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Zooming in on chromosome dynamics
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ABSTRACT
Until recently, our understanding of chromosome organization in higher eukaryotic cells has been
based on analyses of large-scale, low-resolution changes in chromosomes structure. More
recently, CRISPR-Cas9 technologies have allowed us to “zoom in” and visualize specific chromo-
some regions in live cells so that we can begin to examine in detail the dynamics of chromosome
organization in individual cells. In this review, we discuss traditional methods of chromosome
locus visualization and look at how CRISPR-Cas9 gene-targeting methodologies have helped
improve their application. We also describe recent developments of the CRISPR-Cas9 technology
that enable visualization of specific chromosome regions without the requirement for complex
genetic manipulation.
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Introduction

In the late nineteenth century,Walther Flemming first
documented the broad chromosome organizational
changes and the subsequent segregation of sister chro-
matids that occurs in mitosis [1,2]. Since then many
scientists have contributed to our current understand-
ing of how chromosomes are organized at different
stages of the cell cycle. In interphase, the chromo-
somes are relatively decondensed and occupy specific
chromosome territories [3]. At this stage, the indivi-
dual chromosomes are further arranged into func-
tional units or chromosome “loops” known as
topologically associated domains [4]. This organiza-
tion facilitates proper gene regulation and transcrip-
tional programs [5–7]. This current view of interphase
chromosomes has emerged over two-three decades
with the first realization that interphase chromosomes
were organized into large mega-base loops coming
from fluorescence in situ hybridization (FISH) studies
[8]. The concept of spatial association between distant
chromosome regions was reinforced by careful map-
ping of ectopic gene-targeting events [9]. More
recently detailed contact maps of individual inter-
phase chromosomes have been derived from chromo-
some conformation capture studies (e.g. Hi-C) [6,10].
Hi-C methodology was originally developed to yield
high-resolution snap-shot molecular maps of inter
and intra chromosome contacts found across

populations of cells [11,12]. More recent develop-
ments ofHi-Chave addressed the variation of genome
organization among different cells in a population
through experiments in single cells [13–17] or by
high-throughput FISH [18,19]. These approaches
have greatly contributed to our understanding of glo-
bal genome organization and have built a picture of
how cells can group functional regions of the genome
for transcriptional activation or repression. These
same studies also highlight the significant variation
in organization, even among cells of the same popula-
tion. Yet, due to the static nature of Hi-C, and other
fixed-cell studies, it remains unknown just how
dynamic different organization states are, i.e. how
much of the observed cell-to-cell variation could be
due todynamicmotions in the organized regions. This
is relevant, becausewhile individual chromosomal loci
do not tend to move long distances, they nevertheless
exhibit dynamic motion at a local scale [20–22] and
this could contribute to the variation in organization
between fixed cells.

On top of the complexities surrounding interphase
chromosome organization are challenges to under-
stand the dramatic organizational changes associated
with mitosis [2]. At this stage in the cell cycle, newly
duplicated chromosomes must effectively separate
and become reorganized into compacted structures.
Our understanding of mitotic chromosome
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organization has been mostly gained by visualizing
whole chromosomes [23–29], by molecular studies of
proteins involved in the processes [30,31] or by map-
ping chromosome-chromosome interactions in
populations of mitotic cells using Hi-C methods
[32,33]. By generating Hi-C chromosome conforma-
tion capture maps from highly synchronized cells
over a time course, it has been possible to follow the
organizational changes that occur between interphase
and mitosis to create a picture of the sequential
changes facilitated by the condensin I and condensin
II complexes [32]. Nonetheless, measurements on
a static population of cells lack information about
the real-time dynamics of these processes.

More recently, computer-based polymer model-
ing has been used to try to understand how
dynamic motions of chromosomes can lead to
organizational changes between interphase and
mitosis. Such modeling, in which chromatin is
represented by theoretical flexible polymer struc-
tures, was originally developed to help understand
the organization of interphase chromosomes from
FISH datasets [34]. As our understanding of pro-
teins involved in chromosome organization and
their properties has improved, polymer models
have become more advanced. The latest polymer
models account for and include additional factors
that can influence and shape the polymer struc-
ture, such as DNA-looping protein complexes like
cohesin and condensin. The latest models have
also benefited from validation against highly
detailed datasets from Hi-C, chromatin immuno-
precipitation (ChIP) sequencing and chromatin
accessibility (ATAC) sequencing [35–37]. As
a result, a very dynamic model of mitotic chromo-
some reorganization has been presented [38,39].
These models allow us to look at changes in the
whole chromosome structures as well as zooming
in on changes in localized chromosome regions.
However, to truly understand the mechanisms of
reorganization it is of great value to similarly dis-
sect the global chromosome changes into their
constitutive small-scale changes in live cells.

Interestingly, the technology that allows us to
observe individual chromosome regions in living
cells has existed for two to three decades [40,41] but
the lack of efficient-targeted chromosome integration
methods (at least in higher eukaryotic cells) has lim-
ited our ability to systematically interrogate and

observe many specific chromosome locations. The
development of CRISPR-Cas9 technologies, that
allow efficient gene targeting in a variety of higher
eukaryotic cells, has made such experiments possible
[42–44]. Together with the huge amount of data now
available from Hi-C and ChIP seq studies, this has
paved the way to identify and visualize specific regions
of the genome in live cells. This perspectivewill look at
the development of these technologies, discuss recent
progress in understanding dynamic chromosome
organization and look at what the future holds.

