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Microscopy and genomic approaches provide detailed descriptions of the three-dimensional
folding of chromosomes and nuclear organization. The fundamental question is how activity
of molecules at the nanometer scale can lead to complex and orchestrated spatial organiza-
tion at the scale of chromosomes and the whole nucleus. At least three key mechanisms can
bridge across scales: (1) tethering of specific loci to nuclear landmarks leads to massive
reorganization of the nucleus; (2) spatial compartmentalization of chromatin, which is
driven by molecular affinities, results in spatial isolation of active and inactive chromatin;
and (3) loop extrusion activity of SMC (structural maintenance of chromosome) complexes
can explain many features of interphase chromatin folding and underlies key phenomena
during mitosis. Interestingly, many features of chromosome organization ultimately result
from collective action and the interplay between these mechanisms, and are further modu-
lated by transcription and topological constraints. Finally, we highlight some outstanding
questions that are critical for our understanding of nuclear organization and function. We
believe many of these questions can be answered in the coming years.

THREE MECHANISMS OF CHROMOSOME
FOLDING AND THEIR INTERPLAY
IN NUCLEAR ORGANIZATION

The organization of the cell nucleus is directly
related to the folding of chromosomes and

their associations with subnuclear structures
such as the nuclear lamina. Microscopy and
genomic approaches now allow detailed de-
scriptions of the three-dimensional (3D) orga-

nization of chromosomes, the presence of nu-
clear bodies such as the nucleolus, speckles, and
Cajal bodies around specific loci, and the forma-
tion of subnuclear compartments enriched in
sets of loci and specific trans factors. Principles
of genome organization, the dynamics in this
organization during the cell cycle (Dileep et al.
2015; Gibcus et al. 2018; Abramo et al. 2019;
Zhang et al. 2019; Kang et al. 2020) and devel-
opment (Hug et al. 2017; Wike et al. 2021), and
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variation in folding between single cells (Naga-
no et al. 2013; Ramani et al. 2017) are now being
described at increasing resolution.

In recent years, at least three mechanisms
that contribute to chromosome folding and nu-
clear organization have come into focus, allow-
ing going beyond descriptive studies (Fig. 1).
First, loci can be tethered to specific nuclear fea-

tures such as the nuclear periphery (Guelen et al.
2008). For instance, genetic perturbation exper-
iments have identified specific factors (e.g.,
lamin B receptor and lamin A/C) required for
the tethering of heterochromatic loci to the nu-
clear lamina (Solovei et al. 2013). Second, the
nucleus is compartmentalized so that active
and inactive chromatin domains are spatially
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Figure 1. Summary of how the interplay between major mechanisms of chromosome folding results in nuclear
organization. Loop extrusion (left column) occluded by CTCF results in topologically associating domains
(TADs), stripes, and dots, but also influences compartmentalization of euchromatin and heterochromatin.
(Middle column) In the absence of extrusion (owing to cohesin depletion), compartmentalization gets stronger
and finer, and better follows patterns of histonemodifications. Compartmentalization observed inwild-type cells
(bottom row) is a result of the interplay between such modification-dependent compartmentalization and loop
extrusion. In the absence of tethering, attractions between heterochromatic (red) regions result in a phase-
separated but inverted nucleus (middle column) in which constitutive heterochromatin (blue) is located in the
center of the nucleus, surrounded by the facultative heterochromatin (B compartment, red), with euchromatin (A
compartment) at the nuclear periphery. Lamina tethering, in turn, leads to peripheral location of heterochro-
matin as evident fromDamID and Protect-seq (Spracklin and Pradhan 2020). The interplay of attraction between
regions of heterochromatin and its tethering to the nuclear lamina results in conventional nuclear organization.
(Hi-C data from Falk et al. 2019; microscopy images courtesy of Irina Solovei.)
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segregated (Simonis et al. 2006; Lieberman-Ai-
den et al. 2009). Interestingly, the spatial segre-
gation of active and inactive chromatin is not
dependent on tethering of heterochromatin
and occurs also in inverted nuclei in which
such tethering is absent and heterochromatin is
clustered in the center of the nucleus (Solovei
et al. 2009; Falk et al. 2019). The spatial separa-
tion of active and inactive chromatin (compart-
mentalization) and the formation of subnuclear
bodies both can be understood as the result of
phase separation (Falk et al. 2019; Hildebrand
and Dekker 2020). This biophysical process
can drive clustering of specific types of chroma-
tin and aggregation of sets of proteins through
weak multivalent interactions. Theoretical con-
siderations that such a process could explain as-
pects of nuclear organization are now leading
to testable predictions of how experimental per-
turbations would alter compartmentalization.
Third, chromatin is folded into dynamically
growing and disappearing loops. Theoretical
considerations predicted that specific molecular
machines form chromatin loops through a pro-
cess of loop extrusion (Fudenberg et al. 2016,
2017). This mechanism is increasingly under-
stood in molecular detail. Loop extrusion ac-
tivity has been directly observed for the SMC
(structural maintenance of chromosome) com-
plexes cohesin and condensin that can extrude
chromatin loops in an ATP-dependent manner
(Ganji et al. 2018; Davidson et al. 2019; Kim
et al. 2019; Golfier et al. 2020; Kong et al.
2020). Loop extrusion can explain many fea-
tures of chromatin folding in interphase and in
mitosis.

Ultimately, the folded state of the genome,
and the organization of the nucleus in general, is
the result of interplay between different biophys-
ical and molecular mechanisms that fold chro-
mosomes. For instance, tethering and phase
separation together result in the spatial organi-
zation of heterochromatin and euchromatin in
the nucleus (Falk et al. 2019). Another example
discussed below is the interference of loop ex-
trusion with compartmentalization (Schwarzer
et al. 2017; Nuebler et al. 2018). Moreover,
different loop extruding complexes can inter-
fere with each other (e.g., condensin and cohe-

sin), and the relative contributions of the
two condensin complexes determine whether
mitotic chromosomes are long and thin, or short
and wide (Shintomi and Hirano 2011).

