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Abstract

The three-dimensional organization of the genome plays important roles in regulating the
functional output of the genome, and even the maintenance of epigenetic inheritance and genome
stability. Here, we review and compare a number of newly developed methods that enables the
direct visualization of specific, endogenous DNA sequences in living cells, especially that utilizing
the CRISPR-Cas9 system. We further discuss the practical considerations in implementing the
CRIPSR imaging technique in order to achieve sufficient signal-to-background level, high
specificity and high labeling efficiency. With these DNA labeling methods enabling the tracking of
the copy number, localization and movement of genomic elements, we discuss their potential
applications in understanding the searching and targeting mechanism of Cas9-sgRNA complex,
investigating chromosome organization, as well as visualizing genome instability and
rearrangement.
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Introduction

The maintenance of the genome and the regulation of its functional output are one of the
most fundamental processes in living organisms. It is now more and more clear that the
regulation of genome function goes far beyond the linear sequence. The organization of the
genome in the physical space has particularly emerged as an important but still elusive
mechanism. In order to understand how the genome is packaged in the nucleus, chromosome
conformation capture (3C) and its derived methods such as Hi-C have now provided new
insights into the spatial organization principles for the genome such as the existence of
topologically associated domains (TADs). On the other hand, microscopy observation has
long been the classic approach to directly provide the morphological information of cellular
structures as well as localization information of molecules. For example, fluorescence /n situ
hybridization (FISH) allows sequence-specific visualization of DNA and RNA in fixed cells.
Chromosome level FISH have revealed chromosome territories (14), and FISH has now been
extended to high-throughput imaging (128) and super-resolution imaging (6).

Complementary to structural mapping in fixed systems, live observation reveals the dynamic
behavior. Live cell labeling of all chromatins can be achieved with cell-permeable DNA-
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intercalating dyes such as Hoechst 33342 and DRAQS (8, 93, 160), introduction of modified
nucleotides (3) or with histone fused to fluorescent proteins (FPs) (e.g. H2B-GFP) (7, 31,
65, 68, 99). Labeling of specific genomic loci, however, was constrained by the availability
of sequence-specific DNA-binding proteins. Certain genomic elements such as telomeres
and centromeres can be labeled by fluorescently tagging their corresponding binding
proteins (46, 95, 120, 121). For other loci, Lac or Tet operator repeats were inserted into
random positions or a specific genomic region by genome engineering. These artificial sites
can then be traced with Lac or Tet repressor proteins, respectively, fused to FPs (46, 95, 120,
121). This system, however, relies on artificially introduced sequences and genome
engineering tools. The ParB/INT system can similarly label a specific genomic region by
inserting ~ 1 kb INT element, along which ParB protein can spread by oligomerization to
amplify the signal. The small insertion does not interfere chromatin dynamics and
transcription, providing a tool to investigate chromatin positioning and dynamics (122).

Efforts to label and image endogenous genomic element have benefited from the series of
modular proteins with specific DNA recognition which has been developed in the past years
for gene editing, starting with Zinc finger modules, then transcription activator-like effector
(TALE), and more recently, the CRISPR (clustered regularly interspaced short palindromic
repeat) - Cas (CRISPR-associated) system. These system provide a module that can
recognize a specific DNA sequence. When fused with fluorescent proteins, they can guide
the fluorescence signal to a specific sequence within the complex genome (Figure 1). This
reviewer will discuss the imaging of specific genomic DNA sequences in living cells using
these methods, especially about CRISPR-Cas9-mediated genomic imaging, termed
“CRISPR imaging”. We have summarized all live DNA imaging methods in Table 1.

Methods for sequence-specific imaging of endogenous DNA in living cells

Fluorescent zinc-finger proteins

The Cys2-His2 zinc finger, originally discovered in Xenopus (96), is the most common type
of DNA-binding motifs found in eukaryotes (143). An individual zinc finger consist of 30
amino acids in a conserved Bpa configuration (5). Each zinc finger can be engineered to
recognize a nucleotide triplet (71, 110) and several fingers can be arranged in tandem as a
zinc-finger protein (ZFP) to recognize a broad spectrum of DNA sequences with high
specificity (29, 107). Engineered ZFP-based DNA binding domains with novel specificities
have been extensively applied /n vivoto target various effector domains, such as the
cleavage domain of Fokl, to produce a zinc-finger nuclease (ZFN) for genome editing (10,
11, 115, 145). ZFP fused with fluorescent proteins have been used for tracing specific DNA
sequences in living cells (19, 81). GFP-tagged ZFN was first constructed to label specific
DNA sequence in Arabidopsis and mouse (81). A ZFP-GFP protein was designed to
specifically recognize a 9-bp sequence within centromeric 180-bp repeat and monitor
centromeres in living roots. Similarly, the major satellite repeat was also visualized by a
designed ZFP-GFP in mouse, demonstrating that this approach can be potentially applied in
different organisms. Despite the numerous successful uses of engineered zinc finger proteins
for editing, regulating and imaging genome, the full potential of this technology has not yet
been fulfilled. It has been shown that ZFP exhibit context-dependent binding preference due
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to crosstalk between adjacent modules when assemble into a larger array (86). On the other
hand, although several strategies have been developed to overcome these limitations,
assembly of functional ZFPs for targeting specific sequences still remains a major challenge
that requires an extensive screening process.

