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SUBJECT COLLECTION: EXPLORING THE NUCLEUS

Condensins and cohesins – one of these things is not like
the other!

ABSTRACT
Condensins and cohesins are highly conserved complexes that
tether together DNA loci within a single DNA molecule to produce
DNA loops. Condensin and cohesin structures, however, are
different, and the DNA loops produced by each underlie distinct cell
processes. Condensin rods compact chromosomes during mitosis,
with condensin I and II complexes producing spatially defined and
nested looping in metazoan cells. Structurally adaptive cohesin rings
produce loops, which organize the genome during interphase.
Cohesin-mediated loops, termed topologically associating domains
or TADs, antagonize the formation of epigenetically defined but
untethered DNA volumes, termed compartments. While condensin
complexes formed through cis-interactions must maintain chromatin
compaction throughout mitosis, cohesins remain highly dynamic
during interphase to allow for transcription-mediated responses to
external cues and the execution of developmental programs. Here,
I review differences in condensin and cohesin structures, and
highlight recent advances regarding the intramolecular or cis-based
tetherings through which condensins compact DNA during mitosis
and cohesins organize the genome during interphase.
KEY WORDS: Condensin, Cohesin, SMC, Structural maintenance
of chromosomes, TADs, Transcription, Chromosome
compartmentalization

Introduction

The genome of a cell undergoes a myriad of complex structural
contortions. For instance, the products of chromosome duplication,
termed sister chromatids, become tethered together during S phase in
a process that is coupled to DNA replication (reviewed in Skibbens,
2008; Villa-Hernández and Bermejo, 2018). Even as these sisters
remain tethered together (termed cohesion), each chromatid tightly
condenses during mitosis to produce highly compacted entities that
are typically easily discernible under a light microscope. Upon
exiting mitosis, chromosomes decondense; this allows the cell to
establish distinct chromosomal domains or territories through which
the genome is organized and gene transcription regulated during
interphase. Finally, de novo DNA tethering of sister chromatids can
arise at any time after S phase to promote repair of damaged DNA
(reviewed in Dorsett and Merkenschlager, 2013; Jeppsson et al.,
2014; Skibbens, 2016; Gelot et al., 2016). A family of highly
conserved structural maintenance of chromosome (SMC) complexes
is critical for all of these aspects of chromosome biology. Of primary
interest here are the condensin and cohesin SMC complexes that
modulate chromosome structure and, in combination, impact
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chromosome segregation during mitosis, as well as regulate gene
transcription during interphase. SMC-related complexes that function
specifically in either DNA damage or in dosage-compensation are
reviewed elsewhere (see Losada and Hirano, 2005; Csankovszki
et al., 2009; Gligoris and Löwe, 2016; Pezic et al., 2017).
Condensin and cohesin complexes both promote DNA looping by
tethering together DNA loci within a single DNA molecule. These
intramolecular, or cis-based, tetherings, however, play very different
roles throughout the cell cycle. Condensins promote chromatin
condensation (also termed compaction) in preparation for
chromosome segregation during mitosis (see Hirano, 2016;
Jeppsson et al., 2014); however, the mechanism through which
condensins achieve the monumental task of compacting entire
genomes remains mostly obscure. Chromosome compaction also
requires cohesins, which bind to DNA before condensin, such that
the mitotic cis-tethering activities of these two SMCs are likely
interdependent and complex (Guacci et al., 1997; Skibbens et al.,
1999; Hartman et al., 2000; Lavoie et al., 2002; D’Ambrosio et al.,
2008; Guacci and Koshland, 2012; Tedeschi et al., 2013; Harris et al.,
2014; Challa et al., 2016). Recent studies expand the roles of cohesin
cis-based DNA tetherings to include interphase. Here, cohesins
produce loops that establish genome-wide organization and impact
transcription states within the nucleus. The role of cohesins is even
more nuanced in that cohesins produce intermolecular or trans-based
tetherings, which tether together sister chromatids during portions of
both interphase and mitosis. Intriguingly, the roles of cohesins in cisand trans-tetherings are genetically separable (Rowland et al., 2009;
Sutani et al., 2009; Rolef Ben-Shahar et al., 2008; Guacci and
Koshland, 2012; Rudra and Skibbens, 2013; Tong and Skibbens,
2014). Future studies are necessary to address the fundamental
question as to how cohesins are directed toward either cis- or transbased tetherings.
How do cohesins and condensins regulate such different aspects of
chromosome biology? To address these issues, this Review starts at a
‘micro’ level by discussing cohesin and condensin structure, before
turning to exciting new evidence that condensins uni-directionally
translocate along DNA and extrude DNA loops, whereas cohesins
entrap and bi-directionally diffuse along DNA. The Review then
shifts to a more ‘macro’ level by highlighting the coordination of
two distinct condensin complexes (termed condensin I and II),
which compact the genome during mitosis. Finally, I turn to cohesin
complexes that produce dynamic and responsive genomic
architectures within the nucleus during interphase through which
gene transcription is regulated. For a discussion of cohesin roles in
mitotic chromosome segregation, the reader is directed to several indepth reviews on the topic (e.g. Jeppsson et al., 2014; Marston, 2014;
Skibbens, 2016; Morales and Losada, 2018).
Structural considerations of cohesins and condensins

All SMC complexes contain ∼100-nm-long SMC subunits that fold
at a centrally positioned ‘hinge’ so that the globular N- and
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C-termini can interact to form an ATPase ‘head’. The folded over
50-nm-long SMC subunits heterodimerize (apart from archaea
SMCs, which homodimerize) primarily through hinge–hinge
interactions, but also interact through head–head binding. ATPase
heads are then bound by a capping subunit, which further recruits
other non-SMC subunits, all of which are unique to each type of
SMC complex. At the most fundamental level, however, these
complexes are defined by their associated SMC subunits: Smc1 and
Smc3 for cohesins, and Smc2 and Smc4 for condensins (Fig. 1).
The ‘Gumby’ model of cohesins

