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The three-dimensional organization of chromatin and its
time-dependent changes greatly affect virtually every cellular
function, especially DNA replication, genome maintenance,
transcription regulation, and cell differentiation. Sequencingbased techniques such as ChIP-seq, ATAC-seq, and Hi-C
provide abundant information on how genomic elements are
coupled with regulatory proteins and functionally organized
into hierarchical domains through their interactions. However,
visualizing the time-dependent changes of such organization
in individual cells remains challenging. Recent developments
of CRISPR systems for site-specific fluorescent labeling
of genomic loci have provided promising strategies for
visualizing chromatin dynamics in live cells. However, there
are several limiting factors, including background signals,
off-target binding of CRISPR, and rapid photobleaching of
the fluorophores, requiring a large number of target-bound
CRISPR complexes to reliably distinguish the target-specific
foci from the background. Various modifications have been
engineered into the CRISPR system to enhance the signalto-background ratio and signal longevity to detect target
foci more reliably and efficiently, and to reduce the required
target size. In this review, we comprehensively compare
the performances of recently developed CRISPR designs
for improved visualization of genomic loci in terms of the
reliability of target detection, the ability to detect small repeat
loci, and the allowed time of live tracking. Longer observation
of genomic loci allows the detailed identification of the
dynamic characteristics of chromatin. The diffusion properties
of chromatin found in recent studies are reviewed, which

provide suggestions for the underlying biological processes.
Keywords: chromatin dynamics, CRISPR engineering, genome
imaging

INTRODUCTION
Chromatin is hierarchically organized in the nucleus to regulate gene expression and direct DNA replication and repair
(Bickmore, 2013; Gibcus et al., 2013; Gilbert et al., 2010;
Misteli, 2007; Rowley and Corces, 2018). Chromatin has also
been shown to reorganize its three-dimensional (3D) structure to perform these functions (Agarwal and Miller, 2017;
Chambeyron and Bickmore, 2004; Khanna et al., 2014;
Seeber et al., 2018; Shaban et al., 2018; Shaban and Seeber,
2020). Thus, it is crucial to study how chromatin is spatially
organized and how it changes structure over time. Several
groups of methods have been developed to study the spatial
organization of chromatin. A series of techniques based on
deep sequencing of DNA following the ligation of closely
located chromatin fibers, represented by the Hi-C technique,
have successfully revealed the hierarchical domain structure
in chromosomes (Fig. 1) (Lieberman-aiden et al., 2009). A
full picture of small and large chromosomal domains, as well
as how domain structure is regulated by proteins interacting
with specific sequence motifs, has been revealed, even at
the single-cell level (Nagano et al., 2013). Although the resolution of the Hi-C technique is only limited by sequencing
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depth and cost, it has fundamental limitations: (1) it does not
directly provide real-space information, and (2) it shows only
a snapshot of the domain structure in fixed cells at certain
moments. However, it can be complemented by a technique
based on direct imaging of genomic loci using target-specific
probes, known as fluorescence in situ hybridization (FISH).
This technique can be expanded by rigorously designing multiple sets of probes to uniquely target adjacent regions of the
genome, which is known as the Oligopaint technique (Fig.
1) (Beliveau et al., 2012). A major limitation of FISH-based
imaging methods is that they can only be applied to fixed
cells because the target DNA must be denatured. Seeking
DNA labeling systems that work in living cells, researchers
engineered the CRISPR system to fluorescently tag specific
genomic regions instead of editing them (Chen et al., 2013)
(Fig. 1). This approach made it possible to study dynamic
changes in chromatin structure and allowed temporal tracking of specific genomic regions, which had previously been
possible only by inserting artificial protein-binding sequence
motifs in the target region. However, there were some challenges in stably expressing the CRISPR system, efficiently delivering the system to target regions, labeling the target with
high-density, and suppressing nonspecific background signals. Over the last decade, various modifications have been
developed to address these issues. In this review, we highlight
the technical developments that have revolutionized live imaging of the genome using CRISPR systems, and the dynamic
behavior of chromatin revealed by CRISPR imaging.

TECHNIQUES TO VISUALIZE CHROMATIN STRUCTURE
AND DYNAMICS
The spatial organization of chromatin has mainly been
studied using chromosome conformation capture (Hi-C)
techniques, which have been instrumental in elucidating
the domain structure and interactions between distant domains (Farabella and Marti-Renom, 2020; Kim et al., 2019;
Lieberman-aiden et al., 2009; You et al., 2021). Hi-C measurements revealed that chromosomes are organized into

two groups of topologically associated domains (TADs), compartments A and B. Compartment A has higher gene density
and more activity in gene expression, compartment B has a
lower gene density with a high density of H3K27me3 marks
(Lieberman-aiden et al., 2009; Pope et al., 2014). Changes in
genomic compartmentalization are associated with changes
in transcriptional activity (Dixon et al., 2012). TAD structures
typically form spatially insulated neighborhoods of approximately 500-1,000 kb in size. Consequently, cis -regulatory
elements (‘enhancers’) can access gene promoters only within
the same TAD and not across TAD boundaries (Dekker and
Mirny, 2016; Dixon et al., 2016; Sexton and Cavalli, 2015).
The TAD structure is largely invariant across cell types and
appears to be highly conserved across species (Dixon et al.,
2016). TAD boundaries are highly enriched with the insulator
protein CCCTC-binding factor (CTCF) and the cohesin complex, which are strongly colocalized (Nora et al., 2017; Rao et
al., 2017; Zuin et al., 2014).
These studies based on Hi-C measurements provide clarity on the hierarchical organization of chromatin with high
genomic resolution. Single-cell Hi-C studies revealed high
cell-to-cell variability in chromatin structure (Flyamer et al.,
2017; Nagano et al., 2013; Ramani et al., 2017; Stevens et
al., 2017), implying that the chromatin structure within each
cell changes over time. Alterations in TAD structure have also
been shown in cancer and senescent cells (Barutcu et al.,
2015; Criscione et al., 2016; Taberlay et al., 2016). Genomic
loci reposition themselves within the nucleus during embryonic development, and even during a single cell cycle when
external stimuli affect gene expression (Chuang et al., 2006;
Kohwi et al., 2013). However, the changing organization
of chromatin over time and its biological implications have
been explored in a relatively limited context, and the role of
chromatin dynamics in regulating genomic functions is not
fully understood. Studying chromatin dynamics in 3D nuclear
space using live cell imaging can provide valuable information on how chromatin changes the spatial organization of
genomic elements, controls enhancer-promoter interactions,
repairs DNA damage, and regulates replication and tran-

