
The chromosome folding problem, and how cells solve it

Job Dekker1,*, Leonid A. Mirny2,*

1Department of Systems Biology, University of Massachusetts Chan Medical School; Worcester, 
USA; Howard Hughes Medical Institute; Chevy Chase, USA

2Institute for Medical Engineering and Science and Department of Physics, Massachusetts 
Institute of Technology; Cambridge, USA

Abstract

Every cell must solve the problem of how to fold its genome. We describe how the folded state of 

chromosomes is the result of the combined activity of multiple conserved mechanisms. Homotypic 

affinity-driven interactions lead to spatial partitioning of active and inactive loci. Molecular 

motors fold chromosomes through loop extrusion. Topological features such as supercoiling 

and entanglements contribute to chromosome folding and its dynamics, and tethering loci to sub-

nuclear structures adds additional constraints. Dramatically diverse chromosome conformations 

observed throughout the cell cycle, and across the tree of life can be explained through differential 

regulation and implementation of these basic mechanisms. We propose that the first functions 

of chromosome folding are to mediate genome replication, compaction and segregation, and that 

mechanisms of folding have subsequently been co-opted for other roles including long-range gene 

regulation in different conditions, cell types, and species.

In 1970 Ris and Kubai wrote1: “The analysis of chromosome structure seeks to describe 

the spatial relationships of the various molecular components of chromosomes and to relate 

changes in these configurations to chromosome functions such as replication, transcription, 

and genetic recombination”. Around the same time Thomas wrote2: “We don’t know how 

chromosomes are organized, but there are some tantalizing clues, and we may be on the edge 

of finding out”.

Ris and Kubai described the challenge of the field of Chromosome Biology, which holds 

true to this day. Thomas was correct that we were going to find out, though it took decades, 

the development of new methods, the contributions from different disciplines ranging 

from molecular to cell biology to evolutionary biology, and the sequencing of complete 

genomes. Parallel developments in physics continued changing our view of the nature 
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of chromosomes, further pushing the envelope of Polymer Physics. Today, we know at 

least some of the structures, molecules, and mechanisms driving chromosome folding. Yet, 

how these processes and resulting chromosome structures relate to chromosome function 

continues to be a topic of intense study and debate. Still, there is the same sense of optimism 

that we may be on the edge of finding out the connections between folding and the working 

of the genome.

The view of chromosomes 50 years ago

Among the first articles in Cell covering chromatin structure, chromosome folding and 

nuclear organization were studies on fine-scale organization of eukaryotic chromatin fibers 

as “beads-on-a-string”3, formation of histone tetramers4, folded prokaryotic nucleoids5, and 

speculations on folding of DNA within the peculiar nuclei of dinoflagellates6, eukaryotes 

with apparent liquid crystalline chromosomes that have become to the topic of renewed 

interest recently7,8.

In the 1960s it was known that chromosomes were each composed of a single long 

strand of DNA and the question of how that DNA was spatially arranged to fulfill its 

role as genetic carrier was only just begun to be asked, and few answers were available. 

At first glance, it appeared that there were few commonalities between the structure of 

chromosomes from organisms from different kingdoms (e.g., eukaryotes vs. prokaryotes), 

between chromosomes from different tissues within a species (e.g., Drosophila polytene 

chromosomes in salivary glands, vs. more conventional eukaryotic chromatin in other 

tissues), or between chromosomes observed at different stages of the cell cycle for any 

one cell type (the classical X-shaped compacted mitotic chromosomes readily visible in 

the light microscope, vs. interphase chromosomes that essentially disappeared from view). 

Chromosomes could be linear, circular, regularly packed in proteinaceous capsids in phages, 

lightly packed in nucleoids in bacteria, wrapped around nucleosomes in (most) eukaryotes, 

supercoiled or not, and sometimes arranged in loops.

As for many other fields, the study of chromosome folding awaited the development of new 

technologies and assays that would ultimately allow the visualization of entire genomes at 

near base pair resolution in three dimensions within single cells. These developments were 

complemented by the joining together of scientists from a range of disciplines, including cell 

biology, molecular biology, structural biology on the one hand, and physics, computational 

biology, and bioinformatics on the other. This interdisciplinary effort has over the last few 

decades started to identify common principles of chromosome folding across the tree of life.

The need to fold chromosomes

In all organisms, the lengths of their genomes are large compared to the dimensions of the 

cell or nucleus. Stretched out, the genome of E. coli is ~ 1.7 millimeters long compared to 

a cell diameter of 2 micrometers. The length of the human genome in all chromosomes is 

~2 meters, and the cell nucleus is only ~5–10 micrometers in diameter. However, given that 

DNA fibers are so thin (2 nm of DNA, or 11 nm of the chromatin fiber), the volume of the 
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genome fits very comfortably in the cell or nucleus. So, is there really a need for cells to 

actively organize and fold chromosomes?

There are strong arguments for why cells need to actively fold their chromosomes. 

First, assuming that chromatin behaves as an unconstrained polymer (i.e. an ideal chain, 

resembling a random walk), and that it has a persistence length of a ~70nm containing 

~3–5 kilobases 9,10, the diameter of an unconstrained chromosome of the length of just 

1 copy of human chromosome 1 would be about 15 micrometers, exceeding that of the 

whole nucleus (Rg = sqrt 250, 000/3 * 70/sqrt 6 = 8 um; diameter of the coils is twice that: 

16um). Clearly, extensive compaction is required to fit in all 46 chromosomes.

Second, we previously11 outlined that the polymer state of chromosomes has important 

implications for which loci can physically interact (e.g., genes and their regulatory 

elements), and the kinetics by which such interactions can form and in what fraction of 

cells. In the absence of any constraints or active processes folding chromatin, short range 

interactions between genomic loci, e.g., separated by up to tens of kilobases, will be frequent 

enough to occur in most cells in a reasonable amount of time (e.g., the duration of the 

cell cycle). However, longer-range interactions will be rare (~6% of the time for 0.5Mb 

separation 12), and will not be formed in most cells even at very large time scales. Finally, in 

the absence of active and controlled folding processes, it is hard to imagine how specificity 

in interactions can be obtained (below).

Third, in the absence of active management of chromosome organization, any genomic 

process would be compromised. For instance, replicating long DNA molecules leads to 

pairs of sister DNAs that are topologically intertwined, creating a significant challenge 

to the cell, as was realized by Delbruck already in 195613. To segregate these sister 

molecules to daughter cells, cells need to compact each so that they are short and rigid to 

facilitate segregation, while simultaneously also topologically unlinking them. This process 

is fundamental to life and is the intuitively most obvious case for the need for processes to 

actively fold chromosomes.

The chromosome folding problem

The (cell-type-dependent) folding of chromosomes is related to the (cell-type-dependent) 

linear epigenome patterning along the genome: the presence, location, and activity of 

cis regulatory elements such as enhancers, insulators and promoters, and (in eukaryotes) 

the presence of regions of specific combinations of histone modifications that define 

different chromatin states including euchromatin and heterochromatin. Like the protein 

folding problem, defined as the question how the primary amino acid sequence of a protein 

dictates its three-dimensional folding, the chromosome folding problem can be defined as 

the question how the linear epigenome is related to the spatial arrangement and folding of 

chromosomes in the cell.

However, and this is different from protein folding (see14 for review), chromosome 

folding is not only driven by affinities and interactions between genomic element, it 

also involves biological activities that directly fold and refold chromosomes, and these 

Dekker and Mirny Page 3

Cell. Author manuscript; available in PMC 2024 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecular processes can in some cases fold chromosomes in ways largely unrelated to the 

linear epigenome, e.g., in mitosis15–20. Chromosome conformation is also highly variable 

between individual cells, a result of the very large length of chromosomes combined with 

their stochastic dynamics of self-assembly21–23, and the action of highly dynamic folding 

processes such as loop extrusion that rearrange chromosomes at the scale of hundreds of 

kilobases over tens of minutes. Further, chromosomes can rapidly, in mere minutes, change 

their folding state, e.g., during entry and exit of mitosis16,24–27.

We propose a more expansive definition of the chromosome folding problem: the question 

how biophysical forces and molecular mechanisms, through the action of specific folding 

machineries, act on the linear epigenome to dynamically fold and refold chromosomes 

at different length and time scales, e.g., during the cell cycle, development, and other 

biological transitions.

Chromosome folding appears to differ in dramatic ways between species from different 

kingdoms (e.g., prokaryotes vs. eukaryotes), and as cells progress through the cell cycle. 

Such observations suggest that many different solutions to the chromosome folding problem 

may exist, and that species- and condition-specific folding mechanisms must have evolved. 

One of the most exciting discoveries of the last two decades has been that only a small 

number of universal biophysical and molecular processes drive chromosome folding. These 

major folding mechanisms are deeply conserved across the tree of life, but are directed, 

regulated, and deployed in different ways to produce different folded states of chromosomes 

to accommodate the many different functions of genomes.

Breakthroughs in determining chromosome folding

Chromosomes were first described using microscopic methods. Given that initially only 

large mitotic and meiotic chromosomes in plants and amphibians could be individually 

observed by microscopic means, initial studies focused on these chromosomes. First 

concepts of chromosome folding in mitosis developed the notion of the “folded fiber”, 

ranging from irregular fibers28, to radial loop structures29,30, to hierarchical models19,31–

34. Initial physical models of interphase chromosomes started to arise when Fluorescence 

In Situ Hybridization (FISH) imaging established how the spatial distance between loci 

increases with the genomic separation between the probes. The first quantitative models 

considered an interphase chromosome as a random-walk polymer35; or a confined or 

tethered polymer36. Alternative models were proposed where chromosomes were folded 

into megabase-size loops along otherwise random-walk polymers37,38 (Figure 1).

Over the last two decades, four important developments have greatly enhanced and 

transformed the study of chromatin, chromosomes, and entire genomes.

First, the ability to determine the sequence of complete genomes for many species. While 

initial genome sequencing efforts in the 1990s focused on smaller genomes of bacteria and 

some model organisms (e.g., budding yeast S. cerevisiae39 , the nematode C. elegans40, 

and the fruit fly D. melanogaster41, and large-scale international efforts were required to 

sequence the mouse and human genomes42–44, further increases in throughput and lowering 
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of cost now enable the sequencing of any number of species and individuals. Now (near) full 

length genome sequences are available for thousands of species, ranging from bacteria, to 

protozoa, archaea, fungi, plants, birds, mammals etc. (e.g.,45–47). Notably, Hi-C can also be 

used to assemble the linear genome (first shown by Kaplan and Dekker48 and Burton and 

co-workers 49 in 2013) and is now routinely used to assemble genomes of new species (e.g., 
50,51, and see 52 for an evaluation of these approaches).