Methods of visualizing chromosome loci in
live cells

Just over two decades ago the Belmont laboratory
developed an elegant method to visualize chromo-
some regions by microscopy in live cells. This was
achieved by inserting multi-copy arrays of the E. coli
lac-operator sequence (256 repeats with total length of
about 10 kbp) into the genome and expressing
a fluorescently-tagged LacI repressor protein [41].
This method was further developed by the Nasmyth
laboratory who exploited a distinct bacterial operator
array and repressor pair, the tet-operator array (112
repeats with length of 6 kbp) and TetR, which allowed
visualization of a second chromosome location with
a different fluorescent label [40] (Figure 1(a)). Further
developments of the operator array sequences, by
interlacing each repeated operator sequence with
a non-repetitive sequence, have meant that long
operator arrays of around 12 kbp (approximately
250 repeats) are more easily obtained and stably pro-
pagated [45]. Over many years these technologies
have allowed visualization of lac- and tet-operator
arrays using time-lapse microscopy over long periods
of time or with high temporal resolution.

Related to the tet- and lac-operator based methods,
the Bystricky laboratory has developed two additional
methods. The bacteriophage lambda repressor opera-
tor system works with the same principle as the lac
and tetmethods (Figure 1(a)) but allows simultaneous
visualization of a third locus in individual cells [46].
The ParB method involves recruitment of the bacter-
ial ParB protein to a 1 kbp non-repetitive bacterial
DNA sequence, named ANCH3 (Figure 1(b)), in a
sequence specific manner, followed by oligomeriza-
tion of the ParB protein for up to 2 kbp from the
inserted ANCH3 sequence [47]. The ParB is an
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attractive alternative to the operator array methods as
it relies on the targeted integration of a short non-
repetitive sequence to achieve similar visualization
capabilities as the long (6–12 kbp) repetitive operator
arrays.

These technologies have proved to be very useful in
visualizing and tracking specific chromosome regions
in genetically tractable model organisms such as
S. cerevisiae and E. coli, allowing us to understand
the active mechanisms of chromosome replication
and segregation in E. coli [45,48] as well as the
dynamics of DNA break repair [49]. In yeast, visuali-
zation of these arrays have revealed dynamic beha-
viors of chromosomes during interphase, including
during DNA replication or following DNA damage
[21,50–53]. They have also been instrumental in
understanding the basis for sister chromatid cohesion
following replication [40,54] and have formed the
basis for studying mechanisms of chromosome cap-
ture by microtubules in early mitosis [55–58] as well
as chromosome segregation at anaphase [59,60].

Many of the experiments mentioned above
required targeted insertion of the lac- and tet- opera-
tor arrays at specific genomic locations in order to test
different hypotheses. Since yeast and E. coli show high
rates of homologous recombination, these organisms
offered the chance for rapid, accurate integration of
operator arrays in a variety of different genetic back-
grounds but this was not possible inmammalian cells.
Before CRISPR-Cas9 gene-targeting technology
became widely available for genome editing, studies

in mammalian cells mainly relied on visualization of
single arrays integrated at random chromosome loca-
tions. In spite of this limitation, operator array-based
studies have led to a good understanding of general
chromosome dynamics during replication or tran-
scription in mammalian cells [61–63] or during dif-
ferent stages of the cell cycle in Drosophila cells
[64,65]. Studies have also described the effect of
nuclear position or cell cycle stage on chromosome
motion [20,66] and by coupling fluorescently-labeled
LacI with an inducible transcriptional activator, it was
determined how chromosome nuclear positioning
could be altered following transcriptional activation
[61]. The arrays have also been observed in mitotic
chromosomes to understand regulation of mitotic
chromosome stiffness by condensin complexes [67]
and to visualize local chromosome dynamics during
the formation and repair of chromosomal DNA dou-
ble-strand breaks [68,69].

Two alternative methods, that stochastically label
specific sets of chromosome regions for live visualiza-
tion, have also been developed. The first one allows
incorporation of fluorescently tagged nucleosides into
actively replicating regions of the genome during
S-phase [70]. The second method works by the bind-
ing of a fluorescently-tagged protein at methylated
Gm6ATC sequences. GATC sequences are not nor-
mally methylated in humans but by tethering the
E. coli adeninemethyltransferase (Dam) to the nuclear
envelope a limited set of chromosome regions (those
at the nuclear periphery) become fluorescently labeled
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Figure 1. Sequence-integration methodologies for observing specific chromosomal regions in live cells by fluorescence microscopy.
(a) tet-, lac- or lambda operator arrays, containing between 100 and 500 repeated domains, can be targeted to specific locations
using CRISPR-Cas9 DNA targeting technologies [46,72,73]. These arrays are visualized by accumulation of fluorescently-tagged TetR,
LacI or lambdaCi proteins (respectively). In theory, by using three independent operator-repressor systems up to three loci can be
visualized in a cell at the same time (labeled on the chromosome with three colored bars). (b) The non-repetitive 1 kbp ANCH3
sequence can be targeted to specific locations using CRISPR-Cas9 DNA targeting technologies [47]. The ANCH3 sequence is
visualized by recruiting fluorescently labeled ParB which, through self-oligomerization further accumulates and spreads into the
surrounding 4 kbp of flanking DNA.
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[71]. Both methods label many small chromosomal
regions in an individual cell, which can be analyzed in
live cells over several cell cycles. While these methods
are powerful to analyze dynamics of defined chromo-
some regions scattered over the genome, they are not
suitable to analyze dynamics of particular chromo-
some loci since the regions observed in individual
cells are almost certainly different from one cell to
another.