Fig. 1. Schematic procedures of various techniques to visualize chromatin structure and dynamics.
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scription processes (Rowley and Corces, 2018). Revealing the
structure-function relationship in the control of nuclear processes can help in understanding the relationship between
the 3D organization of chromatin and its regulatory functions
and can be utilized for therapeutic purposes in the diagnosis
and treatment of genetic disorders such as cancer.
Early observations of chromosome territories were performed using DNA FISH (Cremer and Cremer, 2001; Lichter
et al., 1988) and the dynamic repositioning of genomic loci
during cell differentiation was reported later (Chambeyron
and Bickmore, 2004; Clowney et al., 2012; Croft et al., 1999;
Fraser et al., 2015; Küpper et al., 2007; Kurz et al., 1996;
Mahy et al., 2002; Osborne et al., 2007; Volpi et al., 2000;
Williams et al., 2002). While the Hi-C technique is mostly
applied to ensembles of cells, FISH imaging explores chromatin structure in single cells and, combined with single-cell
sequencing techniques, can potentially reveal the correlation
between chromatin structure and gene expression control
(Lee et al., 2021). The Oligopaint technique, an expanded
version of FISH technique, was recently combined with the
super-resolution microscopy technique to explore the 3D
organization of megabase-sized chromatin regions with 30kb resolution in individual cells, which found that the domain
structure from Hi-C measurements matches that from real-space imaging remarkably well (Bintu et al., 2018).
Whole-genome sequence information and its functional
status revealed by sequencing-based techniques such as
ChIP-seq, ATAC-seq, and RNA-seq and high-resolution struc-

tural information from Hi-C and super-resolved chromatin
imaging can be critically complemented by live-cell imaging
approaches. Live tracking of single or multiple genomic loci
allows assessment of the dynamic properties of chromatin
by analyzing the time-dependent diffusion behaviors, temporal variation of the distance between distinct loci, and
their correlated motions. Visualizing specific genomic loci in
living cells requires a labeling system that can be expressed
in the cell or injected into the cell and bind to the target site
without denaturing DNA for alternative hybridization. It also
requires the accumulation of probes at the site of interest in
sufficient numbers to make the foci distinguishable from the
background. In early studies of chromatin dynamics, genomic
loci were visualized by integrating an array of lac/tet operator
sequences (lacO /tetO ) in the target locus to bind the lac/tet
repressor protein fused with a fluorescent protein (Marshall
et al., 1997; Michaelis et al., 1997; Robinett et al., 1996; Roukos et al., 2013). These systems required a ~10 kb repetitive
array of operator sequences inserted into the target locus. To
target unmodified genomic loci, transcription activator-like
effectors (TALEs) were programmed to bind specific unaltered genomic loci, but the proteins had to be customized for
each target sequence of interest.
More recently, the CRISPR technique, originally developed
for genome editing, has been successfully applied to genome
imaging. Highly specific binding to intact DNA containing the
target sequence defined by the single guide RNA (sgRNA)
makes it an ideal choice for live genome labeling. The origi-

Fig. 2. Schematics of various CRISPR designs. (A) A CRISPR system with dCas9 fused to EGFP. (B) A CRISPR system with an sgRNA-MS2
scaffold recruiting fluorescent MCP-GFP. (C) A CRISPR-SunTag system recruiting multiple fluorophores at the tail of dCas9. (D) A CRISPR
system integrating the SunTag system, MS2 scaffold, and tripartite GFP that allows the fast-exchanging assembly of full GFP at the targetbound CRISPR complex.
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nal approach used a mutant Cas9 protein deprived of DNA
cleavage activity, named deactivated Cas9 (dCas9), fused
with a fluorescent protein, EGFP, to target genomic regions
containing many repeats of sequence so that the expression
of a single kind of sgRNA can effectively label the target regions (Fig. 2A) (Chen et al., 2013). The CRISPR/dCas9 system
is highly flexible because the sequence of sgRNA only needs
to be changed to target a different locus, which is a major
advantage over the TALEs-based approach. This system was
used to image repetitive motifs in telomeres. Imaging of the
MUC4 loci by targeting a non-repetitive sequence with a set
of sgRNAs was also demonstrated. Target-specific labeling
of telomeres and MUC4 loci was confirmed by colocalized
foci using CRISPR labeling and DNA FISH labeling. Another
study used similar fusion proteins to target repetitive motifs
in pericentromeres, centromeres, and telomeres in mouse
embryonic stem cells (Anton et al., 2014). Genome imaging
based on the CRISPR/dCas9 system was further extended
to multi-locus imaging utlizing the diverse PAM sequences
of orthologous CRISPR systems. Specifically, dCas9 from
Staphylococcus aureus (dSaCas9) that recognizes a PAM sequence of 5′-NNGRRT-3′ was used in combination with the
widely used dCas9 from Streptococcus pyogenes (dSpCas9),
which recognizes a PAM sequence of 5′-NGG-3′, by fusing
them with distinct fluorophores (Chen et al., 2016). A similar
strategy combined dSpCas9 with other orthologous CRISPR
systems from Neisseria meningitidis (dNmCas9) and Streptococcus thermophilus (dStCas9) (Ma et al., 2015).