Second, the development of genomic methods to probe the folding of chromosomes now 

allows mapping chromosome structure directly to genome sequence. Some of these methods 

are based on chromosome conformation capture (3C53, 4C54, 5C55, Hi-C56, Micro-C57, 

DNAse-Hi-C58, Chia-PET59, HiChIP60 , Plac-Seq61, etc.), while other methods rely on 

mapping DNA sequences near sub-nuclear structures such as DAM-ID62, TSA-seq63, or 

the identification of loci co-located in clusters or specific sections of the nucleus (GAM64; 

SPRITE65, etc.). In recent years, the resolution of these methods has increased so that 3D 

maps of genomes can be acquired at sub-kilobase resolution, as well as in single cells 

(e.g.,66–71).

Third, the development of imaging methods that can analyze the spatial locations of 

thousands of loci, so that the 3D structure of entire chromosomes, or even genomes can 

be traced in single cells. These include large scale locus tracing72,73; OligoStorm and 

OligoDNA Paint 74,75, and ORCA76. Those paralleled developments of live-cell tracking 

of chromosomal dynamics that sheds light on underlying folding processes 77, Gabriele, 2022 

#1804.

Fourth, developments in the understanding of chromosome folding from the polymer 

physics point of view: from the random-walk35 and worm-like chain models in early 90s36, 

to early models of chains with loops37,38, to appreciation of topological effects78–80, to more 

recent studies of active polymers81 or polymer driven by motors (loop extrusion)82,83, and 

folded onto loops 84, to models of polymer dynamics and response to external forces85, 

Grosse-Holz, 2023 #1771.

The development and application of genomic and imaging-based methods to determine the 

structure of chromosomes has been extensively reviewed elsewhere86–90, and we refer the 

reader to those reviews and the primary literature cited therein. Here we focus on current 

views of what the structure of chromosomes is, under different conditions and in different 

species, the mechanisms by which these structures form, and how chromosome structure and 

function are related.

Four mechanisms for folding chromosomes

Studies in many species have shown that they share key mechanisms by which they fold 

chromosomes. Here we describe these mechanisms.

1. Compartmentalization

One of the first features described for the spatial organization of chromatin inside eukaryotic 

interphase nuclei is the spatial segregation of inactive heterochromatic chromatin from 
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active euchromatin (Figure 2), as first described by Emil Heitz91. Classic microscopy 

studies showed dense, compacted chromatin clustered near the nuclear periphery, while 

decondensed, open chromatin was located more centrally . Later studies showed that 

more gene dense chromosomes tend to locate centrally, while gene poor chromosomes 

are more peripheral in the nucleus92–94. Studies on the timing of DNA replication also 

showed spatial segregation of early and late replicating chromatin, correlating with eu- and 

heterochromatin95.

Genomic assays such as DamID directly mapped sequences near the nuclear lamina, 

again identifying regions poor in genes, and mostly transcriptionally silent96,97. The very 

first 4C and Hi-C datasets showed spatially segregated eu- and heterochromatic domains 

at genome-wide scale54,56. In Hi-C, enriched interactions are readily detected between 

loci of similar chromatin and activity state: active and open chromatin interacts with 

other active and open loci, along the same chromosome (cis), and between chromosomes 

(trans). Similarly, inactive loci interact with each other. This phenomenon is referred to as 

compartmentalization.

Initial lower resolution Hi-C studies (Mb-scale) showed the presence of just two types 

of chromatin that self-interact, and these two types (A and B compartments) had all the 

hallmarks of euchromatin and heterochromatin respectively56. Subsequent higher resolution 

Hi-C maps showed that each of these two major types of compartments can be split 

in so-called subcompartments that differ in their precise chromatin composition, e.g., 

histone modification patterns, and can be as small as several kilobases98. Each of these 

sub-compartments display characteristic patterns of long-range interactions with other loci, 

but most display a preference to interact with other loci of the same sub-compartment type 

(Figure 2A). A major recent insight is that the number of types of subcompartments is 

larger than previously anticipated (Figure 2C), and that these are not necessarily universally 

present, i.e., in a given cell type not all subcompartment types may be observed99,100.

Compartmentalization is thought to be driven by homotypic affinities between loci 101–

105 (Figure 2). The molecular nature of the factors that mediate these affinities are not 

known in detail. It is intriguing that compartmentalization has mostly been detected in 

eukaryotes that have nucleosomes, and not in eukaryotes without nucleosomal DNA, e.g., 

dinoflagellates7,8 and in some archaea106. Though other explanations can be proposed, it 

may indicate a key role for histones in this process. Compartmentalization is correlated 

with the presence of histone modifications: each sub-compartment has a characteristic 

combination of histone modifications99,100,107. In vitro, short chromatin fibers carrying 

H3K9Me3 can form condensates, indicating that the modified histones themselves can play 

a role in the clustering of heterochromatin108. Further, factors that recognize patterns of 

histone modification can act as bridging factors and, in that way, connect distal loci to 

stabilize compartmentalization. For instance, HP1 proteins can bind H3K9Me3, and can 

bind multiple histone tails simultaneously. Such bridging factors can also phase separate 

themselves, leading to aggregation of such proteins together with multiple loci109–113. 

While HP1 proteins can contribute to compartmentalization in that manner, loss of HP1 

has surprisingly little effect on compartment formation114, pointing to roles for other yet to 

be identified factors. Other examples are polycomb complexes that mediate deposition of 
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H3K27Me3 modifications and then associate with chromatin carrying this mark, stabilizing 

long-range interactions in cis and in trans between loci silenced by these factors (for reviews 

of the extensive literature on this topic see115,116). While many polycomb-bound loci reside 

in larger A compartment, and can be located in nuclei centers 117, they tend to engage 

in prominent long-range with other polycomb-bound sites, e.g., in Drosophila 118 and 

vertebrates, especially in embryonic stem cells119,120.

Compartmentalization constitutes a phenomenon of microphase separation i.e. a 

phenomenon where a polymer (chromosome) made of blocks of A and B monomers (or 

more types) forms spatially separated domains, sizes of which depend on the sizes of 

blocks in the sequence. Such a process can be driven by attractions between homotypic 

elements (A-A and/or B-B). Phase separation has also been seen in in in vitro chromatin 

reconstruction experiments108. Initial studies demonstrated that the characteristic pattern of 

A/B compartmentalization seen in Hi-C data can be reproduced by models with homotypic 

affinities105,121, yet the relative contributions of these affinities for A and B compartments 

remained unknown. A solution came from a rare biological system of the “inverted” nucleus 

in the rod photoreceptors122. Natural loss of attachment of heterochromatin to the nuclear 

periphery in such nuclei resulted in repositioning of heterochromatin to the center with 

the euchromatin taking peripheral locations. Both microscopy and Hi-C103 confirmed that 

despite their inversion such nuclei are perfectly compartmentalized, demonstrating that 

compartmentalization is driven by interactions within chromatin rather than anchoring of 

heterochromatic loci to the lamina. Polymer models further demonstrated that homotypic 

affinities of heterochromatic regions drive compartmentalization with affinities between 

euchromatic regions being much weaker (Figure 2B).

These predictions from models were confirmed with direct observation of dissociation 

kinetics of chromatin interactions by liquid chromatin Hi-C123. In liquid chromatin Hi-

C, chromatin is fragmented in situ leading to progressive dissociation of chromatin 

interactions over time, which can be measured using Hi-C. It was found that chromosomes 

remain compartmentalized even when chromatin is fragmented to an average size of 

10–20 kilobases. When chromatin is fragmented to a size of less than 6 kilobases, 

interacting chromatin segments dissociate within tens of minutes. Importantly, the kinetics 

of dissociation were related to the chromatin state, with heterochromatic loci dissociating 

slower than euchromatic loci pointing to higher affinities between heterochromatic loci. 

Together with observations obtained with very deeply sequenced Hi-C datasets98, these 

data show that subcompartments can be as small as several kilobases. Heterochromatic 

interactions between H3K9Me3-marked loci were found to be more stable and thus 

contribute most strongly to compartmentalization, as predicted by modeling103.

A mechanism of compartmentalization driven by largely relatively stable interactions 

between H3K9me3-marked heterochromatic loci does not rule out affinities between other 

regions, e.g., euchromatic loci (that among other factors can be direct or mediated by nuclear 

speckles) (Figure 2C). In fact, enrichment of contacts between H3K27ac regions is evident 

from Micro-C124,125 by averaging over thousands of regions in Hi-C126, but most distinctly 

observed with region-capture Micro-C127,128. While indicating that euchromatin regions 

also have some homotypic affinities, the need for averaging or exceedingly deep sequencing 
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suggest that such contacts are rare, consistent with microscopy126. Although they can help 

to stabilize otherwise transient interactions between regulatory elements and promoters at 

sub-megabase separations, the rarity of such contacts at larger genomic distances suggests 

little functional roles they can play. Interactions between active loci can also be driven by 

bridging factors. For instance, Brd2/3/4 proteins can drive clustering of chromatin marked 

with H3K27Ac both in vivo and in vitro108. A particularly interesting case is an oncogenic 

BRD4-NUT protein fusion that can lead to the spreading of H3K27Ac through large regions, 

which in turn results in spatial clustering of such hyperacetylated “megadomains” 129. This 

may be relevant for normal cells as well, where even relatively small H3K27Ac-enriched 

loci such as enhancers and promoters can form small microcompartment domains127,130,131.

An important aspect of compartmentalization as an affinity-driven process is that such 

clustering and spatial segregation will occur both in cis and in trans. This makes this process 

fundamentally different from other mechanisms of chromosome folding such as loop 

extrusion that acts strictly in cis (see below). Furthermore, compartmentalization is driven 

by local interactions leading to stochastic assemblies at the scale of whole chromosomes 

or genomes. In other words, in each cell a different configuration is obtained, but in 

each cell active loci preferentially cluster with other active loci, but which specific sets 

of loci cluster together can differ. The process results in stochastic colocalization of loci of 

similar chromatin state but has otherwise limited specificity in terms of which specific DNA 

sequences interact in any given cell. This aspect is important for understanding potential 

functional roles for compartmentalization.

Although compartmentalization is mostly observed in eukaryotes, the biophysical process 

that underlies this phenomenon, affinity-driven clustering loci, likely also occurs in 

prokaryotes (below).