In this review, we outline the differentmech-
anisms that fold chromosomes, and focus on
their interplay that results in the folding patterns
observed in the cell. We also highlight outstand-
ing questions.Given the enormous progress over
the past years in development of both experi-
mental methods and powerful predictive theo-
retical models, we believe many of these ques-
tions can be answered in the coming years.

COMPARTMENTALIZATION

One of the most prominent patterns in Hi-C
data of higher eukaryotes is the checkerboard
pattern that consists of ∼0.1–2 Mb size rectan-
gular “checkers” visible in both intrachromoso-
mal (cis) and interchromosomal (trans) sections
of Hi-C maps (Lieberman-Aiden et al. 2009).
Prominent during interphase, the checkerboard
patterns rapidly (<15 min) disappear when cells
go into mitosis (Gibcus et al. 2018), and gradu-
ally reemerge (∼2–4 h) after exit from mitosis
(Abramo et al. 2019; Zhang et al. 2019). Al-
though weak during early stages of embryonic
development (Du et al. 2017; Ke et al. 2017),
the checkerboard pattern appears as early as in
mouse zygotes (Flyamer et al. 2017) and in-
creases in intensity through early development.
Interestingly, the pattern is present in the pater-
nal, but not in the maternal zygotic pronuclei.
Compartments are absent in yeast and in bacte-
ria. Compartmentalization in archaea has been
reported by some groups (Takemata et al. 2019),
whereas others (Cockram et al. 2021) suggested
that domains in archaea are of a different nature.
Positions and intensity of the checkers vary be-
tween metazoan cell types suggesting their con-
nection to transcriptional and/or chromatin
states of the genome.

This checkerboard pattern reflects the pres-
ence of two (or more) types of genomic regions
that alternate along the chromosomes and have
an enrichmentof interactions between regions of
the same type and depletion of interactions be-
tween regions of different types. Such alternating
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regions are referred to as compartments, com-
partmental domains, or compartmental regions,
and the pattern of preferential interactions
between them is referred to as compartmentali-
zation.

Genomic locations of compartmental re-
gions can be directly inferred from Hi-C maps.
One approach is to infer the “compartment ge-
nomic track” is by eigenvector decomposition
(Lieberman-Aiden et al. 2009; Imakaev et al.
2012). Identified this way, compartments show
a striking correlation with local transcriptional
activity and specific histone marks. Regions of
one type (compartment A) correspond to tran-
scriptionally active and open regions of the ge-
nome, and the other type (compartment B) cor-
responds to silent, gene-poor, or repressed
regions (Lieberman-Aiden et al. 2009). Regions
of type A are rich in marks of active chromatin:
H3K27ac, H3K4me1/3, H3K36me3, etc., where-
as B regions are enriched in inactive marks (e.g.,
H3K9me2/3). As such, A compartments closely
match euchromatin and B matches heterochro-
matin.Note that repeat-rich parts of heterochro-
matin, typically pericentromeric and peri-telo-
meric, are not visible in Hi-C, and hence
cannot be classified as B compartment. Com-
partmentalization is also highly correlated with
features of genomic sequence that are known to
beassociatedwithhetero- andeuchromatin (e.g.,
GC composition in warm-blooded vertebrates
[high inA, lower inB], short interspersednuclear
elements [SINEs] associated with A compart-
ment, and long interspersed nuclear elements
[LINEs] with B compartment) (Solovei et al.
2016). Nevertheless, the transcriptional and epi-
genetic states of a locus determine its compart-
mental type; hence, A/B compartments can be
different in different cell types.

Enrichment of contacts between compart-
mental regions of the same type as seen in Hi-
C, reflect spatial segregation of euchromatin (A
compartment) and heterochromatin (B com-
partment). In the vast majority of nuclei,
euchromatin occupies the center of the nucle-
us, and heterochromatin is located at the nu-
clear periphery and surrounds nucleoli (Solo-
vei et al. 2016; van Steensel and Belmont
2017).

What mechanisms can guide spatial segre-
gation of A and B regions? Such spatial segrega-
tion is reminiscent of phase separation in poly-
mers made of A- and B-type monomers with
A-A and/or B-B attraction (Rubinstein and Col-
by 2003). Consistently, several studies showed
that the spatial segregation of compartments
and the checkerboard patterns observed in Hi-
C can be reproduced in polymer simulations in
which regions of the same type attract each other
(some studies erroneously referred to such re-
gions as topologically associating domains
[TADs], not compartments) and in which B re-
gions were additionally tethered to the lamina
(Barbieri et al. 2012; Jerabek and Heermann
2012; Jost et al. 2014; Di Pierro et al. 2016; Mac-
Pherson et al. 2018). A recent study (Falk et al.
2019) allowed to disentangle contributions of
these factors indicating that compartmentaliza-
tion is mostly driven by strong attractions be-
tween B regions, with weaker attractions be-
tween A regions, and is independent from
tethered to the lamina (see below).

Not all regions, however, fall under the simple
A/B classification. Regions with an intermediate
value of the compartment signal (the first eigen-
vector) seemto avoid interactionswith eitherAor
B, likely forming a separate compartment (re-
ferred as I compartment) (Schwarzer et al. 2017;
Johnstone et al. 2020).Another interesting excep-
tion are Polycomb-repressed H3K27me3 regions
that tend to interact with each other (Vieux-Ro-
chas et al. 2015; Boyle et al. 2020), but that can
show little enrichment in interactions with either
A or B compartments, and are spatially located
within the central (euchromatic/A compartment)
part of the nuclear volume (Girelli et al. 2020).
Another pattern that stands out from the A/B
compartmentalization is the enrichment of inter-
actions between exon-rich genes, likely mediated
by interactionswith splicing factories (Bonevet al.
2017; Kerpedjiev et al. 2018; Zhang et al. 2021).
This observation implies that the process of tran-
scription and splicing can contribute to at least
some aspects of nuclear compartmentalization.
Likely more exceptions from the A/B compart-
mentalization will be discovered, suggesting that
more compartment types will be necessary to de-
scribe them.
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Several questions about mechanisms and
functional role of compartmentalization remain
open:

1. What is the functional role of spatial segre-
gation between different types of genomic
regions? Is spatial compartmentalization
necessary for their function: gene silencing
in B and gene activation in A, important for
the maintenance of histone marks, or neces-
sary for some other genome maintenance
functions (e.g., silencing of transposable ele-
ments)?

