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Abstract

Rapidly developing technologies have recently fueled an exciting era of discovery in the field of 

chromosome structure and nuclear organization. In addition to chromosome conformation capture 

(3C) methods, new alternative techniques have emerged to study genome architecture and 

biological processes in the nucleus, often in single or living cells. This sets an unprecedented stage 

for exploring the mechanisms that link chromosome structure and biological function. Here we 

review popular as well as emerging approaches to study chromosome organization, focusing on 

the contribution of complementary methodologies to our understanding of structures revealed by 

3C methods and their biological implications, and discuss the next technical and conceptual 

frontiers.

Introduction

The three-dimensional (3D) structure of mammalian genomes has emerged as an important 

player in fundamental processes occurring in the cell nucleus. Transcription, replication, 

DNA damage and repair have all been shown to be intimately connected to the way 

chromosomes are folded in the 3D space. Current knowledge on 3D chromosome structure 

derives from two complementary classes of techniques. The first (and historically earlier) is 

microscopy, which revealed many principles of nuclear organization including the existence 

of sub-nuclear organelles such as the nucleolus (Pederson 2011), nuclear speckles (Spector 

and Lamond 2011) and polycomb bodies (Pirrotta and Li 2012). Fluorescence RNA and 

DNA in situ hybridization (FISH) have also revealed that chromosomes occupy distinct 

chromosome territories (Bolzer et al. 2005; Cremer and Cremer 2001; Stack et al. 1977), and 

that nuclear positioning can correlate with gene expression levels (Finlan et al. 2008). Live-

cell fluorescence microscopy has given insights into the dynamic properties of chromosome 

organization (Chubb et al., 2002; Heun et al., 2001; Janicki et al., 2004; Marshall et al., 

1997; Masui et al., 2011; Robinett et al., 1996), and has begun to reveal how this 

organization relates to transcription (Alexander et al. 2019; Chen et al. 2013; Germier et al. 
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2017; Gu et al. 2018). The key advantage of fluorescence microscopy is the direct 

visualization of the position and arrangement of chromosomes in the nucleus. However, 

although recent developments have considerably shifted the boundaries of possibilities (see 

Section II below), it has been traditionally limited in throughput as well as genomic and 

spatial resolution. Electron microscopy has further expanded our understanding of the fine-

scale structure of the chromatin fiber (Belmont 2014; Ou et al. 2017), but despite its 

exquisite spatial resolution it remains incompatible with sequence determination. These 

limitations have been circumvented by a second complementary class of methods, which we 

refer to collectively here as chromosome conformation capture (3C) techniques.

In 3C methods, digestion and subsequent re-ligation of crosslinked chromatin in cell nuclei 

allows the detection of spatial proximity between DNA sequences (Figure 1A). Method 

variants such as 4C, 5C, and Hi-C (described in several excellent reviews such as (Denker 

and de Laat 2016; de Wit and de Laat 2012)) are based on high-throughput sequencing and 

have revolutionized the field of nuclear structure by providing high-resolution, genome-wide 

measurements of physical proximity events within and across chromosomes, which are 

generally interpreted in terms of chromosomal ‘contacts’ or ‘interactions’ (see Section I 

below). 3C experiments have revealed that each chromosome is folded into complex 

structural patterns emerging at different scales. Active and inactive genomic sequences tend 

to mutually exclusively associate into A and B compartments (Figure 1B, left) (Lieberman-

Aiden et al. 2009) which appear to be formed by attractive interactions of unclear origin, but 

possibly mediated by mechanisms involving phase separation of chromatin-associated 

proteins (Wang et al. 2019b; Strom et al. 2017; Sanulli et al. 2015; Strom et al. 2017; Falk et 

al. 2019), (Figure 1C). At shorter scales (<1 megabase), chromosomes fold into 

topologically associating domains (TADs) (Dixon et al. 2012; Nora et al. 2012; Sexton et al. 

2012) (Figure 1B, middle). Although the exact definition of TADs is ambiguous due to the 

high complexity of sub-megabase interaction patterns and the multiple mechanisms they 

arise from (see below), they can be operatively defined as the domains whose boundaries are 

most conserved during cell differentiation (Zhan et al. 2017). The complex folding patterns 

at the scale of TADs are in part mediated by compartmental interactions between active and 

inactive genes, as well as polycomb-mediated interactions (Bonev et al. 2017; Rowley et al. 

2017; Schoenfelder et al. 2015). However the predominant structural features at the TAD 

level are point-like focal interactions that connect sequences bound by the DNA-binding 

factor CTCF (de Wit et al. 2015; Guo et al. 2015; Rao et al. 2014; Vietri Rudan et al. 2015) 

(Figure 1B, right). CTCF-bound sites also occasionally interact across entire domains 

forming ‘stripe’-like structures (Vian et al. 2018). Formation of interactions associated with 

CTCF requires the cohesin complex (Hadjur et al. 2009; Rao et al. 2017; Wutz et al. 2017), 

which has been proposed to extrude DNA loops until it is arrested by CTCF bound to DNA 

in a certain orientation or other barrier proteins (Fudenberg et al. 2016; Nichols and Corces 

2015; Sanborn et al. 2015) (Figure 1C). Although this might require interactions with RNA 

(Saldaña-Meyer et al. 2019; Hansen et al. 2019), the mechanisms by which CTCF interact 

with cohesin remain largely unclear. Together with constraints provided by the nuclear 

lamina and sub-nuclear compartments such as speckles and nucleoli, interactions mediated 

by CTCF-cohesin, compartmental interactions, and polycomb-coated sequences appear to 

shape the complex folding of mammalian chromosomes.
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These discoveries have sparked enormous interest in the field due to experimental evidence 

suggesting that chromosome structure might play an important role in scaffolding the 

physical contacts between regulatory sequences, which are thought to help instruct gene 

expression during development and homeostasis (Galupa and Heard 2018; Spitz 2016) and 

to participate in other nuclear processes such as DNA damage repair (McCord and Balajee 

2018; Fabre and Zimmer 2018) and replication (Marchal et al. 2019). This view is however 

challenged by some contradicting evidence suggesting that in some cases at least gene 

expression might not depend on chromosome structure (Williamson et al. 2019; Benabdallah 

et al. 2019; Ghavi-Helm et al. 2019) and despite our increasing ability to characterize 

chromosome structure, many fundamental questions concerning the causal links between 

chromosome interactions and fundamental nuclear processes remain completely open. Do 

chromosomal contacts have a direct causal impact on transcription? How dynamic are 

chromosomal interactions? How are CTCF/cohesin loops created? Are cooperative 

interactions between multiple regulatory sequences functionally relevant? Are CTCF loops 

and TAD boundaries causally linked to the accumulation of DNA damage, and how? Does 

the 3D structure of chromosomes play a causal role in DNA replication timing? How do 

properties of genome folding relate to the structural properties and shape of the nucleus? 

Fundamental questions also remain open on whether structure/function relationships are 

shared across evolution. Gene expression in yeast and Drosophila seems to be poorly 

responsive to massive rearrangements of chromosome structure (Shao et al. 2019; Luo et al. 

2018; Ghavi-Helm et al. 2019). These results notably question the role of chromosome 

organization in Drosophila, where TAD-like domains do not result from CTCF looping but 

rather might arise as a consequence of compartmental interactions (Rowley et al. 2017).

Recent considerable technological advances give unprecedented opportunities to explore the 

mechanistic connections between chromosome structure and nuclear biology. Coupling 

existing methods (notably 3C) with newly developed techniques will expand the current 

paradigm, allow better measurement of dynamic molecular processes, and address the key 

open questions. In this review, we discuss 3C methods and the findings they enabled in the 

light of recent results obtained with new and rapidly developing orthogonal techniques. We 

focus on the strengths, limitations, and possible synergy of these methods and what they can 

reveal about the physical details and biological implications of chromosome structure.

Section I: Inferring 3D structure from chromosome contacts: considerations, limitations, 
and extensions made possible by orthogonal approaches

What do 3C methods actually measure?—A widespread interpretation of 3C data 

(and notably Hi-C) is that the number of ligation products detected is directly proportional to 

actual contact probabilities between genomic sequences. This has important implications for 

how data are interpreted (Fudenberg and Mirny 2012) and normalized (Imakaev et al. 2012). 

