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Abstract—One of the latest methods in modern molecular biology is labeling genomic loci in living cells using fluorescently
labeled Cas protein. The NIH Foundation has made the mapping of the 4D nucleome (the three-dimensional nucleome on
a timescale) a priority in the studies aimed to improve our understanding of chromatin organization. Fluorescent methods
based on CRISPR—Cas are a significant step forward in visualization of genomic loci in living cells. This approach can be
used for studying epigenetics, cell cycle, cellular response to external stimuli, rearrangements during malignant cell trans-
formation, such as chromosomal translocations or damage, as well as for genome editing. In this review, we focused on the
application of CRISPR—Cas fluorescence technologies as components of multimodal imaging methods for in vivo mapping
of chromosomal loci, in particular, attribution of fluorescence signal to morphological and anatomical structures in a living
organism. The review discusses the approaches to the highly sensitive, high-precision labeling of CRISPR—Cas compo-
nents, delivery of genetically engineered constructs into cells and tissues, and promising methods for molecular imaging.
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INTRODUCTION

To understand the functioning of a genome in any
living organism, it is important not only to establish the
linear order of genes and their regulatory elements on
the chromosomes, but to decipher the spatial (3D) chro-
matin organization, as well as time-dependent chang-
es in this organization. This type of research involves
mapping of the 4D nucleome (i.e., 3D nucleome on the
time scale) which has become one of the priorities of

the World Nucleome Project and the Nucleome Project
of the National Institute of Health (NIH) [1]. The 4D
nucleome projects combine advanced technologies of
the 3D genomics, single cell sequencing, and high-res-
olution visualization in order to study formation, main-
tenance, and rearrangement of the 3D nucleome under
various conditions in different types of cells, or even in
single cells. In 2022, the Nucleome Browser (http://
www.nucleome.org) was launched, which is an inter-
active multimodal data visualization and exploration
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platform including 2292 genomic tracks and 732 sets of
nucleome images [2].

The CRISPR—Cas9 system is one of the discover-
ies that have shaken the scientific world. CRISPR has
received a worldwide recognition in 2012 after publica-
tion of the study headed by Emmanuelle Charpentier
and Jennifer Doudna in Science [3], for which they were
awarded the 2020 Nobel Prize in Chemistry (https://
www.nobelprize.org/prizes/chemistry/2020/press-
release/). The CRISPR—Cas9 system has been used for
the development of various genome editing technolo-
gies, some of which are already tested in preclinical and
clinical trials [4]. Another large area of studies imple-
menting the CRISPR—Cas9 system is in vivo fluores-
cence labeling of nucleome in cells [5], since visualiza-
tion of the nucleome organization in the nuclei of living
organisms is extremely attractive. CRISPR—Cas9-based
in vivo imaging will also promote the search for the tar-
gets in the treatment of monogenic and polygenic dis-
eases [4, 6]. By linking genomic loci to particular mor-
phological structures in tissues and/or organs and using
currently available arsenal of molecular imaging tech-
niques, it will become possible to advance such studies
to the in vivo level.

In this review, we discuss the development of nu-
cleome labeling techniques based on the CRISPR—Cas9
system, as well as other labels that can be used for the
3D nucleome visualization in living organisms in the
real-time mode.

CRISPR—Cas SYSTEMS:
HISTORY OF DISCOVERY,
CLASSIFICATION, AND APPLICATION

The CRISPR—Cas system was discovered in the
1980s in Escherichia coli [7] and then in archaea [8], al-
though its role as the acquired immunity system of bac-
teria was understood much later [9, 10]. Since then, the
CRISPR—Cas systems have been found in the genomes
of most archaea and almost in half of bacteria [11].
Besides, the CRISPR—Cas systems and their compo-
nents are common in mobile genetic elements (viruses,
transposons, plasmids) and often spread via horizontal
gene transfer [12].

The CRISPR cassette is a set of repeating DNA se-
quences, the so-called clustered regularly interspaced
short palindromic repeats (CRISPR). CRISPR loci are
separated by spacers (DNA fragments with different nu-
cleotide sequences), that correspond to the fragments
of genomes of viruses that have ever infected this bac-
terium. Due to the incorporation into the bacterial ge-
nome, these fragments are transferred to the daughter
cells during cell division. Adjacent to the CRISPR cas-
sette, there is always a group of genes referred to as cas
(CRISPR-associated genes) [13].
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Originally, it was assumed that Cas proteins were
involved in DNA repair [14]. However, the discovery
that spacer sequences correspond to foreign genetic el-
ements led to the hypothesis that CRISPR—Cas was
an immune system protecting a microorganism against
invasion of mobile genetic elements [15-17]. This hy-
pothesis was soon confirmed experimentally [18]. Later,
it was shown that bacterial and archaeal CRISPR—Cas
systems were also involved in the regulation of many
physiological processes associated with signal transduc-
tion, DNA repair, and programmed cell death. In some
cases, CRISPR—Cas systems affect virulence of patho-
genic microorganisms [19].