2. How do repressive compartments repress?
Which factors are critical for this: high
volume-density of heterochromatin, its pe-
ripheral location, or presence of specific
histone marks, DNA modification, or re-
cruitment of repressors?

3. Whatmolecular players are key formediating
attractions between different types of chro-
matin? Can affinities be driven by direct in-
teractions betweenmethylated histones or do
they require “bridging” by proteins (e.g., PRC
and HP1 family) or RNAs?

4. How many types of compartmental regions,
beyond eu-/heterochromatin are present in
the cell? Can some compartment types
emerge or becomewidespread only in specif-
ic cell types? What are their mutual interac-
tions?What functional roles domultitudes of
compartment types play?

5. Is compartmentalization a result of tran-
scription and histone modifications or is
it a driver for establishment of trans-
cription and histone modification patterns?
Are there feedback mechanisms between
compartmentalization and processes on the
DNA? Does compartmentalization help to
“memorize” the transcriptional state of a
cell or does it drive changes in cellular
states?

6. What is the evolutionary origin of compart-
mental organization? Is it essential for estab-
lishment and maintenance of the many
different cell types in multicellular organ-
isms?

LOOP EXTRUSION

During interphase, Hi-Cmaps of higher eukary-
otes show rich patterns of contact enrichments
near the diagonal (i.e., between regions separat-
ed by less than a few megabases) (Hsieh et al.
2020; Krietenstein et al. 2020). When first char-
acterized in 2012, such patterns were limited by
the resolution of the data (∼100 kb) and largely
revealed segments of local contact enrichment
referred to as TADs (Dixon et al. 2012; Nora
et al. 2012). Neighboring TADs show approxi-
mately two- to threefold enrichment of contacts
within a domain as compared with interactions
between neighboring domains. In contrast to
compartments, they do not “checkerboard”
with each other, and do not show specific en-
richment of interactions when far away on the
same or on different chromosomes (Mirny et al.
2019).

As the resolution and the depth of Hi-C data
increased (Rao et al. 2014), new patterns such as
focal enrichments of interactions between
CTCF sites at TAD borders started to emerge.
Commonly referred to as “loops,” such enrich-
ments may be better called “dots” as they repre-
sent transient (Cattoni et al. 2017; Finn et al.
2019; Luppino et al. 2020; Su et al. 2020), rather
than stable loops as was originally believed. An-
other frequent, near-diagonal pattern is a
“stripe” or a “line” that emanates from a CTCF
site (Fudenberg et al. 2016, 2017; Vian et al.
2018; Barrington et al. 2019), and reflects an
enrichment of contacts between the CTCF and
its neighborhood, extending sometimes for up
to∼1–3 Mb. Most recent and highest resolution
Micro-C and Hi-C data revealed the abundance
of such “dot” and “stripe” patterns, and that
many stripes appear to include a series of dots
(Hsieh et al. 2020; Krietenstein et al. 2020; Ok-
suz et al. 2020).

High-resolution microscopy extended our
understanding of these patterns. First, micros-
copy has shown that maps of the median dis-
tance between loci closely resemble Hi-C maps
(Bintu et al. 2018), with intra-TAD distances
being smaller than inter-TAD ones (Finn et al.
2019). Second, and consistent with single-cell
Hi-C (Nagano et al. 2013; Flyamer et al. 2017;
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Stevens et al. 2017), microscopy has observed a
great deal of cell-to-cell variation in distances for
pairs of loci within the same or in different
TADs (Bintu et al. 2018; Finn et al. 2019; Su
et al. 2020), further supporting the notion that
TADs reflect enrichments of contacts rather
than solid or even spatially discernable struc-
tures. Third, microscopy has clearly shown
that focal enrichments of contacts between
CTCF sites (“dots” or “loops”) do not represent
stable loops, with their ends being in detectable
proximity (<200–300 nm) in merely 10% of
cells in the population at any given moment in
time (Cattoni et al. 2017; Finn et al. 2019).

A surprising result of the last few years is that
all these intricate patterns of contact enrich-
ments are produced by a single process: an active
(ATP-dependent) process of loop extrusion by
cohesins that is occluded by extrusion barriers
that are created largely by CTCF proteins (for
review, see Fudenberg et al. 2017), and possibly
modulated by interplay with other processes
such as transcription.

THE MECHANICS OF LOOP EXTRUSION

Loop extrusion is a process whereby amolecular
motor binds the chromatin fiber orDNA (e.g., in
bacteria) and reels it in from one or both sides
forming a progressively larger loop (Alipour and
Marko 2012). Hypotheses about such a mecha-
nism and its role in somatic recombination
(Wood and Tonegawa 1983), enhancer–pro-
moter interactions and chromosome organiza-
tion during interphase (Riggs 1990), and DNA
compaction and segregation during mitosis
(Nasmyth 2001) were appearing in early litera-
ture, about once per decade, but remained
largely unexplored until recently. The first com-
putational models of loop extrusion suggested
that it can generate arrays of nested or consecu-
tive loops (Alipour and Marko 2012). Polymer
models further showed that such arrays of loops
can reproduce Hi-C data for mitotic chromo-
somes (Naumova et al. 2013). Polymer models
further showed that extrusion can compact
chromosomes and segregate sister chromatids
(Goloborodko et al. 2016a,b), and help them
disentangle topologically (Brahmachari and

Marko 2019; Orlandini et al. 2019), thus sug-
gesting a critical role of the loop extrusion pro-
cess in mitosis.

Critically, simulations have shown thatwhen
extrusion is combinedwith barriers that can stop
or pause it at specific genomic positions (San-
born et al. 2015; Fudenberg et al. 2016), extrusion
generates a broad range of patterns of local con-
tact enrichment, such as TADs, dots, and stripes.
Computational studies (Fudenberg et al. 2016)
further hypothesized that SMC complexes (co-
hesins, condensins, etc.), believed at the time to
be passive rings (Nasmyth and Haering 2009),
are actually loop-extruding motors, and DNA-
bound CTCF proteins are extrusion barriers. A
broad range of experimental evidence from in
vivo depletion of cohesin (Gassler et al. 2017;
Haarhuis et al. 2017; Rao et al. 2017; Schwarzer
et al. 2017; Wutz et al. 2017) and CTCF (Nora
et al. 2017) to direct single-molecule visualiza-
tions (Lazar-Stefanita et al. 2017; Ganji et al.
2018; Davidson et al. 2019; Kim et al. 2019; Gol-
fier et al. 2020; Kong et al. 2020; Cockram et al.
2021) support the loop extrusionmechanisms in
eukaryotes.