Gumby is a highly malleable clay figure featured in numerous
animation films and parodied by Eddie Murphy (Saturday Night
Live). A wealth of evidence indicates that cohesins are equally
malleable. For instance, the elongated (50 nm) coiled coil domains
of Smc1 and Smc3 are floppy and often observed to fold back on
themselves, so that the head and hinge of cohesin are in close
proximity. Electron microscopy (EM) studies in addition result in
images in which the coiled coil domains separate for some portion
of their length to create a lumen within the cohesin complex (Melby
et al., 1998; Anderson et al., 2002; Yoshimura et al., 2002; Sakai
et al., 2003; Huis in ‘t Veld et al., 2014; Gligoris et al., 2014; Barysz
et al., 2015; Diebold-Durand et al., 2017) (Fig. 2). The description
of cohesin as a ‘huge triangular ring’ of 40 nm in diameter (Gruber
et al., 2003), and subsequent studies showing that cohesin diffuses
bi-directionally along DNA and dissociates from linearized DNA,
led to a popular model that cohesins entrap DNA (or even two DNA
molecules) within a central lumen (Haering et al., 2002; Gruber
et al., 2003; Ivanov and Nasmyth, 2005; Stigler et al., 2016;
Davidson et al., 2016), although several findings negate many
aspects of this model (see below).

Given that DNA can adopt complex secondary structures and is
often bound by protein (e.g. histones, transcription factors,
chromatin remodeling complexes and silencers), it became
important to more rigorously ascertain the size of the cohesin
lumen and the limits, if any, to cohesin diffusion along DNA. A
convergence of studies revealed that cohesin can migrate past small
barriers of up to 11 nm in diameter (e.g. nucleosomes, and the
catalytically inactive EcoRI and dCas9), but failed to diffuse past
more moderately sized barriers of ∼20 nm (the size of digoxigeninquantum dots or EcoR1 tagged with quantum dots) (Ivanov and
Nasmyth, 2005; Stigler et al., 2016; Davidson et al., 2016).
Crosslinking studies further revealed that the majority – but not all –
of the coiled-coil domains of the cohesin SMC subunits are closely
apposed and form a mostly flattened structure (Huis in ‘t Veld et al.,
2014; Gligoris and Löwe, 2016) (Fig. 2). Thus, more contemporary
models suggest that cohesins entrap DNA, but only a single DNA
molecule, such that the tethering of two DNA loci requires cohesin
oligomerization (reviewed in Skibbens, 2016; Rankin and Dawson,
2016; Matityahu and Onn, 2018). Cohesin oligomerization is
strongly supported by findings that epitope-tagged Smc3 can coimmunoprecipitate Smc3 that bears a different epitope tag, and that
Mcd1 similarly can co-immunoprecipitate other Mcd1 (Scc1 or
RAD21 in metazoans) proteins (Haering et al., 2002; Sakai et al.,
2003; Mc Intyre et al., 2007; Zhang et al., 2008; Huis in ‘t Veld
et al., 2014). Genetic studies further support oligomerization, as
expression of two different alleles of the same cohesin subunit (both
of which are non-functional) in combination rescue cell viability
(Eng et al., 2015). Another challenge to the model that one ring
entraps two chromatid sisters is based on cohesin inactivation
during mitosis. Instead of cohesin dissociation for either one or both
sisters, cohesins remained bound to each sister, suggesting that
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Fig. 1. SMC assemblies. The stereotypical folding and dimerization of SMC subunits is shown in gray; 100-nm-long SMC proteins fold at a central hinge and allow
for N- and C-terminal binding to form ATPase heads. SMCs dimerize predominantly through hinge-hinge binding but also head–head binding. Condensins
(shown in green) are formed from Smc2 and Smc4 heterodimers that recruit the non-SMC subunits Brn1, Ycs4 and Ycg1 to form flexible rods (see Fig. 2).
Cohesins (shown in red) are formed from Smc1 (SMC1a or SMC1b in metazoans) and Smc3 heterodimers that recruit the non-SMC subunits Mcd1, Scc3 and
Pds5 to form flattened rings (shown) but can adopt other conformations, such as rods, open V-shapes or C-clamps (not shown). Yeast contain single copies of
Brn1, Ycs4 and Ycg1, but metazoan cells contain paralogs, which give rise to unique subtypes termed condensin I (CAP-H, CAP-D2 and CAP-G, encoded by
NCAPH, NCAPD2 and NCAPG, respectively) and condensin II (CAP-H2, CAP-D3, and CAP-G2, encoded by NCAPH2, NCAPD3 and NCAPG2, respectively).
Metazoan cells also contain subunit paralogs (RAD21 or RAD21L for Mcd1, SA1/STAG1, SA2/STAG2 or SA3/STAG3 for Scc3, and PDS5a or PDS5b/APRIN for
Pds5), but the assembly of non-SMC subunits into cohesin complexes is less well defined. Note that metazoan cells also contain Sororin, which is absent in yeast
(reviewed in Jeppsson et al., 2014; Marston, 2014).
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Fig. 2. Condensin rods versus cohesin rings. Numerous strategies have revealed that condensins predominantly form lumen-less rods, whereas cohesins form
flattened rings. (A–C) Images obtained by EM of human condensins (A) are placed next to schematics that summarize crystallographic analyses of both archaea (B) and
chicken (C) condensins. All strategies produce evidence that condensins predominantly exhibit lumen-less rod-like structures that are conserved across evolution.
Arrows in C highlight updated SMC coiled coil alignments (Barysz et al., 2015). (D,E) Images obtained by EM of human cohesins (D) are placed next to a schematic
(E) that summarizes the extensive intermolecular cross-links (blue lines) between SMC1 and SMC3 coiled-coil domains identified by chemical cross-linking
studies of human cohesins. The combination of these studies suggests that cohesins can adopt a ring shape, but that extensive regions of the coiled coil domains
typically are closely apposed. Arrow in right panel of D indicates flexible hinge in SMC coiled coil domain within the cohesin complex (Anderson et al., 2002). See Fig. 1
for a schematic that represents cohesin as a somewhat flattened structure. Note that it remains controversial as to the extent to which any of these structures, extricated
from cells, represent fully assembled and functional complexes. Images in A and D are modified from Anderson et al. (2002), with permission from Rockefeller Press).
The image in B is modified from Diebold-Durand et al. (2017) and the image in C is modified from Barysz et al. (2015) where they were published under a CC BY 4.0
license (http://creativecommons.org/licenses/by/4.0/). The image in E is modified from Huis in ‘t Veld et al. (2014) with permission from the AAAS.