2. Loops, extrusion, and their control

A first description of chromosome loops in mitotic chromosomes appeared in this journal 

in 1977132, leading to the radial loop model of mitotic chromosomes30,133. Proposals about 

the presence of loops in interphase chromosomes have started to appear at about the same 

time based on sedimentation data134,135 and later as physical models fit to microscopy 

data37,38,136.

What is now known as the process of loop extrusion (Figure 3) has a rich history. 

The ideas of enzyme-mediated loop growth started to emerge in the literature as many 

unrelated hypothetical mechanisms underlying VDJ recombination137, compaction of 

interphase chromosomes 138, enhancer-promoter interactions138,139, supercoiling140, and 

mitotic compaction and segregation141. Many works attributed these processes to SMC 

complexes142–144, with indications that SMCs can function as chromatin compacting 

motors145. In the context of mitotic compaction, loop extrusion was first mathematically 

modeled 146. However, because of the lack of polymer models to make concrete predictions 

following from activity of these mechanisms, and experimental data to test and validate the 

models, these proposals remained largely hypothetical.
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Emergence of chromosome conformation capture data provided rich grounds for developing 

and testing mechanisms of chromosome folding by loop extrusion. One prediction of 

the theory146 was that achieving mitotic compaction would lead to formation of a loop 

array where non-overlapping loops follow each other (if extruders cannot bypass each 

other). Indeed 5C and Hi-C data for mitotic cells were found to be consistent with 

such organization of loops15. Polymer simulations further indicated that loop extrusion 

can compact and segregate polymers of chromatids leading to morphologies of simulated 

chromosomes resembling those of early prophase chromosomes147. Loop extrusion during 

interphase148,149 was suggested as a mechanism underlying the then recently discovered 

Topologically Associating Domains (TADs150,151) and associated features such as stripes 

and dots observed in Hi-C interaction maps99. These features emerge naturally in polymer 

models of loop extrusion when extrusion is occluded by boundaries. Modeling studies 

also suggested that loop extruding motors are SMC complexes: cohesins in interphase and 

condensins during mitosis, while extrusion barriers are DNA-bound CTCF proteins. The 

loop extrusion hypothesis gained broad support by CTCF and cohesin depletion152,153 and 

modulation experiments, all generating model-predicted outcomes154. Direct visualization 

and characterization of loop extrusion by SMCs in single-molecule experiments (see 

Davidson and Peters155 and Hoencamp and Rowland156 for reviews) demonstrated that these 

complexes are indeed loop extrusion motors, as anticipated141,146, Fudenberg, 2016 #1292. The 

demonstration that the same mechanism in different regimes157 can lead to either interphase 

organization or to mitotic compaction (Figure 3B), suggesting that loop extrusion by SMCs 

can be a universal mechanism organizing chromosomes.

SMCs are ring-shaped and flexible protein complexes and include cohesin, condensin, 

SMC5/6, their bacterial counterparts, and possibly other complexes involved in DNA 

repair156. While condensins were known to be essential for mitotic chromosome 

compaction158–160, their mode of action was long unknown. Cohesin has been characterized 

as a complex that keeps two sister chromatids together141. Predicted loop extrusion activity 

of SMCs146, Fudenberg, 2016 #1292 was initially a surprise but single-molecule experiments 

have definitively demonstrated that SMC complexes can extrude loops in an ATP dependent 

manner161–165. In such in vitro experiments with naked DNA as template, as well as in 

live cells on endogenous chromatin12,24, loop extrusion is fast: ~1–3 Kb/sec. Different 

SMCs were found to be either one-sided or two-sided loop extruders161–164, with two-sided 

extrusion possibly resulting from rapid switching of one-sided extrusion activity166. These 

complexes have relatively low stall forces161, Golfier, 2020 #1726 (i.e., forces of 0.1-1pN 

suffice to stop extrusion) and some complexes such as cohesin are blocked by obstacles 

such as RNA polymerases167, CTCF, and MCM proteins (the latter two through a specific 

protein-protein interaction168,169). On the other hand, condensins display the surprising 

ability to bypass each other170 or obstacles much bigger than their size171. Yet the molecular 

mechanism of loop extrusion and force generation remains enigmatic and the area of active 

research172,173.

These developments paralleled studies of SMCs and their activity in bacteria. 5C and Hi-C 

in B.subtilis174 and C. crescentus175,176 revealed folding of the chromosomes “in half” with 

two juxtaposed, in an SMC-dependent manner. Further studies not only indicated loading 

of some SMC at specific sites (origin-proximal in many species, e.g., at ParS sites near 
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the origin in B. subtilis177), but also directly visualized how such loading resulted in a 

progressive juxtaposition of the arms (Figure 3C). Strikingly, ahead of studies in eukaryotes, 

time-resolved Hi-C in bacteria allowed measuring the speed of loop extrusion in living cells 

at ~1 Kb/sec178.

Our understanding of the loop extrusion mechanism has significantly progressed in recent 

years. Practically every assumption and prediction of the original loop extrusion model has 

been challenged and mostly confirmed. As anticipated, cohesin depletion leads to increase in 

distances between all loci as seen by chromatin tracing 73, and ~50% of chromatin is located 

in extruded loops at any moment 12. Many processes and complexes on crowded DNA 

function as barriers to loop extrusion, including the process of transcription167, elements of 

the replicative machinery179, even in G1. CTCF remains the strongest known barrier that 

relies on a specific peptide that can halt extrusion99,152,168. Single CTCF sites, however, are 

permeable180 and loops that bridge two CTCF sites are rare and transient 77, Gabriele, 2022 

#1804. Broadly these findings indicate that patterns of contacts formed by loop extrusion are 

transient, suggesting that it is the process of extrusion rather than specific patterns that can 

play functional roles181,182.

Several “rules of engagement” for SMCs, that determine how encounters between different 

complexes along the chromosome are resolved, are being discovered24,183 (Figure 4): they 

can block each other (likely cohesins183), one triggering unloading of the other (e.g., 

condensins triggering unloading of extruding cohesins24), or they can bypass each other and 

thus forming more complex overlapping loops (as seen in single-molecule experiments171 

and in bacteria184). Interactions of loop extruding SMCs with SMCs holding sisters 

chromatids (“cohesive cohesins”) can vary as well, with yeast cohesins stopping at sites 

of sister cohesion183, while animal condensins bypassing such sites in mitosis24.

Many of these mechanisms can be controlled by genomic elements and epigenetic 

context182,185. Examples known so far include methylation-dependent CTCF binding; 

targeted loading (at parS sites in bacteria186, and likely loading at active 

enhancers182,185,187, but not at promoters in animals); domains of localized extrusion 

activity (suggested in the silkworm188); sites of SMC unloading (e.g., 3’ ends of active 

genes in human182 and mouse189). The role of epigenetic context in regulating loop 

extrusion is less well-understood. While extrusion is active in both euchromatin and 

heterochromatin compartments100, heterochromatin is refractory to CTCF binding and hence 

devoid of boundaries.

Learning rules in one organism and extrapolating to others, we anticipate that (i) the 

speed of extrusion, loading and unloading can be controlled epigenetically in animals; (ii) 

replication forks and likely other genomic processes can halt/pause extrusion, thus breaking 

or establishing extrusion-mediated interactions; (iii) extrusion activity can be non-uniform 

along the genome. Broadly, changes in extrusion-mediated patterns through differentiation 

and development suggest that epigenetic marks can control extrusion and barriers. Extrusion 

may, in turn, play a role in the localization and spreading of epigenetic marks, as suggested 

by CTCF-demarcated domains of gammaH2AX spreading upon DSB repair190,191.
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3. Associations with landmarks of the nucleus

In eukaryotes, loci can become tethered to the nuclear periphery, the nucleolus as well as 

other structures such as nuclear speckles that are enriched in RNA processing and splicing 

factors. In prokaryotes specific loci can be found tethered to the cell wall, e.g., the ParS sites 

in C. crescentus are tethered to the wall at one pole of the elongated cell.

The molecular mechanisms of tethering are becoming clearer only for a few of such 

associations. In vertebrates, tethering of heterochromatic domains to the nuclear periphery 

has been studied extensively. Large domains, referred to as Lamin-Associated Domains or 

LADs, are found associated with the nuclear periphery96,97. These domains are enriched 

in particular histone modifications such as H3K9Me3 and H3K9Me2 and are typically 

transcriptionally silent and compacted. Lamins may not be exclusively involved192,193 and 

other factors such as the Lamin B Receptor have been found to play roles194. However much 

less is known about the factors that determine clustering of loci around nucleoli or speckles, 

but a role for CTCF has been proposed195.

The functional relevance of tethering loci at sub-nuclear structures is largely unknown. 

While most cells have heterochromatic domains localized at the nuclear periphery, in 

specialized cell types such as rod cells, heterochromatin is not tethered and now is instead 

localized in the center of the nucleus122. This does not affect compartmentalization and 

does not appear to have dramatic effects on gene expression. It should also be noted that 

some active chromatin can be found localized at the nuclear periphery as well, especially 

around nuclear pores. The functional relevance of these associations is not established, but 

one possible role could be that this would facilitate rapid mRNA export (“gene gating” 196.

In other organisms or conditions, tethering of loci to the cell wall (bacteria197) or the nuclear 

envelope, is critical for chromosome segregation or chromosome pairing (e.g., meiosis I198). 

Although tethering is a straightforward way to facilitate spatial positioning of loci, much 

work is needed to explore the molecular players193, as well as roles of any cis-elements, that 

participate in these events, and to explore the functional relevance.

4. Topological constraints

The role of topological effects in the way cells manage their exceedingly long chromosomes, 

disentangling strands, and compacting long chains, have concerned biologists199 and 

physicists13,78 alike. Topoisomerase II was found to be essential for chromosome 

individualization200, and argued to be essential for fast mitotic compaction78. Effects of 

topological constraints and entanglements on polymer dynamics have been well known in 

physics201 and hypothesized to impact the way the genome is folded79,202.