Fluorescent TALEs

TALEs, originally discovered from the plant pathogenic bacteria Xanthomonas (13, 101),
contain a DNA binding domain that can be engineered to bind specific DNA sequences (18,
87,97, 100, 157). TALEs recognize the target DNA through tandemly arranged 33-35
amino acid repeats, with each repeat binding one base. The base preference of individual
repeats is defined by amino acids 12 and 13, referred to as repeat-variable diresidues
(RVDs). This simple code allows the efficient generation of DNA-binding modules for
targeting any specific sequences. Synthetic TALEs, fusion of TALESs with specific
functionality such as nucleases and transcriptional modulators, have been successfully
applied in genome editing and transcriptional regulation (85, 113, 137, 157). TALEs fused
with fluorescent proteins have been developed to visualize endogenous repetitive sequences
in culture cells and living organisms (84, 98, 140, 153). This approach was first developed to
visualize centromeres and telomeres in live mouse embryonic stem (ES) cells. 15 nt or
longer sequences were selected for targets of TALEs. By fusing TALEs with different
fluorescent proteins, centromeres and telomeres were detected in the same cell,
demonstrating the capability of TALEs for imaging multiple loci in one cell (Figure 2A)
(84). The high specificity of TALEs allows distinguishing 1-nt or 2-nt differences on the
target sequence. Fluorescent TALEs were thus able to distinguish chromosomes in a parent-
of-origin manner by recognition of single-nucleotide polymorphisms (SNPs) (98). Long-
term live cell imaging demonstrated that fluorescent TALES enables DNA sequence tracing
during the cell cycle. Depending on the target sequences, fluorescent TALES can associate
with DNA through the whole cell cycle (98) or disassociate in mid to late prophase but
reassociate in early telophase (140). These observations are consistent with the hypothesis
that chromatin environment can influence TALE binding and activity (18, 35). Yuan and
Colleagues have utilized this approach to follow the replication behavior of particular
satellite sequences during a major embryonic transition in Drosophila and reported that
developmental signals can separately influence the timing of different satellite sequences
(153). This novel application of TALES open new perspectives to identify and elucidate cell
cycle and development-specific changes in genome organization and chromatin dynamics.

Fluorescent TALEs, though conceptually similar to fluorescent zinc-finger proteins (19, 81),
offers several advantages including ease of design, higher affinity, its potential ability to be
applied to any sequences and simpler optimization. However, it is still challenging to extend
this approach to label non-repetitive sequences. To gain sufficient signal for detection, it will
be necessary to construct multiple TALES over the target sequence. Because of their
repetitive nature, it is difficult to construct TALEs with definite specificity. To overcome this
technical difficulty, several cloning strategies have been developed. These methods include
“Golden Gate” molecular cloning (21), high-throughput solid-phase assembly (16, 119), and
ligation-independent cloning techniques (126). In addition, delivery of multiple TALES into
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one cell is another factor that has to be considered. The number of targeted TALEs that is
necessary to achieve non-repetitive sequence labeling needs to be further optimized.

Fluorescent dCas9 proteins

The CRISPR-Cas system provides prokaryotes with adaptive immunity to invading viruses
and plasmids (4, 56, 139, 150). In the type Il CRISPR-Cas system, short foreign DNA
fragments, named “spacers” are integrated into CRISPR loci and then transcribed and
processed into short CRISPR RNAs (crRNAs), which in turn pair with a trans-activating
crRNA (tracrRNA) and direct sequence-specific silencing of foreign nucleic acids by Cas
proteins (17, 45). Biochemical characterizations showed that purified Cas9 from
Streptococcus pyogenes can be guided by crRNA-tracrRNA to cleave target DNA in vitro
(61). A single guide RNA (sgRNA) generated by fusing crRNA and tracrRNA sequences
can replace the two RNAs to mediate the DNA cleavage. This finding created a simple two-
component system, SgRNA and Cas9 protein, in which changes in the guide sequence of the
sgRNA can direct Cas9 to target any DNA sequence of interest. Target recognition, binding
and subsequent cleavage by the Cas9-sgRNA complex requires both Watson-Crick-base
paring between the spacer and the target ‘protospacer’ sequence as well as the presence of
an appropriate protospacer-adjacent motif (PAM) sequence at the 3 end of the target
sequence (59, 60, 133). Many type Il systems have differing PAM requirements, which can
limit their ease of targeting (11). The most commonly engineered system thus far, which
comes from Streptococcus pyogenes, requires a PAM with sequence NGG, where N is any
nucleotide (61). The CRISPR-Cas9 system have been engineered for robust RNA-guided
genome editing in mammalian cells (30, 62, 91) as well as in many model organisms (91,
125).