cohesins bind either a single DNA locus, tether together ( possibly
as oligomers) two DNA loci, direct cohesin toward cis- versus
trans-tethers and enable cohesin to migrate along DNA.
Condensin – the uptight and slim sibling of cohesin

Generating testable models of condensin activity must be similarly
predicated on a clear and defined condensin structure, and this
appears to be distinct from that of cohesins. For instance, early
pioneering EM and atomic force microscopy (AFM) analyses of
both archaeal SMC complexes and eukaryotic condensins yielded
images of lumen-less rod-like structures that were quite distinct from
those of cohesin open V or ring-like structures (Melby et al., 1998;
Anderson et al., 2002; Yoshimura et al., 2002) (Fig. 2). Chemical
cross-linking and mass spectroscopy studies of both yeast and chick
condensins indeed confirm that massive intermolecular cross-links
occur along the entire length of Smc2 and Smc4 coiled-coil
domains – revealing a closed rod-like structure in the absence of a
central lumen (Barysz et al., 2015; Soh et al., 2015) (Fig. 2).
Crystallographic and EM studies of archaea SMC complexes
produced similar results, in which SMC coiled-coil domains are
closely apposed along their entire length (a single and minor
interruption occurs that is compensated for by an additional flanking
3
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cohesion occurs through the oligomerization of cohesins that each
associate with one sister (Kulemzina et al., 2012; Eng et al., 2014,
2015; Tong and Skibbens, 2015).
If cohesins topologically entrap a DNA molecule and diffuse in a
bi-directional manner and in the absence of ATP, what drives
cohesin migration? Early studies suggested that cohesins are either
redistributed (release and rebind) or pushed along DNA in vivo by
migrating transcription complexes (Glynn et al., 2004; Lengronne
et al., 2004). Intriguingly, in vitro analyses documents that even
DNA translocases with small diameters (FtsK at 13 nm and T7
RNA polymerase at 6 to 8 nm) can push cohesin along DNA
(Stigler et al., 2016; Davidson et al., 2016; Kim and Larson, 2007);
findings that also suggest that the cohesin lumen is quite limited. It
is further worth keeping in mind that the highly flexible coiled-coil
SMC domains allow the Gumby-esque cohesin to convert between
numerous conformations that include partially flattened rings with a
lumen, lumen-less rods, open V-shaped structures and folded-over
rings that form C-shaped clamps (Huang et al., 2005; Skibbens,
2016; Xu et al., 2018). While DNA entrapment is certainly one and
an important feature of cohesin, lateral (non-topological) binding to
DNA may be equally important. Future structural studies are
required to differentiate between the manners through which

crosslink) (Diebold-Durand et al., 2017; Soh et al., 2015) (Fig. 2).
Intriguingly, crosslinks between SMC ATPase head domains were
detected only in ATP hydrolysis mutants (Barysz et al., 2015;
Diebold-Durand et al., 2017). Thus, SMC heads may adopt different
conformations (or be separate and re-close) during cycles of ATP
binding and hydrolysis.
The predominant findings that condensins exist as flexible but
lumen-less rods are difficult to reconcile with current depictions of
condensins as gaping circular rings (Ganji et al., 2018; Thattikota
et al., 2018; Thadani et al., 2018; Kschonsak et al., 2017; Yuen and
Gerton, 2018). Consider for a moment the extrication of condensins
from both DNA and cells as analogous to whacking a candy-filled
piñata to obtain a toy hidden inside. Prior to analyzing structure,
yeast condensins for instance must endure mechanical and chemical
assaults sufficient to disrupt (1) the heavily cross-linked
polysaccharide/chitin cell walls, (2) the plasma membrane and
nuclear double-membrane phospholipid bilayers, (3) protein
complex interactions and (4) the phosphodiester backbones of
DNA molecules (Melby et al., 1998; Anderson et al., 2002;
Yoshimura et al., 2002; Barysz et al., 2015; Diebold-Durand et al.,
2017). While such studies remain instrumental for informing views
of SMC substructure, it may be naïve to imagine that the structures
that remain after such a series of ‘whacks’ represent fully assembled
and functional condensin (or cohesin) complexes. On the other
hand, the ability of condensins to retain a rod-like structure is
impressive and suggests that this lumen-less assembly is one aspect
of a higher-order and functional complex. In contrast, liquid AFM
analysis of condensin subcomplexes (containing only Smc2 and
Smc4) found that the coiled-coil domains are highly flexible
( persistence length of only 4 nm!) and can in addition separate to
form a lumen or fold to promote hinge-to-head binding (Eeftens
et al., 2016). A conservative interpretation of these highly
fluctuating structures is that non-SMC subunits impact coiled-coil
interactions to promote rod assembly and possibly oligomerization.
Resolving the structure and dynamics through which a fully
assembled and functional condensin complex translocates and
extrudes DNA loops thus awaits future studies. One must similarly
view with caution the popular notion that condensins entrap DNA.
A finding typically cited to support entrapment is that condensins
dissociate from linearized DNA molecules (Cuylen et al., 2011).
This observation, however, is readily explained by reports that
condensins are translocases that can step along DNA in the absence
of entrapment (discussed below). Further challenging the notion of
condensin entrapment are reports that archaea condensins dissociate
from DNA, instead of accumulating, at barriers to migration and that
any number of condensin subcomplexes (and even parts of an SMC
protein) bind to DNA (Akhmedov et al., 1998; Akhmedov et al.,
1999; Kimura and Hirano, 1997, 2000; Kimura et al., 1999; Weitzer
et al., 2003; Arumugam et al., 2003; Strick et al., 2004; Bernard
et al., 2006; Terakawa et al., 2017; Wang et al., 2017; Kschonsak
et al., 2017; Ganji et al., 2018). These findings give rise to a range of
possibilities through which condensin rods can associate with DNA.
Condensins walk into the spotlight… and extrude!