Studies in bacteria, in turn, provided exten-
sive evidence of loop extrusion by bacterial SMC
complexes that juxtapose chromosomal arms
(Wang et al. 2017; Gruber 2018; Böhm et al.
2020) and facilitate lengthwise compaction of
chromosomes (Mäkelä and Sherratt 2020a,b).
The presence of a specific loading (ParS) site
for bacterial condensins (bSMC) in several bac-
teria lead to emergence of a distinct pattern on a
Hi-C map, a secondary diagonal orthogonal to
the main one (Gruber 2014; Wang et al. 2017;
Böhm et al. 2020). Studies in bacteria further
allowed (1) direction of extrusion in vivo and
direct measurement of the extrusion speed
(∼25 kb/min in Caulobacter [Tran et al. 2017]
and ∼50 kb/min in Bacillus [Wang et al. 2017]);
(2) characterizing specific loading and randomly
loading of different extruding SMCs (Lioy et al.
2020; for review, see Gruber 2018); (3) measur-
ing slow-down caused by interactions with tran-
scriptional machinery (Brandão et al. 2019); and
(4) genomic engineering experiments to create a
“collision track” for examining interactions be-
tween SMCs (Brandão et al. 2021), suggesting
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that SMCs can bypass each other. Bypassing
condensins has been observed in single-mole-
cule experiments with yeast condensin on naked
DNA (Kim et al. 2020).

Together Hi-C, microscopy, and single-
molecule experiments draw the following pic-
ture of chromosome organization by loop
extrusion in many eukaryotes including mam-
mals:

1. By forming∼100–200 kb loops, extrusion re-
duces contour length between every pair of
loci, and hence increases the contact frequen-
cy between all regions on the same chromo-
some. This increase in contact frequency is
most prominent for loci separated by <3 Mb
as seen in Hi-C, and accompanied by re-
duced spatial distance as seen in superreso-
lution microscopy (Bintu et al. 2018). Be-
cause loops are unlikely to get formed
across TAD borders (depending on the per-
meability of CTCF barriers to cohesins), the
contact frequency within TADs is increased
more than between TADs.

2. Individual extruded loops have not been di-
rectly observed in vivo neither in microscopy
nor in Hi-C because they are transient and
dynamic (cohesin exchanges every 5–20 min
[Gerlich et al. 2006a; Hansen et al. 2017;
Wutz et al. 2017]); interactions they create
can be practically indiscernible from myri-
ads of other random interactions. Extruded
loops, however, modify Hi-C maps in a pre-
dictable manner, so loops sizes (∼100–200
kb) can be inferred from the scaling P(s)
curves of Hi-C data (Gassler et al. 2017).

3. Elevated contact frequency within a TAD
and its insulation from neighboring TADs
is caused by different positions of individual
extruded loops in different cells and at differ-
ent times, rather than caused by a fixed loop
between two CTCF borders. Simulations
show that a fixed loop does not increase con-
tact frequency within a loop interior, nor
insulates its interior from the flanks or neigh-
boring loops (Fudenberg et al. 2016).

4. Similar to TADs, other local patterns such as
dots and stripes do not reflect stable loops

and constitute enrichments of contact fre-
quency. They emerge as a result of pausing
of extruding cohesin at specific genomic lo-
cations.

Functional Roles of Loop Extrusion

What possible functions can this versatile
mechanism and intricate pattern of contact en-
richments that it generates have? It is possible
that during interphase the dynamic process of
extrusion, with 5–20 min turnover time (Ger-
lich et al. 2006a; Hansen et al. 2017; Wutz et al.
2017), can be more important than the loops it
produces (Liu et al. 2021). Extrusion can bring
together distant genomic elements, such as en-
hancers and promoters, and do so more reliably
than 3D search alone because it acts strictly in
cis. Importantly, such extrusion-mediated con-
tacts can be controlled by placing CTCF barri-
ers between elements that should not interact.
CTCF barriers can also facilitate contacts:
When cohesin stalls on CTCF, it can continue
reeling DNA in on the other side, thus scan-
ning long genomic regions (Fudenberg et al.
2017). Such scanning is implicated in stochastic
promoter choice in the protocadherin gene
cluster (Guo et al. 2012; Canzio et al. 2019),
and stochastic choice of partner sites for so-
matic recombination in the V(D)J locus (Ba
et al. 2020). One possibility is that cohesin/
CTCF-mediated scanning (Kraft et al. 2019)
can also allow a locus (e.g., a promoter) to
scan a long genomic region in search for
its enhancer and/or integrating information
from multiple scanned enhancers. Because
CTCF bound sites constitute directional barri-
ers (Rao et al. 2014; Vietri Rudan et al. 2015)
(i.e., halt extrusion only if cohesin approaches
CTCF from one side, but not the other) CTCF
can direct scanning in a particular direction.
Other mechanisms such as 3D spatial con-
tacts and phase-separation/affinity-mediated
contacts can be hardly controlled by insulators
or established in a specific direction along the
genome. Broadly, such a system of extruders
and barriers opens many possibilities for con-
trolled and targeted long-range communication
along the genome.
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Open questions:

1. Molecular mechanism of loop extrusion by
SMCs remains mysterious. Recent cryo-elec-
tron microscopy (EM) structures (Hassler
et al. 2019; Higashi et al. 2020; Lee et al.
2020; Li et al. 2020b; Muir et al. 2020; Shi
et al. 2020) and single-molecule measure-
ments (Ryu et al. 2020) inspired differentmo-
lecular models (Marko et al. 2019; Higashi
et al. 2021), but more detailed physical and
structural characterization of SMC complex-
es at different steps of the extrusion cycle is
essential for understanding this vital process.