DEVELOPMENT OF CRISPR DESIGNS FOR IMPROVED
SIGNAL QUALITY
To achieve robust and long-term multi-color CRISPR imaging through signal amplification, several groups have tried
to integrate protein-binding scaffolds into sgRNA to recruit
multiple fluorescent proteins to the target loci. Repeats of
protein-binding motifs were inserted into the sgRNA and the
proteins recognizing these motifs were fused to fluorescent
proteins (Fig. 2B) (Fu et al., 2016; Ma et al., 2016; Maass et
al., 2018; Qin et al., 2017; Shao et al., 2016; Shechner et al.,
2015). The RNA-binding proteins were recruited to the sgRNA scaffold, while dCas9 localized the sgRNA at the target
site. The most commonly used RNA-binding protein is the
MS2 coat protein (MCP), which is derived from the bacteriophage MS2 RNA virus, which has high affinity and specificity
to the MS2 sequence (Larson et al., 2011; Wu et al., 2012).
Other proteins used in CRISPR imaging were PP7 coat protein
(PCP), Com, lambdaN, and Puf1, which bind to their respective target RNA motifs and are orthogonal to one another
(Chaudhary et al., 2020; Ma et al., 2016; Maass et al., 2018).
Such a design was shown to suppress background signals
originating from the non-specific aggregation of fluorescently
labeled dCas9 proteins. This approach has also been used for
multi-locus imaging by incorporating distinct RNA aptamers
such as MS2 and PP7 motifs into sgRNAs for different targets
and fusing MCP and PCP with distinct fluorescent proteins
(Ma et al., 2018; Wang et al., 2016). Another approach was
to use a peptide array of GCN4 that recruits single-chain variable fragments (scFv) of the antibody, known as the SunTag
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system (Fig. 2C) (Tanenbaum et al., 2014). scFv fused to superfolder GFP (sfGFP) was used to amplify the fluorescence
signal from each CRISPR complex.
Fluorophore-fused dCas9 was used in the first demonstration of CRISPR-based genome imaging but nonspecific
aggregation caused background issues. Thus, it required
tight control of protein expression level to achieve a decent
signal-to-background ratio. Several approaches have been
proposed to address this issue. A bimolecular fluorescence
complementation assay, in which the fluorescent protein Venus is split into two fragments and fused to dCas9 and MCP,
which bind the MS2 motif added to the tail of sgRNA, greatly
reduced background and non-specific signals compared to
earlier designs (Hong et al., 2018). A similar approach was
used to split sfGFP into three parts, which made the assembly/disassembly of the fluorophore much more frequent,
and combined it with the SunTag amplification system and a
long repetitive sgRNA scaffold, resulting in faster recovery of
the fluorescence signal and a large reduction in background
signal (Fig. 2D) (Chaudhary et al., 2020). The use of the small
solubility-enhancing tag, GB1, was also essential for reducing unwanted aggregation of the protein components. The
combination of tripartite split sfGFP, SunTag system, and 12
repeats of MS2 binding sites demonstrated long term tracking of small loci with as few as 13 repeats of CRISPR target,
even using a conventional epi-fluorescence microscope. An
alternative approach is to label and assemble dCas9 and sgRNA in vitro and target genomic loci in living cells as well as
fixed cells and tissues, termed as CASFISH (Deng et al., 2015;
Ishii et al., 2019). The above approaches, their choice of promoters/cell types, target loci, and transfection methods are
summarized in Table 1.
Improvement of sgRNA design is crucial in the development of CRISPR designs for more robust and efficient assembly of dCas9-sgRNA complexes at specific targets. In the
study by Chen et al. (2013), an A-U flip and hairpin extension
in the sgRNA design resulted in two-fold increase in the
number of detectable puncta and a five-fold increase in signal-to-background ratio. With this design, the non-repetitive
MUC4 loci could be detected with as few as 26 sgRNAs by
lentiviral cocktail transduction. Using the CRISPR-SunTag system resulted in a 19-fold signal increase in telomere imaging
compared to dCas9-EGFP in HEK293 cells (Tanenbaum et al.,
2014). A dual-color labeling approach inserting two copies
of MS2 binding sites to the original sgRNA exhibited twofold higher photorecovery compared to dCas9-EGFP due to
the high exchange rate of MS2-MCP binding, as demonstrated by the long-term imaging of human telomeres and
centromeres (Shao et al., 2016). Another dual-color labeling
approach using the MS2-PP7 system allowed simultaneous
labeling of major and minor satellite regions in murine 3T3
cells by inserting two copies of MS2 and PP7 binding sites in
the sgRNA (Fu et al., 2016). This study also demonstrated the
co-labeling of Igh and Akap6 gene loci on mouse chromosome 12, which was confirmed using DNA FISH. A modified
sgRNA with 16 copies of MS2 binding sites was used for
long-term tracking of endogenous loci throughout the cell
cycle (Qin et al., 2017). The robustness of this design was
demonstrated by labeling non-repetitive loci with only four

dSV40/sfGFP

dCas9-SunTag24x,
scFV-GCN4-GFP
dCas9 variants
(Sp, Nm, St1)

MDA-MB231/h,
HeLa/h
U2OS/h

pTRE3G/EGFP,
mCherry
CMV-TetO/BFP,
GFP, RFP
MSCV, UbC

Transient transfection,
Lipofectamine 3000

Transient transfection,
Lipofectamine 2000,
Lipofectamine LTX
Lentivirus induction, stable

Lentivirus induction, stable
cell line
Transient transfection,
Lipofectamine 2000
Transient transfection, PEI

Transfection method

Telomeres, C9-1, X-114,
low and non-repetitive
loci

Transient transfection,
Lipofectamine 2000

Lentivirus induction, stable
cell line
Telomeres, Cx, C14, C7,
Transient transfection,
C1, C13, & C3 repeats
Lipofectamine 2000
Major & Minor satellites,
Lentivirus induction, stable
Akap6, Igh
cell line
Telomeres, low and non-re- Lentivirus induction, stable
petitive loci
cell line
Telomeres, FIRRE , XIST
Transient transfection,
Firre , Ypei4
Lipofectamine 3000

Telomeres, centromeres

Telomers, α-satellite,
Ch1R, MUC4, 5SrDNA,
Ch17RCh7R, Ch19R
Telomeres, Ch5R, Ch14R

Telomeres, C9-1, C9-2,
MUC4, C13-1, C13-2

Telomeres, major and
minor satellites
Telomeres

Telomeres, MUC4, MUC1

Targets

h, human; m, mouse; PEI, polyethylenimine; SBR, signal-to-background ratio.

HEK293AD, RPE-1

RPE-1/h, mESCs/m

U2OS/h, HeLa/m

3T3/m

HEK293T/h

RPE/h

U2Os/H, RPE-1/h

J1 embryonic stem
cells/m
HEK293/h

RPE/h, UMUC3/h

Cell type /species

CAG/sfGFP,
mNeonGreen

pTRE3G, SFFV/
EGFP, mCherry
dCas9, MS2, PP7,
EF1α, hUBC/mVePuf1
nus, mCherry,
iRFP670
dCas9-SunTag, MS2 CMV/split-GFPs,
EGFP

dCas9, MS2, PP7

dCas9-SunTag,
scFV-GCN4-sfGFP,
mNeonGreen
dCas9-EGFP, MS2,
PP7
dCas9, MS2, PP7,
boxB
dCas9, MS2, PP7

dCas9 variants (Sa,
Sp)

CAG/EGFP

dCas9-EGFP

EF1α, SSFV, EFs,
CMV-TetO/BFP,
GFP, RFP
pTRE3G/EGFP,
mCherry

pTRE3G/EGFP

Promoter/reporter

dCas9-EGFP

CRISPR design

Table 1. List of CRISPR/dCas9-based live genome imaging systems and designs

Chromatin dynamics, SBR

Chromatin dynamics &
positioning
Allele-specific imaging,
nuclear positioning

Multi-locus imaging

Chromatin dynamics,
long-term imaging
Multi-locus imaging

Chromatin dynamics, SBR

Multi-locus imaging

Multi-locus imaging

Chromatin dynamics

Chromatin dynamics

Chromatin dynamics

Investigation

Yes

No

No

(Chaudhary et al.,
2020)

(Maass et al., 2018)

(Qin et al., 2017)

(Fu et al., 2016)

(Ma et al., 2016)

No
Yes

(Shao et al., 2016)

(Ye et al., 2017)

(Chen et al., 2016)

(Tanenbaum et al.,
2014)
(Ma et al., 2015)

(Anton et al., 2014)

(Chen et al., 2013)

Reference

No

Yes

No

No

No

Yes

Yes

DNA FISH
validation
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types of sgRNAs.