Important insights into the mechanism of chromatin compaction
have emerged from the discovery that condensins are DNA
translocases. In bacteria such as Bacillus subtilis, the SMC
complex that promotes chromosome compaction initially binds
to DNA at the origin-proximal region termed ParS ( partitioning
DNA element), which recruits ParB (Minnen et al., 2011;
Badrinarayanan et al., 2015). ChIP-seq analyses (a method
through which protein–DNA sequence associations are
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identified) has demonstrated that newly bound SMC complexes
translocate away from the ParS–ParB site, thereby zippering
together the flanking chromatin until the distal end of the plasmid is
reached (Wang et al., 2017). In eukaryotes, quantum-dot-labeled
yeast condensins translocate along DNA molecules in which both
ends of the DNA molecule were anchored to the substrate.
Intriguingly, approximately half of the condensins moved in one
direction or the other – but neither changed direction (Terakawa
et al., 2017). Moreover, condensins could bind and transport a
separate DNA molecule even as it migrated along a tethered DNA
track – indicating the condensins have two DNA-binding sites
(Terakawa et al., 2017). Biophysical studies focused on the impact
of DNA as a floppy substrate, and explored the effect of replacing a
tautly anchored DNA substrate for a floppy one. The resulting
simulations succeeded in generating models in which condensin
extrudes DNA loops (Fudenberg et al., 2016; Lawrimore et al.,
2016, 2017). Consistent with this revelation, a tour de force of
imaging provided new evidence that condensin migration is
coupled to asymmetric loop extrusion (Ganji et al., 2018). Here,
fluorescently labeled condensins were introduced into a flow
chamber in which DNA molecules (visualized through Sytox
Orange) were again anchored to the substrate. In this case, the DNA
ends were anchored close together to provide condensin with a
floppy or flexible DNA substrate. Upon addition of ATP, DNA
loops formed that emanated from the site where condensin was
bound (Ganji et al., 2018). Intriguingly, the distance between
condensin and one of the DNA–surface anchor points remained
fixed, whereas the distance between condensin and the opposing
DNA–surface anchor point decreased. This suggests that one
domain of condensin binds to and anchors itself to DNA, whereas a
separate condensin domain actively drives migration along DNA
and, concomitantly, loop extrusion (Lawrimore et al., 2017; Ganji
et al., 2018). Whether unidirectional condensin translocation arises
from discriminating between Watson/Crick strand polarities within
the DNA duplex remains an intriguing possibility.
Integration of condensin structure and translocation properties
into a coherent model becomes further complicated by step-size
analyses. To address this point, experiments were performed where
one end of a DNA molecule was tethered to a glass substrate,
whereas the other end, which was attached to a streptavidin-coated
magnetic bead, was kept under low-level tension (Keenholtz, et al.,
2017). Upon addition of condensin and ATP, the DNA fiber quickly
compacted, but analysis of bead migration (indicative of DNA
compaction) revealed step sizes that were approximately four times
the length of the 50 nm condensin complex (Keenholtz et al., 2017).
Independent findings support an average step size for yeast
condensins that peaks at about 200 nms (Eeftens et al., 2016). In
fact, large steps are in agreement with classic biochemical studies of
condensin purified from both Xenopus eggs and yeast (Kimura and
Hirano, 1997; Kimura et al., 1999; Stray and Lindsley, 2003; Strick
et al., 2004). Understanding how condensins (as rods) translocate
over lengths greater than themselves remains a fundamental
question of SMC biology (see Gruber, 2017; van Ruiten and
Rowland, 2018 for more creative discussions of condensin ring
migration). Large step sizes are easily accommodated by condensin
binding to floppy DNA. In the absence of imposed architecture
(nucleosomes, chromatin remodelers, SMC complexes, etc.),
condensin could bind any proximal segment of a floppy,
wriggling DNA and in a non-directed fashion (Fudenberg et al.,
2016; Lawrimore et al., 2016, 2017). This model, however, does not
easily lend itself to explain unidirectional motion or accommodate
the tension that is likely generated on DNA during condensation.
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Condensins and cohesins in the genomic context
of cis-tethering
Condensins in chromosome compaction during mitosis