Polymer theory suggested that the presence of topological constraints, i.e., when 

topoisomerase II activity is absent or very low, can lead to two phenomena: (i) exceedingly 

slow mixing between chromosomes after exit from mitosis, leading to formation of 

chromosomal territories; (ii) slow equilibration within each chromosome leading to the 

folding of the chain into a non-equilibrium and long-lived hierarchically organized and 

unknotted, state known as the fractal (or crumpled) globule79.
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Polymer simulations and analysis of microscopy data for Drosophila suggested that 

polymers within each chromosome are folded into such a crumpled state203, and likely 

equilibrate exceedingly slowly. The first Hi-C data and polymer simulations provided 

compelling evidence that human interphase chromosomes are folded into the fractal globule 

state at the scale below ~10 Mb56. In this state a chromosome resembles a “space-filling” 

curve, i.e., continuous regions of the chromosome form compact spatial blobs, as was seen 

by microscopy204. The contact probability P  between genomic loci decays with genomic 

distance s  as P s ∼ s−awith a ≈ 1‐2205. This contrasts a polymer without topological 

constraints, i.e., strand passage can freely occur, which when compacted, resembles a 

random walk configuration in a confinement, where short continuous regions are expanded 

rather than compacted, leading to a rapid decay of the contact probability with genomic 

distance a ≈ 1−5 . Interestingly, chromosomes of yeast S.cerevisiae that are relatively short 

(up to 1.5 Mb), and don’t have a compact mitotic state, show this random walk folding 

a ≈ 1−5  9. Multi-contact 3C data, and polymer simulation to test matches to that data, also 

demonstrate that each chromosome is largely unknotted206. It remains to be seen whether 

such unknotted and locally compact fractal globule folding and chromosomal territories have 

any specific functional roles or simply represent a memory of the unentangled telophase 

state207 preserved by topological constraints.

Recently, a more complex picture of how cells manage topological states of chromosomes 

started to emerge. Activity of topoisomerase II allows strand passage, turning the chain 

into a topologically unconstrained one, which can result in increased or decreased level 

of entanglement. Interestingly, loop extrusion can bias topoisomerase II activity towards 

unknotting an initially knotted chain208. Extruded loops can also buffer topological 

interactions making the chain constrained by topological interactions 84, e.g., in interphase 

chromosomes. Self-entanglement of mitotic chromosomes have long been anticipated, due 

to the critical role of topoisomerase II in mitotic compaction200,209,210, and as demonstrated 

in micromechanical experiments211. A recent study showed that mitotic and interphase 

chromosomes have very different topological states, with mitotic chromosomes being highly 

self-entangled while interphase is relatively free of knots, and suggested a pathway that 

allows cells to interconvert between them as cells exit mitosis207. To convert highly 

entangled mitotic chromosomes into an unentangled interphase state, cells require high 

activity of topoisomerase II during mitotic exit. To direct topoisomerase II activity toward 

unentanglement, and then preserve this unentangled interphase state a two-stage mitotic 

exit mechanism was proposed207. At the first stage decompaction while preserving mitotic 

loops biases topoisomerase II to disentangle the mitotic state, creating the unentangled 

compact state at telophase. During the second stage, chromosomes expand without much 

topoisomerase II activity thus forming chromosomal territories and fractal globule states in 

G1.

Sister chromatids are initially topologically intertwined during and after S-phase. Such 

topological connections will maintain connections between sister chromatids even in the 

absence of cohesive cohesin complexes. For segregation, these intertwines need to be 

removed. Loop extrusion in the presence of topoisomerase II activity has been shown by 

modeling to drive compaction of each sister chromatid, while unlinking them147. In effect, 
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extrusion pulls the sisters away from each other which will drive the otherwise unbiased 

strand passage reaction by topoisomerase II towards decatenation.

The physical state of chromosomes

While Hi-C provides crucial information about the global state of chromatin in the 

scaling of the contact probability with genomic distance P (s) s−a 205, microscopy 

measures a complementary characteristic: spatial separation R s ∼ sv. Interphase animal 

chromosomes typically yield a ≈ 1‐1.2 and v ≈ 0.25‐0.3 73,212, for s ≈ 0 . 5 − 10 Mb both 

consistent with the fractal (crumpled) globule folding, i.e. nearly space-filling organization 

where long continuous regions of the genome occupy continuous volumes in space. The 

fractal globule state is perturbed by extruded loops, and thus is best visible when cohesin 

is depleted and in synchronized cells, leading to P (s) s−1.1 scaling from 10 Kb to 1 0Mb 

(e.g. 213, Hsieh, 2022 #1793, Samejima, 2024 #1747). In S.cerevisiae, Hi-C and microscopy yield 

a ≈ 1.5 and v ≈ 0.5 214–216 (for regions away from clustered centromere and telomeres) 

both characteristic of a largely unconstrained (random walk) chains, indicating that 

yeast chromosomal arms, away from clustered centromeres and anchored telomeres, are 

unconstrained polymers 214. In vertebrates, the fractal globule nature of folding is fully 

consistent with compartmentalization and loop extrusion 84,207. Yet the physical nature of 

this crumpled state, and thus the interphase vertebrate chromosomes remains enigmatic as 

evident from their dynamics and force-response.

Studies of chromosome dynamics provide a view complementary to that learned from Hi-C 

and microscopy. Moreover, timescales and frequencies of contacts measured by live-cell 

microscopy provide a foundation for understanding interactions between functional elements 

(see 217,218 for reviews).

Early works in chromosome dynamics in vertebrates used histone-fused photo-activateable 

GFP allowing to track changes in patterns of global chromosome organization in the nucleus 

and brought two key insights 219. First, dynamics during interphase is rather slow with a 

displacement of ~1 micron during ~24h interphase. Second, a great deal of randomization of 

positions of individual loci occurs after a cell division.

Tracking of individual (or pairs of) loci in live cells allowed quantifying mean-squared 

displacement (MSD) over an interval t, yielding MSD~tα with α=0.35-0.5 in bacteria, yeast, 

fly, and mammalian cells 12,77,220,221,222{Lucas, 2014 #1242,223. In S.cerevisiae, measured 

α=0.5 221,224 is in perfect agreement with Hi-C and microscopy, and is characteristic of 

a motion of a locus of a flexible but otherwise unconstrained polymer (so called Rouse 

model). Surprisingly, most of studies in animal cells, also reported α=0.5 12,77,225 that 

is hard to reconcile with P (s) and R(s), and broadly the fractal globule that is expected 

to give α=0.2-0.4 (see 226 for review). Such inconsistency between “crumpled” R(s) and 

“unconstrained” MSD became most evident when both characteristics were measured using 

the same approach and in the same cells (see 223 and 218 for reviews). Some studies 

in mammalian cells yielded α=0.2 interpreting as a reflection of the properties of the 

nucleoplasm and suggesting a near-gel state of the chromatin 222. Live-cell measurements, 
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however, and their analysis heavily rely on specifics of the experiment and correction for 

localization uncertainty (see 218 for review).

Live-cell tracking also estimates times it takes for a chromosomal region to sample 

its conformations. For example, in mammalian cells it takes about 40 minutes for a 

chromosomal region of 0.5 Mb to sample its conformations 12, only 5 minutes for two 

loci departed by 150 Mb to come sufficiently close (~100–200 nm) 77, while a larger 

(~2Mb) region didn’t equilibrate in 40 minutes 227. These times don’t simply imply same 

times for functional molecular interactions between chromosomal loci. For example, CTCF 

sites separated by 0.5 Mb form a stable interaction only about once per day and require 

cohesin-mediated extrusion 12. Broadly, it remains to be seen how proximity translates into 

functional interactions, which can critically depend on the radii over which such interactions 

can be established and molecular context, and how such molecular interactions result in 

transcriptional responses.

Studies of chromosome mechanics

Complementary to pictures obtained by microscopy and Hi-C are studies of chromosome 

mechanics. Loop formation and expansion and compaction/expansion of chromatin domains 

occur in the context of a crowded chromatin environment, leading to mechanical forces 

acting on chromosomes. Interplay between molecular processes that fold chromosomes 

and mechanical forces have been proposed to guide mitotic and meiotic chromosome 

compaction and chromosome segregation228–230.

Mechanical perturbation of the whole nucleus demonstrated that for displacements the 

nuclear response is driven by elastic properties of the polymer of chromatin attached 

to the nuclear lamina, while for larger displacements it is the stretching of the lamina 

that determines the response231. Inducing elevated levels of histone methylation makes 

chromatin stiffer, while elevated histone acetylation makes it softer232. This suggests that in 

some cell types, chromatin may play a role in providing optimal mechanical properties of 

the nucleus.

Micro-mechanical studies of isolated human mitotic chromosomes230 have provided 

important insights by demonstrating (i) chromosomes are extraordinarily elastic being able 

to extend more than 5 times their length233; (ii) the role of histone methylation in rigidifying 

chromatin, consistent with self-affinity of such heterochromatin regions234; (iii) the role of 

HP1alpha in mediating some of these interactions110; (iv) suggested key roles of condensins 

and topological entanglement in providing mechanical stability of mitotic chromosomes211. 

Broadly, these studies suggested that significant crosslinking turns a mitotic chromosome 

into a gel230. However, the nature of these crosslinks -- topological vs SMC vs non-SMC-

based -- are yet to be understood.

A recent study of interphase chromosomes was able to perform a pull-release mechanical 

perturbation in live human cells85. These experiments showed that chromosomes responded 

as almost unconstrained (Rouse) polymers, consistent with their dynamics (see above). 

Surprisingly, chromosomal loci could travel micrometers across the nucleus in mere 

minutes. Models of a free polymer subject to weak affinities to the surrounding media can 
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reproduce this behavior of chromatin, arguing that interphase chromosomes, unlike mitotic 

ones, are not gel-like or crosslinked. In summary, developing a physical model of interphase 

chromosomes that can unify Hi-C, microscopy, live-cell dynamics and mechanics is an 

important challenge218.

Folding chromosomes through the combined action of different folding 

mechanisms

The final folding state of a chromosome, or whole genome, is determined by the combined 

action of the several folding mechanisms described above22,235,236 (Figure 5). In addition 

to physical linkage, every locus is subject to the forces imposed by these mechanisms 

that combined determine its position with respect to other loci, its local dynamics, and 

its association with subnuclear structures such as the nuclear periphery or nuclear bodies 

including speckles and nucleoli. In addition, there is interplay between folding mechanisms, 

e.g., between loop extrusion and compartmentalization so that chromosome folding is not 

just the additive effect of each process in isolation. We discuss the folding of vertebrate 

interphase genome folding as an example given that this represents the best understood case 

but emphasize that we believe such combined action can explain chromosome folding more 

generally.