DYNAMIC BEHAVIORS OF CHROMATIN REVEALED
BY CRISPR IMAGING
Live tracking of genomic loci for an extended period enables
the precise analysis of their dynamic behaviors. Diffusion behaviors have been of particular interest because they reveal
the physical characteristics of chromatin fibers and their local
environment, such as compaction, spatial confinement, and
dynamic rearrangement. Owing to the complex local environment, the diffusion behavior of chromatin differs from
the Brownian motion of freely diffusing particles. It is better
described by anomalous diffusion, meaning that the mean
square displacement (MSD) of observed loci is fitted as MSD
= Atα with α not equal to 1. A constrained motion exhibits α
smaller than 1, and directional motion exhibits α larger than
1. Various factors affect chromatin dynamics, including the
nuclear location of the loci, cell cycle, metabolic state, and
DNA damage. Several studies have reported modulated or
directional motions of chromatin upon the induction of local
or global DNA damage, implying the role of chromatin reorganization in the DNA damage response, which have been
discussed elsewhere (Agarwal and Miller, 2017; Seeber et al.,
2018; Shaban and Seeber, 2020).
To assess the diffusion behaviors of chromatin by tracking
single-particle trajectories, an early study used a lacO array
to track nucleoplasmic, peripheral, and nucleolar loci and
showed that the nucleolar or peripheral loci are significantly
less mobile than the nucleoplasmic loci (Chubb et al., 2002).
Another study using a similar labeling method and a novel
particle-tracking method in a two-photon microscope revealed heterogeneous behavior of constrained diffusion and
fast directional motions (Levi et al., 2005). The dynamics of
telomeres were studied by tracking fluorescently tagged TRF1
or TRF2 proteins and mixed diffusive behaviors dependent
on the observation time scale were observed (Bronstein et
al., 2009), while another study reported a consistent subdiffusive behavior of telomeres (Cho et al., 2014). A later
study revealed slow subdiffusion of telomeres that turned
into fast normal diffusion due to the loss of lamin A proteins
(Bronshtein et al., 2015). From a different approach tracking
fluorescently tagged individual H2B proteins, a subdiffusive
behavior of nucleosomes that is dependent on the nuclear location and chromatin state has been reported (Shinkai et al.,
2016).
CRISPR-based genome labeling enables the tracking of genomic loci without inserting exogenous DNA or being limited
to genomic regions that possess exclusively binding proteins,
such as telomeres. Using a CRISPR labeling system with a
novel technique to package and deliver multiple sgRNAs, an
enhancer region for the Fgf5 promoter was shown to exhibit
subdiffusive motion and increased mobility upon transcriptional activation (Gu et al., 2018). Using a multi-color CRISPR
labeling system, the relative and centroid motions of genomic
loci pairs situated kilobases to megabases apart on the same
chromosome were measured, revealing that both local fluctuations and translational motions of the centroid changed
in a cell-cycle-dependent manner (Ma et al., 2019). Using a
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recently developed CRISPR labeling system that suppresses
background signals, 3D motions of genomic loci ranging
in size from kilobases to megabases were tracked to reveal
mixed diffusive behaviors of subdiffusion to normal diffusion
depending on the observation time scale (Chaudhary et al.,
2020). Spatial motions of chromatin observed so far exhibit
various types of diffusion behaviors with broadly distributed
diffusion parameters. The imaging systems, target loci, temporal resolution, and cell lines used in the above studies and
the diffusion parameters D and α found from these are summarized in Table 2.

PERSPECTIVES ON FUTURE GENOME IMAGING
TECHNIQUES
Despite the innovations made by many research groups to
revolutionize genome imaging using CRISPR systems, CRISPR-based approaches face several challenges for their application to genome-wide targets. First, targeting non-repetitive
genomic loci remains challenging, as it requires not only
packaging a large set of sgRNAs, but also stably expressing
and assembling them with dCas9. To overcome these issues,
new strategies have been developed to directly deliver in vitro
transcribed sgRNA or recombinant ribonucleoprotein complex of dCas9-sgRNA, which also facilitates the construction
of a multi-color labeling scheme (Geng and Pertsinidis, 2021;
Wang et al., 2019). This approach allows the integration of a
CRISPR imaging system with programmable switches, for example, by putting blockades on sgRNA that can be displaced
by single-stranded DNAs as the switching input (Hao et al.,
2020). Synthetic sgRNAs with terminal azide modifications
have been shown to enable click chemistry, suggesting their
use for site-specific, multiplexable chemical tagging of chromatin (George et al., 2020). Off-target binding of CRISPR
complexes is another technical challenge in CRISPR-based
imaging. The presence of off-target sites at high density
may lead to false-positive locus detection, especially as it is
attempted to decrease the size of the CRISPR array (Kuscu et
al., 2014; Zhang et al., 2015). DNA FISH assays are typically
used to confirm the target specificity of CRISPR labeling.
However, as it requires strong denaturing conditions, it may
not preserve the local chromatin structure and is not highly
compatible with protein-based CRISPR labeling. Because
the target binding efficiency and off-target effect of CRISPR
complexes depend on the stability of sgRNA and the accessibility of target loci (Doench et al., 2014; Kuscu et al., 2014;
Wang et al., 2014), a systematic protocol for target selection
is needed for optimal application of CRISPR-based imaging to
small, non-repetitive genomic regions.
A reliable CRISPR-based imaging system could reveal new
insights into how cells regulate genomic functions by modulating chromatin structure and dynamics. As DNA repair,
replication, and transcription involve active reorganization of
chromatin, live visualization of chromatin motions will elucidate new functional mechanisms of these nuclear processes.
Various chromatin-associated proteins may interfere with
the functioning of CRISPR. For example, nucleosomes and
nucleosome remodelers modulate the functions of CRISPR/
Cas9 (Isaac et al., 2016). If chromatin structure affects CRIS-

Diffusion coefficient,
D (μm2s–α)

Anomalous
exponent, α

Fgf5 enhancer

Loci pairs on chr 19

Telomere, C9-1 (9q12),
FAM20C, HTT, X-114,
X-76, C1-121, C9-78

CRISPR-CARGO

CRISPR-Sirius

CRISPR-SunTag-SplitGFP

–3

0.44 (interior)
0.39 (periphery)
0.53

0.4 to 0.7

4.10 × 10 to
0.107 to 0.512
7.95 × 10–3 (relative)
(relative)
4.35 × 10–4 to
0.341 to 0.782
4.25 × 10–3 (centroid)
(centroid)
5.0 × 10–5 to
0.75 to 1.10
1.0 × 10–3