Historically, the defining features of mitotic cells included
chromosome compaction followed by the segregation of
chromosomes into newly forming daughter cells. The role of
condensin in chromatin compaction and sister chromatid resolution
are well established (reviewed in Kakui and Uhlmann, 2018;
Kinoshita and Hirano, 2017; Kalitsis et al., 2017), but more recent
studies distinguish between the activities of condensin I and II. To
assess changes in chromosome architecture as cells progress from late
interphase into mitosis, a recent study manipulated the cell cycle
regulator cyclin-dependent kinase 1 (CDK1) in chicken lymphoblast
DT40 cells to produce a highly synchronized G2 cell cycle state
(Gibcus et al., 2018). Upon release from the late interphase arrest,
Hi-C (high-throughput sequencing) and computer-based modeling
revealed that structures typical of the interphase genome rapidly
disappeared (see ‘cohesins in nuclear architecture during interphase’
below). In its place, DNA formed a central helical scaffold, from
which appeared regularly spaced large loops (Fig. 3). By late
prophase, the helical scaffold became more compressed and the DNA
loops increased in size (Gibcus et al., 2018). Condensin I is excluded
from chromosomes until prometaphase after nuclear envelope
breakdown (Walther et al., 2018), a finding that is in strong
agreement with prior studies (Hirota et al., 2004; Ono et al., 2004,
2017; Gerlich et al., 2006). Thus, condensin II is the predominant
driver of initial compaction described above that occurs during
prophase. During prometaphase, smaller loops (40–60 kb in size)
form that are nested within the helical array of larger loops (200–
400 kb in size) (Gibcus et al., 2018) (Fig. 3). Super-resolution
stimulated emission depletion (STED) imaging in prometaphase
HeLa cells confirmed that condensin II is restricted to the center
longitudinal axis of chromosome arms, whereas condensin I occupies
a more distal and significantly broader volume of the chromosome
(Walther et al., 2018). Individually depleting condensin II or
condensin I resulted in targeted loss of the respective loops,
consistent with a model that condensin II promotes the formation
of initial scaffolding loops, whereas condensin I promotes the
formation of subsequent nested loops (Gibcus et al., 2018). Even
though cohesin and condensin are singly represented in yeast, spatial
distribution is retained in that cohesins form a barrel that surrounds
condensins aligned along the spindle axis (see Bloom, 2014).
Cohesins in nuclear architecture during interphase

Although cohesins are typically discussed with regard to their role
in the trans-tethering required for sister chromatid segregation

Chromosome condensation by
sequential and nested condensin-based looping
Cohesin

G2
(sister chromatid
tethering)

Condensin II

Condensin I

Fig. 3. Cell-cycle-regulated chromosome compaction
by sequential recruitment of condensins II and I
promotes the formation of nested loops. Replicated
sister chromatids are tethered together by cohesins (red).
During prophase, condensin II (blue) binds DNA and
extrudes loops. After nuclear envelope breakdown (NEB),
condensin I (green) binds the looped DNA and forms new
loops that are nested within the condensin II-generated
loops. As cells progress into late prometaphase, DNA loop
extrusion and compression of the helical scaffold continues.
Not shown is the role for cohesin in generating cis-based
compaction, which also promotes chromosome
condensation.

NEB
Prophase

Prometaphase
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Imaging condensin translocation and loop extrusion, which occurs
under conditions of flow that places DNA under tension, instead
suggests that condensins indeed move in a directed fashion and
under conditions in which the DNA substrate can become
increasingly taut as condensation proceeds (Terakawa et al., 2017;
Ganji et al., 2018). Thus, there may be an aspect of condensin,
analogous to kinesin or dynein ‘walking’ along microtubules (albeit
a much stiffer substrate than DNA), that allows condensins to use
cycles of ATP binding and/or hydrolysis to produce head-over-head
step sizes (in which coiled domains separate) of up to 100 nm.
Indeed, AFM analyses captured condensins in which separate head
domains could be considered as ‘walking’ on coiled-coil legs
(Yoshimura et al., 2002; Eeftens et al., 2017). A variation on this
latter possibility is that condensin may oligomerize to produce step
sizes of up to 100 nm. In fact, eukaryotic and prokaryotic SMC
rosettes, oligomers and extended fibers are clearly discernible from
both EM and AFM images. Although oligomers typically
predominate, monomers were instead chosen for detailed
description – a limitation that continues to sway current thinking
(Stray and Lindsley, 2003; Matoba et al., 2005; St-Pierre et al.,
2009; Fuentes-Perez et al., 2012; Huis in ‘t Veld et al., 2014; Barysz
et al., 2015). More recently, elution profiles obtained from size
exclusion columns confirmed that condensins exist in both
monomeric and oligomeric complexes (Keenholtz et al., 2017).
Importantly, addition of the multimeric fraction to flow cells that
contained DNA fibers produced robust compaction (Keenholtz
et al., 2017), potentially linking oligomerization to compaction.
Finally, bi-directional translocation of B. subtilis SMCs away from
the ParS–ParB deposition site, which normally zippers plasmid
DNA, provides additional evidence of oligomerization (Wang et al.,
2017). Here, SMC migration was tested on a plasmid in which the
DNA sequence flanking one side of ParS–ParB contained actively
transcribed ribosomal RNA operons, while the other flanking
sequence was largely devoid of active transcription. Migration was
greatly decreased in the direction that contained the operon, but not
in the direction that was free of active transcription (Wang et al.,
2017). These findings argue that a separate SMC/condensin
complex binds to and translocates along each side of the ParS–
ParB deposition site, and that the flanking DNA sequences are
tethered together through condensin oligomerizations – akin to that
posited for cohesins (reviewed in Skibbens, 2008; Onn et al., 2008;
Zhang et al., 2008). One may look forward to future studies that
merge aspects of condensin ATPase cycles, unidirectional motility,
and translocation/extrusion along a changing DNA landscape
(Fudenberg et al., 2016; Lawrimore et al., 2016, 2017; Terakawa
et al., 2017; Ganji et al., 2018).