Use of CRISPR-Cas9 to visualize selected
chromosome loci

Sequence-specific gene-targeting methodologies – in
particular CRISPR-Cas9 technology [42–44] – have
opened the door to targeted genetic modification in
many model organisms (including human cell lines).
This has enabled targeted integration of tet- or lac-
operator arrays at specific chromosomal locations
(Figure 2(a)) and also means that multi-color
approaches, that involve integration of two different
operator arrays at two targeted loci, are a realistic
proposition [72,73]. By visualizing two different
colored loci, it is possible to study the dynamic beha-
viors within single chromosomes, or between repli-
cated sister chromosomes – or both simultaneously
(Figure 2(b–d)). Furthermore, by genetic manipula-
tion within the localized region of the arrays, it is
possible to specifically study and quantify the effect
of the local chromosome landscape on the behavior
within a chromosome region. In this way, in our
experiments, we were able to investigate the role of
a specific CTCF-binding site in organizing and main-
taining sister chromatid cohesion as cells approach
mitosis [72]. This observation has since been reaf-
firmed with a novel Hi-C methodology that can dis-
tinguish sequences from different sister chromosomes
and define sister-sister chromosome contacts [74].

Although CRISPR-Cas9 technology has made the
integration of operator arrays at specific loci possible,
the generation of such stable cell lines has been a time-
consuming process, particularly when considering
dual labeling of a particular chromosomal region.
However, recent developments in the CRISPR-Cas9
field now allow imaging of a variety of genomic loca-
tions without the need for any specific genetic mod-
ification. Shortly after the advent of CRISPR-Cas9
technology it was determined that a nuclease deficient
version of Cas9 (dCas9) could still bind to DNA

sequences specified by the small guide (sg)RNA com-
ponent [Chen, 75-77] and by fluorescently-tagging the
dCas9 protein, researchers were able to visualize this
binding in live cells (Figure 3(a)) [Chen, 75,78,79].
Using this method, different genomic locations can
be visualized through the expression of different
sgRNA(s). In order to accumulate enough fluorescent
molecules at a localized chromosome region, the
majority of the loci that have been successfully studied
to date consist of repetitive DNA sequences that con-
tain multiple dCas9-sgRNA binding sites in close
proximity. In one study, successful visualization of a
chromosome locus was achieved with just 26 binding
sites [Chen, 75]. Two further studies systematically
analyzed many repetitive sequences and found that
the average visible locus had 41 repeats [79,80]. The
development of such methods for visualizing repeti-
tive sequences, has revealed the possibility of systema-
tic high-throughput analyses of multiple different
chromosome regions. In one high-throughput study,
the cell-cycle timing of sister chromosome resolution
for 16 different regions across the genome was deter-
mined. Since the selected regions were found within
a variety of different chromatin landscapes, it was
possible tomeasure the influence of different chroma-
tin features (e.g. cohesin occupation, replication tim-
ing, transcriptional activity) on the timing of sister
chromosome resolution [79]. Furthermore, by look-
ing in live cells at the behavior of the dCas9-decorated
regions [79,81] or lac and tet-operator arrays boundby
their repressors [72], the process of early sister chro-
mosome resolution in lateG2phase has been observed
as a dynamic and cyclical process.

At a similar time to the development of dCas9
visualization methods, a second “gene-targeting”
technology was also repurposed to visualize specific
repetitive DNA. In these studies transcription acti-
vator-like effectors (TALEs), that also seek and bind
specific DNA sequences, were tagged with fluores-
cent proteins and expressed in cells to visualize dif-
ferent loci [82,83]. Although this technology has
been superseded by CRISPR-Cas9 visualization tech-
nology, whose target sequences are defined simply
by conventional nucleotide base-pairing, this could
still prove a valuable alternative. Since the mechan-
ism of DNA binding by TALEs is through recogni-
tion of the double-stranded DNA structure, unlike
the dCas9 methodology it does not involve unwind-
ing and formation of DNA-RNA hybrid structures
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(R-loops). Whilst the formation of R-loops have
important roles in the cell, such as in gene regulation,
they can also have detrimental effects, for example,
interfering with DNA replication [84]. Indeed, it has
recently been reported that R-loop formation by
dCas9 can lead to mutagenesis at its target site in
yeast [85]. Although the possible undesired “on-
target” effects of dCas9-sgRNA or TALE binding
remain to be thoroughly tested and compared, it is
possible that each of the methodologies might be
differently suited for particular applications.

