific loop in each cell is shown in the box plots on the right. Loops are stratified into
different groups depending on whether this loop locates within one TAD or spans TADs (top) or the A/B

compartments state of two loop anchors in each single cell.

Connections between the 3D genome and genome function

Number of interacting enhancers is correlated with gene transcription

By using the union set of chromatin loops defined above, we examined the relationship between

the number of distal enhancers linked to promoters and the transcription levels of corresponding
protein-coding genes. Of 19,618 protein-coding genes, 14,730 in H1-hESC and 13,501 in
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HFFc6 display interactions with at least one distal enhancer. The median distance between
interacting enhancers and promoters is 138 kb, notably shorter than that observed for insulator-
mediated loops detected using the same datasets (Figure 3d, Extended Data Figure 3c,
Extended Data Figure 6a). Importantly, genes with an increasing number of interacting
enhancers tend to exhibit higher transcription levels (Figure 7a; Extended Data Figure 6b), and
differences in the number of interacting enhancers are closely associated with gene

transcription differences between cell lines (Extended Data Figure 6c).
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Legend Figure 7

Associations of enhancer-promoter loops with gene regulation.

a. Gene transcription levels versus the number of interacting enhancers in H1-hESC. For each boxplot, the center
line indicates the median, the box limits represent the upper and lower quartiles, and the box whiskers extend to 1.5
times the interquartile range above and below the upper and lower quartiles, respectively. TPM, transcripts per
kilobase million.

b. Expression breadth (number of tissues a gene is expressed in) of genes with different number of interacting
enhancers in H1-hESC.

c. Percentages of house-keeping genes with different number of interacting enhancers.
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d. Genome browser view of a region surrounding the house-keeping gene EIF1. The blue arcs represent chromatin
loops linking the EIF1 gene promoter with distal enhancers.

e. The dynamics of chromatin loops linking house-keeping gene promoters and distal enhancers between H1-hESC
and HFFc6.

f. Genome browser view of the CMAS loci in H1-hESC.

g. Lamin-B1 DamID-seq signals surrounding lamina-associated genes and their interacting enhancers in H1-hESC.
Only genes with interacting enhancers in the Lamina SPIN state are included in this plot. TSS, transcription start
sites. TES, transcription end sites. TPM, transcripts per kilobase million.
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Legend Extended Data Figure 6

House-keeping genes are engaged in extensive enhancer-promoter loops. For each boxplot, the center line
indicates the median, the box limits represent the upper and lower quartiles, and the box whiskers extend to 1.5 times
the interquartile range above and below the upper and lower quartiles, respectively. a. Size distributions of enhancer-
promoter (EP) loops and CTCF-mediated loops. Data were merged from the H1-hESC and HFFc6 cells.

b. Gene transcription levels versus the number of interacting enhancers in HFFc6. TPM, transcripts per kilobase
million.

c. Fold-change of gene transcription levels (TPM) is depicted for three gene groups: genes with a higher number of
interacting enhancers in H1-hESC, genes with the same number of interacting enhancers in both cell lines, and
genes with a higher number of interacting enhancers in HFFc6. The P values were computed using the two-sided
Mann—Whitney U-test.

d. Expression breadth of genes with different numbers of interacting enhancers in HFFc6.

e, Distance-normalized contact signals between house-keeping gene promoters and regions (+/-30 kb) surrounding
the interacting enhancers.

f. Comparison of the number of interacting enhancers between the two house-keeping gene classes defined in the
3D modeling section. The P values were computed using the two-sided Mann—-Whitney U-test.

d. Expression breadth of genes with different number of interacting enhancers. Data were merged from 32 cell lines
or primary cells. In each sample, genes are categorized into 11 groups based on the percentile of the number of
interacting enhancers.

h. Enrichment of house-keeping genes across gene sets characterized by the number of interacting enhancers and
supported samples. Each bin represents a specific combination of these factors. For instance, the top-right corner bin
represents the enrichment score for genes with the number of interacting enhancers greater than the 90th percentile
across over 10 samples.