REVIEW

Topologically associating domains and compartments

Cohesins organize the interphase genome by balancing the dynamic
formation of two opposing states, termed topologically associating
domains (TADs) and compartments, which are the architectural yin
and yang of transcription regulation. Here, I define a TAD as a
DNA loop of up to a megabase of DNA and in which the loop base
is associated with the insulator CCCTC-binding transcription
repressor (CTCF) and cohesin (Fig. 4). It is tempting to speculate
that the TAD base insulates looped and non-looped DNA from
transcription and chromatin-remodeling factors that migrate along
DNA. In terms of genome biology, the term compartment is
narrowly defined: compartments are untethered, but self-interacting
domains of transcriptionally active (open or A domains) or
repressed (closed or B domains) chromatin states that may contain
5 to 50 megabases of DNA (Lieberman-Aiden et al., 2009;
Schwarzer et al., 2017; Gassler et al., 2017; Rao et al., 2017;
Haarhuis et al., 2017; Plys and Kingston, 2018). The coalescing of
genomic DNA into compartments likely occurs through clustering
of low-complexity and/or intrinsically disordered domains on
DNA-binding proteins that self-assemble into liquid–liquid phases
akin to oil droplets that aggregate on a water surface. This is a bit
of an extreme analogy, however, in that self-forming DNA
compartments are much more miscible and dynamic in their
associations (Fig. 4). Clustering may also be driven by
modifications that exhibit similar properties that occur on histones
and transcription factors (Schwarzer et al., 2017; Rao et al., 2017;
Haarhuis et al., 2017; Plys and Kingston, 2018). Compartments are
dynamic and motile but can become anchored; therefore, repressed
B compartments appear more peripheral in the nucleus and may
interact with the nuclear lamina, whereas active A compartments are
more centrally positioned (Hansen et al., 2018; Lieberman-Aiden
et al., 2009).

A TADs
TAD

CTCF

TAD
Release

B

Cohesin

Deposition

Compartments

B compartment
(repressed)

A compartment
(active)

C Gene-specified effects

Release

E

Cohesin

I

Deposition

P

Fig. 4. Opposing roles for cohesin in transcription regulation. (A) TADs
are large DNA loops that are defined by the persistence of cohesin (red)
and CTCF (blue triangle) at the loop base. DNA loop extrusion mediated by
cohesin occurs until cohesion encounters CTCF insulators along the genome.
CTCF binds to DNA motifs asymmetrically, so that TAD loops are typically
flanked by converging CTCF sites. Note that cohesins can connect TADs
(both within and across chromosomes) to further define or insulate sequences
from chromatin remodelers or transcription factors moving along DNA.
(B) Compartments are untethered regions of DNA (i.e. reduced cohesin
binding) that coalesce through low-complexity (intrinsically disordered)
domain-containing protein clustering and aggregation of factors (such as
histone and transcription complexes) that bear similar modifications.
Compartments are divided into A (induced, green) and B (repressed, red)
states. Cohesin promotes TAD formation, but the constrained loops it forms
antagonize compartment formation – hence, the predominance of TADs and
compartments depends largely on the deposition or release of cohesin.
(C) Cohesins also regulate gene-specific effects on transcription. Shown here
is a speculative model through which cohesin-dependent DNA looping (at a
much smaller scale than TAD loops) brings into close apposition the enhancer
(E) and promoter (P) for a specific gene to promote transcription (top). In this
scenario, an insulator (I) is displaced from promoter in the extruded DNA loop.
Cohesin release results in loss of the proximity between enhancer and
promoter, and inhibition of transcription (bottom).