In addition to genome editing, the ability of Cas9 to bind to DNA at sites defined by the
guide RNA sequence and the PAM has allowed many more applications. By fusing
regulatory domains to a catalytically deactivated Cas9 (dCas9), CRISPR interference
(CRISPRI) and CRISPR activation (CRISPRa) has been developed to regulate endogenous
gene expression (50, 85, 90, 112, 116). The programmable binding capability of dCas9 was
also adapted for imaging specific endogenous DNA sequence in living cells. A fluorescent
protein tagged dCas9 protein and a structurally optimized sgRNA were shown to image both
repetitive and non-repetitive elements in living human cells (Figure 2B) (24). For tandem
repetitive sequences, a single sgRNA may be sufficient to enrich GFP signal for detection,
whereas labeling non-repetitive sequences may need the simultaneous expression of at least
30 sgRNAs. This labeling approach has been successfully applied in living mouse
embryonic stem cells (153) as well as a variety of cultured human cells (25, 72, 83).

Multicolor imaging using TALE or the CRISPR-Cas9 system

Elucidating how the genome is spatiotemporally organized inside the nucleus is imperative
to understanding how genes are regulated during normal development and dysregulated in
various disease states (12, 76). Mapping the functional organization of the genome can be
greatly assisted with methods to directly visualize the interactions between different
genomic elements (e.g. enhancers and promoters) in living cells. To simultaneously image
and track multiple genomic loci, multicolor imaging approach would be indispensable.
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Because TALE recognizes DNA in a protein-only manner, it is straightforward to implement
multicolor imaging with TALE simply by tagging different TALE proteins with different
fluorophores (84). In contrast, the target specificity of CRISRP-Cas9 system is mainly
determined by the sgRNA, thus enabling the following two alternative approaches to achieve
multicolor CRISPR imaging:

The first strategy is to use fluorescent Cas9 orthologs from different bacteria species. Except
the Cas9 from Streptococcus pyogenes (SpCas9), two more orthogonal Cas9 proteins from
Neisseria meningitidisn (NmCas9) and Streptococcus thermophilus (St1Cas9) have been
repurposed for multicolor CRISPR imaging. Using pairs of differently colored dCas9-
SsgRNAs, it becomes possible to determine the intranuclear distance between loci on
different chromosomes or the spatial resolution between two loci on the same chromosome
(83). However, both NmCas9 and St1Cas9 require complex PAM sequences, which restricts
the range of accessible targets (30, 41, 57). Moreover, their targeting activity need more
characterizations. Recently, an additional Cas9 ortholog, SaCas9, has been characterized and
effectively used for in vivo genome editing using single guide RNAs (117). This new Cas9
enzyme is small and can be used for broadly targeting with a PAM of “NNGRRT”. Thus,
SaCas9 has the potential to be combined with SpCas9 for simultaneously tracking multiple
genomic loci in one cell with high efficiency and robustness (Figure 2C). Recent efforts in
altering the PAM specificity of SpCas9 (69, 70) and the discovery of the Cas9-like activities
of the Cpfl protein (155) may further expand the palette of multicolor CRIPSR imaging.

The second strategy is to tether fluorescent RNA-binding protein to the sgRNA though
aptamer fusions which converts the sgRNA into a scaffold RNA (scRNA) that encodes both
information about the target locus and the fluorescent color. This approach has been
successfully used for genomic regulatory programming by recruiting regulatory domains to
target loci through scRNAs (74, 90, 154).

Comparisons of TALE and CRISPR imaging

Although both TALE and the CRISPR-Cas9 system can be programmed to image repetitive
genomic elements effectively, their different DNA binding mechanisms and characteristics
may affect the choice between these two approaches.

Flexibility in target site selection—CRISPR-Cas9 targets must immediately precede a
PAM sequence (such as “NGG” for SpCas9) and are suggested to start with “G” (61), while
the only limitation of TALEs recognition seems to be the requirement for a “T” at the 5" end
of the target sequence (89). Although it is usually not difficult to locate GG sites for
targeting, this constraint do limit the choices of target sites. In contrast, a TALE-FP can in
principle target almost any given site in a genome.

The ease of design and construction—Typically, TALEs are designed to recognize 15
to 20 DNA base-pairs at a target site, corresponding to a custom-designed TALE protein of ~
500-700 amino acids in size. In contrast, the specificity of RNA-guided Cas9 system can be
customized by replacing a short synthetic RNA molecule without changing the protein
component, making it easier and more cost-effective to design and producing the labeling
constructs. Moreover, to label a non-repetitive genomic region, multiple sites must be
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labeled simultaneously to enrich the signal over the background for detection. For this
application as well as co-labeling of many loci, the CRISPR-Cas9 system is thus the easier
choice.