House-keeping genes are engaged in extensive and dynamic enhancer-promoter loops

Using RNA-Seq data derived from 116 human tissues or cell lines (See Supplemental Methods
for data sources), we observed a strong correlation between the number of interacting
enhancers and the number of tissues expressing a gene. While most genes lacking interacting
enhancers are tissue-specific, those interacting with more than 10 enhancers in either H1-hESC
(Figure 7b) or HFFc6 (Extended Data Figure 6d) are notably enriched with house-keeping
genes (Supplemental Methods). Indeed, among the 2,175 house-keeping genes annotated in
the HRT Atlas v1.0 database '°°, we found that over 90% of them have interactions with at least
one distal enhancer in both H1-hESC and HFFc6 (Figure 7c). Most of these enhancer-promoter
loops are detectable in both Pol Il ChIA-PET and H3K4me3 PLAC-Seq data, indicating their
association with active transcription (Extended Data Figure 6e). In the 3D modeling section
above, we categorized the house-keeping genes into two classes: “class I’ genes exhibit the
highest overall speckle associations, whereas “class II” genes exhibit minimal speckle

associations (Figure 5j-m). Here, we observed that “class II” house-keeping genes have
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significantly fewer interacting enhancers in both cell types (Extended Data Figure 6f), consistent
with our previous observations that the speckle local environment typically harbors more
enhancers (Figure 5k-). Interestingly, we observed extensive enhancer-promoter looping
differences for house-keeping genes between H1-hESC and HFFc6 cells (Figure 7d;
Supplemental Figure 8). For example, the EIF1 gene promoter interacts with dramatically
different enhancer regions between H1-ESC and HFFc6 cells. We further interrogated each
enhancer-promoter pair for whether the loop interaction and the distal enhancer are specific to
one cell line or can be observed in both cell lines. As shown in Figure 7e, 80.9% of the pairs
were unique to each cell line, suggesting the dynamic nature of chromatin looping between

house-keeping genes and distal enhancers.

It has been shown that house-keeping genes usually contain strong promoters that are less
responsive to distal enhancers '°'. Based on CRISPR perturbation experiments and machine
learning models, a recent study by the ENCODE consortium reported that house-keeping genes
exhibit fewer regulatory interactions with enhancers compared to cell-specific genes, which
appears to challenge our conclusions ”. To consolidate our observations, we extended our
analysis to include 32 additional cell lines or primary cells with all the necessary data available
from the ENCODE data portal. Given the variation in chromatin interaction data across samples
in terms of sequencing depths and the number of detected enhancer-promoter loops, we
categorized genes into 11 groups based on the percentile of the number of interacting
enhancers in each sample. Consistent with our observations in H1-hESC and HFFc6, the
extended analysis confirms that genes interacting with more enhancers have a higher level of
enrichment for house-keeping genes (Extended Data Figures 6g). Moreover, we found that a
gene is more likely to be a house-keeping gene if it exhibits extensive interactions with distal
enhancers across a larger number of samples (Extended Data Figure 6h). It is important to note
that the enhancer-promoter loops detected in our analysis represent physical interactions with
high intensity, which may not all have functional roles in gene regulation. Interactions with
multiple enhancers can lead to redundancy, which may complicate detecting functional
enhancer-promoter pairs using experimental approaches where individual enhancers are tested
one at the time. Further experiments are needed to investigate how multiple enhancer-promoter
loops are coordinated to promote gene transcription, and whether the extensive number of
enhancer-promoter loops are the cause or consequence of strong transcriptional activity of
promoters, and whether these interactions can contribute to robustness of house-keeping gene

transcription in different cell types.
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Enhancer-promoter loops near the nuclear lamina

Lamina-associated domains (LADs) provide an overall repressive environment where genes are
generally not expressed, although some genes can escape this repression, with their promoters
usually exhibiting weaker interactions with the nuclear lamina '%2. Consistent with a recent study
193 we observed that, albeit less frequently than in other nuclear environments, genes located
within LADs can also interact with distal enhancers (Extended Data Figure 7a-b), and these
genes are more likely to be expressed (Extended Data Figure 7¢). Upon inspection of the Lamin
B1 DamlID-Seq signals surrounding several of these genes and their interacting enhancers
(Figure 7f and Extended Data Figure 7d), we noted that both the promoters and interacting
enhancers are located in small regions locally enriched for active marks and depleted for Lamin
B1-DamlD signals. This pattern suggests the hypothesis that these genes need to be locally
looped out of the nuclear lamina to establish functional chromatin interactions (Figure 7g and