Cohesins promote TADs but antagonize compartments

Zebrafish is an exceptionally useful model system to link studies of
cohesin-based transcription and development (Kawauchi et al.,
2016; Muto and Schilling, 2017; Banerji et al., 2017a). A key stage
in development is the transition from the maternal to zygotic control
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during mitosis (reviewed in Rudra and Skibbens, 2013; Jeppsson
et al., 2014; Marston, 2014; Morales and Losada, 2018),
pioneering studies in yeast and Drosophila established two
additional roles for cohesins. The first is that cohesins support
cis-based DNA looping such that cohesin mutations produce
dramatic chromosome condensation defects (Guacci et al., 1997).
The second is that cohesins (and cohesin regulators) are required
for transcription regulation and facilitate (via DNA looping)
communication between distal DNA regulatory elements, such as
enhancers and promotors (Rollins et al., 1999). Together, these
studies form the foundation of current models in which cohesins
generate higher-order chromatin structures that are critical for
transcription regulation. Not surprisingly, cohesin pathways are
critical for human development, and mutations can have
devastating effects. Robert syndrome (RBS) and Cornelia de
Lange syndrome (CdLS) are two cohesin-based developmental
disorders that exhibit an overlapping suite of developmental
defects that include cleft palate, microcephaly, profound limb
reduction, syndactyly and, often, acute cognitive impairment
(Krantz et al., 2004; Tonkin et al., 2004; Gillis et al., 2004; Schüle
et al., 2005; Musio et al., 2006; Deardorff et al., 2007; Deardorff
et al., 2012a,b; Vega et al., 2005). Given the range of tissues
impacted by cohesin mutation, and the genome-wide effect that
cohesins exert on gene transcription (see below), one should
anticipate that the number of cohesin-related maladies or
cohesinopathies (more recently termed transcriptomopathies and
which include ribosomopathies) will increase significantly over
time (Wendt et al., 2008; Xu et al., 2014; Yuan et al., 2015;
Skibbens et al., 2013; Banerji et al., 2017a).
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of transcription (also termed zygotic genome activation; ZGA).
Embryos with reduced levels of cohesin (RAD21) retain elevated
levels of maternal mRNAs, suggesting that cohesin is critical for
maternal mRNA turnover and subsequent expression of zygotic
mRNAs (Rosa and Brivanlou, 2017; Meier et al., 2018). In embryos
that contain wild-type levels of cohesin, ChIP-seq revealed an
extensive increase in the number of cohesin-decorated DNA sites
post-ZGA – especially at enhancers and/or promoters that carry
histone modifications indicative of activated genes (Bogdanovic
et al., 2012; Meier et al., 2018). If cohesins regulate transcription on
a gene-by-gene basis, one would expect that those genes identified
through altered mRNA levels would be the same genes that
exhibit cohesin-binding to their enhancers and/or promoters.
In fact, multiple studies document cohesin-dependent genespecific transcription regulation (Rollins et al., 2004; Stedman
et al., 2008; Rhodes et al., 2010; Gimigliano et al., 2012; Yan et al.,
2013; Banerji et al., 2016, 2017b; Tsai et al., 2018). In post-ZGA
zebrafish, however, only half of the genes that exhibit altered
mRNA levels upon cohesin depletion corresponded to gene
loci that were otherwise normally bound by cohesin (Meier et al.,
2018). Thus, cohesins influence transcription through multiple
mechanisms, which include gene-specific regulation, as well as
more global effects – the latter of which are likely based on TAD and
compartment formation (Fig. 4).
Early ChIP-seq analyses in yeast revealed that cohesin density
and distribution along DNA correlate with DNA loop size (Guacci
et al., 1997; Blat and Kleckner, 1999; Hartman et al., 2000; Glynn
et al., 2004). Results obtained from a wide range of model systems
define an active role for cohesin in TAD formation. Even as early as
the one-cell stage of mouse zygotes, the interphase nuclear
architecture contains TADs (Gassler et al., 2017). Cre-based
knockout of the gene that encodes for the cohesin subunit RAD21
disrupted TADs in mouse embryos (Gassler et al., 2017). Depleting
RAD21 from either HeLa cells or human colorectal carcinoma cells
similarly abolished TADs during interphase (Wutz et al., 2017; Rao
et al., 2017). Importantly, RAD21 re-expression resulted in a rapid
re-assembly of TADs, especially near super enhancers, which
contain a high density of enhancers, transcription factors, activating
histone modifications, cohesins and CTCF (Rao et al., 2017; Huang
et al., 2018; Plys and Kingston, 2018).
What defines the loop length within a TAD? DNA loops could
form through the oligomerization or capture of cohesins that
decorate individual segments on a DNA molecule. An interesting
notion is that this may promote gene-specific transcription. A more
likely scenario, however, is that cohesins extrude DNA loops – a
model predicated in part on observations of extrusion by condensin
complexes and a role for ATP in cohesin-based looping (Lawrimore
et al., 2017; Ganji et al., 2018; Vian et al., 2018). Loop lengths thus
appear epigenetically defined by pauses that occur during loop
extrusion (Fig. 4). Pauses arise through cohesin interactions with
CTCF: cohesins bind and colocalize with CTCF at the base of TADs
(Stedman et al., 2008; Wendt et al., 2008; Rubio et al., 2008;
Parelho et al., 2008; Rao et al., 2014, 2017; Dixon et al., 2012; Wutz
et al., 2017; Huang et al., 2018) and cohesin fails to migrate in vitro
past DNA decorated with CTCF (Davidson et al., 2016). In support
of the model that CTCF defines DNA loop length within TADs,
CTCF degradation does not abolish TADs, but does alter TAD loop
lengths (Wutz et al., 2017). Intriguingly, the dynamic nature of
TADs during interphase starkly contrasts with the stable and CTCFindependent cohesion that occurs between sister chromatids during
mitosis (reviewed in Rudra and Skibbens, 2013; Jeppsson et al.,
2014; Marston, 2014; Morales and Losada, 2018). The mechanisms
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through which cohesin is directed toward these uniquely regulated
cis- and trans-tetherings remains an intriguingly enigma.
If cohesins are indeed required for TAD formation, then
inactivating cohesin regulators should similarly impact TAD
formation. NIPBL in metazoan cells (and its homologs Scc2 in
yeast and Nipped B in flies) is critical for cohesin deposition onto
DNA (Rollins et al., 1999, 2004; Ciosk et al., 2000; Tonkin et al.,
2004; Krantz et al., 2004). Indeed, depleting NIPBL resulted in
reduced cohesin binding to DNA and genome-wide loss of TADs
(Schwarzer et al., 2017). Accordingly, increasing cohesin residency
should have the opposite effect. WAPL in metazoan cells (and the
yeast homolog Rad61) promotes cohesin dissociation from DNA,
such that WAPL depletion or mutation results in increased levels of
cohesin binding to DNA (Kueng et al., 2006; Gandhi et al., 2006).
CRISPR-based knockout of WAPL in haploid human leukemic cell
lines and in mouse zygotes resulted in increased residency of
cohesins on DNA and more robust detection of TADs that included
longer DNA loops and increased interactions between adjoining
TADs (Haarhuis et al., 2017; Gassler et al., 2017). Interestingly,
cells depleted of WAPL proliferated normally (Haarhuis et al.,
2017). One interpretation of this observation is that developmental
programs ( posited to account for RBS and CdLS) may be more
sensitive to changes in transcription than single cells.
While cohesins are critical for TAD formation, these constrained
looped structures antagonize compartment formation. For instance,
depletion of RAD21 in mouse zygotes and human colorectal cells
leads to increased compartment volumes that comprise a larger
portion of the nucleus (Gassler et al., 2017; Rao et al., 2017).
(Fig. 4). Reducing the levels of chromatin-bound cohesin through
depletion of MAU2 (a binding partner of NIPBL that promotes
cohesin deposition onto DNA) similarly results in increased
compartment volumes (Ciosk et al., 2000; Seitan et al., 2006;
Haarhuis et al., 2017). The opposite is observed upon increasing
cohesin residency through the depletion of WAPL – signal
intensities, indicative of genomic compartmentalization, are
reduced (Haarhuis et al., 2017; Wutz et al., 2017; Gassler et al.,
2017). Taken together, these findings suggest that genomic
compartments increase in response to cohesin loss (Fig. 4).
Cohesin and chromatin compaction during interphase