While dCas9 loci visualization technology is
a versatile method, in its original iteration it cannot
unambiguously distinguish different loci in the same
cell since all dCas9 molecules are the same color.
A number of further developments have looked to
widen its applications by allowing multi-color loci
visualization, for example, differential fluorescent-
tagging of dCas9 proteins from multiple bacterial
species was used to distinguish different loci in the
same cell (Figure 3(a)) [76]. A second multiplexing
method has been developed that works by modifying
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Figure 2. Example of fine spatial and temporal chromosome organization analyses in live cells through observation and measure-
ment of fluorescently labeled chromosomal regions.
(data and figures adapted from Figures 1 and 2 in [72]). (a) Diagram depicting the location of tetO and lacO (fluorescence reporter)
introduced into human chromosome 5. (b) Visualization of these arrays by expression of TetR-4x mCherry and EGFP-LacI. White
square box represents the zoomed region shown in the upper right-hand corner. Scale bar, 10 µm (main) and 1 µm (zoomed inset).
(c) Representative images of the configurations of the fluorescence reporter observed in cells. Designated color codes for each
configuration are indicated in the image frames. Scale bar, 1 µm. (d) Change in the configuration of the fluorescence reporter over
time (X-axis) as observed in individual live-cells (across the Y-axis). The configuration of the reporter was determined as in C (shown
with the same color codes). Data from individual cells was aligned relative to nuclear envelope breakdown (NEBD) (defined as time
zero). By looking in individual cells the fluctuations and cyclical behaviors of the process can be observed. (e) The proportion of each
configuration (color coded as in A and B) was determined from the data in C and plotted over time with smoothing (across 9 min).
This demonstrates the relative timing of sister chromatid resolution (pink) and chromosome compaction.
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Figure 3. Visualizing genomic locations directly through dCas9 technologies.
(a) Visualization of repetitive chromosomal regions using fluorescently labeled dCas9 [75,78,79]. The Cas9 guide RNA is designed with
homology to a sequence of a repetitive chromosomal region (different repetitive regions shown as gray lines in the chromosome above)which
allows accumulation of fluorescent signal at that region. The average number of repeats required for visualization is about 41 [79,80]. By using
dCas9 from three independent species (Sp, S. pyogenes; Nm, N. meningitidis; St, S. thermophilus), which have their own RNA binding
specificities, up to three loci can be visualized in a cell at the same time (labeled on the chromosome with three colored bars) [76]. (b)
Developments of the dCas9 visualization to improve fluorescent intensity per dCas9-chromosome binding event. Instead of direct fluorescent
labeling of the dCas9 protein the sgRNA component is built with a tail of RNA hairpins (up to 16) that bind specific partner proteins that have
been fluorescently tagged [80,87,89]. This widens the visible genome by reducing the number of DNA repeats required for visualization. By
increasing the number of hairpin modules and/or increasing the number of fluorescent molecules on each hairpin-binder the fluorescence
intensity per dCas9 molecule can be increased [80]. (c) By recruitment of fluorescent signal through hairpin structures the system can be used
to visualize several different loci in the same cell [80,86,87]. For each repetitive region to be observed (shown on the chromosomewith colored
bars) a different guide RNA is created with a designated homology region (variable 1) and a specific set of RNA hairpin and binding proteins
(variable 2) that can be tagged with a variety of different fluorescent proteins (variable 3).
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the sgRNA molecule through addition of functional
RNA hairpin moieties (such as boxB, PP7, MS2) that
bind specific proteins (N22p, PCP, MCP) that them-
selves are tagged with different fluorescent labels
[80,86–89] (Figure 3(b,c)). Alternatively, another
method that delivers pre-assembled dCas9/fluoro-
phore-sgRNA protein complexes directly into cells
has successfully been developed [90]. This metho-
dology is useful since, unlike some of the other
methods discussed, it bypasses the requirement to
establish stable cell lines with optimized expression
of multiple factors. Together this technology has
been used to visualize and characterize motions of
individual chromosomal regions during the cell cycle
[81] and to examine the dynamics of non-
homologous inter-chromosome contacts [87] as
well as the dynamics of DNA break repair [90].

One minor limitation on the DNA sequences that
are “visible” by the commonly used Streptococcus pyo-
genes (Sp)Cas9 is the specificity imposed by the pro-
tospacer adjacent motif (PAM). This limits standard
SpCas9 to recognition of sequences that end in nGG.
However, with the possibility of usingCas9 fromother
species that have different PAM specifications [76] or
using definedmutations of SpCas9 that alter the PAM
specificity [91] a wider range of sequences could be
revealed. At the moment, the major limitation to
dCas9 loci visualization technology is the reliance on
naturally repetitive elements which are relatively rare
in the genome, and hence currently the majority of
chromosome regions are invisible to thismethodology
[http://genome.ucf.edu/CRISPRbar/ see [80]]. There
is also a non-uniform distribution of repetitive
sequences across the genome with the majority being
found close to the chromosome ends. In order to
circumvent this problem, and extend the range of
visible chromosome regions, attempts have been
made to increase the fluorescence intensity at each
recruited dCas9 [78,80,89]. Most significantly this
has been achieved in systems that use RNA hairpin
binding moieties to recruit fluorescence proteins. By
increasing the number of RNA hairpins on each
sgRNAmolecule (Figure 3(c)) the number of fluores-
cent molecules recruited per dCas9 complex can be
increased [80]. Increased brightness has also been
achieved by using brighter fluorescent protein tags,
or by replacing these with a Halotag that can be
covalently bound by brighter, more stable fluoro-
phores of varying colors [80,92]. With these

improvements, the minimum number of guide RNA
binding sites required for visualization is reported
between 4 and 20 [80,87,89]. This allows the possibility
of expressing multiple closely spaced, non-repetitive
sgRNAs to achieve visualization of non-repetitive
regions [78]. With the current streamlined methods
for cloning sgRNA molecules into multi-hairpin vec-
tors developed in the Pederson laboratory, the genera-
tion of multiple sgRNA expression vectors should be
feasible [86]. At the moment each sgRNA sequence is
empirically tested to ascertain if it can be used for
visualization and that it binds only to the specific
target, but as our understanding of CRISPR-Cas9 site
recognition improves the ability to predict and design
optimal targeting sequences for any given region is
likely to improve also.

Perspective on the study of chromosome
dynamics

With the development of CRISPR-Cas9 technologies
that can allow live visualization of many chromoso-
mal regions in a high-throughput manner, along
with the plethora of genome-wide information
describing chromosome organization in fixed-cell
populations, the future of this field promises to be
exciting. By using Hi-C and ChIP seq datasets [93]
specific hypotheses can be developed and tested
through live-cell imaging of specific genomic
regions. One outstanding question in the field is
regarding the origin of the variation in the structural
organization of chromosomes observed among cells.
It is evident, from single-cell Hi-C and FISH-based
distance interrogation methods, that there is large
variation in chromosome organization between cells
[13,15–19] as well as through different phases of the
cell cycle [14,32] and at different developmental
stages [94–96]. It will be fascinating to observe and
measure chromosomal organization stability in live
cells and understand how much dynamic behaviors
account for cell-cell variation and on what time
scales these behaviors occur.