But what does ‘contact’ mean? 3C methods rely on formaldehyde crosslinking and ligation, 

two molecular processes that have been criticized as potential sources of bias (Belmont 

2014; Williamson et al. 2014; Gavrilov et al. 2015, 2013). Crosslinking might capture 

contacts that are not mediated by direct molecular interactions of the chromatin fiber but 

rather by indirect crosslinking events through intervening nuclear proteins, and even 

organelles. Ligation might favor the formation of nonspecific molecular hybrids between 
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crosslinked and partially solubilized chromatin. Orthogonal measurements of chromosomal 

interactions that are not based on crosslinking and ligation are thus important for providing 

context and comparison to 3C methods.

DNA FISH experiments use crosslinking but not ligation, and have largely confirmed that 

3C-based data at various genomic scales are correlated with colocalization frequencies of 

FISH probes and/or inversely proportional to their spatial distances (Nora et al. 2012; Hakim 

et al. 2011; Giorgetti et al. 2014; Finn et al. 2019; Wang et al. 2016; Bintu et al. 2018; Crane 

et al. 2015; Gizzi et al. 2019; Giorgetti et al. 2016) (Figure 2A). Significant discrepancies 

have been however occasionally reported (Williamson et al. 2014), and even in concordant 

studies the correlation between FISH and 3C is high but not perfect, with a fraction of the 

variance in either technique that cannot be explained by the other (Finn et al. 2019; Wang et 

al. 2016) (Figure 2A). FISH and 3C methods are indeed affected by different technical and 

detection biases (Giorgetti and Heard 2016). Of note, signals in 3C methods arise from a 

subpopulation of cells where two loci occur in physical proximity, which can be compared 

with the fraction of cells where the two loci are closer than an arbitrary threshold distance in 

DNA FISH. This generally inversely correlates with the mean spatial separation between 

probes (Figure 2B), but deviations from this behavior are possible (e.g. in presence of 

bimodal distance distributions characterized by more than one peak, or in the presence of 

non-trivial dynamic processes such as loop extrusion (Fudenberg and Imakaev 2017)). 3C 

signals should thus better correlate with FISH when they are compared with the fraction of 

cells where probes are close to each other, rather than with their mean spatial separation (as 

discussed in detail in Refs. (Fudenberg and Imakaev 2017; Giorgetti and Heard 2016; 

Dekker 2016)). In addition, in DNA FISH physical proximity is defined using arbitrary 

distance or overlap thresholds that do not necessarily represent actual crosslinking radii in 

3C (which incidentally might vary along the genome e.g. depending on the identity and 

concentration of protein complexes bound to DNA). Reassuringly, irrespective of these 

biases contact maps inferred from super-resolution DNA FISH are in excellent agreement 

with Hi-C data when spatial thresholds of 120–150 nm are imposed on distance distributions 

(Wang et al. 2016; Gizzi et al. 2019; Mateo et al. 2019; Bintu et al. 2018). Thus, DNA FISH 

and Hi-C concordantly interpret spatial proximity between two genomic sequences as their 

localization within a radius of a few hundred nanometers. It is interesting to notice that this 

distance range is still arguably one order of magnitude larger than distances required for 

protein complexes bound to DNA to be in reciprocal molecular contact. However the rapid 

pace of technical development in both classes of methods promises to soon give insight into 

these shorter-range interactions (Hsieh et al. 2019; Krietenstein et al. 2019; Mateo et al. 

2019).

Several methods orthogonal to both 3C and FISH have recently provided evidence that 3C 

methods faithfully detect chromosomal contacts occurring within short spatial ranges, and 

confirmed the existence of compartments, TADs and sub-TAD structures (Figure 2C). 

‘Native’ 4C and Hi-C performed in the absence of crosslinking were able to detect CTCF-

mediated interactions as well as TAD boundaries, suggesting that these patterns do not arise 

as a mere consequence of an artifactual crosslinking of certain interactions (Brant et al. 

2016). Two ligation-free techniques have further shown that interactions detected in 3C 

originate from short-range proximity (≲200 nm) between chromosomal sequences. In 
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genome architecture mapping (GAM) (Beagrie et al. 2017) TADs, compartments and long-

range inter-TAD interactions were recovered by measuring physical proximity (~200 nm) 

through ultrathin nuclear cryosectioning followed by high-throughput sequencing of DNA 

extracted from nuclear slices (Figure 2D). In split-pool recognition of interactions by tag 

extension (SPRITE) (Quinodoz et al. 2018), split-pool barcoding of DNA molecules within 

the same crosslinking complex discriminates different classes of interactions. Short-range 

SPRITE interactions quantitatively correlate with Hi-C data, contrary to long-range indirect 

crosslinking events that may possibly be mediated by subnuclear compartments. Finally, a 

modified version of DNA adenine methyltransferase identification (DamID) named DamC 

has emerged as a simultaneously crosslinking- and ligation-free assay which detects 

chromosomal interactions in living cells using DNA adenine methylation (Redolfi et al. 

2019). Interactions detected by DamC show excellent agreement with 4C and Hi-C data 

(Figure 2E). In DamC DNA is methylated only by direct proximity with Dam molecules 

recruited to genomic viewpoints. Quantitative similarity with 3C-based measurements thus 

implies that a substantial fraction of chromosomal interactions measured by 3C methods 

involve nanometer-scale distances between genomic sequences.

Results from these orthogonal approaches collectively argue that 3C-based methods do not 

significantly distort the detection of chromosomal interactions. They also show that 3C data 

(and Hi-C in particular) are directly proportional to the fraction of cells in the population 

where a certain contact occurs at the moment of crosslinking. Far from being a nuance, this 

concept underlies all physical models of chromosome folding, including the highly 

influential loop extrusion model (see Section II below), in which simulated contact 

frequencies are compared with those inferred from Hi-C experiments.

One remaining challenge is that 3C-based data can only be converted to relative contact 

probabilities, given the absence of internal normalization criteria. This information is 

however required to address fundamental questions such as how mild differences in relative 

contact frequencies across TAD boundaries (~2-fold) manage to functionally insulate 

neighboring regulatory sequences. Lack of internal normalization also limits the ability to 

definitively compare contact frequencies at given loci between conditions and cell types. 

Precise conversion of experimental data into mechanistic models will require developing 

methods that are able to count 3D genomic interactions using quantitative molecular 

readouts.

How does contact frequency relate to spatial distance?—Contact frequencies 

alone cannot fully specify the physical shape and arrangement of the chromosome within the 

nucleus. This is a key challenge for comparing 3C-based data with microscopic observations 

(where physical distances, but not contacts are directly observed) and for modeling 

approaches that use Hi-C data to deduce 3D models of a chromosome or the whole nucleus. 

Complementary approaches are needed to measure physical distances between genomic 

sequences and their proximity to nuclear landmarks such as the nuclear envelope and 

nucleoli. DamID can identify regions of DNA that often contact the nuclear lamina (Lamin 

Associated Domains; LADs) (Peric-Hupkes et al. 2010) but again measures contact 

frequency instead of quantitating distance. One recent advance in this direction is TSA-seq 

(Tyramide signal amplification followed by high throughput sequencing) (Chen et al. 
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2018b), where antibody-coupled enzymes are targeted to nuclear features of interest (e.g. 

nuclear speckles) then generate diffusing biotinylated molecules that label nearby DNA in a 

distance-dependent manner. This approach enables the quantitative measurement of 

distances between genomic DNA and subnuclear compartments.

Remarkable improvements in microscopy techniques are also enabling better distance 

measurements within nuclei. Traditionally limited to small numbers of chromosomal loci 

and low genomic resolution, DNA FISH has been recently revamped by super-resolution 

chromosome tracing approaches employing highly multiplexed FISH probes, allowing 

distance measurements between thousands of chromosome loci in single cells at 

unprecedented scale. Concordant with earlier lower-throughput measurements (Nora et al. 

2012; Giorgetti et al. 2014), these methods have shown that single TADs spatially extend 

over a few hundred nanometers in Drosophila and in mammals (Bintu et al. 2018; Gizzi et 

al. 2019; Boettiger et al. 2016), with active domains being larger/more decompacted than 

inactive domains. Strikingly, TADs belonging to A and B compartments spatially segregate, 

significantly overcoming their linear genomic arrangement (Wang et al. 2016). DNA FISH 

measures absolute spatial distances within the nucleus and reveals sub-population 

conformations that cannot be deconvolved out of population-averaged Hi-C data. In 

addition, super-resolution imaging can help clarify ambiguities in what Hi-C contact 

frequencies mean in terms of physical distance. For example, when a region is classified by 

Hi-C as weakly associated with the A compartment, it is equally possible that this region 

fluctuates between strong associations with A and B in different cells or that it consistently 

sits at an intermediate distance between the strongly separated A and B-type regions of the 

chromosome. Chromosome tracing clarifies that these “weak compartment” regions are in 

fact positioned in between the stronger A and B regions in most cells, rather than alternating 

between extremes (Wang et al. 2016).