Altering the levels of cohesins can also produce a compaction of
chromatin structure that is easily resolved by light microscopy
(Tedeschi et al., 2013; Ouyang et al., 2016; Wutz et al., 2017). For
instance, WAPL depletion (i.e. increasing cohesin residency) via
RNAi in HeLa cells gives rise, during interphase, to pre-condensed
worm-like chromatin structures termed vermicelli. Premature
condensation further increases upon the co-depletion of the
cohesin-binding and regulatory factor PDS5 (humans contain two
paralogs; PDS5A and PDS5B) (Tedeschi et al., 2013; Ouyang et al.,
2016; Wutz et al., 2017). Although Pds5 was first identified as
supporting cohesin roles in both trans- and cis-tethering, Pds5 also
binds to the cohesin release factor WAPL (termed Rad61 in yeast)
and this association is highly conserved (Hartman et al., 2000;
Panizza et al., 2000; Losada et al., 2005; Sutani et al., 2009;
Shintomi and Hirano, 2009; Ouyang et al., 2016; Goto et al., 2017).
In combination, these results suggest that Pds5 stabilizes cohesin
tethers but can promote cohesin release in coordination with WAPL.
Does this premature condensation during interphase involve
condensins? Importantly, depletion of the condensin component
Smc2 does not block vermicelli formation in cells co-depleted of
WAPL and PDS5 (Wutz et al., 2017), indicating that chromatin
compaction during interphase is mediated by cohesins.
7

Journal of Cell Science

REVIEW

Conclusions and perspectives

Organizing the genome throughout the cell cycle involves a hand-off
of SMC complexes. In preparation for chromosome segregation
during mitosis, cells employ a combination of condensin II and
condensin I to generate a series of loops and nested loops to fully
compact each chromosome. Chromosome compaction occurs even as
cohesins, which are deposited much earlier during the cell cycle, tether
together the sister chromatids. Several lines of evidence suggest that
cohesins contribute to chromosome compaction during mitosis.
Understanding the structural mechanisms through which cohesins
and condensins promote chromosome compaction remains an
outstanding, yet fundamental issue, in cell biology. As cells exit
mitosis and return to an interphase state, condensins dissociate from
the DNA and a new round of cohesins bind to DNA to organize the
genome within the nucleus. Here, cohesins regulate a two-tiered
system of organization. On the one hand, cohesins generate DNA
loops whose sizes appear to be defined in part by CTCF. In regions
devoid of cohesin and CTCF, DNA coalesces into epigenetically
defined but untethered compartments of active or repressed chromatin.
Not only are the functions of cohesin and condensin mostly
separated across the cell cycle, the structure and DNA-binding
strategies of these two SMC complexes also appear to be different.
Even the earliest structural studies of cohesins and condensins
revealed strikingly different assemblies (or subassemblies) of
cohesin rings and condesin rods – results largely confirmed over
the past 20 years. Also different are their motile behaviors. Cohesins
appear to diffuse bi-directionally along DNA, consistent with a ring
entrapment. In contrast, condensins translocate unidirectionally and
contain at least two distinct DNA-binding domains: one that
anchors to DNA, while the other is dynamic and provides the
driving force of DNA extrusion. Further differentiating the SMC
complexes is that cohesin rings typically require a loading complex
and ATP to entrap DNA, whereas condensins appear fully
competent to bind DNA without either a loader or ATP. Further
questions to be addressed are the extent to which tethering of DNA
loci involves SMC oligomerization; however, several lines of
evidence make this a plausible scenario for both cohesins and
condensins. In summary, the field remains wide open with regard to
the possible mechanisms through which SMC complexes produce
DNA tetherings, in either cis or trans, and throughout the cell cycle.
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Soh, Y.-M., Bü rmann, F., Shin, H.-C., Oda, T., Jin, K. S., Toseland, C. P., Kim, C.,
Lee, H., Kim, S. J., Kong, M.-S. et al. (2015). Molecular basis for SMC rod
formation and its dissolution upon DNA binding. Mol. Cell 57, 290-303.
Stedman, W., Kang, H., Lin, S., Kissil, J. L., Bartolomei, M. S. and Lieberman,
P. M. (2008). Cohesins localize with CTCF at the KSHV latency control region and
at cellular c-myc and H19/Igf2 insulators. EMBO J. 27, 654-666.
Stigler, J., Çamdere, G. Ö ., Koshland, D. E. and Greene, E. C. (2016). Singlemolecule imaging reveals a collapsed conformational state for DNA-bound
cohesin. Cell Rep. 15, 988-998.
St-Pierre, J., Douziech, M., Bazile, F., Pascariu, M., Bonneil, E., Sauvé , V.,
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