Ongoing developments in CRISPR-Cas9 tech-
nologies will also allow us to relocate chromosome
regions to different nuclear compartments [97] or
to stimulate/repress transcription [98,99]. Since it
is possible to locate species-specific Cas9 proteins
at distinct chromosome sites in the same cell [76],
one can multiplex the different systems to both
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manipulate chromosome dynamics and visualize
the behavior of particular chromosome regions of
interest. Such information about chromosome
dynamics under different situations, and derived
over different time-scales, will be of great use for
fine-tuning mathematical polymer models of chro-
mosome organization [35–39] which will help us
to gain a deeper understanding of the basis of
chromosome organization.

We are now in an era where huge amounts of
data exist that describe both the physical organiza-
tion of the DNA in our genomes as well as its
protein make-up in the form of the overlying
chromatin landscape. With imaging technology
improving and the development of the techniques
for observing specific chromosomal regions in live
cells, we now enter a period where we can address
the relationships between detailed organization
regimens and the dynamic processes that establish
or maintain them. Since chromosome organization
is important for many fundamental processes that
are intricately linked to human diseases such as
cancer (including maintenance of proper tran-
scriptional control, chromosome segregation at
mitosis or DNA repair), a deeper understanding
of mechanisms behind these processes will lead to
a better understanding of human diseases.
Ultimately, enhancing our understanding may
uncover potential new targets that can be exploited
for treatment of such diseases.

Acknowledgments

We thank J. E. Eykelenboom and Z. Yue for critical reading
of the manuscript. Support for T.U.T. lab has come from an
ERC advanced grant (322682), a Wellcome Trust Principal
Research Fellowship (096535/Z/11/Z) and a BBSRC grant
(BB/S007768/1).

The authors declare no competing financial interests.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Biotechnology and Biological
Sciences Research Council [BB/S007768/1]; European Research
Council [322682]; Wellcome Trust [096535/Z/11/Z].

ORCID

John K. Eykelenboom http://orcid.org/0000-0003-4115-
9686
Tomoyuki U. Tanaka http://orcid.org/0000-0002-9886-
5947

References

[1] Paweletz N. Walther Flemming: pioneer of mitosis
research. Nat Rev Mol Cell Biol. 2001;2(1):72–75.

[2] Rieder CL, Khodjakov A. Mitosis through the micro-
scope: advances in seeing inside live dividing cells.
Science. 2003;300(5616):91–96.

[3] Cremer T, Cremer M. Chromosome territories. Cold
Spring Harb Perspect Biol. 2010;2(3):a003889.

[4] Sexton T, Cavalli G. The role of chromosome domains in
shaping the functional genome. Cell. 2015;160
(6):1049–1059.

[5] Bickmore WA, van Steensel B. Genome architecture:
domain organization of interphase chromosomes. Cell.
2013;152(6):1270–1284.

[6] Lieberman-Aiden E, van Berkum NL, Williams L, et al.
Comprehensive mapping of long-range interactions reveals
folding principles of the human genome. Science. 2009;326
(5950):289–293.

[7] Rao SSP, Huntley MH, Durand NC, et al. A 3D map of
the human genome at kilobase resolution reveals prin-
ciples of chromatin looping. Cell. 2014;159
(7):1665–1680.

[8] Yokota H, van den Engh G, Hearst JE, et al. Evidence
for the organization of chromatin in megabase
pair-sized loops arranged along a random walk path in
the human G0/G1 interphase nucleus. J Cell Biol.
1995;130(6):1239–1249.

[9] Dellaire G, Lemieux N, Belmaaza A, et al. Ectopic gene
targeting exhibits a bimodal distribution of integration in
murine cells, indicating that both intra- and interchromo-
somal sites are accessible to the targeting vector. Mol Cell
Biol. 1997;17(9):5571–5580.

[10] Dekker J, Rippe K, Dekker M, et al. Capturing chromo-
some conformation. Science. 2002;295
(5558):1306–1311.

[11] Davies JOJ, Oudelaar AM, Higgs DR, et al. How best to
identify chromosomal interactions: a comparison of
approaches. Nat Methods. 2017;14(2):125–134.

[12] Schmitt AD, Hu M, Ren B. Genome-wide mapping and
analysis of chromosome architecture. Nat Rev Mol Cell
Biol. 2016;17(12):743–755.

[13] Nagano T, Lubling Y, Stevens TJ, et al. Single-cell
Hi-C reveals cell-to-cell variability in chromosome
structure. Nature. 2013;502(7469):59–64.

[14] Nagano T, Lubling Y, Varnai C, et al. Cell-cycle
dynamics of chromosomal organization at single-cell
resolution. Nature. 2017;547(7661):61–67.

CELL CYCLE 1429



[15] Ramani V, Deng X, Qiu R, et al. Massively multiplex
single-cell Hi-C. Nat Methods. 2017;14(3):263–266.

[16] Stevens TJ, Lando D, Basu S, et al. 3D structures of
individual mammalian genomes studied by single-cell
Hi-C. Nature. 2017;544(7648):59–64.

[17] Tan L, Xing D, Chang C-H, et al. Three-dimensional
genome structures of single diploid human cells.
Science. 2018;361(6405):924–928.

[18] Cardozo Gizzi AM, Cattoni DI, Fiche J-B, et al.
Microscopy-based chromosome conformation capture
enables simultaneous visualization of genome organiza-
tion and transcription in intact organisms. Mol Cell.
2019;74(1):212–222.e215.