Extended Data Figure 7e).
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Legend Extended Data Figure 7

Enhancer-promoter loops within nuclear lamina and their relationships with gene regulation. For each boxplot,
the center line indicates the median, the box limits represent the upper and lower quartiles, and the box whiskers
extend to 1.5 times the interquartile range above and below the upper and lower quartiles, respectively.

a-b. The distributions of the number of interacting enhancers for genes in different SPIN states in H1-hESC (a) and
HFFc6 (b).

c. Comparisons of transcription levels for genes with or without interacting enhancers in the Lamina SPIN state. The
P values were calculated using the two-sided Mann-Whitney U test.

d. Examples showing expressed genes, and their interacting enhancers are usually synergistically looped out of
nuclear lamina to facilitate gene regulation in lamina. The blue arcs represent chromatin loops linking the gene in the

center of each region with distal enhancers.
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e. Lamin-B1 DamID-seq signals surrounding lamina-associated genes and their interacting enhancers in HFFc6. Only
genes with interacting enhancers in the Lamina SPIN state are included in this plot. TSS, transcription start sites.
TES, transcription end sites. TPM, transcripts per kilobase million.

Relationship among A/B compartments, SPIN states, TADs/subTADs, loops, and replication
timing

We next set out to further understand the genome’s structure-function relationship beyond
transcription and enhancer-promoter loops. We integrated A/B compartments, SPIN states,

TADs, subTADs, and loops to understand the links among specific structural categories of

TADs/subTADs with replication timing during S-phase (Figure 8a).

We first classified the SPIN states in H1-hESCs as either co-registered, nested within, or
encompassing A and B compartments (Figure 8b). Nearly all SPINs representing speckles and
interior active 1/2/3 regions are embedded within A compartments, whereas the lamina SPIN
state is embedded within or co-registered with B compartments (Figure 8b). We examined the
size differences among distinct genome folding features (Supplemental Figure 9a-c). Although
the size of A/B compartments span a larger dynamic range compared to other folding features,
we observed that the A/B compartments that encompass or co-register with SPINs are larger
(range: 300 kb - 2 Mb) and span more than 80% of the human genome (Supplemental Figure
9c). Together, these data indicate that SPINs more interior to the nucleus are more likely to be
embedded within A compartments with active chromatin modifications, whereas SPINs
localized to the periphery are most likely to be embedded within B compartments and inactive

chromatin (Figure 8b).

We hypothesized that SPIN states may further subdivide compartments by discrete genomic
domains. Noteworthy, the near lamina 1/2 and interior repressive 1/2 SPIN states are
embedded within both A and B compartments, suggesting that subsets may have different
regulatory functionality depending on their compartment status. To test our hypothesis, we
examined the link among SPINs, replication timing, and transcription after accounting for their
A/B compartment distribution using 16-fraction Repli-seq, RNA-seq, and iMargi genomics data
sets (Figure 8c-d, Extended Data Figure 8a-b). As previously reported, A compartments were

largely early replicating and enriched for highly expressed genes, whereas B compartments
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were late replicating and depleted of actively transcribed genes (Figure 8c-d, Extended Data
Figure 8a-b). We observed that Speckle and Interior Active 1 SPINs exhibited further
enrichment for highly transcribed genes and earlier replication timing, suggesting they
represent local functional units within larger A compartments (Figure 8c-d). We observed a
similar pattern for the lamina SPIN state falling largely in or co-registering with compartment B,
as it showed largely depleted transcription and even later replication timing compared to the B
compartment expectation (Figure 8c,e; Extended Data Figure 8b). Interior active 2/3 SPINs
within A compartments did not show clear differences from the larger A compartments. It is
noteworthy that certain specific SPIN states which are embedded in either A or B
compartments tend to show both transcription and replication timing that is opposite of
expectation. Interior repressive 1/2 and near lamina 1/2 SPINs show later replication and
depleted gene expression compared to their A compartment background. Moreover, interior
repressive 1/2 show enriched gene expression as well as early replication timing when nested
in B compartments. These may be hESCs domains that are poised to switch either RT or
compartment to re-establish canonical correlations following differentiation *¢. Altogether, these
data reveal that SPIN states represent local neighborhoods of transcription and replication
timing that can depart from the global A/B compartment patterns and indicate that the
compartment distribution of SPINs should be accounted for when assessing their functional

impact.
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Legend Figure 8

A/B compartments and SPIN states represent subnuclear regions of distinct replication timing and gene
expression.