Which interactions are simultaneous or cooperative?—Biologically relevant 

chromosome interactions may occur not only between pairs of loci, but also within clusters 

of cooperative contacts. Standard 3C methods are however unable to reveal whether multiple 

regions are interacting simultaneously or mutually exclusively. For example, when Hi-C 

reports that interactions occur pairwise between regions a-b, b-c and a-c, it is not clear 

whether a and b interact cooperatively with c or if a and b alternately contact c in different 

cells (Figure 3A). Distinguishing between simultaneous and alternate contacts is however 

necessary to answer a variety of biological questions. Is gene expression governed by the 

cooperative activity of several enhancers or by the mutually exclusive use of different 

enhancers in different sub-populations? Do nested interactions between several CTCF-bound 

regions represent an average of many alternate loops or cooperative interactions bringing 

together multiple loops? Measuring simultaneous contacts is also necessary to investigate 

whether groups of active genes cluster together in transcription factories (Sutherland and 

Bickmore 2009), to observe clustering of repressed regions potentially mediated by 

polycomb or HP1 (Schoenfelder et al. 2015; Strom et al. 2017), and to clarify the role of 

phase separation in the collective spatial partitioning of chromosome regions.

3C libraries can contain long DNA concatemers in which several chromatin regions that 

were in close proximity in individual nuclei are ligated together. Modified versions of 3C 
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methods have been developed to detect these simultaneous interactions using either shotgun 

sequencing (Olivares-Chauvet et al. 2016), short-read (Oudelaar et al. 2018; Ay et al. 2015; 

Jiang et al. 2016; Zheng et al. 2019) or ultra-long read sequencing (Allahyar et al. 2018) 

(Figure 3B). These methods have revealed common cooperative interactions between 

multiple loci, but also multi-contact configurations occurring in a small subset of cells and 

would be missed in population-averaged pairwise contact maps. Detecting simultaneous 

contacts in cells lacking the cohesin-unloading factor WAPL also revealed that CTCF-loop 

anchors collide with each other if cohesin is not efficiently unloaded from DNA (Allahyar et 

al. 2018). Overall, multi-way contacts are more likely to occur between regions within TADs 

(Figure 3C, left), and it is very rare to find cooperative interactions between multiple loci on 

different chromosomes, making it unlikely that such cooperative interchromosomal contacts 

are essential for key biological processes in most cases (Olivares-Chauvet et al. 2016).

While they have given important insights, proximity ligation-based methods are inherently 

limited in their ability to capture simultaneous contacts. One restriction fragment can only 

ligate directly to two other sequences in a single cell, regardless of how many other genomic 

loci were nearby. As such, while Hi-C maps from single cells (discussed in more detail in 

the next section) inherently represent sets of interactions that occur simultaneously (Nagano 

et al. 2013; Ramani et al. 2017; Stevens et al. 2017; Tan et al. 2018), any single map cannot 

sample all the interactions occurring in that cell due to substantial technical subsampling in 

current versions of single-cell Hi-C protocols. Computational approaches may help detect 

likely simultaneous or exclusive interactions from large sets of such data. In the protein 

structure field, the correlated forming and breaking of contacts has been analyzed by 

principal components analysis (PCA) across a large set of contact matrices from dynamic 

protein structure snapshots (Doshi et al. 2016) [Johnson J. Comput. Chem 2018]. A similar 

technique (termed E-PCA) has recently been applied to sets of chromosome contact maps 

from single cell imaging or Hi-C across different cell types (Lindsay et al. 2018) (Figure 

3D). ). This approach has revealed certain compartment associations that tend to form and 

break together across single cells in a population and has identified the sets of compartment 

interactions that best distinguish blood cell type chromosome folding patterns. Future 

applications of this approach across single cell Hi-C contact maps may allow the inference 

of cooperative or mutually exclusive sets of contacts, even when these contacts cannot all be 

captured simultaneously in the same cell.

The limitations of 3C-based methods to capture multi-contact interactions have also driven 

the development of complementary approaches. The SPRITE approach described earlier 

(Quinodoz et al. 2018) does not require ligation and thus can identify multiple loci that 

simultaneously interact in a single cluster. SPRITE data suggest that certain long-distance 

interactions within the A compartment may tend to occur together in the same cell while 

other A compartment regions contact one another alternately, resulting in average high 

contact frequencies between all A compartment regions in a Hi-C map (Figure 3C, right). 

The GAM approach (Beagrie et al. 2017) also captures complex multi-way contacts and has 

identified numerous 3-way interactions between TADs containing highly transcribed regions 

or TADs containing super-enhancers (Figure 3C, middle). Super-resolution microscopic 

chromosome tracing has also revealed locations of cooperative, multi-way interactions that 

occur simultaneously in single cells (Bintu et al. 2018). Finally, single-cell applications of 
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DamID have revealed extensive evidence for cooperative coordinated contacts between the 

nuclear lamina and chromosomes in individual cells (Kind et al. 2015). It should be noted 

that none of these approaches can definitively determine whether simultaneous interactions 

are essential for regulatory communication between loci. As described further below, 

perturbations of specific combinations of interactions will be needed to determine their 

function and how they are established.

Section II: Capturing dynamics and heterogeneity in chromosome conformation

Chromosome structure in single cells—With the exception of single-cell Hi-C and 

some multi-contact approaches, 3C data generally represent snapshots of chromosome 

conformations at a given time point, averaged over an entire cell population. But how do 

they relate to the actual conformations of the chromatin fiber in single cells, and how do they 

evolve in time? Well before the advent of super-resolution chromosome tracing, DNA FISH 

and live-cell imaging experiments in yeast, Drosophila and mammalian cells revealed that 

chromosome conformation is highly variable across cell populations or tissues 

(Jhunjhunwala et al. 2008; Amano et al. 2009; Shopland et al. 2006; Marshall et al. 1997; 

Heun et al. 2001; Berger et al. 2008). With the development of single-cell Hi-C, it has 

become clear that single pairwise contacts occur as stochastic events in single cells (Nagano 

et al. 2013; Ramani et al. 2017; Stevens et al. 2017; Flyamer et al. 2017; Tan et al. 2018). 

Interaction motifs observed in population Hi-C maps such as TADs and compartments only 

become evident when averaging over many single cells, indicating that they reflect 

preferential interactions in a highly diverse ensemble of structures (Figure 4A). The genomic 

resolution of single-cell Hi-C is currently limited, preventing short-range contacts such as 

single enhancer/promoter interactions (typically below 200kb within single TADs) to be 

quantitatively assessed. Polymer models and super-resolution DNA FISH have however 

shown that single conformations of the chromatin fiber inside single TADs are also highly 

variable (Nora et al. 2012; Giorgetti et al. 2014; Bintu et al. 2018; Gizzi et al. 2019; Mateo et 

al. 2019; Boettiger et al. 2016) (Figure 4A). Only a subset of interactions actually occur in a 

single cell, implying that enhancer-promoter interactions and CTCF loops are stochastic 

events (Giorgetti et al. 2014). TAD boundaries themselves emerge from the superposition of 

conformations where stochastic contacts within TADs are favored compared to contacts 

across boundaries (Giorgetti et al. 2014; Bintu et al. 2018). In the absence of cohesin, the 

disappearance of TAD boundaries from population Hi-C matrix is most likely a result of loss 

of preferential contacts within TADs and increased randomness in interactions (Bintu et al. 

2018). This is consistent with the idea that contacts within TADs in individual cells represent 

the captured position of loop extrusion complexes, and thus reflect not static loops but a 

captured moment of a dynamic process (Hansen et al. 2018). Super-resolution DNA FISH 

experiments have additionally revealed that compartments emerge from the superposition of 

highly stochastic but mutually exclusive interactions between A- and B-type chromatin 

regions (Wang et al. 2016). Single-cell DamID experiments also showed high cell-to-cell 

variability in associations of LADs to the nuclear periphery (Kind et al. 2015). Experimental 

evidence thus agrees on the existence of extensive conformational variability at all genomic 

length scales, from sub-TAD structures (Nora et al. 2012; Giorgetti et al. 2014; Mateo et al. 

