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Chromosome structure dynamics
during the cell cycle: a structure to fit

every phase

Christopher Barrington, Dubravka Pezic & Suzana Hadjur

Chromosomes undergo dramatic morpho-
logical changes as cells advance through
the cell cycle. Using powerful molecular
and computational methods, several
recent studies revealed an outstanding
complexity of continuous structural
changes accompanying cell cycle progres-
sion. In agreement with cell division being
a fundamental cellular process, character-
istic features of cell cycle stage-specific
genome structure are conserved from
yeast to mouse. These studies further
shine light on the critical roles that SMC
complexes, already well known as funda-
mental regulators of chromosome topo-
logy, have in orchestrating structural
dynamics throughout the cell cycle.

See also: L Lazar-Stefanita et al (September
2017), Y Kakui et al (2017), SA Schalbetter
et al (September 2017), T Nagano et al

(July 2017)

olecular methods such as Hi-C

measure physical contacts

between DNA fragments in an
unbiased and genome-wide  manner
(Lieberman Aiden et al, 2009), permitting
researchers to describe the higher-order fold-
ing principles of chromosomes with great
resolution and in a high throughput manner
(Dixon et al, 2012; Nora et al, 2012; Sexton
et al, 2012). Four recent studies have
harnessed the power of Hi-C and its statisti-
cal analyses to further our understanding of
the dramatic structural changes that occur
within chromosomes during cell cycle
progression. Collectively, the work in

Schizosaccharomyces pombe (Kakui et al,
2017), Saccharomyces cerevisiae (Lazar-
Stefanita et al, 2017; Schalbetter et al, 2017)
and mouse ES cells (Nagano et al, 2017)
has revealed distinct cell cycle stage
chromosome structures, the importance of
structural maintenance of chromosome
(SMC) proteins throughout this process and
the conservation of structural features
between species.

Chromosome structure during the cell
cycle has been studied in several indepen-
dent laboratories using multiple synchroni-
sation methods and in diverse eukaryotic
models. Together, the studies reinforce
previous work (Naumova et al, 2013) that
specific stages of the cell cycle can be char-
acterised by a distinct contact composition,
and highlight the conservation of chromo-
some organisation associated with specific
cell cycle stages. Transcription-compatible
G1 chromatin is characterised by a higher
probability of short-range intra-chromo-
somal contacts compared to long-range
contacts. The extent of short contacts differs
between organisms depending on the
genome and chromosome size. During DNA
replication, there is an enrichment of long-
range intra-chromosomal contacts with
respect to short-range. Interestingly, cells in
G2 and mitosis exhibit a further specific
increase in short-range contacts identified by
Hi-C, indicative of the gradual axial compac-
tion and individualisation of chromosomes
required for cell division (Fig 1A).

The advancement of single cell sequenc-
ing methodologies has highlighted the cell-
to-cell variability inherent in populations of