In the most general case, the mechanism of CRISPR—
Cas mediated immune defense is as follows. Transcrip-
tion of the CRISPR cassette yields a long RNA in which
unique spacer sequences are separated by hairpin struc-
tures formed by the palindromic repeats. This RNA pre-
cursor undergoes processing with the formation of short
CRISPR RNAs (crRNASs) containing individual spacers.
One or several Cas proteins bind to crRNA forming the
so-called effector complex. This complex binds to the
protospacer, which is a region of foreign DNA or RNA
complementary to the spacer in crRNA. Then, the for-
eign DNA or RNA is cleaved either due to the Cas pro-
tein activity itself or with the involvement of additional
nucleases [9].

To ensure the cleavage of foreign genetic material,
the spacers within the organism’s own CRISPR—Cas
system should be different from the protospacers in the
foreign DNA. For this, the CRISPR—Cas system rec-
ognizes short protospacer adjacent motifs (PAMs).
PAMs are 2 to 5 bp in length; they are localized in for-
eign DNA close to the protospacers and are absent in
the spacers [20]. Cas proteins scan long DNA regions
in search for PAMs and, when the PAM is found, un-
wind adjacent double-stranded DNA helix. The result-
ing single-stranded DNA regions become available for
hybridization with the crRNA spacer. The formed struc-
ture consisting of the DNA/RNA heteroduplex and the
single-stranded DNA is called R-loop. The CRISPR—
Cas systems recognizing foreign RNA do not require the
presence of PAM [20].

Despite a considerable structural diversity between
the CRISPR—Cas system, the mechanism of protective
action of any system includes three functional stages:
(i) adaptation (acquisition of new spacers), (ii) expres-
sion (crRNA biogenesis), and (iii) interference (elimi-
nation of foreign genetic material) [11]. The adaptation
module includes the integrase Casl (key enzyme neces-
sary for the insertion of new spacers) and the structural
protein Cas2. Depending on the system type, this mod-
ule can also include other proteins, e.g., Cas4 nuclease.
The expression module is responsible for the processing
of crRNA precursor. In most systems, it is represent-
ed by the Cas6 enzyme, although there are also other
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variants (see below). The interference module is an ef-
fector complex recognizing the target sequence and hy-
drolyzing foreign DNA or RNA. The structure of the
effector complex is one of the main factors in the clas-
sification of CRISPR—Cas systems. Some systems can
include the auxiliary module represented by genes with
often unknown functions but located close to the princi-
pal genes of the CRISPR—Cas system [21].

There are no genes common for all CRISPR—Cas
systems without exception, which makes classifying
these systems very difficult [21, 22]. The latest classifi-
cation of the CRISPR—Cas systems includes 2 classes,
6 types, and 33 subtypes [21]. This classification is based
on a complex computational strategy that takes into ac-
count the most characteristic (signature) genes for each
type and subtype, comparisons of genes sets and types of
organization of genomic loci, and construction of phy-
logenetic trees based on the similarity between the genes
conserved within each subtype.

Class 1 includes the CRISPR—Cas systems with
the effector complex containing several Cas proteins.
Class 1 systems are very common and can be divided
into types I, III, and IV depending on the combination
of the following proteins in the effector complex: Cas3
(sometimes fused with Cas2), Cas5, Cas6, Cas7, Cas8,
Casl10, and Casl1 [21].

The effector complex in type I systems is called
Cascade (CRISPR-associated complex for antiviral de-
fense) [23, 24]. After the Cascade binds to the target
DNA sequence, a fragment of the complementary DNA
strand remains single-stranded and is cleaved by the
Cas3 protein [25, 26]. Cas3 is a natural chimeric protein
consisting of helicase and nuclease. The helicase activi-
ty is ATP-dependent and is exhibited toward the DNA/
DNA and RNA/DNA duplexes; the nuclease activity
does not require ATP [25, 26]. Cas3 is a signature pro-
tein of type I CRISPR—Cas systems [22].