Targeting efficiency and specificity—For genome editing, TALE nuclease (TALEN)
and CRISPR-Cas9 both exhibit high variabilities in efficiency: 1% to ~ 60% mutation rate
for TALEN in cultured mammalian cells (67, 119), and 2.3-79% editing efficiency for
CRISPR (28, 30, 36, 62, 90). So far, there are no reliable rules to predict their targeting
efficiency before experimental validation (66). Therefore, it is almost required try multiple
target sequences for a given loci to ensure successful labeling, for which CRISPR has the
advantage over TALE.

Although a major concern for genome editing, the off-target effect is not as critical an issue
for imaging, because it require simultaneous, stable binding to many site at the target loci to
obtain a detectable signal. However, with future developments that can reduce the number of
binding sites, off-targeting may have to be taken into consideration. The specificity of
TALEs can be modulated by changing the number of TALE modules. To avoid off-target
DNA cleavage, genome editing applications typically use a TALEN pair that bind on
opposite sides of the target site. Such an extremely long (approximately 36 bp) DNA binding
site is expected to be found rarely in genomes. However, when perform TALE imaging,
TALE-FP molecules function as monomers, which may increase the chance of off-target
labeling. In comparison, Cas9/sgRNA can sometimes cleave DNA sequences with up to five
mismatches with the SgRNA protospacer region (42), and Cas9 has been shown to physically
associate with many off-target sites in the genome (75, 152). It was suggested that
shortening sgRNAs to as few as 17 nucleotides can reduce off-targeting for editing (43).

Perturbation to the target site—An ideal DNA labeling system should not interfere
with the function of the target loci. The association of Cas9/sgRNA complex with the target
DNA induces local dsDNA unwinding (133), which may affect the localization of histones
and other DNA-binding proteins. It was suggested that CRISPR imaging may perturb gene
expression in a target site-dependent manner, which could be minimized by targeting the far
downstream region, or upstream region of the promoter while avoiding the enhancers (24,
49, 50). On the other hand, it was shown that dCas9 labeled telomeres displayed similar
movement dynamics as those labeled by telomere-binding proteins, such as TRF-1, nor does
dCas9 binding to telomeres affect integrity of telomere shelterin complex (24). Different
from CRISPR, TALE directly binds to target dSDNA without inducing its unwinding.
Histone H3 occupancy on satellite repeats and a histone modication of pericentromeric
heterochromatin, trimethylated histone H3K9 (H3K9me3), remained unchanged upon
expression of TALE against satellite repeats, thus suggesting that the binding of TALE to its
target DNA does not result in a detectable change in chromatin configuration (98). So far,
TALE has not been used for labeling protein-coding genes yet. Therefore, its affect in gene
expression remains to be characterized.

Collectively, TALE and CRISPR imaging tools should be more complementary than
competitive approaches in labeling repetitive genomic region. The major limitation of TALE
imaging will be the labeling of non-repetitive genomic region. Multiple-sites targeting
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requires not only engineering multiple TALE-FPs, but also co-delivery multiple proteins into
one cell. The highly repetitive nature of TALE-coding sequences creates barriers to their
delivery using certain viral vectors, such as lentiviruses (55). Additionally, every individual
TALE is fused with a fluorescent protein, which will result in very high background signal
because of co-expressing multiple TALE-FPs. Different from TALE imaging, a clonal cell
line expressing suitable level of dCas9-FP can be easily maintained and transduced with
multiple sgRNAs for labeling non-repetitive loci. This is a major advantage of CRISPR
imaging system.

Practical considerations for implementing CRISPR imaging technology

Signal-to-background ratio

The intensity of CRISPR signal from the target locus is determined by the number of
fluorophores bound to this target. Due to the background signal arising from the free dCas9-
FP in the nucleoplasm and cell autofluorescence, it is challenging to detect a single FP in the
nucleus of a living cell. Therefore, multiple dCas9-FP is needed at the same locus to
generate detectable signal. For tandem repeats, such as telomeres and satellite DNA, a single
sgRNA can achieve successful labeling (1, 24, 83). Although tandem repeats are widely
present in many genomes, it is not always possible to find tandem repeats near the locus of
interest. In these cases that require the labeling of a non-repetitive locus, multiple sgRNAS
are needed. Generally, creating create a reliably detectable fluorescent puncta over the
background signal may need at least 10 FPs at the same locus. Considering the high
variability in the targeting efficiency of sgRNAs (90), a group of at least 30 sgRNAs are
usually required to effectively label a non-repetitive region, unless they are individually
validated. For example, a non-repetitive region in MUC4 locus has been labeled by targeting
at least 26 sites (24).