cells that a traditional analysis would
aggregate. A significant contributor to this
variability could be the dynamic changes in
genome structure that underlie the cell
cycle, a source of variation that cannot be
fully accounted for by synchronisation of
populations or genetic mutation alone.
Nagano et al (2017) sought to quantify the
cell-to-cell variability during the cell cycle
by adapting Hi-C for single cell analysis.
By combining mitotic contact frequency
signatures with a “replication score” for
each cell the authors were able to rank the
single-cell Hi-C datasets by their cell cycle
progression. The analysis reaffirmed the
prevalence of local contacts during inter-
phase and the enrichment of long-range
mitotic contacts during mitosis and early
G1. Importantly, as the data were collected
from single cells, the authors were able to
reveal that the composition of genome
structure is dynamic throughout the cell
cycle. This progressive conformational
change from local to mitotic contacts indi-
cated that cells are in a constant state of
conformational flux throughout their life-
time. Such continuous structural reorgani-
sation was also observed by Lazar-Stefanita
et al (2017) in yeast populations synchro-
nised at specific cell cycle checkpoints.
Nagano et al (2017) showed that CTCF
loops, topologically associated domain
(TAD) insulation and compartmentalisation
can be observed throughout the cell cycle.
While TAD insulation is observed through-
out S-phase, it is reduced when coupled to
the replication process. In contrast, compart-
mentalisation had the opposite trajectory,
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whereby it increases throughout G1- and
S-phase. Notably, insulation, compartmen-
talisation and CTCF loops (which are likely
stabilised by cohesin) are lost during mito-
sis, when the chromatin is most compact
(Fig 1A). However, using Hi-C it cannot be
determined whether the CTCF/cohesin
contact is removed or becomes hidden
beneath the extensive compaction.
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The role of SMC complexes, cohesin
and condensin, in dynamic genome
restructuring during the cell cycle was
addressed in S. pombe (Kakui et al, 2017)
and S. cerevisiae (Lazar-Stefanita et al,
2017; Schalbetter et al, 2017). Both yeasts
have one cohesin and one condensin
complex. Their genomes are comparable in
size (14 and 12 Mb, respectively), but have
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Figure 1. Chromosome structures and SMC
proteins during the cell cycle.

(A) Schematic representations of chromosome
structure during the cell cycle. TADs on a section of
a chromosome are indicated as shaded areas in
active (AC) or repressive (RC) compartments,
separated by the dotted line. Cohesin is shown in
purple and replication machinery in orange on the
DNA. In G1, TADs are insulated from one another
and occupy distinct nuclear space and
compartments. During S-phase, DNA is replicated
at specific times, from early to late replicating
domains indicated by proportion of replicated DNA
in the TAD. TAD insulation is maintained, albeit to a
lesser extent, but compartmentalisation increases.
Once in M-phase, the chromatin is highly
compacted with TAD structure barely identifiable
and abundant very-long-range contacts emerge
between distant TADs (e.g. compare the
relationship between the orange and turquoise
TADs marked with stars in the zoom-out of
G1-phase to the M-phase). (B) Comparison of the
structure of mitotic chromosomes in yeast (for
simplicity, only individual sister chromatids are
shown). Saccharomyces cerevisiae chromosome
arms are compacted by cohesin compared to
Schizosaccharomyces pombe where condensin is
required. The rDNA locus of S. cerevisiae is brought
into proximity of the centromere by condensin,
which is not required at other loci.

different organisations. While the genome
of S. cerevisiae is divided between 12 chro-
mosomes, whereas S. pombe has three.
The authors combined genetic ablation
with Hi-C analysis of genome structure on
populations of cells from individual cell
cycle phases, taking advantage of genetic
and chemical methods to arrest the cells at
particular stages.

While the cell cycle-specific structures
observed depended on SMC complexes, the
roles of cohesin and condensin seem to be
different in different organisms (Fig 1B,
right). Both Schalbetter et al (2017) and
Lazar-Stefanita et al (2017) show that the
increase in centromere clustering which
occurs as cells progress from G1 into mitosis
in S. cerevisiae depends on both condensin
and cohesin. In contrast, cohesin but not
condensin is crucial for gradual compaction
of sister chromatids and the mitotic structure
of the chromosomal arms. The increase in
long-range  intra-chromosomal  contacts
concomitant with DNA replication depends
on cohesin. Condensin is in turn crucial for
structuring the rDNA locus. Earlier studies
have shown that condensin accumulates on
the rDNA array, which occupies ~1.8 Mb of
the small S. cerevisiae genome, and plays a
role in maintenance of the rDNA copy
number and correct segregation of the locus.
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Kakui et al (2017) describe the depen-
dency of structural changes in S. pombe
genome throughout the cell cycle on
condensin (Fig 1B, left). They show that
reorganisation of interphase chromatin
(characterised by many small domains), into
the mitotic form (characterised by smaller
number of larger domains), occurs in the
presence of condensin. This process
increases rigidity of chromatin, and in the
absence of condensin, mitotic chromosomes
show much greater mobility compared to
wild-type cells.