a. Schematic of human genome folding into A/B compartments, SPIN states, TADs, subTADs, and loops integrated
with early/late replication timing and initiation zones.

b. Intersection of SPIN states with compartments. SPIN states were classified as either fully embedded within A/B
compartments (within), co-registering A/B compartments (co-register), or partially-overlapping (other)

c. Fraction of each SPIN state co- registered or nested within A/B compartments in H1-hESCs.

d,e. Averaged Hi-C, replication timing (16 fraction Repli-seq), nascent transcription (iMargi), and total mMRNA (RNA-
seq) signal is plotted for h1ESCs at all A/B compartments (column 1) or co-registered/nested within selected SPIN
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states in A/B compartments (columns 2-6). Data is plotted as the average signal across SPIN states. The genomic
intervals representing SPINs +/- flanks of 60% of the SPIN size are stretched laterally to scale by size.

d. All A compartments or selected SPINS co- registered/within compartment A.

e. All B compartments or selected SPINS co-registered/within compartment B.

f. Average chromatin landscape at I1Zs in H1ESC. 1Zs have been grouped depending on their replication timing (RT).
Tracks represent the high-resolution replication timing, chromatin compartments, expression and histone marks.

g. We computed right-tailed, one-tailed empirical p-values using a resampling test with size and A/B compartment-
matched null IZs for the intersection of Early and Late S phase 1Zs with dot boundaries, dotless boundaries, and no
boundaries.

h. Example of chromatin profiles around IZs (portion of chr2 from 20Mb to 58Mb). Tracks represents the chromatin
contacts, 4 groups of IZs depending on their RT, the high-resolution replication timing, chromatin compartments, the
SPIN states, Expression (minus and plus strands), H3K27Ac, H3K4me3 and H2AX.

We next explored the functional patterns across TADs/loops after accounting for their larger
compartment and SPIN state environment. We identified TADs and nested subTADs in H1-
hESCs using 3DNetMod and stratified the domains by looping structural features (so-called
‘dot and dotless TADs/subTADs’) as previously reported "% (Extended Data Figure 9a). We
found that more than half of Dot and Dotless TADs/subTADs are nested within a single SPIN
state (Extended Data Figure 9b,c). To evaluate the interplay of domains and SPINs, we
focused on TADs and subTADs that are nested within or co-registered with SPINs embedded
within A or B compartments. We observed that nearly all Dot and Dotless TADs/subTADs
resemble the replication timing of the larger SPIN state or A/B compartment and do not exhibit
clear local replication timing neighborhoods (Extended Data Figure 9d-g). Dot and Dotless
TADs/subTADs within active SPINs (Speckles, Interior Active 1,2,3) show enrichment of local
co-regulated gene expression domains and peaks of active genes localized at both boundaries
(Extended Data Figure 9d-g). Dot domains have stronger enrichment of gene expression at
boundaries than Dotless domains, and this pattern is more apparent when the Dot domains are
in A compartments. By contrast, dot and dotless TADs/subTADs within repressive SPINs
largely do not show enrichment of expressed genes at boundaries. These data together
indicate that the Mb scale folding patterns of SPIN states and compartments much more
closely resemble replication timing domains compared to TADs/subTADs. TAD/subTAD
boundaries, but not SPIN/compartment boundaries, are enriched for actively transcribed

genes.
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Legend Extended Data Figure 8

Compartment and SPIN integration with replication timing, RNA-seq, and nascent transcripts from iMargi.
a, b. Averaged Hi-C, replication timing (16 fraction Repli-seq), nascent transcription (iMargi), and mRNA levels
(RNA-seq) for h1ESCs at all A/B compartments (column 1) and SPIN states either co-registered or co-localized
within A/B compartments (columns 2-10). All genomics data is plotted as the average signal across all genomic
intervals representing SPINs in a particular column. SPIN genomic intervals of (SPIN genomic interval +/- flanks of
60% of the size of the genomic interval) are stretched laterally to scale by size before average signal is computed.
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a. All A compartments or select SPINS co-registered or within compartment A and b. All B compartments or select
SPINS co- registered or within compartment B. Tracks show pileups in h1ESC for Hi-C Aggregate-Peak- Analysis
(APA), A/B compartment, 16 fraction Repli-seq, median RNA-seq signal, condensed RNA-seq reads, median
averaged iIMARGI (+) and iIMARGI (-) signal, condensed iMARGI (+) and IMARGI (-) reads, median iMARGI (+)
signal, condensed iIMARGI (+) reads, median iMARGI (-) signal, and condensed iMARGI (-) reads.