–4

1.8 × 10-2 (interior)
1.3 × 10-2(periphery)
3.5 × 10–3

4 × 10 to 3 × 10

–4

5p14, 3q26.2 (nucleoplas- 1.25 × 10–4
mic) 13q22, 13p, 1q11
(peripheral, nucleolar)
Random
2.40 × 10–4 (slow) and
3.13 × 10–3 (fast)
Telomeres
1.8 × 10–3 to 2.5 × 10–3 0.32 (short term) to
1.15 (long term)
Telomeres
3.3 × 10–2
0.8

Target loci

TRF2-GFP,
Telomeres, centromeres,
lacO array
β-globin gene
H2B-PA-mCherry Single nucleosome

TRF1-mCherry

TRF2-GFP

lacO array

lacO array

Labeling scheme

Diffusion mode

3s

0.2 s

50 ms

0.4 s

2 min

10 ms

30 ms

60 s

Temporal
resolution

Subdiffusion to normal diffusion 6 s

Subdiffusion

Subdiffusion

Subdiffusion

Subdiffusion

Subdiffusion

Confined diffusion (short term)
Normal diffusion (long term)
Subdiffusion to normal diffusion

Subdiffusion

Table 2. Diffusion behaviors of genomic loci measured in mammalian cells by single particle tracking

(Cho et al., 2014)

(Bronstein et al., 2009)

(Levi et al., 2005)

(Chubb et al., 2002)

Reference

(Ma et al., 2019)

(Gu et al., 2018)

AD293, RPE-1, IMR- (Chaudhary et al., 2020)
90

U2OS

mESC

U2OS, HeLa, NIH3T3, (Bronshtein et al., 2015)
MF, MEF
HeLa
(Shinkai et al., 2016)

U2OS

U2OS

CHO

HT-1080

Cell lines
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PR function, CRISPR labeling may also affect chromatin structure. The effect of CRISPR labeling on chromatin structure
has not yet been fully addressed. Although dCas9 does not
have endonuclease activity, the persistent occupancy of a genomic region by CRISPR complexes in large numbers would
interfere with the native structure and dynamics of the region
and could even induce DNA damage responses. One possible approach to clarify this is to use the CASFISH technique
to verify the microstructure of chromatin domains observed
by live CRISPR imaging. The CASFISH technique allows visualization of the preserved structure of chromatin by fixing
the cells prior to the input of the CRISPR components and
does not require DNA denaturation, unlike conventional FISH
techniques. Despite recent progress, there is still a need to
develop non-interfering chromatin imaging techniques in living cells or model organisms. With continuing improvements
in CRISPR-based genome imaging techniques, we anticipate
that this will reveal the implications of chromatin structure
and dynamics in biological processes.

ACKNOWLEDGMENTS
This work was funded by the National Research Foundation in the Republic of Korea (2020M3C9A5086357,
2021R1A2C1013943).

AUTHOR CONTRIBUTIONS
N.C. and H.K. wrote the manuscript. J.K.I. and S.H.N. created
the figures.

CONFLICT OF INTEREST
The authors have no potential conflicts of interest to disclose.

ORCID
Narendra Chaudhary
Jae-Kyeong Im
Si-Hyeong Nho
Hajin Kim

https://orcid.org/0000-0003-4334-5562
https://orcid.org/0000-0001-8365-1981
https://orcid.org/0000-0003-2794-3511
https://orcid.org/0000-0001-9311-0484

REFERENCES
Agarwal, P. and Miller, K.M. (2017). Chapter 11 - chromatin dynamics
and DNA repair. In Chromatin Regulation and Dynamics, A. Göndör, ed.
(Boston: Academic Press), pp. 275-302.
Anton, T., Bultmann, S., Leonhardt, H., and Markaki, Y. (2014). Visualization
of specific DNA sequences in living mouse embryonic stem cells with a
programmable fluorescent CRISPR / Cas system. Nucleus 5 , 163-172.
Barutcu, A.R., Lajoie, B.R., McCord, R.P., Tye, C.E., Hong, D., Messier, T.L.,
Browne, G., van Wijnen, A.J., Lian, J.B., Stein, J.L., et al. (2015). Chromatin
interaction analysis reveals changes in small chromosome and telomere
clustering between epithelial and breast cancer cells. Genome Biol. 16 ,
214.
Beliveau, B.J., Joyce, E.F., Apostolopoulos, N., Yilmaz, F., Fonseka, C.Y.,
McCole, R.B., Chang, Y., Li, J.B., Senaratne, T.N., Williams, B.R., et al. (2012).
Versatile design and synthesis platform for visualizing genomes with
Oligopaint FISH probes. Proc. Natl. Acad. Sci. U. S. A. 109 , 21301-21306.
Bickmore, W.A. (2013). The spatial organization of the human genome.
Annu. Rev. Genomics Hum. Genet. 14 , 67-84.
Bintu, B., Mateo, L.J., Su, J.H., Sinnott-Armstrong, N.A., Parker, M., Kinrot,
S., Yamaya, K., Boettiger, A.N., and Zhuang, X. (2018). Super-resolution
chromatin tracing reveals domains and cooperative interactions in single