[19] Finn EH, Pegoraro G, Brandao HB, et al. Extensive
heterogeneity and intrinsic variation in spatial genome
organization. Cell. 2019;176(6):1502–1515.e1510.

[20] Chubb JR, Boyle S, Perry P, et al. Chromatin motion is
constrained by association with nuclear compartments
in human cells. Curr Biol. 2002;12(6):439–445.

[21] Heun P, Laroche T, Shimada K, et al. Chromosome
dynamics in the yeast interphase nucleus. Science.
2001;294(5549):2181–2186.

[22] Marshall WF, Straight A, Marko JF, et al. Interphase
chromosomes undergo constrained diffusional motion
in living cells. Curr Biol. 1997;7(12):930–939.

[23] Gerlich D, Hirota T, Koch B, et al. Condensin
I stabilizes chromosomes mechanically through
a dynamic interaction in live cells. Curr Biol. 2006;16
(4):333–344.

[24] Gerlich D, Koch B, Dupeux F, et al. Live-cell imaging
reveals a stable cohesin-chromatin interaction after but
not before DNA replication. Curr Biol. 2006;16
(15):1571–1578.

[25] Hudson DF, Vagnarelli P, Gassmann R, et al. Condensin
is required for nonhistone protein assembly and struc-
tural integrity of vertebrate mitotic chromosomes. Dev
Cell. 2003;5(2):323–336.

[26] Liang Z, Zickler D, Prentiss M, et al. Chromosomes
progress to metaphase in multiple discrete steps via
global compaction/expansion cycles. Cell. 2015;161
(5):1124–1137.

[27] Nagasaka K, Hossain MJ, Roberti MJ, et al. Sister chro-
matid resolution is an intrinsic part of chromosome
organization in prophase. Nat Cell Biol. 2016;18
(6):692–699.

[28] Ono T, Losada A, Hirano M, et al. Differential contri-
butions of condensin I and condensin II to mitotic
chromosome architecture in vertebrate cells. Cell.
2003;115(1):109–121.

[29] Walther N, Hossain MJ, Politi AZ, et al. A quantitative
map of human Condensins provides new insights into
mitotic chromosome architecture. J Cell Biol. 2018;217
(7):2309–2328.

[30] Ganji M, Shaltiel IA, Bisht S, et al. Real-time imaging of
DNA loop extrusion by condensin. Science. 2018;360
(6384):102–105.

[31] Shintomi K, Takahashi TS, Hirano T. Reconstitution of
mitotic chromatids with a minimum set of purified
factors. Nat Cell Biol. 2015;17(8):1014–1023.

[32] Gibcus JH, Samejima K, Goloborodko A, et al.
A pathway for mitotic chromosome formation.
Science. 2018;359(6376):eaao6135.

[33] Naumova N, ImakaevM, Fudenberg G, et al. Organization
of the mitotic chromosome. Science. 2013;342
(6161):948–953.

[34] Munkel C, Eils R, Dietzel S, et al. Compartmentalization
of interphase chromosomes observed in simulation and
experiment. J Mol Biol. 1999;285(3):1053–1065.

[35] Buckle A, Brackley CA, Boyle S, et al. Polymer simula-
tions of heteromorphic chromatin predict the 3d fold-
ing of complex genomic loci. Mol Cell. 2018;72(4):786–
797 e711.

[36] Fudenberg G, Imakaev M, Lu C, et al. Formation of
chromosomal domains by loop extrusion. Cell Rep.
2016;15(9):2038–2049.

[37] Sanborn AL, Rao SS, Huang SC, et al. Chromatin extru-
sion explains key features of loop and domain formation
in wild-type and engineered genomes. Proc Natl Acad
Sci U S A. 2015;112(47):E6456–6465.

[38] Goloborodko A, Imakaev MV, Marko JF, et al.
Compaction and segregation of sister chromatids via
active loop extrusion. eLife. 2016;5:e14864.

[39] Goloborodko A, Marko JF, Mirny LA. chromosome
compaction by active loop extrusion. Biophys J.
2016;110(10):2162–2168.

[40] Michaelis C, Ciosk R, Nasmyth K. Cohesins: chromoso-
mal proteins that prevent premature separation of sister
chromatids. Cell. 1997;91(1):35–45.

[41] Robinett CC, Straight A, Li G, et al. In vivo localization
of DNA sequences and visualization of large-scale chro-
matin organization using lac operator/repressor
recognition. J Cell Biol. 1996;135(6 Pt 2):1685–1700.

[42] Cong L, Ran FA, Cox D, et al. Multiplex genome engi-
neering using CRISPR/Cas systems. Science. 2013;339
(6121):819–823.

[43] Jinek M, Chylinski K, Fonfara I, et al. A programmable
dual-RNA-guided DNA endonuclease in adaptive bac-
terial immunity. Science. 2012;337(6096):816–821.

[44] Mali P, Yang L, Esvelt KM, et al. RNA-guided human
genome engineering via Cas9. Science. 2013;339
(6121):823–826.

[45] Lau IF, Filipe SR, Soballe B, et al. Spatial and temporal
organization of replicating Escherichia coli
chromosomes. Mol Microbiol. 2003;49(3):731–743.

[46] Lassadi I, Kamgoue A, Goiffon I, et al. Differential
chromosome conformations as hallmarks of cellular
identity revealed by mathematical polymer modeling.
PLoS Comput Biol. 2015;11(6):e1004306.

[47] Germier T, Kocanova S, Walther N, et al. Real-Time
Imaging of a Single Gene Reveals
Transcription-Initiated Local Confinement. Biophys J.
2017;113(7):1383–1394.