2019; Boettiger et al. 2016) to TAD-scale interactions (Finn et al. 2019; Gizzi et al. 2019; 

Cattoni et al. 2017) all the way up to A/B compartments (Wang et al. 2016; Kind et al. 2015) 
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and even multi-Mb regions on the very special case of inactive X chromosomes (Giorgetti et 

al. 2016). Pervasive cell-to-cell structural variability might have important implications for 

transcriptional regulation, since stochastic interactions between regulatory sequences are 

likely to result in the stochastic transfer of regulatory information. Methods that will help 

define the functional role of structure variation are discussed further in Section III.

Chromosome structure in time—Very little is known about the timescales over which 

cell-to-cell structural differences are established and how they might relate to transcription 

and other nuclear processes. In one extreme hypothetical scenario, a conformational state is 

inherited at the exit from mitosis, maintained throughout the cell cycle, and transmitted with 

some degree of shuffling to daughter cells. In this scenario, regulatory interactions are stable 

during the cell cycle, with a subset of contacts maintained for several hours and others never 

taking place in this timespan. In an opposite extreme scenario, every cell would experience a 

large number of different conformations within a single cell cycle. In this case, exchange of 

regulatory information would occur as a highly stochastic and dynamic event, with contacts 

assembling and disassembling on a timescale of seconds or minutes. Considering that the 

time interval separating consecutive encounters between two loci on a chromosome is 

expected to rapidly increase as a function of their genomic distance (Amitai et al. 2010; 

Zhang and Dudko 2016), both scenarios could actually take place. Contacts between 

regulatory sequences separated by small genomic distances could assemble and disassemble 

rapidly, whereas the spatial distance between sequences located hundreds of kilobases away 

might change on slower time scales (Gibcus and Dekker 2013).

Several approaches have enabled imaging of chromosome dynamics at the scale of the 

whole nucleus, without detecting specific sequences. Labeling histone proteins with a 

photoactivatable fluorophore has revealed that the positions of chromosome territories are 

stable throughout interphase (Strickfaden et al. 2010), but that large-scale rearrangements 

happen after each mitosis. A method to visualize the dynamics of lamina-associated domains 

(LADs) (Kind et al. 2013), where a fluorescent tracer of N6-methylated adenines marks 

regions that have been associated with the laminB1 fused with Dam, came to similar 

conclusions. Shorter-scale intra-chromosomal dynamics have been probed using Dense Flow 

Reconstruction and Correlation (Shaban et al. 2018), which revealed localized micron-sized 

domains of correlated chromosome dynamics within transcriptionally active nuclei.

Measuring temporal fluctuations in chromosome structure in a sequence-specific manner 

requires to simultaneously visualize two or more genomic regions in living cells using 

combinations of orthogonal fluorescent proteins (Figure 4B). Classically, researchers have 

visualized single chromosomal loci via homologous recombination-mediated insertion of 

arrays of ectopic transcription factor binding sites such as Lac or Tet operators, which can be 

localized as diffraction-limited spots upon binding of the corresponding repressors fused to 

fluorescent proteins (Marshall et al. 1997; Heun et al. 2001; Chuang et al. 2006; Masui et al. 

2011; Chubb et al. 2002; Kumaran and Spector 2008). More recently, visualization of single 

loci has also been achieved by recruiting multiple copies of catalytically inactive Cas9 

(dCas9) fused to GFP to repetitive (Ma et al. 2018; Stanyte et al. 2018) or non-repetitive 

(Chen et al. 2013; Gu et al. 2018) DNA. The bacterial ParB/parS system, in which the ParB 

protein multimerizes upon binding to a single parS sequence on DNA, has also been 
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successfully used to image single chromosomal locations (Germier et al. 2017; Saad et al. 

2014). These strategies however present conceptual and technical hurdles which have 

limited their application to simultaneous multi-color imaging: Repetitive operator arrays are 

prone to recombining and generating DNA damage (Dubarry et al. 2011). Insertion of two or 

more orthogonal arrays in cis requires sequential targeting and cumbersome screening for 

genomically stable subclones. Multi-color CRISPR approaches require simultaneous 

expression of multiple gRNAs arrays and multiple orthogonal catalytically inactive Cas 

proteins. Additionally, imaging cells in physiological conditions over timescales ranging 

from seconds to hours demands microscopes that are able to deliver low photon numbers (to 

minimize photobleaching and phototoxicity), while recovering high-quality signals from dim 

sub-diffraction light sources.

Two recent studies have overcome these limitations and measured the time evolution of two 

genomic loci in cis in mouse cells using orthogonal operator arrays (Alexander et al. 2019; 

Khanna et al. 2019). In mouse embryonic stem cells, locations flanking the Sox2 gene and 

its super-enhancer, which are located ~100 kb apart, were found to have different average 

positions in each individual cell (Alexander et al. 2019). While their instantaneous positions 

fluctuated significantly around these averages over time, the average positions remained 

stable across an experimental time window of twenty-five minutes, with sporadic drastic 

changes (Figure 4C). The situation is similar in B-cell progenitors where the spatial 

positions of the VH and DHJH regions at the immunoglobulin locus (separated by approx. 1 

Mb) were found to fluctuate around stable average values on a 10-minute timescale, which 

can change over longer times in a subset of cells (Khanna et al. 2019). Whether and how this 

behavior is linked to cell cycle progression and/or potential loop extrusion by cohesin is not 

clear. Based on experimental estimations (Cattoglio et al. 2019; Holzmann et al. 2019) 

numerical simulations (Fudenberg et al. 2016) and recent in vitro evidence (Golfier et al. 

2019; Davidson et al. 2019), cohesin could extrude DNA loops at rates as high as ~100 kb/

min. The loop extrusion process should hence affect the dynamics of loci separated by 

hundreds of kb on timescales of minutes. Shorter-timescale (<1 minute) fluctuations around 

stable positions may instead reflect extrusion-independent polymer behavior. In any case, 

these results overall suggest that enhancer-promoter interactions might occur as unstable and 

transient stochastic events several times in a cell cycle.

Another study monitored the dynamics of an ectopic even-skipped (eve) promoter and the 

endogenous eve locus located 100 kb apart in living Drosophila embryos (Chen et al. 

2018a). Looping between the two loci was enforced through an ectopic insulator known to 

be able to pair with its endogenous copy at the eve locus. Interestingly, physical interactions 

between the two loci lasted for several minutes, in stark contrast with experiments in mouse 

cells (Alexander et al. 2019), and were further stabilized by transcription at the reporter gene 

and the looped state.

Advances in genomic engineering and imaging are opening exciting possibilities to extend 

and generalize these observations to other systems and conditions. Besides CRISPR-based 

knock-in strategies, transposon-based and recombinase-mediated genomic engineering allow 

efficient insertion of operator arrays (Alexander et al. 2019; Redolfi et al. 2019). Synthetic 

arrays with non-repetitive linkers (Lau et al. 2003) minimize risks of recombination, 
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whereas new or modified repressor/operator systems (Alexander et al. 2019; Khanna et al. 

2019) extend possibilities while minimizing side effects due to DNA damage (Dubarry et al. 

2011). An alternative dCas9 targeting strategy where ribonuclear particles of dCas9 and 

fluorescently labeled sgRNAs are delivered to cells offers improved signal-to-noise ratio and 

easiness of use (Wang et al. 2019a). New imaging technologies such as highly inclined and 

laminated optical sheet (HILO) (Tokunaga et al. 2008) or lattice light-sheet microscopy 

(Chen et al. 2014) enable high-resolution, low-phototoxicity multicolor measurements of 

living samples. Coupled with advances in super-resolution live-cell microscopy and labeling 

strategies (Zheng and Lavis 2017), these tools will allow addressing fundamental questions 

such as if and how CTCF loops, loop extrusion and topological constraints modulate 

chromosome contact dynamics; and how structural dynamics relates to the dynamic 

exchange of regulatory information and ultimately impacts transcription.

Modeling approaches translate 3C information into a context of distance, 
cooperativity, heterogeneity, and dynamics—Computational modeling of 3C 

information and chromosome structure provides an important avenue to address many of the 

challenges in chromosome structure data interpretation presented thus far: translating 

contacts into distances, inferring simultaneous contacts, and representing heterogeneity in 

structures between cells and across time. There are numerous reasons that physical models 

of chromatin have proven to be powerful tools in studying spatial genome organization. 