634 Mol. Cells 2021; 44(9): 627-636

cells. Science 362 , eaau1783.
Bronshtein, I., Kepten, E., Kanter, I., Berezin, S., Lindner, M., Redwood, A.B.,
Mai, S., Gonzalo, S., Foisner, R., Shav-Tal, Y., et al. (2015). Loss of lamin
A function increases chromatin dynamics in the nuclear interior. Nat.
Commun. 6 , 8044.
Bronstein, I., Israel, Y., Kepten, E., Mai, S., Shav-Tal, Y., Barkai, E., and Garini,
Y. (2009). Transient anomalous diffusion of telomeres in the nucleus of
mammalian cells. Phys. Rev. Lett. 103 , 018102.
Chambeyron, S. and Bickmore, W.A. (2004). Chromatin decondensation
and nuclear reorganization of the HoxB locus upon induction of
transcription. Genes Dev. 18 , 1119-1130.
Chaudhary, N., Nho, S.H., Cho, H., Gantumur, N., Ra, J.S., Myung, K., and
Kim, H. (2020). Background-suppressed live visualization of genomic loci
with an improved CRISPR system based on a split fluorophore. Genome
Res. 30 , 1306-1316.
Chen, B., Gilbert, L.A., Cimini, B.A., Schnitzbauer, J., Zhang, W., Li, G.W.,
Park, J., Blackburn, E.H., Weissman, J.S., Qi, L.S., et al. (2013). Dynamic
imaging of genomic loci in living human cells by an optimized CRISPR/
Cas system. Cell 155 , 1479-1491.
Chen, B., Hu, J., Almeida, R., Liu, H., Balakrishnan, S., Covill-Cooke, C.,
Lim, W.A., and Huang, B. (2016). Expanding the CRISPR imaging toolset
with Staphylococcus aureus Cas9 for simultaneous imaging of multiple
genomic loci. Nucleic Acids Res. 44 , e75.
Cho, N.W., Dilley, R.L., Lampson, M.A., and Greenberg, R.A. (2014).
Interchromosomal homology searches drive directional ALT telomere
movement and synapsis. Cell 159 , 108-121.
Chuang, C.H., Carpenter, A.E., Fuchsova, B., Johnson, T., de Lanerolle,
P., and Belmont, A.S. (2006). Long-range directional movement of an
interphase chromosome site. Curr. Biol. 16 , 825-831.
Chubb, J.R., Boyle, S., Perry, P., and Bickmore, W.A. (2002). Chromatin
motion is constrained by association with nuclear compartments in
human cells. Curr. Biol. 12 , 439-445.
Clowney, E.J., LeGros, M.A., Mosley, C.P., Clowney, F.G., MarkenskoffPapadimitriou, E.C., Myllys, M., Barnea, G., Larabell, C.A., and Lomvardas,
S. (2012). Nuclear aggregation of olfactory receptor genes governs their
monogenic expression. Cell 151 , 724-737.
Cremer, T. and Cremer, C. (2001). Chromosome territories, nuclear
architecture and gene regulation in mammalian cells. Nat. Rev. Genet. 2 ,
292-301.
Criscione, S.W., De Cecco, M., Siranosian, B., Zhang, Y., Kreiling, J.A., Sedivy,
J.M., and Neretti, N. (2016). Reorganization of chromosome architecture
in replicative cellular senescence. Sci. Adv. 2 , e1500882.
Croft, J.A., Bridger, J.M., Boyle, S., Perry, P., Teague, P., and Bickmore, W.A.
(1999). Differences in the localization and morphology of chromosomes
in the human nucleus. J. Cell Biol. 145 , 1119-1131.
Dekker, J. and Mirny, L. (2016). The 3D genome as moderator of
chromosomal communication. Cell 164 , 1110-1121.
Deng, W., Shi, X., Tjian, R., Lionnet, T., and Singer, R.H. (2015). CASFISH:
CRISPR/Cas9-mediated in situ labeling of genomic loci in fixed cells. Proc.
Natl. Acad. Sci. U. S. A. 112 , 11870-11875.
Dixon, J.R., Gorkin, D.U., and Ren, B. (2016). Chromatin domains: the unit
of chromosome organization. Mol. Cell 62 , 668-680.
Dixon, J.R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, Y., Hu, M., Liu, J.S., and
Ren, B. (2012). Topological domains in mammalian genomes identified by
analysis of chromatin interactions. Nature 485 , 376-380.
Doench, J.G., Hartenian, E., Graham, D.B., Tothova, Z., Hegde, M., Smith, I.,
Sullender, M., Ebert, B.L., Xavier, R.J., and Root, D.E. (2014). Rational design
of highly active sgRNAs for CRISPR-Cas9-mediated gene inactivation.
Nat. Biotechnol. 32 , 1262-1267.
Farabella, I. and Marti-Renom, M.A. (2020). TADs without borders. Nat.
Genet. 52 , 752-753.

Live Chromatin Dynamics through CRISPR Imaging
Narendra Chaudhary et al.
Flyamer, I.M., Gassler, J., Imakaev, M., Brandão, H.B., Ulianov, S.V.,
Abdennur, N., Razin, S.V., Mirny, L.A., and Tachibana-Konwalski, K. (2017).
Single-nucleus Hi-C reveals unique chromatin reorganization at oocyteto-zygote transition. Nature 544 , 110-114.
Fraser, J., Williamson, I., Bickmore, W.A., and Dostie, J. (2015). An overview
of genome organization and how we got there: from FISH to Hi-C.
Microbiol. Mol. Biol. Rev. 79 , 347-372.
Fu, Y., Rocha, P.P., Luo, V.M., Raviram, R., Deng, Y., Mazzoni, E.O., and Skok,
J.A. (2016). CRISPR-dCas9 and sgRNA scaffolds enable dual-colour live
imaging of satellite sequences and repeat-enriched individual loci. Nat.
Commun. 7 , 11707.
Geng, Y. and Pertsinidis, A. (2021). Simple and versatile imaging of
genomic loci in live mammalian cells and early pre-implantation embryos
using CAS-LiveFISH. Sci. Rep. 11 , 12220.
George, J.T., Azhar, M., Aich, M., Sinha, D., Ambi, U.B., Maiti, S.,
Chakraborty, D., and Srivatsan, S.G. (2020). Terminal uridylyl transferase
mediated site-directed access to clickable chromatin employing CRISPRdCas9. J. Am. Chem. Soc. 142 , 13954-13965.
Gibcus, J.H. and Dekker, J. (2013). The hierarchy of the 3D genome. Mol.
Cell 49 , 773-782.
Gilbert, D.M., Takebayashi, S.I., Ryba, T., Lu, J., Pope, B.D., Wilson, K.A., and
Hiratani, I. (2010). Space and time in the nucleus: developmental control
of replication timing and chromosome architecture. Cold Spring Harb.
Symp. Quant. Biol. 75 , 143-153.
Gu, B., Swigut, T., Spencley, A., Bauer, M.R., Chung, M., Meyer, T., and
Wysocka, J. (2018). Transcription-coupled changes in nuclear mobility of
mammalian cis -regulatory elements. Science 359 , 1050-1055.
Hao, Y., Li, J., Li, Q., Zhang, L., Shi, J., Zhang, X., Aldalbahi, A., Wang, L., Fan,
C., and Wang, F. (2020). Programmable live-cell CRISPR imaging with
toehold-switch-mediated strand displacement. Angew. Chem. Int. Ed.
Engl. 59 , 20612-20618.
Hong, Y., Lu, G., Duan, J., Liu, W., and Zhang, Y. (2018). Comparison and
optimization of CRISPR/dCas9/gRNA genome-labeling systems for live
cell imaging. Genome Biol. 19 , 39.
Isaac, R.S., Jiang, F., Doudna, J.A., Lim, W.A., Narlikar, G.J., and Almeida, R.
(2016). Nucleosome breathing and remodeling constrain CRISPR-Cas9
function. Elife 5 , e13450.
Ishii, T., Schubert, V., Khosravi, S., Dreissig, S., Metje-Sprink, J., Sprink, T.,
Fuchs, J., Meister, A., and Houben, A. (2019). RNA-guided endonuclease
– in situ labelling (RGEN-ISL): a fast CRISPR/Cas9-based method to label
genomic sequences in various species. New Phytol. 222 , 1652-1661.
Khanna, N., Hu, Y., and Belmont, A.S. (2014). HSP70 transgene directed
motion to nuclear speckles facilitates heat shock activation. Curr. Biol. 24 ,
1138-1144.
Kim, K., Eom, J., and Jung, I. (2019). Characterization of structural variations
in the context of 3D chromatin structure. Mol. Cells 42 , 512-522.
Kohwi, M., Lupton, J.R., Lai, S.L., Miller, M.R., and Doe, C.Q. (2013).
Developmentally regulated subnuclear genome reorganization restricts
neural progenitor competence in Drosophila . Cell 152 , 97-108.
Küpper, K., Kölbl, A., Biener, D., Dittrich, S., von Hase, J., Thormeyer, T.,
Fiegler, H., Carter, N.P., Speicher, M.R., Cremer, T., et al. (2007). Radial
chromatin positioning is shaped by local gene density, not by gene
expression. Chromosoma 116 , 285-306.
Kurz, A., Lampel, S., Nickolenko, J.E., Bradl, J., Benner, A., Zirbel, R.M.,
Cremer, T., and Lichter, P. (1996). Active and inactive genes localize
preferentially in the periphery of chromosome territories. J. Cell Biol. 135 ,
1195-1205.
Kuscu, C., Arslan, S., Singh, R., Thorpe, J., and Adli, M. (2014). Genomewide analysis reveals characteristics of off-target sites bound by the Cas9
endonuclease. Nat. Biotechnol. 32 , 677-683.
Larson, D.R., Zenklusen, D., Wu, B., Chao, J.A., and Singer, R.H. (2011).