2. Loop extrusion dynamics in live cells remains
elusive. Despite the wealth of evidence from
static perturbation experiments, direct visual-
ization of loop extrusion in single-molecule
experiments invitro, andobservationof extru-
sion in bacteria, dynamics of loop extrusion in
live eukaryotic cells have not been captured.
Although challenging because of fluctuations
of live chromosomes, such experiments can
provide direct evidence of extrusion in vivo.
Moreover, in vivo characterization of extru-
sion dynamics (Brandão et al. 2021) could al-
low measuring the speed and the processivity
of different SMC complexes, their interactions
with CTCF and other factors, their activity
through the cell cycle, and interactions with
each other andwith other processes on crowd-
ed chromatin templates and DNA.

3. Functional roles of the loop extension and
patterns of contacts that it generates during
interphase remain a subject of debate. On the
one hand, loop extrusion is an attractive
mechanism for mediating enhancer–pro-
moter interactions because of its ability to
facilitate contacts, and owing to control over
direction and extent of such contacts exerted
byCTCFand other extrusion barriers. On the
other hand, depletion of cohesin and CTCF
appear to be essential for transcriptional re-
sponse to stimuli (Cuartero et al. 2018; Stik
et al. 2020;Weiss et al. 2021), but dispensable
for the maintenance of transcription of the
majority of constitutive genes (Rao et al.
2017; Schwarzer et al. 2017).

4. What are the rules and regulation of SMC
traffic along the genome? Understanding
these rules is essential for understanding
their possibly broad-range functional roles.
These include understanding interactions
between extruders when they meet each oth-
er, effects of positioned and random barriers
(Dequeker et al. 2020) on extruders and vice
versa. Moreover, it is crucial to understand
how extrusion operates on crowded chroma-
tin and interferes with and/or is modulated
by other processes such as transcription of
genic and nongenic regions, replication, con-
densate formation, and tethering of loci.

5. Are there other roles for loop extrusion?Oth-
er possible function of extrusionmay be roles
in facilitation of double-strand break (DSB)
repair (Piazza et al. 2020; Arnould et al. 2021;
Mirny 2021) and homology search on DNA
damage and in meiosis (Patel et al. 2019;
Schalbetter et al. 2019; Grey and de Massy
2021; Jin et al. 2021), its potential role in
spreading of histone marks (Collins et al.
2020; Li et al. 2020a), etc.

TETHERING TO SUBNUCLEAR
STRUCTURES

Besides loop extrusion and compartmentaliza-
tion, a third mechanism of tethering can act on
chromosomes to determine where loci are posi-
tioned with respect to other nuclear structures.
Most prominently, loci can become tethered or
anchored near the nuclear periphery. Early mi-
croscopic observations already established that
densely staining heterochromatin is located at
the nuclear periphery, and also around nucleoli.
Genomic assays have been instrumental in iden-
tifying and characterizing chromosomal regions
that are positioned at the nuclear periphery. The
DamID method (van Steensel et al. 2001) has
been used to label and then identify genomic
loci (lamina-associated domains [LADs]) that
are spatially proximal to the nuclear lamina.
These studies found that loci near the lamina
are repressed or expressed at very low levels
(Pickersgill et al. 2006; Guelen et al. 2008). Chro-
matin in these domains is enriched for histone
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modifications such asH3K9me2 andH3K9me3,
is late replicating, and is enriched in LINE ele-
ments (van Steensel and Belmont 2017). These
are all features that are typical for inactive het-
erochromatin.

Following single cells through mitosis
showed that loci that are located at the periphery
in one cell cycle, can become repositioned in
daughter cells away from the periphery, suggest-
ing that nuclear positioning for these loci is not
strictly heritable but more stochastic (Kind et al.
2013). Some LADs can be also localized around
the nucleolus. This is confirmed by other exper-
iments in which loci at or around the nucleolus
were mapped by isolating nucleoli and analyz-
ing the associated DNA (van Koningsbruggen
et al. 2010). These studies identified a set of loci,
nucleolus-associated domains (NADs) that have
chromatin features that are similar to LADs (van
Koningsbruggen et al. 2010; Vertii et al. 2019).
More recent studies in mouse embryonic stem
cells identified two types of NADs: one that re-
sembles LADs (type I) and a second type (type
II) that is characterized by higher levels of gene
expression, the facultative heterochromatin
mark H3K27me3, and early replication (Vertii
et al. 2019). Thus, a subset of heterochromatic
domains can be either tethered to the lamina or
is associated with the nucleolus (and probably
alternates between these locations in different
cells in the population), whereas a second set
of facultative heterochromatin is specifically lo-
calized at the nucleolus.

The mechanisms by which loci are tethered
to either the nuclear periphery of the nucleolus
are not fully understood in detail. Little is
known about the factors involved in localizing
chromatin domains near the nucleolus. Some
factors have been identified to regulate or di-
rectly mediate the association of LADs with the
nuclear periphery. Although LADs have been
identified by their proximity to lamin B, lamins
appear not directly required for association of
LADs with the nuclear periphery at least in
mouse embryonic stem cells (Amendola and
van Steensel 2015). There are likely other fac-
tors that may contribute to the tethering of
these domains. One candidate is the lamin B
receptor (LBR). Studies in mouse cells showed

that LBR acts sequentially with lamin A/C to
tether heterochromatin (Solovei et al. 2013).
When both factors are absent, heterochromatin
localizes at the center of the nucleus with eu-
chromatin at the periphery (see above). This
unusual organization has been referred to as
an inverted nucleus given that the positions of
heterochromatin and euchromatin are reversed
compared with their canonical organization in
most cells. In natural settings, such inverted
organization is observed in rod cells of noctur-
nal animals (Solovei et al. 2009). Other poten-
tial factors contributing to peripheral locali-
zation of heterochromatin include histone
methyltransferases (e.g., MET-2 and SET-25
in Caenorhabditis elegans) (Towbin et al.
2012). Similarly, in mammalian cells, the his-
tone methyltransferase G9a has been shown to
regulate association of loci to the nuclear lam-
ina (Kind et al. 2013).