A distinct essential feature of genome function is the replication initiation zone (I1Z). These are
~50 kb regions of the genome within which replication initiates at one or more of many potential
sites. Initiation of replication within each 1Z occurs once in each 5-20% of cell cycles "%, with the
probability of an 1Z firing early in S phase regulated by cis-acting elements termed early
replication control elements (ERCEs) ', Interestingly, a specific subset of TAD boundaries,
active gene-enriched dot TAD boundaries, are enriched for early firing 1Zs in a cohesin-
dependent manner ', revealing a biologically significant structure-function relationship unique
to this set of TAD boundaries. Extended Data Figure 10 shows that, when IZs are stratified by
their timing of firing in early, early-mid, mid-late, and late S phase in H1-hESC, HCT116 and
F121-9 mouse ESCs (as in °) and aligned to insulation score of replication timing-matched
random sequences, a relationship to TAD boundaries is difficult to identify (Extended Data
Figure 10a-c). By contrast, the canonical correlations of replication timing to chromatin
accessibility, gene expression and active histone marks are evident (Extended Data Figure 10d-
). Thus, IZs are enriched at only a specialized subset of TAD boundaries suggesting that, when

assigning function to TADs, we need to appreciate their potential functional diversity.

Overall, our data indicate that the relationship between higher-order chromatin structure and
DNA replication is dependent on the length scale of the folding feature. Mb scale folding
patterns of SPIN states and compartments best correlate with replication timing domains. By
contrast, TADs/subTADs appear to reflect replication timing of the larger compartment/spin in
which they reside, and do not show clear local replication timing neighborhoods but rather
enrichment of gene expression at boundaries. While 1Zs are not globally enriched at TAD
boundaries, they are highly enriched at dot TAD boundaries that harbor actively transcribed

genes.
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Legend Extended Data Figure 9

Compartment, SPIN, and TAD integration with replication timing, RNA-seq, and nascent transcripts from
iMargi.

a. Schematic depicting TAD (pink) and subTADs (blue) domains and loops (green circle). Dot domains contain a loop
at the domain apex and dot boundaries. Dotless domains do not contain a loop at the apex and thus only dotless

boundaries.
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b.,c. Dot and dotless TAD/subTAD domains that are within or co- register with a SPIN state contained within or co-
registering with A/B compartments. b. Number of and c¢. proportion of SPINs stratified by A/B compartment and
presence of corner-dot TAD/subTAD domains.

d.-g. Averaged Hi-C, replication timing (16 fraction Repli-seq), mRNA levels (RNA-seq) for H1-hESCs at dot and
dotless TAD/subTAD domains co-registered or co- localized within all SPIN states (columns 1-9) and TAD/subTAD
domains with other SPIN alignment (column 10) either co-registered or co-localized within A/B compartments. All
genomics data is plotted as the average signal across all genomic intervals representing domains in a particular
column. TAD/subTAD genomic intervals of (TAD/subTAD genomic interval +/- flanks of 60% of the size of the
genomic interval) are stretched laterally to scale by size before average signal is computed. d. Dot and e. dotless
TAD/subTAD domain co- registered or within a SPIN and co-registered or within compartment A and f. Dot and g.
dotless TAD/subTAD domain co-registered or within a SPIN and co-registered or within compartment B. Tracks
show pileups in H1-hESC for Hi-C Aggregate-Peak-Analysis (APA), 16 fraction Repli-seq, median RNA-seq signal,
condensed RNA-seq reads.
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Legend Extended Data Figure 10

Comparison of IZ properties across cell lines.

a.-c. Boxplots showing the minimum diamond insulation score at 1Zs in H1-hESC (a), HCT116 (b) and mESC (b).
d.-f. Boxplots showing the total chromatin accessibility at 1Zs in H1-hESC (d), HCT116 (e), and mESC (f).

g.-i. Boxplots showing the total RNA signal in H1-hESC (g), HCT116 (h), and mESC (i).

j--1. Average histone marks signal in 1Mb regions centered on 1Zs in H1-hESC (j), HCT116 (k), and mESC (I).
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Boxplots represent the median and interquartile range (IQR); whiskers mark 1.5x the IQR; data beyond 1.5x the IQR

are plotted as individual points.