Real-time observation of transcription initiation and elongation on an
endogenous yeast gene. Science 332 , 475-478.
Lee, S., Kim, J., and Park, J.E. (2021). Single-cell toolkits opening a new era
for cell engineering. Mol. Cells 44 , 127-135.
Levi, V., Ruan, Q., Plutz, M., Belmont, A.S., and Gratton, E. (2005).
Chromatin dynamics in interphase cells revealed by tracking in a twophoton excitation microscope. Biophys. J. 89 , 4275-4285.
Lichter, P., Cremer, T., Borden, J., Manuelidis, L., and Ward, D.C. (1988).
Delineation of individual human chromosomes in metaphase and
interphase cells by in situ suppression hybridization using recombinant
DNA libraries. Hum. Genet. 80 , 224-234.
Lieberman-aiden, E., Berkum, N.L.V., Williams, L., Imakaev, M., Ragoczy,
T., Telling, A., Amit, I., Lajoie, B.R., Sabo, P.J., Dorschner, M.O., et al. (2009).
Comprehensive mapping of long-range interactions reveals folding
principles of the human genome. Science 326 , 289-293.
Ma, H., Naseri, A., Reyes-Gutierrez, P., Wolfe, S.A., Zhang, S., and Pederson,
T. (2015). Multicolor CRISPR labeling of chromosomal loci in human cells.
Proc. Natl. Acad. Sci. U. S. A. 112 , 3002-3007.
Ma, H., Tu, L.C., Chung, Y.C., Naseri, A., Grunwald, D., Zhang, S., and
Pederson, T. (2019). Cell cycle– and genomic distance–dependent
dynamics of a discrete chromosomal region. J. Cell Biol. 218 , 1467-1477.
Ma, H., Tu, L.C., Naseri, A., Chung, Y.C., Grunwald, D., Zhang, S., and
Pederson, T. (2018). CRISPR-Sirius: RNA scaffolds for signal amplification
in genome imaging. Nat. Methods 15 , 928-931.
Ma, H., Tu, L.C., Naseri, A., Huisman, M., Zhang, S., Grunwald, D., and
Pederson, T. (2016). Multiplexed labeling of genomic loci with dCas9 and
engineered sgRNAs using CRISPRainbow. Nat. Biotechnol. 34 , 528-530.
Maass, P.G., Barutcu, A.R., Shechner, D.M., Weiner, C.L., Melé, M., and Rinn,
J.L. (2018). Spatiotemporal allele organization by allele-specific CRISPR
live-cell imaging (SNP-CLING). Nat. Struct. Mol. Biol. 25 , 176-184.
Mahy, N.L., Perry, P.E., Gilchrist, S., Baldock, R.A., and Bickmore, W.A.
(2002). Spatial organization of active and inactive genes and noncoding
DNA within chromosome territories. J. Cell Biol. 157 , 579-589.
Marshall, W.F., Straight, A., Marko, J.F., Swedlow, J., Dernburg, A.,
Belmont, A., Murray, A.W., Agard, D.A., and Sedat, J.W. (1997). Interphase
chromosomes undergo constrained diffusional motion in living cells. Curr.
Biol. 7 , 930-939.
Michaelis, C., Ciosk, R., and Nasmyth, K. (1997). Cohesins: chromosomal
proteins that prevent premature separation of sister chromatids. Cell 91 ,
35-45.
Misteli, T. (2007). Beyond the sequence: cellular organization of genome
function. Cell 128 , 787-800.
Nagano, T., Lubling, Y., Stevens, T.J., Schoenfelder, S., Yaffe, E., Dean, W.,
Laue, E.D., Tanay, A., and Fraser, P. (2013). Single-cell Hi-C reveals cell-tocell variability in chromosome structure. Nature 502 , 59-64.
Nora, E.P., Goloborodko, A., Valton, A.L., Gibcus, J.H., Uebersohn, A.,
Abdennur, N., Dekker, J., Mirny, L.A., and Bruneau, B.G. (2017). Targeted
degradation of CTCF decouples local insulation of chromosome romains
from genomic compartmentalization. Cell 169 , 930-944.e22.
Osborne, C.S., Chakalova, L., Mitchell, J.A., Horton, A., Wood, A.L.,
Bolland, D.J., Corcoran, A.E., and Fraser, P. (2007). Myc dynamically and
preferentially relocates to a transcription factory occupied by Igh. PLoS
Biol. 5 , e192.
Pope, B.D., Ryba, T., Dileep, V., Yue, F., Wu, W., Denas, O., Vera, D.L., Wang,
Y., Hansen, R.S., Canfield, T.K., et al. (2014). Topologically associating
domains are stable units of replication-timing regulation. Nature 515 ,
402-405.
Qin, P., Parlak, M., Kuscu, C., Bandaria, J., Mir, M., Szlachta, K., Singh, R.,
Darzacq, X., Yildiz, A., and Adli, M. (2017). Live cell imaging of low- and
non-repetitive chromosome loci using CRISPR-Cas9. Nat. Commun. 8 ,
14725.