In interphase, along the length of each chromosome the epigenome alternates 

forming a sequence of chromatin domains of different types. The process of (sub-) 

compartmentalization will lead to spatial clustering of loci of similar types, through 

an affinity-driven process. This process naturally produces a stochastic assembly at the 

Mb-to-whole chromosome scale. Additional constraints are imposed through tethering 

loci to the nuclear periphery, the nucleolus, speckles etc. In addition, highly dynamic 

cohesin-mediated loop extrusion will bring loci together at the scale of up to hundreds 

of kilobases. All of these are acting on a chromatin fiber that is subject to topological 

constraints. As described above, cohesin extrusion patterns across the genome are guided 

by the presence of active enhancers that can recruit cohesin, CTCF-bound sites that can 

block extrusion, and sites where cohesin is unloaded (e.g., downstream of active genes). 

These cis elements determine a cohesin “traffic pattern”182,185 that produce over the cell 

population a range of structural features observed by Hi-C: formation of contiguous domains 

of enriched extrusion-dependent chromatin contacts (TADs) bounded by nearby CTCF sites; 

transient loops between convergent CTCF sites, enriched contacts between CTCF sites and 

flanking domains (stripes or flares in Hi-C maps); and some enhancer-promoter interactions 

facilitated by loop extrusion and also by affinity driven interactions (see below).

There is important interplay between different folding mechanisms. This is perhaps best 

exemplified by the interaction between compartmentalization and loop extrusion237. Loop 

extrusion can extend to hundreds of kilobases and can cross from one sub-compartment 

domain into another, thereby bringing together loci of different chromatin states that would 

otherwise tend to spatially segregate. This affects not just directly adjacent domains, the 

increased mixing of chromatin also appears to lead to mixing of domains at larger scale, 

e.g., interactions between compartment domains separated by large genomic distances, 
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or even located on different chromosomes. In effect, loop extrusion makes different 

subcompartments segregate less than they otherwise would.

Simulations suggest that these are not only extruded loops but the whole active process of 

extrusion itself that weakens compartmentalization237. This effect is particularly clearly 

visible in experiments where loop extrusion is abolished through rapid depletion of 

cohesin, e.g., using degron approaches to inducibly degrade subunits of the cohesin 

complex213,238. In such experiments, compartmentalization is more pronounced, i.e., 

compartments segregate by type more strongly. In addition, smaller compartment domains 

emerged that in control cells appeared subsumed by the flanking domains in a cohesin-

dependent manner. The compartment pattern seen in cohesin depleted cells correlates better 

with the epigenome profile, again showing that loop extrusion interferes with the natural 

tendency for domains to compartmentalize via intrinsic affinity-driven processes.

While tethering of loci from the B-compartment to the periphery is not directly driving 

compartmentalization itself103, it does determine which B-domains interact with which other 

B domains on other chromosomes, observed with Hi-C239. In the absence of such tethering, 

e.g., in the inverted nuclei of rod cells, the process of compartmentalization is unaffected but 

the pattern in interchromosomal interactions between B compartment domains is altered.

Finally, even though topological entanglements along and between chromosomes appear 

to be rare in interphase (in eukaryotes), this does not mean that topological transitions do 

not play a role in modulating interphase chromosome folding in eukaryotes. For instance, 

the increased compartmentalization observed upon acute depletion of cohesin is partly 

dependent on topoisomerase II activity207. Any real-time changes in compartmentalization 

may involve movement of loci, which may be facilitated by allowing topoisomerase II-

dependent strand passage in general.

The same mechanisms can produce different folded states

In multicellular organisms, during interphase different cell types express different genes 

through differential activity of cis-regulatory elements, different patterns of histone 

modification and DNA methylation. Given that affinity-driven compartmentalization, as 

well as cohesin-mediated loop extrusion are directly guided and regulated by these 

features and cis-elements (above), the way the genome is folded in different cell types 

is different. However, although different loci will be clustered together or looped, the 

general folding principles are the same: affinities between subcompartments will drive their 

spatial clustering, and loop extrusion will occur throughout the genome with cohesin being 

recruited, unloaded and blocked at cis elements active in that cell type.

In contrast, chromosome organization can appear very different in different species and 

kingdoms (e.g., prokaryotes vs. eukaryotes), and across the mitotic and meiotic cell 

cycles, suggesting the possibility that in these cases very different folding principles and 

mechanisms may be at work. A key insight from extensive studies over the last decade on 

many different species, and with cells that synchronously progress through the cell cycle has 

been that in all cases folding is driven by the same small set of mechanisms described above. 
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The reason this is possible is that these mechanisms, and especially the process of loop 

extrusion, are particularly malleable and can be regulated in many different ways resulting in 

a variety of chromosome architectures.

Below we provide examples how differential deployment of loop extrusion, 

compartmentalization, tethering, and topological entanglements can give rise to a large 

diversity of structures seen throughout the cell cycle, and even across kingdoms.

Interphase versus mitosis

The dramatic changes in chromosome morphology during the cell cycle serve as an excellent 

example of how cells can fold, unfold, and re-fold their genomes to accommodate gene 

expression in interphase, and accurate chromosome segregation during mitosis (Figure 3B, 

4B). As originally proposed based on extensive microscopy studies30,132, biochemical and 

imaging experiments140,159,240, and later genomic (5C and Hi-C) studies and polymer 

modeling15,16,24, we now understand that by late prometaphase each sister chromatid is 

folded as a compressed array of consecutive loops. These loops are formed by condensin 

complexes: condensin II initially generates relatively large (400 kb - 1 Mb) loops in 

prophase, and during prometaphase condensin I then splits these in smaller (100 kb) loops16. 

This generates a nested arrangement of loops. In contrast to interphase, where many loops 

are positioned at reproducible sites (e.g., CTCF sites), positioned loops are not observed in 

mitosis. The array of loops then acquires a helical organization. This helical organization 

requires condensin II and is irregular. Perversions, where the handedness of the helical 

turns alternates every half turn, have been observed as well and these have been linked 

to the presence of connections between sister chromatids241. At the same time chromatin 

condenses through global reduction in histone acetylation, leading to general affinity-driven 

locus-locus interactions242. In Hi-C studies, no, or only very weak A or B compartments 

have been observed.

The organization of mitotic chromosomes appears very distinct from interphase 

chromosomes described above. However, both states are driven by mechanistically similar 

loop extrusion processes and affinity-driven locus-locus interactions. What makes the 

structures distinct is the way these mechanisms are implemented.

First, in interphase, cohesin is the main loop extruding complex , whereas in mitosis two 

types of condensin complexes act. This simple switch in extruder complexes explains much 

of the difference in interphase and mitotic chromosome folding. All complexes are estimated 

to extrude DNA at similar speeds (1–2 kb/sec). However, cohesin has a relatively short 

residence time on chromatin (10–20 minutes), and therefore interphase loops are relatively 

sparse, short-lived, and dynamic. In contrast, condensin II complexes appear to rarely or ever 

dissociate during mitosis243, and therefore can extrude larger and more stable loops. This 

also explains why in interphase only a fraction of DNA is extruded in loops at any given 

time, while by prometaphase almost the entire genome is extruded and contained within 

condensin loops (Figure 3B).

Second, cohesin and condensin differ in how they resolve encounters with other complexes 

and proteins while they extrude chromatin (above; Figure 4). Cohesin is blocked at CTCF-
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bound sites in a directional manner, leading to positioned and more stable loops between 

pairs of convergent CTCF sites that can be cell type specific. Condensins however, do not 

get blocked by CTCF244, or any other complex as far as we know, and therefore do not 

form positioned loops. Interestingly, during mitosis in living cells, condensins do not appear 

to bypass one another in vivo (Figure 4), leading to consecutive rather than overlapping 

loops15,16,24.

We note that the clear separation of action of cohesins and condensins during interphase and 

mitosis respectively described above for vertebrates, is not always so clear. In Drosophila 

condensin II plays roles in chromosome folding in interphase, and in C. elegans, condensin 

I contributes to folding the interphase genome245. In budding yeast, cohesin extrudes loops 

during mitosis246.

Third, cell type-specific affinity-driven compartmentalization is a major feature of interphase 

chromosomes but is absent within mitotic chromosomes. This has been puzzling because 

the patterns of histone modifications along chromosomes that correlate strongly with (sub-) 

compartments is largely preserved throughout the cell cycle. There are several possible 

explanations. First, it is possible that the factors that in interphase mediate the affinity 

between compartment domains are inactivated. A good example is the family of HP1 

proteins. These proteins can bridge loci containing the H3K9Me3 modification. In mitosis, 

the residue immediately adjacent to K9 (H3S10) becomes phosphorylated. Histone tails 

carrying both modifications, H3K9Me3 and H3S10P, cannot be bound by HP1 proteins247. 

Given that histone tails become massively phosphorylated during mitosis, it is possible that 

many other bridging factors cannot bind, and thus affinity-driven compartmentalization will 

be prevented. An alternative, or additional explanation comes from a very recent study 

that showed that when condensins are depleted while cells are arrested in prometaphase, 

some form of compartmentalization is observed114. This result suggests that the factors and 

mechanisms for compartmentalization are active during mitosis but are somehow overruled 

by the condensin-driven loop array formation, similar to how in interphase cohesin-mediated 

loop extrusion counteracts compartmentalization.

Fourth, tethering of loci to the nuclear periphery, nucleoli, and speckles dominate interphase 

nuclear organization. During mitosis these structures are disassembled, and as a result the 

genome becomes untethered so that free rod-shaped mitotic chromosomes can form.

Fifth, topological entanglements within each chromosome are rare in interphase, but self-

entanglements within individual sister chromatids are abundant in mitosis (above). This 

difference can at least in part be explained simply by the fact that topoisomerase IIa activity 

is high in mitosis, which together with a condensed and compacted chromatin state will 

drive the chromosomes towards becoming self-entangled. Polymer theory predicts that such 

change in topological state will facilitate rapid compaction, as would be required during 

prometaphase78. However, more active processes driving self-entanglements may also be at 

work.
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Long versus short mitotic chromosomes

In vitro, condensin complexes can bypass rather larger objects 171, including other condensin 

complexes 170. In vivo, during mitosis it appears that such bypassing of condensins is rare, 

at least for condensin II in vertebrates 16,24. As a result, condensin II complexes extrude 

loops till they encounter each other and then stop so that a tightly spaced consecutive 

loop array is formed. This also strictly requires two-sided extrusion activity by condensin 

II248, as observed in single-molecule experiments 163,164. The size of these loops, assuming 

condensin II does not turn over, will be determined by how many condensins are recruited to 

chromatin 157. When many condensins are recruited, loops will tend to be small and mitotic 

chromatids will be relatively long and narrow. When fewer condensins are recruited, loops 

will on average be larger, and mitotic chromatids will be shorter and wider. Thus, in theory, 

the overall dimensions of mitotic chromosomes can be regulated simply by regulating 

condensin recruitment.