Type III CRISPR—Cas systems are unique in their
ability to recognize and eliminate transcriptionally ac-
tive foreign genetic material. The effector complex rec-
ognizes the target sequence in the foreign RNA during
transcription, which leads to the complex localization in
the transcription bubble, followed by the degradation of
the single-stranded DNA. The RNA is cleaved by Cas7;
the single-stranded DNA is hydrolyzed by Casl0 [27-
29]. The signature protein of type III CRISPR—Cas sys-
tem is the multidomain Cas10 [22]. Type III systems are
also characterized by the presence of the auxiliary mod-
ule genes [21].

Type IV CRISPR—Cas systems are minimalistic:
they often lack proteins of the adaptation module and
nucleases of the interference module. They contain Cas5
and Cas7 that are easily detected due to the similarity of
their amino acid sequences with their analogs in the oth-
er types of CRISPR—Cas systems. Type IV systems can
be found almost solely in plasmids and prophages [21].
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Class 2 includes CRISPR—Cas systems with the ef-
fector complex containing a single multidomain protein
(Cas9, Cas2, or Casl3). They are found ten-fold less fre-
quently than the class 1 systems [30]. Class 2 is divided
into types II, V, and VI. The search for the CRISPR—
Cas systems by computational technologies has recently
resulted in the discovery of numerous new class 2 sub-
types [21].

Cas9 is a signature protein of type II systems. Cas9
has two nuclease domains, HNH and RuvC, with the
HNH amino acid sequence located within the RuvC se-
quence [21]. Cas9 proteins recognize G-rich PAMs and
cleave the DNA target with the formation of either blunt
ends or one-nucleotide-long sticky ends [31]. The func-
tioning of both adaptation and interference modules in
these systems requires an additional noncoding RNA
called frans-activating CRISPR RNA (tracrRNA). It is
complementary to the CRISPR repeats and, therefore,
forms an RNA duplex with each of the repeats in the
crRNA precursor. The binding with Cas9 stabilizes these
duplexes, which are then cleaved by bacterial RNase 111
(enzyme not included in the CRISPR—Cas system)
[32, 33]. tracrRNA is encoded close to or between the
genes of the CRISPR—Cas locus [34].

The first biochemically characterized Cas9 pro-
tein was Cas9 from the bacterium Streptococcus pyogenes
(SpyCas9); hence, it has been used in most genetic en-
gineering procedures employing the CRISPR—-Cas
systems [35]. This large -crescent-shaped protein
(1368 amino acid residues) is ~100 A x 100 A x 50 A in
size [36]. It is composed of the recognition (REC) and
nuclease (NUC) lobes connected by two linkers; one
of the linkers is a helix enriched in arginine residues
and the other is disordered. The recognition lobe con-
sists of three alpha-helical domains (REC1, REC2, and
REC3) and is responsible for binding the guide RNA
(gRNA) and DNA. The HNH domain in the nucle-
ase lobe cleaves the DNA strand complementary to the
gRNA, while RuvC hydrolyzes the noncomplementa-
ry DNA strand. The RuvC and HNH domains are not
homologous; their active sites are located ~25 A from
each other. The active site of the HNH domain is dis-
ordered in the absence of nucleic acids [36]. The C-ter-
minal region of the nuclease lobe contains the PAM-
interacting (PI) domain that provides the binding with
PAM [37]. The SpyCas9 protein recognizes the PAM
sequence 5'-NGG-3' (and, with a lesser efficiency,
5'-NAG-3') [3, 32].

The signature protein of type V CRISPR—Cas sys-
tems is Casl2. It is a multidomain protein containing
the recognition and nuclease lobes (similarly to Cas9).
The characteristic feature of Casl2 is the presence of
the nuclease domain RuvC capable of introducing dou-
ble-strand breaks into foreign DNA in the absence of
the HNH domain. The requirements for the presence
of additional RNAs depend on the system subtype.
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Thus, the effector complex consisting of Casl2a and
crRNA is fully functional without additional RNAs.
Casl2b requires tracrRNA for the crRNA maturation
and target DNA cleavage (similarly to Cas9) [38]. In the
case of Casl2c and Casl2d proteins, both the processing
of the crRNA precursor and hydrolysis of target DNA
require a molecule of short-complementarity untrans-
lated RNA (scoutRNA), which is a recently discovered
third variant of short RNA encoded in the CRISPR—
Cas system [39]. In most cases, Casl2 proteins recog-
nize T-rich PAM sequences and cleave the target DNA
forming 5' sticky ends of 5 nucleotides (Casl2a), 7 nu-
cleotides (Casl2b), or 9 nucleotides (Cas12d) in length
[31, 39]. Depending on the system subtype, type V
CRISPR—Cas systems target double-stranded DNA,
single-stranded DNA, or single-stranded RNA [21].