First, since both microscopy and 3C-based methods do not yet allow a direct high-resolution 

large-scale view of chromatin structure, physical models are necessary to infer the 

underlying structure. Second, models provide a quantitative framework to integrate 

information from different types of experimental systems. Third, modelling approaches 

often allow us to directly test hypotheses regarding underlying molecular mechanisms, and 

to generate predictions that can be tested experimentally.

Since 3C-based methods measure interaction frequencies rather than produce actual 

structures, the most obvious goal of physical chromatin models is to discover the underlying 

structures (Figure 5A). The simplest approach is to seek a single structure (Duan et al. 2010; 

Lesne et al. 2014; Varoquaux et al. 2014; Baù et al. 2011). This process makes two critical 

assumptions: that one can convert interaction frequencies to spatial distances, and that a 

single structure is sufficient to represent the entire distribution of structures measured by 

bulk genomic methods. While the first assumption may be reasonable (as discussed 

previously), the second assumption is problematic, since genome structure is highly variable.

Due to the limitations of using a single genome structure, modelling approaches have been 

extended to identify a set of structures whose average matches measured population-average 

interaction frequencies (Serra et al. 2017; Kalhor et al. 2012; Tjong et al. 2016; Paulsen et 

al. 2017). While this is closer to biological reality, a new challenge is introduced. Since these 

methods try to reconstruct a distribution by considering only its average, the problem is 

highly under-constrained, as many different sets of structure distributions may be consistent 

with measured population-averaged interaction frequencies. Some approaches constrain the 

set of solutions using energy landscapes and molecular dynamics simulations (Di Pierro et 

al. 2016) while others use Bayesian inference, shortest path calculations, or other 

assumptions to calculate an optimal ensemble (Lesne et al. 2014). Some approaches add 
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constraints from microscopy data, either constraining conformations by visually measured 

landmarks or by detailed chromosome tracing results (Stevens et al. 2017; Nir et al. 2018). 

In addition to validation by in silico simulations, it is critical that these methods yield 

testable hypotheses that can be validated otherwise. For example, microscopy can be used to 

test the distribution of distances of specific pairs of loci across the population, and these can 

be compared to distribution of distances produced by models (Baù et al. 2011; Giorgetti et 

al. 2014). Despite anecdotal validations, it remains unclear whether this type of approach 

provides accurate descriptions of genome structure and quantitative predictions. While 

single-cell Hi-C experiments bypass the limitation of population averaging, their low yield 

per cell seriously limits the resolution of models based on single cell Hi-C maps.

An alternative class of modelling approaches start from simple physical or molecular 

mechanisms and attempt to produce structures consistent with 3C-based interaction data 

(Figure 5B). While these will generally reproduce the data less accurately, they have the 

benefit of directly testing hypotheses regarding molecular mechanisms and the dynamic 

processes underlying genome structure. Several models based on biophysical principles have 

been proposed to explain features of Hi-C data: interaction frequency is inversely 

proportional to genomic distance in human cells, consistent with a fractal globule model 

(Lieberman-Aiden et al. 2009; Grosberg et al. 1988); volume-exclusion and chromosome 

tethering have been used to model S. cerevisiae Hi-C (Wong et al. 2012; Tjong et al. 2012); 

supercoiling has been used to model TADs (Benedetti et al. 2014); supercoiled plectonemes 

have been used to model Caulobacter Hi-C (Le et al. 2013); block copolymers have been 

used to model TADs (Jost et al. 2014); binders and switchers have been used to model TADs 

and compartments (Barbieri et al. 2012). One modelling achievement has been the loop 

extrusion model which provides a parsimonious mechanism that explains both mitotic 

chromosome structure and TAD formation (Fudenberg et al. 2016; Goloborodko et al. 2016; 

Naumova et al. 2013). Notably, the model produced testable hypotheses, some of which 

were verified in genetic perturbations such as CTCF, NIPBL and WAPL deletions (Haarhuis 

et al. 2017; Nora et al. 2017; Schwarzer et al. 2017; Rao et al. 2017), as well as microscopy 

evidence demonstrating loop extrusion by yeast condensin (Ganji et al. 2018). Still, some 

details of the model remain unresolved such as extrusion speed, dependence on ATP, uni- vs. 

bi-directionality of extrusion and the molecular mechanism underlying insulation. An 

outstanding challenge will be consolidating mechanisms underpinning interaction patterns at 

different scales (Nuebler et al. 2018), e.g. how loop extrusion and phase separation could 

work together to produce loop, TAD, and compartment structures. Additionally, new 

methods for systematically integrating 3C data with microscopy data will be required 

(Abbas et al. 2019). Finally, in addition to highlighting the features which models explain 

well, it will be equally useful to study features of the data that are left unexplained or are 

poorly reproduced by models.

Section III: Connecting Chromosome Structure to Function

Which interactions are functionally relevant, and how can they be identified?
—Precise measurements of interactions between genomic loci, even if translated into 

sophisticated polymer models or confirmed with high-resolution imaging, cannot report 

which interactions are linked with (or give rise to) functional events. Contact frequencies 
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between two or more genomic loci presumably inform about whether those loci are likely to 

communicate functionally: a tendency in the field has thus been to develop computational 

methods to identify ‘specific’, ‘significant’ or ‘looping’ interactions within Hi-C or 4C data. 

Although the nomenclature varies slightly between studies, these are usually defined as pairs 

of sequences whose interaction frequencies stand out from the interaction background 

generated by random ‘collisions’ across the chromatin polymer (Figure 6A). Many 

competing methods have been proposed to detect these interactions using a variety of 

statistical approaches. These approaches can vary widely in their results, from identifying 

enriched point interactions (Rao et al. 2014; Geeven et al.) to finding stripes of enrichment 

(Schmitt et al. 2016) to detecting entire TADs (Dixon et al. 2012) or hierarchies of 

interaction domains (Zhan et al. 2017; Norton et al. 2018). Further, the apparent properties 

of these interactions in a contact map can vary somewhat depending on the details of the 

experimental approach. For example, 3C techniques that shorten the length of DNA 

molecules before ligation, such as micro-C, detect arrays of specific interaction dots where 

other Hi-C datasets find more homogeneous lines (Hsieh et al. 2019; Krietenstein et al. 

2019).

Though attempts have been made (Forcato et al. 2017), determining the best loop- or 

domain-calling algorithm (or the best loop- or domain-resolving experimental method) is 

impossible without a clear reference for the biological implications of different classes of 

‘significant’ interactions. Above-background interactions are certainly significant with 

respect to a null model where only random collisions occur (Figure 6B), and very often 

correlate with CTCF loops, interactions between active genes, or interactions between genes 

and their potential regulatory sequences (Bonev et al. 2017; Hsieh et al. 2019; Krietenstein 

et al. 2019; Andrey et al. 2016). However, a sizeable fraction of regulatory sequences do not 

show particularly enriched interactions with surrounding partners. Does this necessarily 

imply that these interactions are non-functional? Enrichment levels observed at ‘specific’ 

interactions are at most 2–3 fold higher than the random collision background, and only 0.5-

fold higher on average. Do such small differences in interaction probabilities matter for 

transcriptional regulation or other biological processes? Conversely, is it correct to discount 

as non-functional the high-frequency interactions at short genomic distances that are not 

detected as significant, but occur as background polymer collisions (Figure 6B)?

Similar considerations might apply to contacts between genomic sequences located far in cis 
(≫1 Mb on the same chromosome) or in trans (i.e. on different chromosomes). Due to the 

power-law decay of contact probabilities in cis, and the near-random arrangement of 

chromosome territories in trans, these interactions are constitutively much rarer than those 

between sequences located nearby in cis (< 1 Mb), and as such are underrepresented in 3C 

ligation libraries. Due to their rarity, far-cis and trans interactions are preferentially detected 

using target-enrichment approaches such as 4C (van de Werken et al. 2012), ChIA-PET 

(Fullwood et al. 2009) or capture 3C/HiC (Schoenfelder and Fraser 2019; Hughes et al. 