Interestingly, mitotic chromosomes can have very different dimensions when compared 

between species, or even within a species but at different stages of development. For 

instance, when mitotic chromosome dimensions are compared for human and mouse cells, 

it was observed that they differ in the amount of DNA that is packed per micron length of 

chromosome244. The difference was correlated with different loop sizes: in mouse cells the 

mitotic loops are considerably larger than in human cells (1 Mb vs 400 kb), suggesting fewer 

condensins are recruited per Mb in mouse cells as compared to human cells. Intriguingly, 

the difference may be related to the fact that mouse chromosomes are all acrocentric and 

thus the longest chromosome arm in the mouse genome is much longer than the longest 

arm in the human genome. Increasing loop size through regulating condensin recruitment 

genome-wide may ensure that even the longest chromosomes are short enough to facilitate 

their segregation during anaphase.

A similar adaptive scaling of mitotic chromosome dimensions appears to occur during 

Xenopus development249. During early cleavage stages of development, the cells are very 

large and mitotic chromosomes are relatively long. At later stages of development, when 

cells are much smaller, mitotic chromosomes become increasingly short. Again, analysis of 

loop sizes showed that the difference is due to formation of small loops in early stages, and 

larger loops at later stages. Differential recruitment of condensin complexes would explain 

this phenomenon.

Interestingly, factors on the chromatin in differentiated cells appear to reduce condensin 

loading. One such factor could be Histone H1.8. In vitro reconstitution experiments showed 

that in Xenopus egg extracts, depletion of H1.8 resulted in increased condensin recruitment, 

longer chromosomes, and smaller loops250.

These examples show that by simply regulating the recruitment of loop extruding factors, 

the same process of loop extrusion can produce mitotic chromosomes of distinct dimensions. 

This makes mitotic chromosome architecture adaptable to ensure condition-appropriate 

scaling of chromosome arm length.
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Mitosis versus meiosis

Mitotic and meiotic chromosomes are both folded as arrays of loops to form rod-shaped 

compacted chromatids. While transcription ceases during mitosis, and compartments 

become undetectable, during meiotic prophase I transcription continues, and a form 

of compartmentalization remains present251,252. Another key difference is how sister 

chromatids are arranged with respect to each other: in mitosis, by prometaphase sister 

chromatids are connected through cohesin-mediated connections within their loops. 

Microscopically this can be deduced from the fact that cohesin complexes are localized 

in between the masses of each sister chromatid, and away from the condensin complexes 

that are located at the bases of the loops in the center of each chromatid24,253. In 

contrast, during meiotic prophase, sisters are cohesed at the bases of the loops254. We 

recently proposed that the mitotic arrangement could arise naturally when actively extruding 

condensins step over cohesin complexes that hold sister chromatids together (so-called 

cohesive cohesin complexes)24. This will result in cohesive cohesin being localized 

inside condensin-mediated loops. Modeling showed that when condensin, or any other 

loop extruding complex (cohesin likely in meiosis) cannot bypass cohesive cohesins, the 

extruding complexes and cohesive cohesins will both localize at the base of the loops, 

a scenario that may be present during meiotic prophase. It is therefore possible that by 

simply modulating the ability to bypass cohesive cohesins, one can obtain either the mitotic 

or meiotic arrangement of sister chromatids (Figure 4B). Consistent with this proposal is 

that during meiosis cohesin plays a significant role in loop array formation, and recent 

study showed that (mitotic) cohesin cannot bypass cohesive cohesin183. CTCF, that remains 

chromatin-bound during meiotic prophase and is also found at the conjoined axes of sister 

chromatids may also contribute to this arrangement of cohesin-mediated sister loops255.

Finally, it is noteworthy that at early prophase stages in mitosis in human cells, sister 

chromatids are also transiently connected at their loop bases256. Possibly condensins 

initially stall at cohesive cohesin complexes and only later bypass. Clearly, how SMC 

complexes resolve encounters between them during interphase, mitosis and meiosis can 

lead to very distinct chromosome conformations at the macro scale. Several of such “rules 

of engagement” have now been described 24, but surely additional ones remain to be 

discovered.

Across the tree of life: Prokaryotes vs Eukaryotes

Although bacterial nucleoids and eukaryotic chromosomes appear very different in size 

and conformation, similar processes fold these genomes. Such similarities were already 

recognized and reviewed a number of years ago257. Loop extrusion by SMC-like complexes 

act on bacterial chromosomes, and as in eukaryotic chromosomes, cis-elements can 

determine where these complexes load and where they are blocked (for review258). For 

instance, in Bacillus subtilis, the ParS sites at the centromere recruits SMC complexes 

that then start to extrude DNA bidirectionally, leading to coalignment of the arms of the 

chromosomes174. In E. coli, SMC-like complexes extrude DNA within each arm, thereby 

condensing the nucleoid. Interestingly, in B. subtilis, with engineered arrangement of ParS 

sites complicated patterns of folding have been observed that can be explained when SMC 

complexes can bypass one another184. Such bypassing can be critical to avoid traffic jams 
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between SMCs loaded at nine native proximal ParS sites, providing another example of 

a “rule of engagement” whereby resolution of molecular encounters between extruding 

complexes can determine folding of entire genomes.

In bacteria, topological features appear to play a much more dominant role in chromosome 

folding than in interphase in eukaryotes. Supercoiling will compact the nucleoid and is 

determined by transcription and replication, but also directly by enzymes such as gyrase 

that introduce positive supercoiling. Interestingly, chromosomal interaction domains (CIDs) 

have been observed along the C. crescentus and B. subtilis chromosomes that in Hi-C 

resembles topologically associating domains175. CIDs, however, could be formed in an 

SMC-independent manner as dense arrays of plectonemes that are separated by plectoneme-

free regions at highly expressed genes.

Finally, even though conventional compartmentalization is not observed, some form of 

affinity driven clustering of loci can occur in bacteria. For instance, nucleoid-associated 

proteins, such as HU and H-NS, can act as bridging factors condensing chromosomal 

domains259.

Across the tree of life: more variations of folding mechanisms, and possibly additional 
mechanisms?

In a recent study, chromosome folding for 24 eukaryotic species from across the tree of life 

was studied by Hi-C51. These included several vertebrate classes and animal phyla, plants 

and fungi. Two main types of folding architectures were described: one type is defined by a 

Rabl-like organization with centromeres clustered, telomeres clustered, and/or chromosome 

arms being aligned to each other from centromere to telomere. The second type lacks 

these features but has chromosome territories. Interestingly, a single factor, the presence 

or absence of condensin II defines whether the first type or the second type is formed. 

The authors proposed a model where condensin II mediates length-wide compaction during 

mitosis that then facilitates chromosome territory formation in the next G1, while preventing 

centromere and telomere clustering. This study shows how genome-wide chromosome 

folding patterns in eukaryotes can be altered by simply turning one extrusion complex on or 

off.

These results show that studying chromosome folding in a range of species can be 

fruitful for gaining a better understanding of the basic chromosome folding mechanisms 

discussed here. Through such an approach we can discover additional ways these conserved 

mechanisms can be regulated and implemented. Possibly new variants of the basic 

machinery, e.g., additional SMC complexes, can be discovered. Finally, it is possible that 

entirely new and yet-to-be-discovered mechanisms of folding chromosomes remain to be 

discovered in groups of species with highly divergent chromosome conformations.

We envision two ways to select groups of organisms for such evolutionary studies. First, one 

can study groups of organisms which contain distinct variants of the conserved machineries 

for chromosome folding. An example are the two major groups of archaea, the euryarchaea 

and crenarchaea. These single cell organisms differ in how they organize chromatin and 

are only recently being studied using 3C-based assays. Interestingly, both archaeal groups 
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express SMC-related proteins and these proteins may play roles in chromosome folding260. 

In most cases in euryarchaea these complexes are clearly related to condensins. Intriguingly, 

the crenarchaea appear to have lost the condensin-like SMC complex and instead have 

acquired a poorly characterized SMC-like complex called coalescin261. Hi-C studies show 

that coalescin plays roles in chromosome folding and compartmentalization. The fact that an 

SMC-related complex may be involved in compartmentalization may point to a new role for 

an SMC complex and highlights how study of divergent species can provide opportunities to 

discover new roles, or new ways to employ these otherwise conserved machineries.

In a second approach one can select species that display chromosome conformations 

that appear particularly different from any other groups of species. One example are 

the dinoflagellates. Dinoflagellates are single cell eukaryotes with very large genomes 

(up to hundreds of gigabases), and that do not wrap the bulk of their genome around 

nucleosomes. Macroscopically, dinoflagellate chromosomes appear very distinct from any 

other group262,263: the chromosomes are permanently condensed through the cell cycle, 

and they have optical properties that suggest a liquid crystalline arrangement of chromatin 

fibers within them. Recent Hi-C studies show that the chromosomes are composed of 

structural domains, resembling TADs and CIDs, each of which contains a pair of divergently 

transcribed gene arrays7,8. Very little is known about the mechanism of chromosome folding 

in these organisms. They express condensin and cohesin-like complexes, and therefore 

it is possible that they represent yet another example where new ways have evolved to 

employ these conserved folding machines. On the other hand, given that their chromosomes 

appear so different from any other group, it is also possible that new mechanisms to fold 

chromosomes have emerged in this lineage.