The signature protein of type VI CRISPR—Cas sys-
tems is Casl3. These systems target the RNA transcripts
of foreign genomes [21]. Casl13 acts as both expression
and interference modules; it is involved both in the
crRNA processing and hydrolysis of target RNA. Inter-
estingly, these two functions are based on two different
ribonuclease activities. The hydrolysis of single-strand-
ed target RNA requires interaction between the HEPN1
and HEPN2 domains in the Casl3 molecule, while
crRNA processing requires interaction between HEPN2
and Helical-1 domain [40].

The ability of CRISPR—Cas systems to recognize
the target nucleotide sequences in long genomic DNAs
with a high specificity is a feature which is difficult to
overestimate in biotechnology and medicine. CRISPR—
Cas systems have been used to create technologies for
precise editing of eukaryotic genomes [3, 41]. For easy
use, crRNA and tracrRNA can be fused in a single mol-
ecule — the so-called single guide RNA (sgRNA) [3].
Therefore, a minimal system for genome editing consists
of only two elements — the multidomain Cas9 protein
and chimeric sgRNA. The target region in DNA is deter-
mined by the spacer sequence in sgRNA. The choice of
the target is limited by the necessity of a PAM sequence
presence adjacent to the target sequence (to be recog-
nized by Cas9). Cas proteins from different CRISPR—
Cas systems and organisms recognize different PAMs.
However, the affinity of a Cas protein to a particular
PAM sequence can be changed by mutagenesis [42].

At present, CRISPR—Cas9 and CRISPR—Casl2a
are the most commonly used systems for precise editing
of eukaryotic genomes [43, 44]. They introduce dou-
ble-strand breaks into DNA, which are then repaired
through homologous recombination or nonhomologous
DNA end joining [45]. Many research groups work on
the improvement of CRISPR—Cas systems to further
increase their specificity [46]. Beside its application in
medicine [47], genome editing is used for modification
of microorganisms [48] and plants in agriculture and
horticulture [49-54]. Recently, the first works on the eu-
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karyotic genome editing using type I CRISPR—Cas sys-
tems have been published [55-57].

CRISPR—Cas systems are also employed in var-
ious analytical methods for DNA detection [58, 59],
including SARS-CoV-2 diagnostics [60]. It should be
emphasized that the diagnostics of infections caused
by RNA-containing viruses uses the RNA-recogniz-
ing CRISPR—Cas13 system [61]. In terms of molecular
diagnostics, CRISPR—Cas systems have several sub-
stantial advantages, such as high specificity, high sensi-
tivity, simplicity of use, and low cost. At present, vari-
ous pathogens can be detected with the corresponding
CRISPR—Cas system, including Zika virus (Cas9); tu-
berculosis, human papilloma virus, HIV-1, hepatitis B,
and SARS-CoV-2 viruses (Casl2); and SARS-CoV-2,
Dengue, and Zika viruses (Casl3). Any of these diag-
nostic tests takes less than 3 h [62]. CRISPR—Cas can
also be used for the construction of biosensors for de-
tecting molecules other than nucleic acids [63, 64].

Point mutations interfering with the Cas9 ability to
hydrolyze DNA (D10A in the RuvC domain and H840A
in the HNH domain) do not impair the binding of this
protein with the target sequence [65]. This catalytically
inactive protein was called dCas9 (dead Cas9). Anal-
ogous catalytically inactive variants were obtained for
other Cas proteins, e.g., dCasl2a [66], dCasl2b [67],
and dCasl3 [68]. These mutants have considerably ex-
tended the areas of the CRISPR—Cas application, as any
functionally active domain fused with dCas can be deliv-
ered to the specified genomic loci. The functionally ac-
tive domains can be transcription regulators, chromatin
remodeling factors, enzymes which modify heterocyclic
bases, fluorescent labels, etc. [69]. Thus, it has become
possible to speak of epigenome editing [70, 71].

Type I CRISPR—Cas systems can also be used for
the programmed gene repression without genome edit-
ing. For this purpose, the nuclease Cas3 gene is delet-
ed [72]. However, such application is considerably lim-
ited by the fact that the Cascade complex consists of
several proteins in the type I systems.