2014; and other methods reviewed in Denker and de Laat 2016). Specific interactions 

between loci separated by multiple Mb or on different chromosomes have been identified 

between polycomb-bound locations (Schoenfelder et al. 2015; Bonev et al. 2017), active 

genes and regulatory sequences (Javierre et al. 2016; Fullwood et al. 2009; Joshi et al. 2015; 

Bonev et al. 2017; Noordermeer et al. 2011) or DNA double-strand breaks (Aymard et al. 
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2017). Notably, a recent study has shown the emergence of long range cis and trans 

interactions in olfactory neurons, directly mediating their function by selection of individual 

olfactory receptors (Monahan et al. 2019). Despite being detected at high levels of statistical 

significance compared to background collisions or generic trans interactions, and despite 

notable exceptions (Maass et al. 2018), in most cases far-cis or trans interactions are very 

rare (in the order of a fraction of % of cells based on DNA FISH and using distance 

thresholds of few hundred nm, see e.g. (Schoenfelder et al. 2015; Noordermeer et al. 

2011)).This raises the question as to whether single interactions, or rather (potentially 

cooperative) synergies between different combinations of them in different cells might be 

functionally relevant.

Addressing these questions requires developing experimental techniques that go beyond the 

identification of significantly enriched contacts, and rather use molecular readouts to detect 

‘productive’ functional interactions. Global perturbations such as depletion of CTCF and 

cohesin have suggested that overall, the ‘significant’ structures associated to CTCF/cohesin 

are important for long range gene regulation of at least a subset of genes (Rao et al. 2017; 

Schwarzer et al. 2017; Nora et al. 2017). However, when so many interactions are affected at 

once, it is still difficult to pinpoint local causality and importance of particular interactions. 

Targeted genomic rearrangements affecting TAD boundaries or CTCF-CTCF interactions 

lead to rewiring of chromosomal contacts, and have been shown to result in gene 

misregulation or decreased developmental robustness (Despang et al. 2019; Symmons et al. 

2016), but occasionally no effect at all on gene expression, at least in the studied context and 

conditions (Williamson et al. 2019; Ghavi-Helm et al. 2019). New techniques such as the 

CLOuD9 system have also been recently developed to ectopically introduce new CTCF-

independent interactions and monitor their consequences (Morgan et al. 2017). Such induced 

loops have helped dissect the complex influence of chromatin looping on transcription at 

specific loci. Supporting the idea that chromosome interactions can regulate gene 

expression, interactions forced to occur between enhancers and gene promoters were found 

to increase gene transcription, but only in cell types normally permissive to activation of the 

studied gene (Morgan et al. 2017. Further development allowing light-activatable loop 

induction (Kim et al. 2019) has shown modest effects on gene expression. Other approaches 

such as CRISPR-GO have also enabled to investigate whether the inducible repositioning of 

chromosome loci to a variety of nuclear compartments alters gene expression (Wang et al. 

2018). (Wang et al. 2018). This technique has shown, for example, that artificially localizing 

genomic regions to the periphery or Cajal bodies represses gene transcription. A key caveat 

to such approaches, however, is that artificially stabilized loops may not mimic the dynamics 

of endogenous contacts measured by 3C-based approaches. Additionally, such approaches 

assume that the stable, highly enriched point interaction is the key functional unit, rather 

than addressing whether less isolated, more stochastic, but high frequency interactions (such 

as those typically dismissed and normalized away as characteristic of random polymer 

collisions) could also have biological implications.

Developing molecular assays that will detect productive functional interactions will also 

require defining the full spectrum of molecular events and chromatin-based processes that 

can be affected by chromosome interactions. Transcription in interphase nuclei is an obvious 

process to focus on, but other biological events such as DNA translocations, DNA repair and 
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replication, and the physical properties of the nucleus must also be considered as candidate 

processes and properties that can be directly affected by chromosome structure. Approaches 

to consider these connections between structure and function and recent results in these 

investigations are described in the following sections.

Chromosome structure and transcription: what causes what and how?—
Although perplexing reports have sporadically challenged this view in mammals 

(Williamson et al. 2019; Benabdallah et al. 2019) and Drosophila (Ghavi-Helm et al. 2019), 

modulations in chromosome structure are thought to alter transcriptional activity and/or 

robustness in gene expression by altering interaction frequencies between regulatory 

regions: Enhancer activity (defined in terms of chromatin accessibility and/or enrichment in 

active histone modifications) generally correlates with increased spatial proximity to their 

target genes (Carter et al. 2002; Tolhuis et al. 2002); TADs overlap with genomic regions of 

concordant tissue-specific expression of randomly integrated transgenes in mice (Symmons 

et al. 2014); Deletion, inversion or duplication of TAD boundaries, and single CTCF sites to 

a lesser extent, can result in ectopic enhancer-promoter contacts that can cause oncogene 

activation (Hnisz et al. 2016), aberrant gene expression leading to malformation syndromes 

(Lupiáñez et al. 2015; Franke et al. 2016) or loss of developmental robustness (Despang et 

al. 2019); Distal quantitative trait loci also tend to occur at regulatory locations that interact 

frequently in space (Grubert et al. 2015; Delaneau et al. 2019).

There is nonetheless a profound lack of understanding of the mechanistic principles that 

could link chromosome interactions to transcriptional regulation. Accumulating evidence 

suggests that enhancers can modulate promoter bursting frequency (Senecal et al. 2014; 

Bartman et al. 2016; Fukaya et al. 2016; Larsson et al. 2019; Rodriguez et al. 2019) or burst 

duration (Diez-Roux et al. 2011). It is however unknown if this is related to physical 

encounters, in the absence of information on whether transcription occurs concomitant with, 

subsequent to, or independent of physical contacts (Figure 7A). Live-cell imaging studies 

that aim at correlating enhancer-promoter spatial positions with RNA production levels in 

single cells (Bertrand et al. 1998; Chao et al. 2008) have just begun to shed some light on 

these questions. In Drosophila, ectopically enforced physical contacts between the 

endogenous eve enhancers and a minimal reporter gene causally lead to transcription of the 

reporter (Chen et al. 2018a), which in turn stabilizes the looped state. In mouse embryonic 

stem cells however, the physical proximity of the Sox2 gene locus with a region flanking its 

super-enhancer does not appear to temporally correlate with transcription levels (Alexander 

et al. 2019). Interestingly, insulator-induced loops in Drosophila are rare and stable, which 

might facilitate the detection of correlations between physical proximity and transcription. 

By contrast interactions at the Sox2 locus are frequent and transient. It will thus be 

interesting to test if engineered stable interactions in mammals would show more correlation 

with transcription states in single cells. As a note of caution however, it should be noted that 

to avoid interfering with transcriptional regulation, bacterial operator arrays in (Alexander et 

al. 2019) were inserted few kb outside the Sox2 and super-enhancer regions proper. Their 

spatial positions might thus not precisely reproduce the positions of the regulatory 

sequences, considering that the chromatin fiber might bend considerably in the 2–10 kb 

range (Redolfi et al. 2019; Mateo et al. 2019) and that the array marking the Sox2 gene is 
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separated by a CTCF-bound region which might function as an insulator. Similarly, in (Chen 

et al. 2018a), MS2- and PP7-labelled RNA signals are used as proxies for the spatial 

positions of the endogenous and reporter genes, introducing some uncertainty on the latter.

An alternative and influential view of how enhancers might transfer regulatory information 

to promoters is that communication might happen without the strict requirement of a short-

range (nanometer-range) physical contact. In this model regulatory sequences, even if not in 

direct contact, would be able to nucleate the formation of dynamic phase-separated 

transcription factor condensates spanning several hundred nanometers (Figure 7B). This is 

proposed to happen through non-specific interactions mediated by low-complexity regions 

present on many transcription factors. Nuclear phase-separated condensates have been 

recently observed (Boija et al. 2018; Cho et al. 2018; Sabari et al. 2018) and are proposed to 

mediate transcriptional activation by locally increasing the concentration of transcription 

factors in the immediate spatial neighborhood of promoters. This provocative concept, 

which presents analogies to previously proposed ‘transcription factory’ model (Sutherland 

and Bickmore 2009), might also explain why transcriptional activities at the Sox2 locus are 

uncorrelated to enhancer distance. Other modes of communication, including ‘tracking’ 

mechanisms where regulatory information is transmitted by 1D diffusion of transcription 

factors along the chromatin fiber, have also been proposed (Vernimmen and Bickmore 2015) 

and might be notably relevant for promoter-proximal enhancers.