Structure - function relationships

Higher order chromosome folding in eukaryotes is linked to genomic functions, including 

for instance chromosome compaction, segregation and regulation of transcription. However, 

despite extensive efforts it has proven difficult to demonstrate that higher order folding has 

consistent, conserved, and genome-wide consequences for gene expression. This is likely 

because the primary function of chromosome folding is not gene regulation, but instead is 

for cells to manage long DNA molecules to ensure their replication, compaction, segregation 

and subsequent decompaction. Consistent with this, the proteins involved in chromosome 

compaction, especially the factors that perform loop extrusion appear conserved in all 

organisms. Further, we propose that once mechanisms for folding and unfolding genomes 

were in place, these same mechanisms, e.g., loop extrusion and affinity-driven clustering 

of loci, have subsequently been co-opted for roles in additional processes including long-

range regulation of genes by distal regulatory elements, DNA replication, etc. Given that 

these latter functions are secondary, and possibly ad hoc, chromosome folding will not 

necessarily have consistent, conserved, and genome-wide roles for regulating expression 

of all genes ,and different organisms. Such roles of chromosome-folding processes in gene 

regulation and, broadly, in epigenetic mechanisms, have started to emerge in disperate 

biological systems, with universal effects yet to be discovered.
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Functional roles for mitotic chromosome compaction

The most obvious functional role of chromosome folding is related to chromosome 

duplication and segregation. In large vertebrate genomes, loci replicate at different 

times during S-phase. This phenomenon shows a clear connection with chromosome 

folding: DNA replication timing is strongly correlated with compartmentalization264, 

and when replication timing is disrupted or altered this can lead to changes in 

compartmentalization265. After replication, sister chromatids are to a significant level 

topologically intertwined. These interlinks need to be resolved to facilitate their segregation 

during anaphase. In addition, each sister chromatid needs to compact into mitotic 

chromatids. In eukaryotes this involves formation of arrays of loops mostly by the condensin 

complexes (above). These loops can become topologically interlinked (i.e., mitotic 

chromatids can become self-entangled). These two processes are likely mechanistically 

linked as loop extrusion in cis, in the presence of topoisomerase II enzymes, will 

automatically drive the sister chromatids to become unlinked while they are still held 

together by cohesive cohesin complexes147. The function of this elaborate process of 

folding, self-entangling and unlinking sister chromatids is to facilitate chromosome 

segregation to daughter cells. Any functional role of self-entanglement is less understood. 

It has been shown that through micromechanical measurements of single isolated 

mitotic chromosomes, that human mitotic chromosomes are self-entangled, and that these 

entanglements contribute to mechanical rigidity of chromosomes211. Such rigidity may be 

important for chromosome segregation to counteract spindle forces.

Roles of chromosome folding in controlling gene expression

In eukaryotic cells, genes can be regulated by enhancers that are located up to hundreds 

of kilobases from their promoter. A long-standing model has been that the spatial folding 

of chromosomes would allow enhancers to loop to gene promoters and through physical 

interactions between complexes bound to the enhancer and the promoter, and possibly 

through factors bridging them such as the Mediator complex, activate transcription266,267. 

Other mechanisms have also been put forth, such as models where factors recruited at an 

enhancer can somehow travel along chromatin over considerable distances and in that way 

reach target promoters that are then activated without needing a direct physical interaction 

between these elements (“tracking models”). In the latter case, chromosome folding may 

not be critical for long-range gene regulation. It now appears multiple mechanisms may 

contribute.

One of the first applications of 3C-based assays had been to determine whether looping 

interactions between genes and their distal regulatory elements occur. In a very early study, 

it was found that the Locus Control Region of the mouse beta-globin locus physically 

touches a target beta-globin gene only in cell types where that gene is expressed268. Further 

work showed that when different beta-globin genes become active during development, 

the LCR switches its long-range interactions accordingly269. This locus remains one of 

the best studied examples of long-range interactions in relation to gene expression. In a 

demonstration for the importance of physical interactions between enhancers and promoters, 

it was shown that direct tethering of the distal LCR to the target gene is sufficient for 

activation of the gene270.
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Since then, numerous studies have detected many more long-range promoter-enhancer 

interactions, e.g., in single gene studies for the alpha-globin locus128, in higher throughput 

studies for hundreds of genes throughout numerous targeted regions of the human 

genome (5C271), or genome-wide analyses using targeted approaches (Capture-C272, and 

ChiaPET59). From these studies one would conclude that the looping model is firmly 

established. However, other lines of experimentation produced observations that were at first 

glance not consistent with the “activation by physical contact” model for long-range control 

of gene expression. First, imaging-based studies showed that 3D spatial distances between 

enhancers and promoters do not correlate well with gene activation, neither in life cells in 

real time nor over cell populations (reviewed here: 273). Furthermore, a relatively small (~2–

3 fold) increase in the contact frequency within a TAD results in much more frequent intra-

TAD enhancer-promoter interactions.This lack of correlation between contacts, or close 

proximity, and gene activation may appear to be inconsistent with a mechanistic role of 

looping contacts. Second, even when enhancers and promoters have been observed in close 

spatial proximity, the distance that separates them was relatively large, i.e., 300 nm274.

Several new insights, experimental approaches and models, are now attempting to unify 

these observations. First, the discovery that transcription complexes can form condensates 

that can be several hundreds of nm in diameter suggests that such condensates can 

potentially mediate connections between enhancer and promoters274. By imaging the 

enhancer and promoter can then appear not directly touching, yet 3C-based assays that 

employ formaldehyde cross-linking may still detect these contacts as looping interactions.

Second, several models have been proposed to explain the lack of simple correlation 

between the frequency of enhancer-promoter contacts (measured by Hi-C and microscopy) 

and transcription from the target promoter275,276. The idea of these models is that transient 

and rare, enhancer-promoter interactions result in the incremental but cumulative changes in 

the multi-state promoter, with only the final state resulting in transcription. These changes 

may, for example, reflect accumulation of marks at the promoter and enhancer. Importantly, 

such multi-state models show sigmoidal response to contact frequency with small changes in 

contact frequency resulting in large changes in transcription. when a critical level of marks 

is delivered will the promoter become active. These models of multi-state promoters await 

validation by experimental live-cell dynamic measurements of distance and transcription at 

high temporal and spatial resolutions.

What is the mechanism by which an enhancer can loop to target promoters? One attractive 

proposal is that cohesin-mediated loop extrusion actively brings elements together. The 

observation that transcriptional elements such as enhancers, promoters, insulators (CTCF 

sites), and 3’ ends of active genes all play roles in recruiting, pausing, blocking, and 

unloading cohesin respectively, already suggests links between transcriptional control and 

cohesin-mediated loop extrusion182,185. However, acute depletion of cohesin was found 

to have little immediate effect on transcription153,213. Most recent studies, however, 

demonstrated that the loss of cohesin activity in postmitotic cells has a profound effect 

on cell and organism physiology such as neuronal maturation277 and differentiation and 

response to activation by dendritic cells of the innate immune system278.
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After years of conflicting observations, a unified view is now emerging how cohesin plays a 

role in long-range gene regulation (Figure 6). In this view, cohesin can be loaded at random 

positions, with some preference for cis elements such as enhancers. These complexes can 

then extrude loops and through this process reach distal target promoters. This can lead 

to detectable enhancer-promoter loops in 3C-based assays. However, in such assays these 

interactions appear very weak, suggesting these are either rare or very transient contacts. As 

stated above, repeated transient interactions may be sufficient to trigger changes of promoter 

states that will become active after several interactions.

Another factor is that enhancer-promoter communication may require a different type 

of interactions than contacts captured by 3C-based assays or microscopy. For example 

functional communication may require close interactions between molecular complexes, 

i.e. ~5–10 nm separation, or a prolonged contact, while 3C-based and microscopy detect 

mere proximity of 100–300 nm. It remains to be studied how proximity, spatial, cohesin- 

or affinity-mediated, may translate into functional communications. We note that it is 

also possible that cohesin will travel in cis from the enhancer to the promoter carrying 

transcription activating complexes picked up at the enhancer that will be delivered to 

the promoter, and this “tracking” process would not necessarily involve physical promoter-

enhancer interactions.

The observation that acute depletion of cohesin has little direct effect on transcription 

genome-wide is now understood to be at least in part because most promoters are regulated 

by enhancers that are located relatively close to the start site (< 50kb). Several studies 

have now shown that enhancers can interact with promoters over such short genomic 

distances without the assistance of cohesin 185,279,280, while cohesin-mediated extrusion 

becomes important only for enhancers to reach target genes located >50 kb away. Enhancer-

promoter interactions are also likely assisted by affinity-based interactions, e.g., like 

compartmentalization, without a need for cohesin. The frequency with which affinity-based 

interactions occur in the population, will be inversely related to the genomic distance 

between them127. It appears that when they are less than 50 kb apart, the random dynamics 

and conformation of chromatin fibers ensures that they interact sufficiently frequently 

to enable gene activation, whereas enhancers located farther away only contact their 

targets when loci are actively brought together through extrusion. Direct visualization and 

models of enhancer-promoter interactions and resulting transcription (e.g.223,281) will be 

instrumental in elucidating this interplay of extrusion-mediated and spatial contacts in gene 

regulation.

If cohesin assists enhancers to reach, and activate, genes that can be located hundreds of 

kilobases away in the linear genome, how is specificity controlled? CTCF-bound elements, 

when located in between genes and enhancers, can block both enhancer action towards a 

promoter, and block loop extrusion in an orientation-dependent manner (see above). This 

has led to models that pairs of convergent CTCF sites form the boundaries of structural 

domains282. An enhancer located within a domain would contact promoters in the same 

domain, but interactions with promoters outside the domain would be less frequent (though 

not completely inhibited).
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The Hox loci in mouse provide particularly well studied and characterized examples of how 

CTCF boundaries prevent or allow enhancer-promoter interactions (see 283 for a recent 

review). These clusters of multiple hox genes are regulated by progressive movement 

of CTCF boundaries in cells positioned along the posterior-anterior body axis, allowing 

progressive activation of the hox genes in order of their location along the genomic 

locus. Another example is the regulation of the protocadherin clusters where regulated 

stochastic CTCF binding to different protocadherins promoters, in combination of cohesin-

mediated loop extrusion, defines cell-to-cell variation in expression of different variants of 

protocadherins (284, and see 285, and see for a review).

The model also predicts that loss of a domain boundary, e.g., in disease through deletion 

of CTCF-binding sites, would allow formation of new enhancer-promoter contacts that 

in normal cells would rarely occur. There are multiple examples where this prediction is 

fulfilled. For instance, in T cell acute lymphoblastic leukemia recurrent deletions around the 

TAL1 and LMO2 oncogenes result in loss of CTCF-bound domain boundaries282. Deletion 

of these boundaries exposes these genes to enhancers in adjacent domains that they normally 

rarely interact with. Inappropriate DNA methylation of CTCF binding sites can also 

prevent CTCF binding, and in that way prevent domain boundary formation. An example 

is DNA hypermethylation observed in gastrointestinal stromal tumors286,287. This leads 

to inactivation of CTCF-dependent domain boundaries and formation of new enhancer-

promoter interactions, including at the FGF8 locus, which in turns drives tumorigenesis. 

Thus, loop extrusion can facilitate very long-range enhancer-promoter interactions in 

general, and CTCF-dependent blocking of extrusion can impose specificity by preventing 

some interactions.