Although tethering of heterochromatin is
well-characterized, tethering of euchromatin is
less understood. For instance, highly active loci
can be localized at nuclear speckles (Zhang et al.
2021). Similarly, genes with many exons are en-
riched in contacts with other similar genes in cis
and in trans, suggesting a role of splicing ma-
chinery in mediating such interactions. Wheth-
er this localization is caused by tethering of loci
to these splicing factor-enriched nuclear bodies
or whether speckles form around clusters of ac-
tive loci is currently not known.

Open questions:

1. Why is heterochromatin tethered to the pe-
riphery? What are functional advantages of
the conventional nuclear architecture with
heterochromatin tethered to the lamina at
the nuclear periphery? The inverted organi-
zation appears to be the default and to be
compatible with gene expression.

2. Does tethering loci to the nuclear periphery
help maintain transcriptional repression and
repressive histone marks of heterochromatic
regions? Does tethering of active regions to
nuclear speckles play similar roles in main-
taining transcription, its histone marks, and
cotranscriptional splicing?
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3. To what extent is chromatin tethered to in-
tranuclear lamins? Lamins are found in the
nucleoplasm but their roles are not well un-
derstood.

4. Does tethering of heterochromatin change
mechanical properties to the nucleus? Me-
chanical properties of chromosomes and nu-
clei are increasingly understood to be impor-
tant for cells within tissues and when cells are
mobile. Does tethering reduce general mobil-
ity of chromatin and is this important for
control of genomic processes such as tran-
scription, replication, and repair?

TOPOLOGICAL EFFECTS

Topological effects do not constitute a mecha-
nism of folding by themselves but they constrain
and modulate what other mechanisms can
achieve. Topological constraints prevent chro-
matin fibers from passing each other, unless
topoisomerase II facilitates such passing. Activ-
ity of topoisomerase II during interphase is be-
lieved to be modest (Canela et al. 2019), arguing
that topological constraints can play an impor-
tant role in the shaping of interphase chromo-
somes. As such, topological effects can constrain
and modulate chromosome folding driven by
the three major mechanisms described above.

Topological constraints are known to have
two major effects on polymer systems: (1) dra-
matic slowdown of equilibration, thus produc-
ing long-lived nonequilibrium states, and (2)
generating of a different equilibrium state in a
topologically constrained system (e.g., an un-
knotted ring that remains unknotted can behave
differently than a ring in which strands can pass
by each other) (Halverson et al. 2014).

Topological effects have been implicated in a
rangeof chromosomephenomena. Formationof
chromosomal territories have been attributed to
formation of a nonequilibrium state after exit
from mitosis (Abramo et al. 2019) when chro-
mosomes do not have time to mix with each
other (Rosa and Everaers 2008; Rosa et al.
2010). Formationof the largelyunknotted fractal
globule, as evident from Hi-C data (Lieberman-
Aiden et al. 2009), is also attributed to anonequi-

librium state in which a polymer chain is
crumpled attributed to topological interactions
(Grosberg et al. 1988). Theoretically, such non-
equilibrium states in which chains form territo-
ries and crumpled globules may nevertheless
gradually, yet very slowly, equilibrate. Alterna-
tively, nonconcatenated ring polymers form an
equilibrium state with highly territorial rings,
each forming a crumpled (fractal) globule
(Halverson et al. 2014). Whether topological
interactions lead to formation of long-lived non-
equilibrium states or to equilibrium states re-
mains to be understood. Recent studies that
used modeling of Hi-C (Goundaroulis et al.
2020) and a complementary approach of multi-
contact 3C came to the conclusion that inter-
phase chromatin is indeed largely unknotted
(Tavares-Cadete et al. 2020). The interplay be-
tween topological constraints and major mech-
anisms discussed above are yet to be understood.

THE INTERPLAY OF MAJOR FOLDING
MECHANISMS

Several aspects of interphase organization result
from complex interplay of the three major
mechanisms described above.

Extrusion versus Compartmentalization

One of the first successful cohesin andWapl de-
pletion studies (Haarhuis et al. 2017; Schwarzer
et al. 2017) observed that, surprisingly, on deple-
tion or enrichment of chromatin associated co-
hesin, not only cohesin-dependent features, but
also compartmentalization was affected. Specif-
ically, cohesin depletion resulted not only in the
disappearance of extrusion-mediated features
(TADs, dots, and stripes), but also in the
strengthening of compartments (Schwarzer
et al. 2017). An increase in cohesin residence
time upon Wapl depletion, in turn, results in
the weakening of compartmentalization and
less-defined LADs (Haarhuis et al. 2017). These
and the following studies suggested extensive in-
terplay between loop extrusion and compart-
mentalization (Nuebler et al. 2018).

Cohesin-depleted chromosomes showed
stronger and finer patterns of compartmentali-
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zation: Longer compartment regions got split
into shorter regions. Interestingly, such finer
compartments better reflect patterns of histone
modification with H3K9me3- and H3K27me3-
containing regionsbecomingshorterBcompart-
ment regions. Similarly, shorterH3K27ac islands
become A compartmental regions. In wild-type,
B and A regions are more stretched and less cor-
related with histone marks of repression and ac-
tivity.These results suggested that cohesindeple-
tion revealed “innate” compartmentalization
preferences that were partially washed off by
loop extrusion in the wild-type (Schwarzer et al.
2017). Simulations further showed that such
masking of fine compartmentalization results
from loop extrusion interfering with compart-
mental phase separation (Nuebler et al. 2018).
Furthermore, simulations showed that increased
cohesin residence time, as observed after
Wapl depletion, leads to further weakening of
compartmentalization.

The underlying physics of this interference
is being actively explored. Polymer simulations
in which chromosomes experience both com-
partmentalizing interactions (attraction be-
tween B regions) and active loop extrusion
show that extrusion indeed weakens compart-
mentalization. Simulations further show that
short compartmental regions are more sensitive
to extrusion than long ones. Consistently, cohe-
sin depletion experiments observed a similar
phenomenon: small compartments are washed
off in the wild-type while visible after cohesin
depletion (Nuebler et al. 2018). Simulations
of an increased extrusion activity reproduce
phenomena observed in Wapl-depleted cells
(Tedeschi et al. 2013; Haarhuis et al. 2017)
(i.e., formation of overcompacted interphase
[“vermicelli”] chromosomes accompanied by
weakening of compartmentalization). Impor-
tantly, simulations show that reduction of com-
partmentalization by extrusion is not owing to
loops per se, but rather owing to the active pro-
cess of extrusion that “stirs” and mixes chromo-
somal regions, making it difficult for them to
phase-separate (Nuebler et al. 2018).