Predicting chromosome folding from sequence, and relating disease variants to altered
chromatin structure

Currently, several deep learning methods use high-resolution chromatin capture data (Hi-C and

Micro-C) to predict 3D genome folding from sequence alone 94197110

111,112

, epigenetic features alone

, or sequence plus epigenetic features ''3. Additionally, polymer physics-based machine
learning methods (PRISMR) trained on only wild-type Hi-C data, were shown to correctly predict
the impact of disease associated structural variants on chromosome architecture and
specifically on the rewiring of promoter-enhancer contacts, as validated by independent
experiments in cells bearing those mutations ''*. The high accuracy of these models allows the
decoding of sequence determinants of genome folding using explainable Al techniques, such as
importance scores ''® and in silico mutagenesis ''®. These methods can be applied to interpret
synthetic manipulations of the reference genome sequence or observed genetic variants with

software such as SuPreMo '"7.

To demonstrate these capabilities, we first trained two cell-type specific models on 4DN H1-
hESCs and HFFc6 Micro-C data using the Akita architecture '%’. Next, we used the HFFc6
model to predict the effect of a deletion at the TAL1 locus (Figure 9a) and confirmed that
predicted changes in chromatin interactions mirror those that were observed when the deletion
was made in HEK293T cells using CRISPR-Cas9 genome editing ''®. Finally, we
computationally mutated motifs of cell type specific transcription factors at TAD boundaries
unique to each cell type and quantified their effects on genome folding (Figure 9b). We found
that the H1-hESC model is more sensitive to mutation of motifs for the embryonic stem cell
factors POU2F1::SOX2 "1°120 while the HFFc6 model is more sensitive to the fibroblast factors
FOSL1::JUND "', These findings suggest that deep learning models and explainable Al can be
used to screen DNA sequences at scale for the unbiased discovery of genome folding
mechanisms and their associations with genome function. The potential of this approach is

demonstrated by recent studies of cancer associated variants """

and an unbiased genome-
wide screen of synthetic variants that revealed the importance of repetitive elements in genome-

folding '"°.
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Legend Figure 9

Predicting the effect of genomic variants on 3D genome folding with deep learning.

a. Example of a 345 bp deletion (chr1: 47262830-47263175) at the TAL1 locus. Contact maps
(log(observed/expected)) were predicted for ~1Mb regions with a model trained on HFFc6 Micro-C data using the
Akita architecture '%7. Maps for the reference human genome sequence (WT) and the in silico mutated sequence
(Mut; at center) are plotted on a color scale where red indicates higher than expected interaction frequencies, and
blue indicates lower than expected given genomic distance. The effect of the deletion (Mut - WT) is plotted on a color
scale where purple indicates increased and green decreased chromatin interactions. Genes in the locus are plotted
below the contact maps with TAL1 highlighted in red. The deleted region has a CTCF binding site and is located in a
TAD boundary. Mirroring the experimental deletion in HEK293T cells (Hnisz et al., 2016), our model predicted
increased contact frequency between TAL1 and adjacent regions (black rectangle).

b. In silico mutation of transcription factor motifs (replacing motifs with random sequences) affects deep learning
predictions of nearby chromatin interactions. An example POU2F1::SOX2 motif (left, chr13: 81872756-81872772)
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and FOSL1::JUND motif (right, chr16: 12340569-12340578) were generated using models with the Akita architecture
trained on H1-hESC or HFFc6 Micro-C data, respectively. Motif logos generated via model importance scores using
DeepExplainer ' are shown below the maps. Color scales are the same as in (a), and motif sites are centered on
the contact maps. Star symbols indicate regions with altered chromatin interaction predictions.