SunTag, a repetitive peptide array, has been recently developed for recruiting multiple (e.g.
24x) copies of a single-chain antibody (scFv) fused to FP or other proteins (138). Telomere
labeling with dCas9-(SunTag),4x and scFv-GFP have demonstrated about 20 fold signal
enhancement, with no perturbation of telomere mobility. Such signal amplification should
greatly help long-term live imaging, which often suffers from photobleaching.

sgRNA efficacy

It is important to note that the efficiency of Cas9 targeting for any genomic locus can be
dramatically influenced by the guide RNA(S) used. For example, three spacers targeting
neighboring sequences of MUC4 locus resulted in very different labeling efficiencies (24)
despite that these sites may share similar chromatin structures and DNA modifications,
which have been suggested to be strong determinants of dCas9 targeting efficiency (72, 75,
152). A number of studies to date have tried to elucidate the connection between the target
sequence features, the PAM and the sgRNA architecture to the SgRNA activity for genome
editing or gene expression regulation (23, 38, 91, 149). Although imaging is a different
application of the CRISPR-Cas9 system, guidelines from these studies would still be
beneficial to sgRNA design for CRISPR imaging.
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A pooled loss-of-function genetic screening revealed that target sequence with very high or
low GC content were less effective against their targets and sgRNAS targeting the
transcribed strand were less effective than those targeting the non-transcribed strand. In
addition, a dCas9-binding assay indicated that Cas9 preferentially bound sgRNASs containing
purines in the last four nucleotides (149). Another high-throughput tiling screen using
CRISPRI as readout indicated that SgRNAs with protospacer lengths of 18-21 nt were
significantly more active than sgRNAs containing longer protospacers (49). Furthermore,
this screening revealed that nucleotide homopolymers had a strongly negative effect on
SgRNA activity. However, neither the DNA strand that was targeted nor the GC content of
sgRNA strongly correlated with sgRNA activity, which is inconsistent with the other study
(149) using genome editing as readout. A third study, creating a pool of sgRNAs tiling
across all possible target sites of nine endogenous genes to produce null alleles, indicated no
preference of targeted DNA strands and sgRNAs with low or high GC content did tend to be
less active (38). Notably, they also observed a preference in the variable nucleotide of the
PAM, where cytosine was favored and thymine was disfavored. The preference for cytosine
at this position has also recently been observed in zebrafish (44).

Collectively, the sequence features within and surrounding the target site do strongly
influence sgRNA activity. Rigorous quantification of all these influences directly on dCas9
DNA-binding activity would be critical to maximize sgRNA efficacy for effective CRISPR
labeling, especially when targeting non-repetitive sequences, which requires many sgRNASs
to function simultaneously. It is also worth noting that not all guidelines obtained from
genome editing are applicable to imaging. For example, although efficient DNA cleavage
require a protospacer length of ~ 20 nt (75, 117, 152), pairing of the ~ 11 nt PAM-proximal
seed sequence region is sufficient for dCas9 binding (152). Thus, CRISPR imaging can use
shorter protospacer lengths without affecting the efficiency.

Targeting specificity

A series of studies have assessed issues related to the CRISPR-Cas9 specificity, which has
been recognized as the major constraint that limits Cas9-mediated genome engineering
applications (42, 53, 58, 90, 109, 117, 141, 142). To assess Cas9 targeting specificity, several
groups have generated variant sgRNASs bearing one to four nucleotide mismatches in the
complementary region and then examined the abilities of these molecules to direct Cas9
nuclease activity in human cells (42, 58). These studies revealed that perfect base-paring
within 8-12 bp directly 5" of the PAM (seed sequence) determines SpCas9 cleavage
specificity, whereas multiple PAM-distal mismatches can be tolerated (58, 60, 61, 127, 151).
In addition, not all nucleotide substitutions at a given position necessarily have equivalent
effects on activity (58). Overall, for any given target site, it is not currently possible to
predict how many mismatches can be tolerated. However, different from genome
engineering, targeting specificity is not a major concern for CRISPR imaging due to the
need of signal enrichment for detection. The off-target effects may be directly identified if
the karyotype of the cell line used is known. Additionally, the labeling specificity can be
further validated by FISH (25). In contrast with genome editing and regulation, mismatches
within PAM-distal region can be considered as potential targets, especially when there are
no many choices of target sites. To more precisely extract the true underlying mismatching
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features that affect dCas9 DNA-binding activity, CRISPR labeling efficiency should be
directly examined as the readout to address the mismatch effects.

Delivery of CRISPR-Cas components

In cultured mammalian cells, electroporation, Nucleofection or Lipofecamine-mediated
transfection have been used to transiently express Cas9 and sgRNAs (30, 36, 43, 90), which
is sufficient to induce efficient genome editing. More recent studies have started to use
lentiviral delivery system to do genome-scale screening with relatively higher efficiency (49,
63, 73, 129, 149, 159). This delivery system helped CRISPR-Cas9-based multiplex genome
engineering in diverse cell types (63). For imaging purposes, lentiviral vectors have been
used to constitutively express Cas9 and/or sgRNAs in cultured cells, which is convenient for
the maintenance of stable cell line for downstream experiments (24). dCas9-FP and sgRNA
are suggested to be delivered into the cells sequentially. Clonal cell lines with variable
dCas9-FP expression levers are better to be first generated and then screened by looking for
a suitable dCas9 expression level with active sgRNAs. This selection is determined by
labeling efficiency, signal-to-background ratio and cell state. In general, a healthy cell line
with best dCas9-FP expression level can be used for targeting any locus. This cell line can
be maintained for imaging any target of interest. Lentivirus expressing SgRNA can then be
tansduced to the cells as a separate step.