Together, these results indicate that patterns
of compartmentalization observed in wild-type
interphase cells result from the interplay of

phase separation of compartments and active
loop extrusion.

Compartmentalization versus Tethering

Loss of tethering results in “nuclear inversion” in
both natural systems such as the rods of noctur-
nal animals and in mutants that lack both LBR
and lamin A/C (Solovei et al. 2013). In the in-
verted nucleus, heterochromatic regions occupy
the center of the nucleus, while the euchromatic
compartment is located at the nuclear periphery,
thus inverting the conventional organization
(Solovei et al. 2016). Hi-C and microscopy
showed that despite inversion,A andB compart-
mental regions remain spatially segregated (Falk
et al. 2019). Thus, compartmentalization by it-
self is independent of tethering of loci to the
periphery. Polymer models showed that com-
partmentalization, when disentangled from
tethering in inverted nuclei, requires strong at-
tractive interactions between heterochromatic
regions and weak, if any, attractions between
euchromatic regions. Polymer simulations that
combinemechanisms for compartmentalization
and tethering of heterochromatin to the nuclear
periphery are sufficient to explain the observed
nuclear organization in typical mammalian cells
(Falk et al. 2019b). Furthermore, restoration of
laminA/C activity in rod cells leads to partial de-
inversion. Together, these results indicate that
conventional nuclear organization results from
the joined activity of compartmentalization and
tethering.

Interplay between Transcription,
Compartmentalization, and Loop Extruders

Transcription can sometimes play a dominant
role in chromosome folding. For instance, do-
main formation in bacteria is reduced or absent
when transcription is blocked (Le et al. 2013).
Transcription and RNA processing machinery
can also influence chromosome folding in
more subtle ways by interfering with folding
mechanisms described above (Hnisz et al. 2017;
Hilbert et al. 2018; Trojanowski et al. 2021). This
is an area of active research, and insights into this
interplay can further our still limited under-
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standing of how transcription affects chromo-
some folding and vice versa. For example, in
mammalian cells, transcription can have effects
on nuclear positioning and compartment asso-
ciation of loci. As mentioned above, highly ex-
pressed genes can cluster together especially
when extensively spliced. This may be related
to the observed positioning of active genes
around nuclear speckles (Zhang et al. 2021).
Large and highly expressed genes can become
covered with nascent RNA–protein complexes
and this results in stiffening of the chromatin
fiber and the relocalization of the gene away
from its chromosomal territory and into the nu-
clear center (Leidescher et al. 2020). It is impor-
tant to point out that the overall effect of
transcription on genome-wide chromosome
organization can be quite subtle: Blocking tran-
scription, or entirely removing RNA polymer-
ases using inducible degron approaches has
onlyminoreffects on compartmentalization and
other features per se (Vian et al. 2018; Barut-
cu et al. 2019; Jiang et al. 2020; Olan et al. 2020).

The RNA transcription machinery and the
loop extrusion machinery also directly interact
along chromosomes. For instance, early studies
in budding yeast have shown that RNApolymer-
ase can push cohesin rings toward sites of con-
vergent transcription (Lengronne et al. 2004).
Given that in Saccharomyces cerevisiae cohesin
is located on chromosomes predominantly in
the S phase and G2/M, this could be cohesive
cohesin. In mammalian cells, RNA polymerase
can modulate the position of cohesin, either by
acting as a passive extrusion barrier or byactively
pushing cohesin complexes toward 30 ends of the
active gene (Busslinger et al. 2017; Olan et al.
2020). In bacteria, polymerase can act as a mov-
ing barrier to extruding SMC complexes result-
ing in the slower extrusion against the direction
of transcription (Brandão et al. 2019).

Open questions:

1. What other mechanisms shape chromosome
organization and how do they interfere with
thesemechanisms? For example, can random
and transient interactions (e.g., mediated by
HP1-family proteins) lead toweak gelation of
chromatin?

2. What is the impact of heterochromatic inter-
actions and tethering on loop extrusion by
cohesin and binding/activity of CTCF? Con-
versely, can extrusion interferewith tethering
or maintenance of heterochromatin and as-
sociated histone marks?

3. What kinds of interplay between the various
folding mechanisms and transcription can
enhance or weaken chromosome territorial-
ity? Does territoriality benefit from extru-
sion, tethering or compartmentalization?
Conversely, can territoriality interfere or
modulate compartmentalization?

DIFFERENTIAL IMPLEMENTATION
OF THE SAME FOLDING MECHANISMS
DRIVES CELL-CYCLE CHANGES
IN CHROMOSOME SHAPE

The three mechanisms of chromosome folding
described above can explain folding properties
observed for chromosomes during interphase.
However, chromosomes change their shape
dramatically through the cell cycle. In mitosis,
chromosomes form compacted rods with sister
chromatids largely separated but running side-
by-side. The large morphological differences
between interphase and mitotic chromosomes
suggest that different mechanisms may be in-
volved in folding chromosomes during these dif-
ferent cell-cycle stages. However, it now appears
that in many eukaryotes the same mechanisms
operate, but performed by different SMC com-
plexes (Dekker and Mirny 2016; Goloborodko
et al. 2016a; Fudenberg et al. 2017).