Mol. Cells 2021; 44(9): 627-636 635

Live Chromatin Dynamics through CRISPR Imaging
Narendra Chaudhary et al.
Ramani, V., Deng, X., Qiu, R., Gunderson, K.L., Steemers, F.J., Disteche, C.M.,
Noble, W.S., Duan, Z., and Shendure, J. (2017). Massively multiplex singlecell Hi-C. Nat. Methods 14 , 263-266.

C.M., Zotenko, E., Bert, S.A., Giles, K.A., Bauer, D.C., et al. (2016). Threedimensional disorganization of the cancer genome occurs coincident with
long-range genetic and epigenetic alterations. Genome Res. 26 , 719-731.

Rao, S.S.P., Huang, S.C., Glenn St Hilaire, B., Engreitz, J.M., Perez, E.M.,
Kieffer-Kwon, K.R., Sanborn, A.L., Johnstone, S.E., Bascom, G.D., Bochkov,
I.D., et al. (2017). Cohesin loss eliminates all loop domains. Cell 171 , 305320.e24.

Tanenbaum, M.E., Gilbert, L.A., Qi, L.S., Weissman, J.S., and Vale, R.D. (2014).
A protein-tagging system for signal amplification in gene expression and
fluorescence imaging. Cell 159 , 635-646.

Robinett, C.C., Straight, A., Li, G., Willhelm, C., Sudlow, G., Murray, A.,
and Belmont, A.S. (1996). In vivo localization of DNA sequences and
visualization of large-scale chromatin organization using lac operator/
repressor recognition. J. Cell Biol. 135 (6 Pt 2), 1685-1700.

Volpi, E.V., Chevret, E., Jones, T., Vatcheva, R., Williamson, J., Beck, S.,
Campbell, R.D., Goldsworthy, M., Powis, S.H., Ragoussis, J., et al. (2000).
Large-scale chromatin organization of the major histocompatibility
complex and other regions of human chromosome 6 and its response to
interferon in interphase nuclei. J. Cell Sci. 113 , 1565-1576.

Roukos, V., Voss, T.C., Schmidt, C.K., Lee, S., Wangsa, D., and Misteli, T.
(2013). Spatial dynamics of chromosome translocations in living cells.
Science 341 , 660-664.

Wang, S., Hao, Y., Zhang, L., Wang, F., Li, J., Wang, L., and Fan, C. (2019).
Multiplexed superresolution CRISPR imaging of chromatin in living cells.
CCS Chem. 1 , 278-285.

Rowley, M.J. and Corces, V.G. (2018). Organizational principles of 3D
genome architecture. Nat. Rev. Genet. 19 , 789-800.

Wang, S., Su, J.H., Zhang, F., and Zhuang, X. (2016). An RNA-aptamerbased two-color CRISPR labeling system. Sci. Rep. 6 , 26857.

Seeber, A., Hauer, M.H., and Gasser, S.M. (2018). Chromosome dynamics
in response to DNA damage. Annu. Rev. Genet. 52 , 295-319.

Wang, T., Wei, J.J., Sabatini, D.M., and Lander, E.S. (2014). Genetic screens
in human cells using the CRISPR-Cas9 system. Science 343 , 80-84.

Sexton, T. and Cavalli, G. (2015). The role of chromosome domains in
shaping the functional genome. Cell 160 , 1049-1059.

Williams, R.R.E., Broad, S., Sheer, D., and Ragoussis, J. (2002).
Subchromosomal positioning of the epidermal differentiation complex
(EDC) in keratinocyte and lymphoblast interphase nuclei. Exp. Cell Res.
272 , 163-175.

Shaban, H.A., Barth, R., and Bystricky, K. (2018). Formation of correlated
chromatin domains at nanoscale dynamic resolution during transcription.
Nucleic Acids Res. 46 , e77.
Shaban, H.A. and Seeber, A. (2020). Monitoring global chromatin
dynamics in response to DNA damage. Mutat. Res. 821 , 111707.
Shao, S., Zhang, W., Hu, H., Xue, B., Qin, J., Sun, C., Sun, Y., Wei, W., and
Sun, Y. (2016). Long-term dual-color tracking of genomic loci by modified
sgRNAs of the CRISPR/Cas9 system. Nucleic Acids Res. 44 , e86.
Shechner, D.M., Hacisuleyman, E., Younger, S.T., and Rinn, J.L. (2015).
Multiplexable, locus-specific targeting of long RNAs with CRISPR-Display.
Nat. Methods 12 , 664-670.
Shinkai, S., Nozaki, T., Maeshima, K., and Togashi, Y. (2016). Dynamic
nucleosome movement provides structural information of topological
chromatin domains in living human cells. PLoS Comput. Biol. 12 ,
e1005136.
Stevens, T.J., Lando, D., Basu, S., Atkinson, L.P., Cao, Y., Lee, S.F., Leeb, M.,
Wohlfahrt, K.J., Boucher, W., O’Shaughnessy-Kirwan, A., et al. (2017). 3D
structures of individual mammalian genomes studied by single-cell Hi-C.
Nature 544 , 59-64.
Taberlay, P.C., Achinger-Kawecka, J., Lun, A.T.L., Buske, F.A., Sabir, K., Gould,

636 Mol. Cells 2021; 44(9): 627-636

Wu, B., Chao, J.A., and Singer, R.H. (2012). Fluorescence fluctuation
spectroscopy enables quantitative imaging of single mRNAs in living cells.
Biophys. J. 102 , 2936-2944.
Ye, H., Rong, Z., and Lin, Y. (2017). Live cell imaging of genomic loci using
dCas9-SunTag system and a bright fluorescent protein. Protein Cell 8 ,
853-855.
You, Q., Cheng, A.Y., Gu, X., Harada, B.T., Yu, M., Wu, T., Ren, B., Ouyang,
Z., and He, C. (2021). Direct DNA crosslinking with CAP-C uncovers
transcription-dependent chromatin organization at high resolution. Nat.
Biotechnol. 39 , 225-235.
Zhang, X.H., Tee, L.Y., Wang, X.G., Huang, Q.S., and Yang, S.H. (2015). Offtarget effects in CRISPR/Cas9-mediated genome engineering. Mol. Ther.
Nucleic Acids 4 , e264.
Zuin, J., Dixon, J.R., van der Reijden, M.I.J.A., Ye, Z., Kolovos, P., Brouwer,
R.W.W., van de Corput, M.P.C., van de Werken, H.J.G., Knoch, T.A., van
Ijcken, W.F.J., et al. (2014). Cohesin and CTCF differentially affect chromatin
architecture and gene expression in human cells. Proc. Natl. Acad. Sci. U.
S. A. 111 , 996-1001.