It has been found that sgRNA expression dosage is strongly correlate with CRISPR
efficiency (24). Thus, any approach that can increase the sgRNA expression would help
improve the labeling efficiency. In particular, non-repetitive locus labeling is largely limited
by the difficulty to deliver many sgRNAs into the same cell. Two new strategies, developed
to deliver multiple sgRNAs from a single vector for multiplex genome engineering, may be
potentially helpful to non-repetitive locus labeling and the labeling of multiple loci. One
strategy is to use a single lentiviral system to express up to four sgRNAs from independent
RNA polymerase I11 promoters (63). The limitation, though, is that the identical sequences
in the scaffold part of the four sgRNAs may cause rearrangement in the vector. Although this
problem can be minimized by the cloning strategy, it is indeed time-consuming to generate
the vector. The other strategy is to utilize RNA processing (105). The type 111 CRISPR/Cas
associated Csy4 protein from Psedomonas aeruginosa cleaves RNA following a 28-nt
sequence. By bearing this sequence upstream of the sgRNA, a single transcript can be
processed into multiple sgRNAs from the same Pol 1l promoter (105, 141). The drawback of
this method is that Csy4 RNA endonuclease must also be expressed which might bring
toxicity to the cell.

Applications of CRISPR imaging

Understanding the searching and targeting mechanism of Cas9-sgRNA complex

Being able to image and track fluorescent Cas9 molecules offers the opportunity to
understand the mechanism of searching and binding of Cas9 protein to its DNA target. For
example, /n vitro single molecule tracking of Cas9 on the DNA curtain platform (133)
(parallel strands of extended DNA whose two ends are anchored to a cover glass surface)
have revealed the search kinetics and bias. More recently, single molecule tracking of dCas9
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in live cells have further elucidated the effect of nuclear environment, such as
heterochromatin, on the kinetics of target searching (72).

Investigating chromosome organization

The spatial organization of genomes is increasingly recognized as important for maintaining
and regulating cell functions such as gene expressions, gene replications, and proper
partitions of its genetic materials through cell divisions. Below we suggest open questions
regarding the regulation and role of chromosome organizations in various biological
processes that CRISPR imaging might help address.

Chromatin loops and domains—Chromatin loops and domains are revealed recently by
emerging sequencing-based techniques such as Hi-C methods, which detect physical
“contacts” in a chromosome between two DNA sequences that are far away in one-
dimensional genomic distance but close in three-dimensional space (32, 34, 80, 118, 146).
These studies suggest that chromatin loops and domains are highly regulated: preferential
contacts are common in eukaryotic organisms ranging from yeast to human (12, 39, 48, 80);
the sequence of contacts is largely conserved between cell types (37); change in gene
expression is accompanied by change in the contacts in specific chromosome domains (20,
106, 148).

Although the sequencing-based techniques have the high-throughput to perform genomic
scale mapping, direct CRISPR imaging of specific genomic loci in single living cells would
yield complementary information such as when and how these contacts form and how
persistent or labile they are. Moreover, as large heterogeneity is seen at the single cell level
that cannot be simply extrapolated from the ensemble measurement (102), CRISPR imaging
can study the heterogeneity by directly imaging single cells. A third advantage enabled by
CRISPR imaging is that the spatial information is directly measured by imaging loci
positions rather than modeled from satisfying contact constraints (51, 64, 102) and therefore
open up new possibilities in chromosome conformation studies. For example, in embryonic
development, thousands of pairs of contact between distal enhancer and promoter region
through chromatin looping are tightly regulated to control gene expressions in a coordinated
fashion in the signaling network (26, 54, 111, 124). Direct imaging of a distal enhancer and
promoter pair in development might reveal the timing of the contact in development and how
strong the contact is. Some long range looping interactions such as those in the sonic
hedgehog pathway (on the order of 1 Mb) have indeed been resolved using conventional
optical microscopy (123, 158).

CRISPR imaging has the promise to image chromosome conformation in live cells if
multiple specific loci are imaged on a single chromosome, say, a hundred fiducial markers
along a chromosome chain such that the each locus can be tracked with high spatial
resolution. As chromosome conformation has been primarily investigated by sequencing
methods or staining fixed cells, the ability to image chromosome conformation in live cells
has broad applications. First, chromosomes undergo global scale condensation and de-
condensation through mitosis (79). Whereas interphase chromosomes adopt conformation
with preferential contacts, mitotic chromosomes tightly pack in a way that seems
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independent of the genomic sequence (103, 136). How a chromosome alternates between the
two drastically different conformations is largely unknown. The reverse process, how cells
re-establish preferential chromosome contacts and topologically associated domains (TADS)
after mitotic exit is equally elusive (33).