Discussion
We present an integrated view of the human 4DN nucleome, and describe connections between
chromosome folding and looping, nuclear positioning, proximity to nuclear bodies, cell-to-cell

variation in organization, and genomic functions such as transcription and replication.

The work provides tangible results. First, the extensive integration of a range of genomic
datasets reporting on the spatial organization of the human genome in two cell types allowed us
to benchmark these methods and to show which methods are best for specific inquiries. We find
that all methods have their own strengths and weaknesses. Compartmentalization is most
effectively detected using SPRITE and Hi-C, while looping interactions are best detected using
Micro-C (especially structural loops), and enrichment-based assays such as PLAC-seq and
ChIA-PET (gene expression related loops). The longer capture radius of SPRITE and GAM
allow detection of colocalization of loci around larger sub-nuclear bodies. GAM, and single cell

Hi-C can be applied when rare or mixed cell types are studied.

Second, these genomic datasets together provide a large catalog of looping interactions
between specific cis-elements, including CTCF-CTCF interactions, and interactions among
promoters and enhancers for two widely used cell types. Besides providing a resource that can
be mined for future studies, this collection suggests mechanistic connections between the 4D
nucleome and genome regulation. For instance, we find that cohesin is enriched at a large
proportion of anchors of all types of loops, suggesting that cohesin, and possibly loop extrusion,
is involved in their formation. However, this is not directly demonstrated through perturbation
experiments, and other mechanisms most likely will also play roles. Looping interactions with
distal enhancers is strongly correlated with gene expression. Housekeeping genes are
particularly prone to interact physically with distal enhancers, but with different sets of
enhancers in different cell types. It is possible that this promiscuity in long-range interactions
allows these genes to be expressed in many different cell types. However, we cannot rule out

these are non-functional interactions that reflect the active transcriptional state of these genes.
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Third, integration of the panel of genomic datasets allowed the generation of a detailed
annotation track of spatial information, SPIN states, along the genome. This linear
representation of 4DN nucleome information will greatly facilitate integration of spatial genome
data with other genomic datasets obtained in the larger community. In one example, our
analysis of SPIN states, compartments and TADs, and DNA replication timing shows that one
needs to take the heterogeneity of TADs into account when assigning a biological function to
their structure. Indeed, we expect many novel functions to be assigned to specific subsets of
TADs.

Finally, we generated ensembles of spatial models through integrating and combining these
datasets. Detailed analysis of these models starts to place genome functions such as
transcription and replication in three-dimensional context, e.g., in relation to nuclear bodies such
as the nuclear lamina and nuclear speckles. The models also reflect the extensive cell-to-cell
heterogeneity that defines the 4D nucleome, as also detected with single cell assays. These
models can provide a powerful resource for future studies, e.g., to benchmark single cell assays
and imaging-based assays currently ongoing in the 4D nucleome project and elsewhere. One
example is that the models highlight the existence of two types of housekeeping genes that

occupy two quite distinct sub-nuclear neighborhoods.

Future perspective

We present results from an integrated project with many participating groups that was the focus
of the first phase of the international 4D Nucleome Project. In the current ongoing second phase
of the 4D Nucleome Project, a focus is on integrating genomic datasets with imaging data,
development and application of a range of multi-omic single cell datasets, and the analysis of
4D nucleome changes during development and in disease 24%°. In addition, one exciting new
direction of the project is the development of approaches to use 4D nucleome data to predict
cell-type specific chromosome conformation from sequence. One important application of these
approaches is the identification of cis-elements, and thereby potentially new mechanisms, that
drive chromosome folding. These approaches can predict effects of genetic, and possibly
disease-related, variants on chromosome folding and chromatin looping between elements, and
thus start to relate alterations in chromosome folding to disease. While existing deep learning
models rely on one or a small set of data modalities (e.g., Hi-C and Micro-C), in the future these

models can be trained on richer models of the 4D Nucleome, based on integration of multiple
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datatypes as described here, and by integration of imaging and single cell multi-omics data that

are currently being generated by the 4D nucleome project.

Taken together, the rich datasets on genome folding presented here, and their integration,
reveal a detailed view of the living physical human genome as it is organized inside cells, and
provide a foundation for future deep exploration of the structure and function of the genomes, in

humans and across the tree of life, in normal and disease states.
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