These studies showcase, on one hand,
the deeply conserved principles of structural
changes of the genome and overall beha-
viour of chromosome structure through cell
cycle phases and, on the other hand, flexibil-
ity in the mechanisms that lead to these
structures. Budding yeast has 12 smaller
chromosomes, and a mitotic spindle present
throughout the cell cycle. Cytologically, its
chromosomes condense little; mitosis starts
very early, almost overlapping with S-phase
which leaves G2-phase barely distinguish-
able. In contrast, fission yeast has three
larger chromosomes and a cell cycle more
similar to higher eukaryotes. Powerful
modern chromosome structure-probing Hi-C
methodology reveals now that the chromo-
somes of the two vyeasts condense in
much the same way, while the two SMC
complexes acquire species-specific functions

© 2017 The Authors
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in chromosome compaction. By employing
similar high-throughput approaches, future
experiments will no doubt address how the
different SMC complexes work together in
higher organisms to orchestrate the crucial
structures required for cell cycle progres-
sion.

References

Dixon R, Selvaraj S, Yue F, Kim A, Li Y, Shen Y,
Hu M, Liu JS, Ren B (2012) Topological
domains in mammalian genomes identified
by analysis of chromatin interactions. Nature
485: 376380

Kakui Y, Rabinowitz A, Barry D}, Uhlmann F (2017)
Condensin-mediated remodeling of the mitotic
chromatin landscape in fission yeast. Nat Genet
https://doi.org/10.1038/ng.3938

Lazar-Stefanita L, Scolari VF, Mercy G, Muller H,
Guérin TM, Thierry A, Mozziconacci J,
Koszul R (2017) Cohesins and condensins
orchestrate the 4D dynamics of yeast
chromosomes during the cell cycle. EMBO |
36: 2684 —2697

Lieberman Aiden E, van Berkum NL, Williams L,
Imakaev M, Ragoczy T, Telling A, Amit |, Lajoie
BR, Sabo PJ, Dorschner MO, Sandstrom R,
Bernstein B, Bender MA, Groudine M, Gnirke A,
Stamatoyannopoulos J, Mirny LA, Lander ES,
Dekker | (2009) Comprehensive mapping of
long-range interactions reveals folding
principles of the human genome. Science 326:
289-293

The EMBO Journal

Nagano T, Lubling Y, Védrnai C, Dudley C, Leung W,
Baran Y, Mendelson Cohen N, Wingett S, Fraser
P, Tanay A (2017) Cell-cycle dynamics of
chromosomal organization at single-cell
resolution. Nature 547: 61—67

Naumova N, Imakaev M, Fudenberg G, Zhan Y,
Lajoie BR, Mirny LA, Dekker ] (2013)
Organization of the mitotic chromosome.
Science 342: 948953

Nora EP, Lajoie BR, Schulz EG, Giorgetti L,
Okamoto |, Servant N, Piolot T, van Berkum NL,
Meisig |, Sedat |, Gribnau |, Barillot E, Bllthgen
N, Dekker J, Heard E (2012) Spatial partitioning
of the regulatory landscape of the X-
inactivation centre. Nature 485: 381385

Schalbetter SA, Goloborodko A, Fudenberg G,
Belton JM, Miles C, Yu M, Dekker J, Mirny L,
Baxter | (2017) SMC complexes differentially
compact mitotic chromosomes according to
genomic context. Nat Cell Biol 19: 1071 —1080

Sexton T, Yaffe E, Kenigsberg E, Bantignies F,
Leblanc B, Hoichman M, Parrinello H, Tanay A,
Cavalli G (2012) Three-dimensional folding and
functional organization principles of the
Drosophila genome. Cell 148: 458 —472

License: This is an open access article under the
terms of the Creative Commons Attribution 4.0
License, which permits use, distribution and repro-
duction in any medium, provided the original work
is properly cited.

The EMBO Journal Vol 36 | No 18 | 2017

2663


https://doi.org/10.1038/ng.3938