To clarify the rules that govern regulatory communication mediated by 3D chromosome 

structure, an ideal experiment would measure promoter transcriptional output accurately and 

correlate it with its 3D distance to enhancers separated by diverse genomic distances and 

across topological boundaries. However, this remains a daunting task given the number of 

genomic manipulations required and the regulatory and structural complexity of transcribed 

genomic regions in eukaryotic genomes. Experiments in E.coli, where genomic engineering 

is not a major rate-limiting step, have revealed that transcription driven by enhancer-like 

bacterial elements is directly proportional to their contact probabilities with a promoter, and 

decreases like a power law with increasing genomic distances (Hao et al. 2019). Engineered 

loops induced through LacI tetramerization are able to insulate or stimulate transcription 

depending on their relative position with respect to the ‘enhancer’-promoter pair. It will be 

exciting to see similar experiments performed in higher eukaryotes.

Finally, interaction frequencies between enhancers and promoters might not be the main 

determinant of a promoter’s transcriptional level or robustness, or at least not at all genomic 

locations. Other factors have a major impact on gene activity, notably a gene’s nuclear 

position and proximity to repressive compartments such as the nuclear lamina (Akhtar et al. 

2013), the sequence composition of its proximal and distal regulatory sequences, as well as 

the identity and concentrations of transcription factors that bind them (Spitz and Furlong 

2012; Haberle et al. 2019). Advances in genome engineering, inducible protein degradation 

systems, imaging and sequencing-based approaches now make it possible to design 

experiments that disentangle the various dependencies of transcription on sequence 

composition, nuclear localization and chromosome structure. Further developments of recent 

methods allowing the simultaneous detection of chromatin states or nuclear positioning and 

transcription in single cells (Rooijers et al. 2019; Cao et al. 2018) might soon enable the 
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measurement of chromosomal contacts together with transcription factor binding or 

transcription in the same cell. Together with single-molecule studies in living cells, these 

methods will increase our understanding of how molecular events occurring over a disparate 

range of timescales, from transcription factor binding to loop extrusion dynamics, are 

integrated to reach defined transcriptional outputs.

Chromosome structure and other nuclear processes: DNA damage/repair, 
replication timing, and nuclear mechanics—While the impact of genome folding on 

transcription often dominates the conversation, chromosome architecture may also play 

important roles in other nuclear processes, notably DNA damage, repair, and translocation 

formation; replication timing; and the physical properties of the nucleus. 3D genome folding 

influences DNA damage and repair in numerous ways. Results from FISH, translocation 

sequencing and Hi-C have shown correlations between translocation frequency and the pre-

existing 3D proximity between chromosome regions on average in the cell population 

(Parada et al. 2004; Roix et al. 2003; Zhang et al. 2012). Image tracking of fluorescently 

labelled DNA breaks in live cells has confirmed in individual cells that DNA double strand 

break (DSB) pairing most often occurs between breaks that were initially proximal, but has 

also revealed that large movements of DSBs sometimes occur (Roukos et al. 2013). Such 

variations in DNA repair progression at different sites are also influenced by chromosome 

structure: DSBs that occur in different nuclear locations and in heterochromatin vs. 

euchromatin exhibit different degrees of motion and choose different repair pathways 

(Lemaître and Soutoglou 2014). Spatial clustering of DSBs is revealed by monitoring 

genome folding with Capture-C after breaks are induced in euchromatin (Aymard et al. 

2017), but inducing and monitoring specific breaks in heterochromatin has thus far been 

technically challenging.

DNA repair and chromosome folding pathways strikingly share important protein factors. 

CTCF and cohesin are emerging as key players in genome architecture, but have long been 

recognized as responding to DNA damage (Birkenbihl and Subramani 1992). Cohesin and 

CTCF are both recruited to DSBs downstream of the DNA damage response protein ATM 

(Luo et al. 2008) (Lang et al. 2017). With new experimental approaches, more connections 

between these genome architecture factors and DNA damage are emerging. Precise mapping 

of DNA DSBs with END-Seq revealed that CTCF TAD boundary sites are vulnerable to 

breakage due to topological strain (Canela et al. 2017, 2019; Gothe et al. 2019). Increasingly 

powerful superresolution microscopy has further shown that the domains of ɣH2AX DNA 

damage marks are flanked by CTCF sites and are the same size as TADs (Natale et al. 2017). 

The process of DNA repair can also have major consequences for chromosome structure. If 

the repair of DNA damage disrupts a TAD boundary, enhancers and promoters that are 

normally segregated may become juxtaposed, causing misregulation of oncogenes (Hnisz et 

al. 2016). It is possible that the links between DNA repair factors and chromosome 

architecture proteins promote the integrity of 3D genome structure during DNA damage 

repair. Indeed, as measured by Hi-C across a cell population, there is increased insulation 

between TADs associated with DNA damage repair (Sanders et al. 2019). This might serve 

to prevent mis-repair across TAD boundaries.
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Further work will be needed to explore potential connections between loop extrusion, TADs, 

and DNA damage repair in the future. Population measurements cannot monitor genome 

contacts and DNA damage at the same loci in the same cell, but monitoring individual DSBs 

often requires artificial sequences to be introduced into the genome. Linked single cell 

profiling by several different genomic techniques would allow a better assessment of the 

connections between DNA DSBs and genome structure changes. Thus far, single cell multi-

omics have measured ATAC-Seq and RNA-Seq in the same cells (Rooijers et al. 2019; Cao 

et al. 2018), and this concept might be extended to include techniques like END-Seq in the 

future.

Replication timing (RT) strongly correlates with A/B compartment identity, with early 

replicating regions in the A compartment and late replicating regions in the B compartment. 

Correspondingly, boundaries of RT domains correlate with TAD boundaries, and RT 

switches between cell types involve changes of whole TADs (Pope et al. 2014). In 

differentiated cells, these RT domains are more strongly correlated with A/B compartment 

structure than individual histone modifications (Dixon et al. 2012; Ryba et al. 2010). As 

such, RT and chromosome contact measurements are two orthogonal approaches that both 

reveal biological significance of the same type of domain structure. Replication timing 

profiles across patients and controls have identified local RT switches that may reveal 

biomarkers of disease. In this sense, the strong correlation between replication timing and 

chromosome structure allows RT profiling to be an efficient, high resolution approach to 

read out potential differences in local chromosome state and structure (Rivera-Mulia et al. 

2017).

Future work will be needed to clarify what the correlation between RT and spatial 

compartments tells us about the mechanisms and implications of chromosome structure 

formation. Recent work reveals that neither RT domains nor A/B compartments are 

disrupted by deletion of their local boundary regions, but both RT and compartments are 

disrupted when certain sites (termed Early replicating control elements; ERCEs) inside 

domains are deleted (Sima et al. 2019). These regions appear to act on both RT and 

compartmentalization by affecting the active histone marks and gene expression of the 

broader region. In contrast, at very early time points of cell fate determination and 

differentiation, RT changes occur that do not coincide with A/B compartment changes 

(Dileep et al. 2019). More work is needed to identify how chromatin marks and other factors 

can sometimes specify RT change without spatial contact changes, when most often these 

two are closely related.

In addition to carrying, copying, and expressing genetic information, chromosomes are large 

physical objects that influence the mechanical properties of the cell (Bustin and Misteli 

2016). Cellular manipulation and imaging approaches are revealing ways in which 

chromosome structure may impact the biophysical function of cells. Stretching individual 

nuclei has shown that chromatin state influences nuclear elasticity: increasing 

heterochromatin stiffens nuclei, while increasing euchromatin makes nuclei more elastic 

(Banigan et al. 2017). Conversely, physical forces can affect genome structure: nuclei 

aspirated through narrow micropipettes experience stretching of chromatin domains that is 

sometimes irreversible (Irianto et al. 2017), and external forces on cells can deform 
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chromatin and directly affect gene expression (Tajik et al. 2016). Relatedly, changes to B 

compartment interactions have been observed after neutrophil nuclei squeeze through tight 

spaces in confined migration (Jacobson et al. 2018).

These observations suggest that certain chromosome structures could play a larger role in 

maintaining nuclear mechanical integrity than in specific gene regulation, or that there may 

be coupling between gene regulatory and physical roles. Additional work and new 

approaches are needed to bridge the gap between the sequence-specific contact information 

of chromosome conformation capture techniques and measurements of single cell 

mechanical properties and nucleus deformations. Approaches are emerging to mechanically 

manipulate large numbers of cells or nuclei simultaneously, making it possible to link these 

perturbations with bulk genomic measurements (Earle et al. 2019). But more work will be 

needed to address the heterogeneity of initial chromosome structures in individual cells and 

how these influence the effect of mechanical perturbation on the genome.