As cells enter prophase, condensin II com-
plexes take over the role of cohesin to form mi-
totic chromatin loops. In contrast to cohesin, the
residence time of condensin II on chromatin is
much longer (Gerlich et al. 2006b; Hansen et al.
2017), leading to more stable extruded loops.
Tightly packed arrays of stable loops lead to
rod-shaped mitotic chromosomes (Golobo-
rodko et al. 2016a,b). Although during pro-
phase, chromatin remains tethered to the pe-
riphery, as the nuclear envelope breaks down
chromosomes are mostly untethered during
prometaphase.
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As cells exit mitosis, condensins become in-
activated after the metaphase–anaphase transi-
tion, and during cytokinesis, cohesin takes over
again as themain loop extrusion factor (Abramo
et al. 2019; Zhang et al. 2019; Kang et al. 2020).
The more transient nature of cohesin-mediated
loops, and their lower density along the chro-
mosome, leads to a more decondensed chromo-
some that may be sufficient to allow long-range
compartmental interactions to reform. Chro-
mosomes also become tethered again at the nu-
clear envelope during the subsequent G1 (van
Schaik et al. 2020; Wong et al. 2020).

In the above picture, it is the alternation
between cohesin-driven loop extrusion and
condensin-driven loop extrusion that leads to
chromosomemorphologies that appear very dif-
ferent. Interestingly, inmutants that stabilize co-
hesin-mediated loops (e.g., by removal of the
cohesin-unloading factor WAPL), interphase
chromosomes form so-called vermicelli chro-
mosomes that resemble prophase threads (Tede-
schi et al. 2013). This supports the proposal that
similarmechanisms are at play in interphase and
mitosis but that they are implemented in quan-
titatively different ways.

Compartmentalization of chromosomes rap-
idly disappears as cells enter prophase. Whether
the biophysical process of compartmentalization
is still active in mitosis, but simply overridden by
other processes is not known at thismoment. For
instance, the formation of relatively stiff rods
could be sufficient to prevent long-range com-
partmental interactions. However, the observa-
tion that meiotic prophase chromosomes are
elongated rods but still show compartmentaliza-
tion by Hi-C would argue rod formation itself is
not sufficient to erase compartments. Similarly, in
vermicelli interphase chromosomes (in cells de-
pleted for WAPL), the chromosomes form long
threads but compartmentalization is still detect-
able (although reduced). Alternatively, the pro-
cess of compartmentalization may be actively
turned off during mitosis, and then turned on
again after cells exit mitosis. One way compart-
mentalization could be turned off is by removing
or inactivatingkey factorsthat facilitatephase sep-
aration by acting as bridging factors linking active
or inactive chromatin domains. Such factors can

include the histones themselves, or nonhistone
factors that bind either active or inactive chroma-
tin domains. During mitosis, several histone res-
idues become phosphorylated and perhaps this
leads to loss of attractions between chromatin do-
mains. Alternatively, or in addition, it has been
shown that phosphorylation of histone tail resi-
dues includingH310 andH3T3 prevents binding
ofother factors such asheterochromatinprotein1
(HP1) (Fischle et al. 2005; Hirota et al. 2005) or
TFIID (Varier et al. 2010), respectively, which
may in turn lead to loss of compartmentalization.

Open questions:

1. How is compartmentalization modulated
during the cell cycle, differentiation, and ag-
ing? Compartmentalization appears highly
dynamic during the cell cycle, cell-state tran-
sitions, and as cells age. Is this a regulated
process? If so, how is it regulated?

2. What is the interplay between cohesin and
condensin during prophase and prometa-
phase? During prophase, both cohesins and
condensins are acting along chromosomes. Is
there interference or collaboration between
the complexes and how does that affect fold-
ing and segregating chromosomes during
mitosis?

3. Is there an interplay between condensins and
cohesins during mitotic exit? During mitotic
exit, condensin inactivation and cohesin re-
loading appear to be temporally separated
(Abramo et al. 2019). Is this a regulated pro-
cess to avoid interference between these fold-
ing machines? If so, how are these processes
coordinated?

CELL-TYPE-SPECIFIC CHROMOSOME
FOLDING AND NUCLEAR ORGANIZATION

In different cell types, different parts of the ge-
nome are active or repressed. For instance, in
each cell type specific genes, regulatory elements,
and other functional elements such asCTCF sites
and enhancers are active.The same foldingmech-
anisms described above will act along chromo-
somes leading to cell-type-specific patterns of
chromosome structures. For instance, in most
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cell types, compartmentalization of active and in-
active chromatin domains is observed, but given
that different loci are active and inactive depen-
denton thecell type, thecompositionof theAand
B compartments is different as well. Similarly,
cohesin-mediated loop extrusion will occur in
most cell types, but thepositions inwhich cohesin
is loaded, and the genomic position of blocks to
extrusion, most notably CTCF-bound sites, can
differ between cell types. Finally, promoter–en-
hancer interactions that could be mediated by
both loop extrusionorphase separationwill differ
between cell types given that different promoters
and enhancers are active.

Interestingly, there are examples of cell types
that display unique global nuclear organizations
because specific mechanisms of chromosome
folding themselves have been altered. One ex-
ample is that of cells with inverted nuclei (see
above). In rod photoreceptor cells of nocturnal
mammals such as mice, the nucleus is inverted
so that all heterochromatic loci are located in the
center with active chromatin located peripher-
ally (Solovei et al. 2009). Such inverted organi-
zation changes the optical properties of the nu-
cleus and this is beneficial for photodetection.
As mentioned above, this organization arises
when the tethering of heterochromatin to the
periphery is turned off.

Pro-B and pre-B cells represent another ex-
ample of cells in which global chromosome or-
ganization is altered by modulating a specific
mechanism of nuclear organization, in this
case by changing cohesin-mediated loop extru-
sion. In these cells, Pax5 represses the expression
of the cohesin-unloading factor WAPL. As a
result, cohesin is more stably associated with
chromatin and generates larger and more stable
loops genome-wide (Hill et al. 2020). In pro-B
and pre-B cells, this is thought to be important
to facilitate the very long-range interactions re-
quired for contraction of the 2.8-Mb-long im-
munoglobulin heavy chain (Igh) locus during
V(D)J recombination.

Open questions:

1. What other mechanisms drive chromosome
folding and nuclear organization? Some cell
types display unique chromosome confor-

mations that could be formed by addition-
al mechanisms. For instance, in olfactory
neurons especially dense heterochromatic
clusters are formed in the central part of
the nucleus.

2. How malleable and/or reversible is genome
and nuclear organization (e.g., during repro-
gramming, senescence, aging, and disease)?
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