1430 J. K. EYKELENBOOM AND T. U. TANAKA



[48] White MA, Eykelenboom JK, Lopez-Vernaza MA, et al.
Non-random segregation of sister chromosomes in
Escherichia coli. Nature. 2008;455(7217):1248–1250.

[49] Amarh V, White MA, Leach DRF. Dynamics of
RecA-mediated repair of replication-dependent DNA
breaks. J Cell Biol. 2018;217(7):2299–2307.

[50] Dion V, Kalck V, Horigome C, et al. Increased mobility
of double-strand breaks requires Mec1, Rad9 and the
homologous recombination machinery. Nat Cell Biol.
2012;14(5):502–509.

[51] Kitamura E, Blow JJ, Tanaka TU. Live-cell imaging
reveals replication of individual replicons in eukaryotic
replication factories. Cell. 2006;125(7):1297–1308.

[52] Mine-Hattab J, Rothstein R. Increased chromosome
mobility facilitates homology search during
recombination. Nat Cell Biol. 2012;14(5):510–517.

[53] Saner N, Karschau J, Natsume T, et al. Stochastic asso-
ciation of neighboring replicons creates replication fac-
tories in budding yeast. J Cell Biol. 2013;202
(7):1001–1012.

[54] Straight AF, Belmont AS, Robinett CC, et al. GFP tag-
ging of budding yeast chromosomes reveals that
protein-protein interactions can mediate sister chroma-
tid cohesion. Curr Biol. 1996;6(12):1599–1608.

[55] Dewar H, Tanaka K, Nasmyth K, et al. Tension between
two kinetochores suffices for their bi-orientation on the
mitotic spindle. Nature. 2004;428(6978):93–97.

[56] Kitamura E, Tanaka K, Kitamura Y, et al. Kinetochore
microtubule interaction during S phase in
Saccharomyces cerevisiae. Genes Dev. 2007;21
(24):3319–3330.

[57] Tanaka K, Mukae N, Dewar H, et al. Molecular mechan-
isms of kinetochore capture by spindle microtubules.
Nature. 2005;434(7036):987–994.

[58] Tanaka TU, Rachidi N, Janke C, et al. Evidence that the
Ipl1-Sli15 (Aurora kinase-INCENP) complex promotes
chromosome bi-orientation by altering
kinetochore-spindle pole connections. Cell. 2002;108
(3):317–329.

[59] Li S, Yue Z, Tanaka TU. Smc3 deacetylation by Hos1
facilitates efficient dissolution of sister chromatid cohe-
sion during early anaphase. Mol Cell. 2017;68(3):605–
614 e604.

[60] Renshaw MJ, Ward JJ, Kanemaki M, et al. Condensins
promote chromosome recoiling during early anaphase
to complete sister chromatid separation. Dev Cell.
2010;19(2):232–244.

[61] Chuang C-H, Carpenter AE, Fuchsova B, et al. Long-
range directional movement of an interphase chromo-
some site. Curr Biol. 2006;16(8):825–831.

[62] Li G, Sudlow G, Belmont AS. Interphase cell cycle
dynamics of a late-replicating, heterochromatic homo-
geneously staining region: precise choreography of con-
densation/decondensation and nuclear positioning.
J Cell Biol. 1998;140(5):975–989.

[63] Tsukamoto T, Hashiguchi N, Janicki SM, et al.
Visualization of gene activity in living cells. Nat Cell
Biol. 2000;2(12):871–878.

[64] Vazquez J, Belmont AS, Sedat JW. Multiple regimes of
constrained chromosome motion are regulated in the
interphase Drosophila nucleus. Curr Biol. 2001;11
(16):1227–1239.

[65] Vazquez J, Belmont AS, Sedat JW. The dynamics of
homologous chromosome pairing during male
Drosophila meiosis. Curr Biol. 2002;12(17):1473–1483.

[66] Thomson I, Gilchrist S, Bickmore WA, et al. The radial
positioning of chromatin is not inherited through mito-
sis but is established de novo in early G1. Curr Biol.
2004;14(2):166–172.

[67] Ribeiro SA, Gatlin JC, Dong Y, et al. Condensin regu-
lates the stiffness of vertebrate centromeres. Mol Biol
Cell. 2009;20(9):2371–2380.

[68] Roukos V, Voss TC, Schmidt CK, et al. Spatial dynamics
of chromosome translocations in living cells. Science.
2013;341(6146):660–664.

[69] Soutoglou E, Dorn JF, Sengupta K, et al. Positional
stability of single double-strand breaks in mammalian
cells. Nat Cell Biol. 2007;9(6):675–682.

[70] Manders EM, Kimura H, Cook PR. Direct imaging of
DNA in living cells reveals the dynamics of chromo-
some formation. J Cell Biol. 1999;144(5):813–821.

[71] Kind J, Pagie L, Ortabozkoyun H, et al. Single-cell
dynamics of genome-nuclear lamina interactions. Cell.
2013;153(1):178–192.

[72] Eykelenboom JK, Gierlinski M, Yue Z, et al. Live ima-
ging of marked chromosome regions reveals their
dynamic resolution and compaction in mitosis. J Cell
Biol. 2019;218(5):1531–1552.

[73] Tasan I, Sustackova G, Zhang L, et al. CRISPR/Cas9-
mediated knock-in of an optimized TetO repeat for live
cell imaging of endogenous loci. Nucleic Acids Res.
2018;46(17):e100.