Conclusions and Outlook

Debate around chromosome architecture has sensibly shifted from how to obtain 

increasingly resolved and realistic measurement of 3D structures, to how to understand the 

forces that create them and how to determine their functionality in the broader context of 

nuclear processes. Given the explosion of studies that employ 3C methods and Hi-C in 

particular, it will be important to keep in mind which aspects these different methods can 

capture. As discussed in this review, some caution is required because population-averaged 

3C-based measurements cannot represent all the structural heterogeneity in space and time: 

signals in 3C methods cannot fully represent 3D distances, and vice versa. In addition 

pairwise contacts measured by 3C do not necessarily capture simultaneous interactions; and 

importantly, interactions identified with high levels of confidence over background polymer 

behavior do not necessarily correlate with biological function. Despite these technical and 

conceptual limitations, however, recently developed orthogonal techniques have shown that 

population-averaged 3C methods capture realistic aspects of chromosome folding. Notably, 

the fact that 3C data can be interpreted quantitatively in terms of contact probabilities paves 

the way for a truly mechanistic understanding of chromosome organization and the forces 

that drive it. Key steps ahead in this direction are likely to emerge from approaches that 

combine increasingly refined and quantitative 3C methods with targeted perturbation 

approaches and mechanistic physical models.

As the search for the links between chromosome structure and biological function ramps up, 

it is interesting to note that the most statistically striking features that can be observed in 3C 

data may not always be the most biologically relevant. Transcriptional changes, for example, 

may be induced by brief contacts rather than only stable interactions, making correlations 

with structural changes hard to detect, or through more distant interactions mediated by 

microphase-separated condensates rather than locus-specific colocalization events. In the 

same way that systems biologists have moved from simple deterministic signaling pathways 

to emergent properties of complex regulatory networks, future work in defining the impact 

of chromosome contacts on function will likely involve models integrating complex subtle 

and dynamic changes into overall changes in phenotype. Increasingly sophisticated live-cell 
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microscopy techniques will certainly play a major role in this direction. But discovery might 

also be enabled by emerging technologies such as cryo-electron tomography, which allows 

to visualize macromolecular complexes in situ, inside cells (Bäuerlein et al. 2017). We look 

forward to seeing future work addressing clear associations between chromosome structures 

and biological outputs, as well as the molecular mechanisms by which chromatin properties 

such as proximity, stiffness, compaction, affect biological processes inside and perhaps 

outside the nucleus.
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Figure 1. 
A. Scheme of the core steps in chromosome conformation capture (3C) methods. Chromatin 

is crosslinked in cell nuclei and digested with a restriction enzyme (or endonuclease in the 

case of Micro-C), followed by ligation and decrosslinking. This results in the formation of 

hybrid DNA molecules that can be identified by high-throughput sequencing.

B. Hi-C contact maps illustrating that mammalian chromosomes are folded into 

checkerboard-like A/B compartments (left panel), TADs (middle panel), and shorter-scale 

structures. Sub-TAD structures include CTCF-related point interactions and stripes, as well 

as other interactions e.g. compartmental and polycomb-associated interactions (not shown in 

this example). Hi-C data were obtained mouse embryonic stem cells, from Ref. (Redolfi et 

al. 2019). Colormap saturation and scaling were modified across the three examples to 

emphasize structural features.
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C. Hierarchies observed in chromosome folding are mainly driven by compartmental 

interactions involving attractions between active and inactive chromatin regions, manifesting 

at all genomic length scales; and CTCF/cohesin-mediated interactions likely originating 

from the loop extrusion activity of cohesin that is arrested by CTCF bound to DNA in 

defined orientations.
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Figure 2. 
A. 3C-based counts (Hi-C in this case) and spatial distances between loci measured in DNA 

FISH are generally well correlated, with a fraction of the variability that cannot be explained 

in terms of each other technique. Adapted from Ref. (Wang et al. 2016).

B. DNA FISH measures 3D distances between genomic loci (a and b here) and their 

distribution across the cell population. Signals in 3C methods arise from the fraction of cells 

where a and b can be crosslinked, which is usually (but not always) correlated with their 

average distance.

C. A summary of recently developed methods that are orthogonal to 3C and FISH and the 

structures they detected.

D. Ligation-free Genome Architecture Mapping (GAM) detects TADs and compartments in 

agreement with Hi-C. Adapted from Ref. (Beagrie et al. 2017)

E. Crosslinking and ligation-free DamC detects TAD boundaries and loops between 

convergent CTCF sites, in agreement with 4C-seq. Adapted from Ref. (Redolfi et al. 2019).
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Figure 3. 
A. Hi-C contacts between pairs of genomic loci (e.g. a, b and c here) can either correspond 

to mutually exclusive or to simultaneous (and possibly cooperative) interactions in single 

cells.

B. Simultaneous multi-way interactions can be identified using modified 3C methods that 

implement alternative strategies to sequence concatamers that exist in all 3C libraries, such 

as inverse PCR in MC-4C (scheme 1), shotgun sequencing and assembly in C-walks (2) or 

short-read sequencing as in Tri-C and similar methods (3). Multi-way contacts are also 

retrieved in SPRITE (4) using split-pool barcoding followed by sequencing of barcodes to 

identify genomic regions that were captured in the same cluster.
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C. Multi-way chromosome conformation capture methods, as well as SPRITE and GAM, 

have shown overall that simultaneous contacts occur more frequently within TADs than 

across TAD boundaries (left), simultaneous interactions can occur between promoters and 

clusters of super-enhancers (middle), and that different subsets of A and B compartments 

cluster together in different subsets of cells (right).

D. E-PCA uses sets of contact matrices and reports patterns of correlated or anticorrelated 

contacts. Left: simplistic example where two possible contact patterns are found across 

single cells. Middle: The E-PCA result reports that the red set of interactions occur together 

and in opposition to the blue interactions, as in the schematic on Right.
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Figure 4. 
A. Single-cell Hi-C (top), polymer simulations (bottom left) and super-resolution DNA 

FISH (bottom right) show that population-averaged signals in 3C methods arise from highly 

variable structures that occur simultaneously in single cells.

B. To measure the temporal dynamics of chromosome structures, experiments are needed 

where the spatial positions of two or more chromosomal locations in cis can be measured in 

time, in living cells.

C. Simultaneous live-cell imaging of genomic locations flanking the Sox2 promoter and its 

(super-) enhancer in mESC shows that their distances fluctuate around average values over 

an experimental timescale of two hours, with sporadic stochastic larger changes. Adapted 

from. (Alexander et al. 2019).
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Figure 5. 
A. Data-driven polymer models use parameter fitting to determine consensus 3D structures 

that satisfy contact or distance constrains inferred from Hi-C maps. They can result in either 

single consensus structures, or more realistic structural ensembles reflecting to some extent 

the cell-to-cell variability observed experimentally. Adapted from (Fudenberg et al. 2017).

B. Mechanistic polymer models implement specific hypotheses concerning the mechanisms 

that drive 3D folding, and result in ensembles of structures that can be used to predict the 

outcome of virtual Hi-C experiments.
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Figure 6. 
A. Example of a 1Mb-by-1Mb region in a Hi-C matrix illustrating various potentially 

‘significant’ (A-E). Blue cross: viewpoint used for panel B.

B. Blue line: Relative contact frequencies measured from the blue cross viewpoint are shown 

as a virtual 4C plot derived from the Hi-C matrix shown in A. Red line: background model 

derived from the same map by genome-wide averaging Hi-C counts from pairs of loci 

separated by the same genomic distances. Algorithms that determine ‘significant’ or 

‘specific’ interactions would typically identify interactions with A, D and E (indicated with 

an asterisk) because they stand over background, but not B and C. However, B and C interact 

as frequently with the viewpoint as A, D and E, as indicated by the dashed line.
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Figure 7. 
A. Transcription of RNA could either occur together with, or follow, or be completely 

unrelated to enhancer-promoter interactions. This could possibly depend on the specific 

enhancer-promoter pair, or the stability of their interactions.

B. Sub-micrometer sized phase-separated compartments could alternatively lead to 

functional communication and RNA production without the need of actual physical 

interactions between an enhancer and its target promoter.
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