Spatial organization of chromosomes—FISH on interphase nuclei in fixed cells
reveals chromosome territories — each chromosome occupies a space where other
chromosomes are excluded (14). Chromosomes show preferential spatial distribution within
the nucleus with the proper nuclear alignment (9). The spatial organization and relative
position of chromosomes is highly conversed and has important consequences (108). It is
related to coordinated gene expression as proteins might bring chromosomes to vicinity to
each other to coordinate gene expression (94, 132). It is also related to recurrent
chromosomal translocations in tumors as translocations preferentially form between
neighboring chromosomes (121, 131).

Curiously, the spatial organization of interphase chromosomes is inherited to a great extent
from mother to daughter cells despite large chromosome movement and spatial
rearrangement through mitosis (40, 135). How the spatial organization is inherited is
unknown. An interesting model (47) proposes that different chromosomes might separate at
slightly different time due to slightly different centromere strength according to chromosome
identity. The ones that separate early will end up far away from the cell middle whereas the
late ones will be near the cell midplane. Therefore, a spatial distribution is dictated by the
chromosome identity and could be inherited. CRISPR imaging allows tagging multiple
specific chromosomes simultaneously through delivery of multiple guide RNA species
corresponding to specific chromosomes. Therefore multiple specific chromosomes could be
tracked and how their relative positions are regulated through cell division could be directly
imaged.

Furthermore, other cyclic changes of chromosome organization happen through cell cycles.
One example is that the active transcription centers of a cell, nucleoli, disintegrate during
mitosis and reform afterwards, and small nucleoli fuse gradually to form large ones in
daughter cells (144). CRISPR imaging can track ribosomal DNA segments distributed on
multiple chromosomes that participate in the dynamic cyclic formation of nucleoli. Another
example is to probe the dynamics of genomic loci that are periodically expressed and
repressed such as cyclins. By labeling these genes, CRISPR imaging might reveal periodic
changes in the chromosome organization as a way to regulate gene expression.

In X chromosome inactivation, direct imaging shows the pairing and physical tether between
two X chromosomes and the subsequent silencing of one X chromosome during stem cell
differentiation (94). It is unclear when and how cells count their X chromosomes. Evidence
suggests that cells compare the number of X chromosome to that of autosomes to apply
dosage compensation accordingly (2, 104). Therefore, it is possible that similar counting and
pairing mechanism exists for autosomes which might be pre-requisite for X chromosome
pairing and silencing. CRISPR imaging can monitor X chromosomes and multiple specific
autosomes simultaneously to observe whether there is similar autosome pairing in
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differentiation program and how that correlates with the dynamics and silencing of X
chromosomes.

Visualizing genome instability and rearrangement

Genome instability and rearrangement occurs in diverse biological processes and its
consequences vary from being extremely helpful to catastrophic to the cells. Although key
enzymes are extensively studied, recent studies with direct imaging of the genome suggest
that dynamics of chromosomes and genomic loci are critical to these processes.

Chromosome mis-segregation and aneuploidy—Although aneuploidy, where a cell
has abnormal number of chromosomes, is recurrent in birth defects and tumors (134, 147),
how it arises and its consequences are unclear partly due to a lack of live-cell aneuploidy
reporter. CRISPR imaging can faithfully report the number of a specific chromosome by
tagging a sequence unique to that chromosome and therefore accurately detect chromosome
mis-segregation and aneuploidy. For example, aneuploidy is commonly thought to arise
directly from mis-segregation in mitosis. However, live-cell imaging suggests that mis-
segregation in mammalian cells often leads to binuclei fusion and tetraploid progenies
instead of aneuploidy (104). Another seeming paradox is that aneuploidy seems to be
detrimental at the single cell level but confer growth advantage in tumors (130). Some
hypothesizes that aneuploidy leads to higher genome instability and more mutations and
growth advantage is acquired through step-wise mutations. Using CRISPR imaging and
lineage tracking, one might monitor the growth kinetics of aneuploidy with high temporal
resolution in a population of cells. This imaging platform might be further adapted to study
therapeutic effects to curb tumor growth by selecting normal cells against cells with
aneuploidy (27, 130).

DNA damage repair—Cells constantly experience DNA damage and have to employ
various mechanisms to efficiently carry out DNA repair. Although little is known about the
chromosome dynamics during DNA repair, direct imaging of chromosomes suggests
intriguing chromosome behavior and repair kinetics. For instance, studies using transgenes
to tag the broken ends of double stranded breaks show that instead of freely dangling and
instant separation as previously thought, broken ends are typically held together and exhibit
restricted motion for hours after DNA damage (121, 131); distant sister chromatids can
undergo large movement to find each other in homology-directed repair (HDR) in bacteria
cells (78).