Long-range gene regulation is clearly complex and driven by a multitude of processes: for 

some cases loop extrusion is critical, for others it is not. CTCF can prevent long-range 

interactions between enhancers and promoters, but sometimes affinity-driven interactions 

can override this. Not all CTCF-bound sites act in the same manner, possibly dependent 

on how many CTCF sites are near each other, their orientation, the presence of other DNA 

binding sites, and other factors.

Other processes that have co-opted the loop extrusion process

Loop extrusion has been co-opted by other more specialized genomic processes. We 

highlight one example.

Immunoglobulin locus rearrangement—B and T cells can express an enormous 

diversity of antigen receptor molecules: antibodies in B cells, and T-cell receptors in T-cells. 

This diversity is the result of rearrangements of immunoglobin and T-cell receptor loci. For 

instance, the IgH locus is composed of three sets of loci: V, D, and J segments. There are 

13 V segments, 4 D segments and 113 J segments. In a given B-cell the locus recombines 

so that a single V region gets placed next to a single D segment, and then 1 J segment is 

selected to be recombined adjacent to the D segment. This progressive recombination occurs 

only on 1 allele. As a result, a given B-cell will express only IgH polypeptide that is encoded 

by 1 V, D, and J segment. Wood and Tonegawa proposed, already in 1983137, that loop 
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extrusion could play a role in bringing V, D, and J segments, spread out over a large 2.5 Mb 

region, in close spatial proximity for their subsequence recombination. Their argument was 

based on the fact that all V, D, and J segments are in the same orientation. A tracking model 

was proposed where a complex would track along the locus and bring distal loci together for 

subsequent recombination.

There is now strong evidence that cohesin plays a key role in immunoglobulin locus 

rearrangements (reviewed more comprehensively here288,289. First, IgH recombination is 

dependent on cohesin. Depletion of cohesin subunits inhibits V(D)J recombination290. 

Second, CTCF sites are located throughout the locus, and they occur in convergent 

orientations: CTCF sites throughout the section of the locus encoding J segments is oriented 

towards the 3’ end of the locus, while CTCF sites at the 3’ end of the locus are oriented 

towards the 5’ end containing the J segments. This convergent orientation is strongly 

predictive of a role of cohesin-mediate loop extrusion. Third, inversion of large sections 

of the locus changes the selection of segments due to inversion of CTCF sites291. Fourth, 

deletion of individual CTCF sites, or ectopic insertion of CTCF sites, changes the selection 

probability of the adjacent segment ways that are consistent with roles of CTCF in blocking 

loop extrusion292. Fifth, in B-cells expression of WAPL is reduced through Pax5-mediated 

repression of the WAPL gene, and this increases the residence time of cohesin on chromatin 

genome-wide. As a result, cohesin mediated loops can become larger and this facilitates the 

very long-range looping that is required in the IgH locus to select the most distal J segments 

for recombination293.

Epigenetic memory, a functional role of compartmentalization?

A recent study has put forward a hypothesis that spatial segregation and higher 

heterochromatin density can be key for the maintenance of repressive heterochromatin 

marks, and broadly epigenetic memory294. Since marked histones are constantly lost and 

replaced with non-marked ones, particularly during replications, the patterns of histone 

marks need to be restored by the activity of reader-writer histone methyltransferases. Models 

show that such activity could lead to either uncontrolled spreading or to complete loss of 

marks. Yet creating dense and spatially segregated heterochromatin by virtue of making 

heterochromatic regions attract each other, can put this process under control; with another 

key ingredient being the limited amount of the reader-writer enzyme. Polymer models 

show that such a mechanism can be self-sustained in maintaining “epigenetic memory”, 

i.e. preserving an initially deposited pattern of marks for up to hundreds of cell divisions. 

Importantly, this mechanism suggests that the memory is preserved in the form of spatial 

folding (segregation and density) of chromosomes during interphase, and in the form of the 

pattern of marks when chromosomes are refolded into mitosis and back into the interphase. 

Perturbing chromosome folding experimentally would test this hypothesis. Broadly, this 

study suggests that one of the functions of compartmentalization may be to help maintain 

the pattern of epigenetic marks.

Dekker and Mirny Page 27

Cell. Author manuscript; available in PMC 2024 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Future perspective

We described the biophysical and molecular mechanisms that drive chromosome folding, 

and allow cells to solve their chromosome folding problem. Many open questions remain 

to be answered on how these mechanisms are regulated, and how they influence each other. 

Going forward, a better understanding of the molecular mediators of compartmentalization, 

and its function in genomic activities is needed. How the basic process of loop 

extrusion works at the nanometer scale is increasingly clear, but we are only just 

beginning to understand how this process, with interplay with other mechanisms, leads 

to a variety of chromosome conformations at the micrometer scale. Regulation of loop 

extrusion likely involves cell cycle-, condition-, and species-dependent expression of 

extrusion complexes, their targeted and non-targeted recruitment and their post-translational 

modifications. Interactions between extruders and with other DNA-bound complexes must 

occur frequently, and how they are resolved determines to a large extent the conformation 

of whole chromosomes. Such rules of engagements are only now starting to be defined, 

but likely will be key to our understanding how activities at the nanometer scale lead to 

differential folding at the micrometer scale.

Much has been learned from the study of chromosome folding, and changes in folding 

throughout the cell cycle. We anticipate that additional insights will come from studies 

across the tree of life, where different organisms may have evolved additional solutions to 

the chromosome folding problem. On the one hand it is possible that the same mechanisms 

fold chromosomes in all species, but that these mechanisms are employed in different ways 

to give rise to chromosomes that can look very different. In that case studying chromosome 

folding in different species will provide deeper insights into such universal mechanisms. On 

the other hand, it is possible that entirely different mechanisms remain to be discovered in 

highly divergent species. The coming 50 years promise to be as exciting for the chromosome 

folding field as the last few decades have been.
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Figure 1. Evolving physical models over the last decades.
Over the last 50 years, Polymer Physics has put forth increasingly refined models of 

chromosome conformation. See text for details.
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Figure 2: Two processes for nuclear organization: compartmentalization through homotypic 
affinities and tethering to the nuclear periphery.
A. Eukaryotic chromosomes are composed of alternating A and B compartments. In 

conventional nuclear organization, strong B-B affinities lead to spatial separation of A and B 

compartments. A-A affinities are much weaker and contribute to a lesser extent. In addition, 

Some B compartments are tethered to the nuclear periphery, resulting in enrichment 

of heterochromatin at the nuclear periphery, leaving euchromatin located centrally. B. 
In the absence of tethering of B compartment domains to the nuclear periphery, A/B 

compartmentalization occurs normally, but the strong B-B affinities result in clustering of all 

B compartments in the center of the nucleus, with A compartments located at the periphery 

(inverted nucleus). C. A more complex picture when more than 2 compartment types are 

present. A and B compartments can be split in different subcompartments that can also 

display significant preferential homotypic affinities, leading to their spatial segregation.
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Figure 3: Two regimes of loop extrusion produce different conformations, consistent with 
interphase and mitosis.
A. Activity of a loop extruder: the complex loads, extrudes some amount of time after 

which it may dissociate, or is actively unloaded. B. During interphase (in vertebrates), 

cohesin is the main loop extrusion complex. It has a short residence time, generating a low 

density of transient loops, and the chromosomes appear diffuse in shape. Cohesin can be 

blocked by CTCF-bound sites, generating enrichment of positioned loops at these elements. 

C. During mitosis, condensins are the main loop extrusion complexes. Condensin II has a 

long residence time, generating stable arrays of consecutive loops that lead to compaction 

into the rod-shaped mitotic chromosomes. Condensin is not blocked by CTCF, and the loop 

array is not positioned at reproducible loci in the cell population. C. In bacteria, repeated 

loading of loop extruding complexes at defined loading sites can lead to juxtaposition of the 

chromosome arms, sequences on either side of the loading site.
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Figure 4: Rules of engagement for different SMCs results in different loop organization and 
structures of compacted chromosomes.
A. Three possible outcomes of an encounter between loop-extruding SMCs (orange and 

purple): they can block each other, leading to formation of consecutive loops; bypass 

each other forming so-called Z-loop170; or one can facilitate dissociation of another (other 

outcomes are also possible, e.g. one pushing the other back, etc). B. Two possible outcomes 

of interactions between cohesive cohesins (blue rings) and loop extruding SMCs (purple). 

Top: when extruders are blocked by cohesive complexes, sister chromatids are predicted to 

be connected at the bases of the loops, forming a single axis (as in meiotic prophase I and 

early mitotic prophase). When extruders can bypass cohesive complexes, sister chromatids 

are predicted to be connected through the tips of their loops (as in mitotic prometaphase).
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Figure 5: Current models of interphase chromosome organization through integrated activity of 
multiple mechanisms.
Schematic depiction of interphase chromosome conformation in eukaryotes as the combined 

and integrated result of multiple folding mechanisms. The chromosome is a worm-like chain 

that phase separates in distinct compartments (A/B compartments or finer subcompartments) 

driven by homotypic affinities. Tethering of domains to sub-nuclear structures such as the 

nuclear lamina, the nucleolus, or nuclear bodies including speckles, leads to positioning 

of loci and chromosomes at specific nuclear locations. Topological contraints prevent 

mixing in interphase but self-entanglements are formed in mitosis, facilitating full and 

fast compaction. At the scale of hundreds of Kb, loop extrusion, guided by cis elements 

that determine loading, unloading, and blocking (CTCF) of loop extruders, and with 

extensive interplay with other folding mechanisms, including compartmentalization, adds 

an additional layer of chromosome folding.
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Figure 6: The interplay of Loop extrusion, topologically associating domain formation, and 
guidance of promoter-enhancer interactions
Enhancers can reach nearby promoters (separated by less than 50 kb) and interact via 

affinity-driven contacts, without a need for loop extrusion to facilitate their interaction. 

Cohesin facilitates contacts between enhancers and promoters when they are separated by 

more than 50 kb. Repeated enhancer-promoter contacts may be required to activate the 

gene (green arrows), leading to reduced correlation between contact and transcription in 

real time. For longer-range enhancer-promoter pairs: when clusters of multiple CTCF sites 

are located in between them, they will block loop extrusion, induce a TAD boundary, and 

inhibit enhancer-promoter contacts, preventing enhancers from activating the gene. Single 

CTCF sites can create weak and permeable boundaries that may not fully prevent enhancer-

mediated activation leading to some activation (smaller green arrow). Orange triangles, in 

different shades represent Hi-C interaction data and TADs.
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