[74] Mitter M, Gasser C, Takacs Z, et al. Sister-chromatid-
sensitive Hi-C reveals the conformation of replicated
human chromosomes.”. bioRxiv. 2020;(2020
(3):10.978148.

[75] Chen B, Gilbert LA, Cimini BA, et al. Dynamic imaging
of genomic loci in living human cells by an optimized
CRISPR/Cas system. Cell. 2013;155(7):1479–1491.

[76] Ma H, Naseri A, Reyes-Gutierrez P, et al. Multicolor
CRISPR labeling of chromosomal loci in human cells.
Proc Natl Acad Sci U S A. 2015;112(10):3002–3007.

[77] Shechner DM, Hacisuleyman E, Younger ST, et al.
Multiplexable, locus-specific targeting of long RNAs
with CRISPR-Display. Nat Methods. 2015;12
(7):664–670.

[78] Neguembor MV, Sebastian-Perez R, Aulicino F, et al.
(Po)STAC (Polycistronic SunTAg modified CRISPR)
enables live-cell and fixed-cell super-resolution imaging
of multiple genes. Nucleic Acids Res. 2018;46(5):e30.

CELL CYCLE 1431



[79] Stanyte R, Nuebler J, Blaukopf C, et al. Dynamics of
sister chromatid resolution during cell cycle
progression. J Cell Biol. 2018;217(6):1985–2004.

[80] Ma H, Tu L-C, Naseri A, et al. CRISPR-Sirius: RNA
scaffolds for signal amplification in genome imaging.
Nat Methods. 2018;15(11):928–931.

[81] Ma H, Tu L-C, Chung Y-C, et al. Cell cycle- and
genomic distance-dependent dynamics of a discrete
chromosomal region. J Cell Biol. 2019;218
(5):1467–1477.

[82] Ma H, Reyes-Gutierrez P, Pederson T. Visualization of
repetitive DNA sequences in human chromosomes with
transcription activator-like effectors. Proc Natl Acad Sci
U S A. 2013;110(52):21048–21053.

[83] Miyanari Y, Ziegler-Birling C, Torres-Padilla ME.
Live visualization of chromatin dynamics with fluor-
escent TALEs. Nat Struct Mol Biol. 2013;20(11):
1321–1324.

[84] Crossley MP, Bocek M, Cimprich KA. R-loops as cellu-
lar regulators and genomic threats. Mol Cell. 2019;73
(3):398–411.

[85] Laughery MF, Mayes HC, Pedroza IK, et al. R-loop
formation by dCas9 is mutagenic in Saccharomyces
cerevisiae. Nucleic Acids Res. 2019;47(5):2389–2401.

[86] Ma H, Tu L-C, Naseri A, et al. Multiplexed labeling
of genomic loci with dCas9 and engineered sgRNAs
using CRISPRainbow. Nat Biotechnol. 2016;34
(5):528–530.

[87] Maass PG, Barutcu AR, Shechner DM, et al.
Spatiotemporal allele organization by allele-specific
CRISPR live-cell imaging (SNP-CLING). Nat Struct Mol
Biol. 2018;25(2):176–184.

[88] Maass PG, Barutcu AR, Weiner CL, et al. Inter-
chromosomal contact properties in live-cell imaging
and in Hi-C. Mol Cell. 2018;69(6):1039–1045.e1033.

[89] Qin P, Parlak M, Kuscu C, et al. Live cell imaging of
low- and non-repetitive chromosome loci using
CRISPR-Cas9. Nat Commun. 2017;8:14725.

[90] Wang H, Nakamura M, Abbott TR, et al. CRISPR-
mediated live imaging of genome editing and
transcription. Science. 2019;365(6459):1301–1305.

[91] Kleinstiver BP, Prew MS, Tsai SQ, et al. Engineered
CRISPR-Cas9 nucleases with altered PAM specificities.
Nature. 2015;523(7561):481–485.

[92] Grimm JB, Muthusamy AK, Liang Y, et al. A general
method to fine-tune fluorophores for live-cell and
in vivo imaging. Nat Methods. 2017;14(10):987–994.

[93] ENCODE Consortium. An integrated encyclopedia of
DNA elements in the human genome. Nature. 2012;489
(7414):57–74.

[94] Du Z, Zheng H, Huang B, et al. Allelic reprogramming
of 3D chromatin architecture during early mammalian
development. Nature. 2017;547(7662):232–235.

[95] Flyamer IM, Gassler J, Imakaev M, et al. Single-nucleus
Hi-C reveals unique chromatin reorganization at oocyte-to-
zygote transition. Nature. 2017;544(7648):110–114.

[96] Ke Y, Xu Y, Chen X, et al. 3D chromatin structures of
mature gametes and structural reprogramming during
mammalian embryogenesis. Cell. 2017;170(2):367–381.
e320.

[97] Wang H, Xu X, Nguyen CM, et al. CRISPR-mediated
programmable 3D genome positioning and nuclear
organization. Cell. 2018;175(5):1405–1417.e1414.

[98] Gilbert LA, Larson MH, Morsut L, et al. CRISPR-
mediated modular RNA-guided regulation of transcrip-
tion in eukaryotes. Cell. 2013;154(2):442–451.

[99] Qi LS, Larson MH, Gilbert LA, et al. Repurposing
CRISPR as an RNA-guided platform for
sequence-specific control of gene expression. Cell.
2013;152(5):1173–1183.

1432 J. K. EYKELENBOOM AND T. U. TANAKA


	Abstract
	Introduction
	Methods of visualizing chromosome loci in live cells
	Use of CRISPR-Cas9 to visualize selected chromosome loci
	Perspective on the study of chromosome dynamics
	Acknowledgments
	Disclosure statement
	Funding
	References