CRISPR imaging can conveniently label specific genomic loci and therefore the DNA
damage site might be precisely tracked during repair. Additionally, CRISPR imaging label
simultaneously homologous sequences (from both homologous chromosomes and sister
chromatids) and therefore might be particularly suited to monitoring HDR process. A
systematic study to monitor chromosome motion during DNA repair and read out the
corresponding repair result afterwards would be ideal to reveal the underlying connection
and might help predict and influence the outcome of DNA repair (15, 22). A method to
combine CRISPR imaging and in-situ sequencing (77) might serve this purpose.
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One extreme case of DNA damage and repair is chromothripsis where extensive
chromosomal rearrangements (up to thousands) occur in a single event in one chromosome
(156). Using CRISPR imaging to tag multiple loci on a single chromosome, one might
directly observe this catastrophic event to see how a chromosome is broken into pieces, how
it is re-assembled, and what affects the outcome of the re-assembly process.

Gene recombination—A given set of genome produce limited protein species whereas
many circumstances require a large repertoire of diverse proteins. Nature solves this problem
in a simple and efficient way, through gene segment recombination in specific cell lineages
in a highly regulated fashion (88, 114). For example, during B cell maturation, one variable
(V) gene segment, one diversity (D) gene segment, and one joining (J) gene segment is
randomly chosen from the pool of 44 variable gene segments, 27 diversity gene segments
and 6 joining gene segments on one chromosome to produce one heavy chain protein in the
so-called V(D)J recombination. Similar recombination processes are involved in light chain
production, class switching, T cell surface receptor diversification, olfactory cell receptor
production, etc.

Although key enzymes involved in these gene recombination processes have been identified
through decades of work, relatively little is known about the timing and kinetics of gene
recombination or the dynamics of the relevant gene segments. Live cell imaging of gene
segments using transgene method shows complex dynamics that suggest interesting loci
searching mechanisms (82), but no recombination events was direct imaged possibly due to
uncontrolled transgene insertion site. CRISPR imaging can follow the recombination
process to reveal how the loci accurately find their respective joining segments, and the
duration and kinetics of the recombination. CRISPR imaging might be particularly suited
here given the repetitive sequences endogenously present in these systems.

Recent studies demonstrate genome rearrangement and recombination are influenced by the
genome spatial organization. For example, chromosomal translocations preferentially
happen between neighboring chromosomes (121). Human immunodeficiency virus (HIV)
preferentially targets the part of the genome close to the nuclear envelope for integration and
lead to sequence hotspots during HIV infection (92). This discovery gives new insight on
how our genomes evolve as virus genomes are integrated into ours through millions of
years’ evolution. The bias created by the genome spatial organization might be responsible
for other processes of genome rearrangements such as in transposons through the course of
evolution (52). These possibilities highlight a great need to acquire spatial information of
specific DNA sequences in live cells and CRISPR imaging can provide such information in
the context of 3D genome.

Conclusions and future development of CRISPR imaging technology

Chromatin structures and dynamics are increasingly recognized as important in diverse
cellular functions. Emerging techniques of chromatin imaging show the promise to bridge
the long-standing gap between sequencing studies that give genomic information and
imaging studies that provide spatial and temporal information. Although technical
challenges need to be overcome, the potential of CRISPR imaging will help solve many
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genome and chromatin mysteries through direct live-cell imaging. With its unprecedented
flexibility and precision in genomic sequence targets, we believe the best is yet to come.

Future research directions to improve the technology will include further optimizing sgRNA
scaffold which is crucial for the targeting efficiency through its binding affinity for Cas9.
More well designed experiments using CRISPR imaging as readout are required to explore
the target sequence features that determine the sgRNA activity. To achieve full potential of
this technology for labeling single copy genes, development of new sgRNA delivery systems
will be a critical area of future research. Additional studies will be also required to optimize
the signal-to-background ratio, possibly by further amplifying the CRISPR signal.
Alternatively, using cutting-edge microscopy with high sensitivity of signal detection will
greatly assist the imaging efficiency. Direct engineering of the Cas9 proteins from different
bacterial species should offer a path toward PAM independence, and generating even more
efficient Cas9 proteins. These achievements will allow developing more efficient multicolor
CRISPR imaging method for simultaneously tracking many loci in one cell. Finally,
CRISPR imaging method should be also applied in living organism, which will truly unravel
the function of genome spatial-temporal organization. Together, all these technologies
promise to expand our ability to uncover the mystery of the dynamics of complex genome
organization.
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Imaging
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Scheme of live cell DNA labeling using ZFP, TALE and the CRISPR-Cas9 system.
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Fig. 2.
Imaging of genomic loci using the TALE and the CRISPR-Cas9 methods. (A) Two color

TALE imaging of telomere and centromere repeats (84). (B) CRISPR imaging of tandem
repeats and non-repetitive sequences in the MUC4 gene in a trisomy human cell line (24).
(C) Two color CRISPR imaging of two tandem repeats separated by 272 kb at G2 phase in
the same cell line using SpCas9 and SaCas9. Scale bars for (B) and (C): 5 um.
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