Since Cas9 and dCas9 are very large proteins that
are encoded by large genes, their size should be de-
creased in order to facilitate their delivery into the cells.
It has been shown that dCas9 from S. pyogenes main-
tained its DNA-recognizing activity in vitro and in vivo
even after deletion of about one-third of its amino acid
sequence (four regions in the REC2, REC3, HNH, and
RuvC domains) [73]. Another type of Cas proteins that
would be suitable for easy delivery is miniature proteins
from the recently discovered Casl2f group. Despite their
relatively small size (422-603 amino acid residues), these
proteins cleave double-stranded DNA in the PAM-
dependent manner [74, 75].

The orthologs of dCas9 from various organisms rec-
ognize different PAM sequences and, therefore, can be
used for targeting several DNA sequences simultaneously.
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These dCas9 proteins also differ in size, and this fact
can facilitate their delivery into the cells. The specifici-
ty of dCas9 orthologs to particular PAM sequences can
be changed by introducing modifications into the ami-
no acid sequence of the PI domain. Moreover, the rec-
ognition of the PAM sequence is not always strict and,
therefore, the binding specificity can vary depending on
the selected variable nucleotide in the PAM sequence.
Due to these properties, dCas9 orthologs are used for
the simultaneous labeling of different chromatin loci in
one cell [76].

MODERN APPROACHES TO THE 3D GENOME
STRUCTURE INVESTIGATION in vitro AND in vivo

Currently existing approaches to the investiga-
tion of the 3D genome architecture and visualization
of chromatin loci can be divided into two large groups
that have been developed independently and are used
separately despite their common purposes. The first
group includes the methods requiring cell fixation, such
as (1) 2D- and 3D-FISH, (2) 3C (3C, 4C, 5C, Hi-C)-
based techniques, and (3) CASFISH. The second group
includes the methods using living cells and proteins
of genome editing systems capable of binding to DNA
without introducing breaks into it. These methods utilize
(1) TALE (transcription activator-like effector) or ZFN
(zinc finger) protein domains fused with fluorescent
proteins (FPs), (2) dCas9 fused with FP, (3) dCas9 fused
with the SunTag polypeptide, (4) chimeric sgRNAs con-
taining FP-binding RNA aptamers, (5) Casilio system,
and (6) FP fragments providing fluorescence comple-
mentation. The methods of the first group had been
developed earlier and therefore have a broad range of
applications [77]; the methods of the second group rep-
resent developments of genome editing techniques.

Chromatin labeling in fixed cells. Fluorescent hybrid-
ization in situ (FISH). Therefore, we will first discuss the
methods based on the FISH technique, which has more
than a half-a-century history and numerous applications
[78]. Although FISH allows to label only a few genomic
loci at the same time, its application has led to the dis-
covery of chromosome territories and dynamic changes
in the positions of genomic loci relative to the nuclear
compartments during cell differentiation [77].

At present, there are several FISH modifications.
All of them require cell fixation, DNA denaturation
by special reagents, and DNA hybridization (anneal-
ing) with fluorescent probes for further visualization
under a fluorescent microscope. In 2D-FISH, the nu-
cleus spread is obtained by cell swelling in a hypotonic
solution, followed by its fixation in methanol and ace-
tic acid. As a consequence, the labeling of chromatin
loci is limited to two dimensions only, because the spa-
tial positions of the loci are assessed in the spread-out
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(flattened) nucleus. In 3D-FISH, the cells are fixed
with formaldehyde to maintain their shape. Therefore,
3D-FISH makes it possible to measure the distances be-
tween several genomic loci and to determine the varia-
tion of these distances in a cell population [79, 80].

Although 3D-FISH is more difficult to implement
than 2D-FISH, it is often used to confirm the results
obtained by other methods (e.g., those based on 3C; see
the next section), because it studies cell preparations,
in which the state of the nuclei is close to the native
one. We believe that comparing the results obtained by
2D-FISH and 3D-FISH is not exactly correct; howev-
er, 3D-FISH has undeniable advantages, since the use
of several different fluorophores allows not only to visu-
alize DNA loci, but also to relate their positions to the
chromatin or nucleus morphology.

Recently developed technique of multiplexed im-
aging by sequential hybridization in situ [81] has made it
possible to visualize hundreds of genomic loci and to ob-
tain high-resolution images for the entire chromosome.
In the same article, the authors described the method
of multiplexed error-robust fluorescence in situ hybrid-
ization (MERFISH) that allowed to simultaneously
visualize more than a thousand genomic loci and na-
scent RNA transcripts and to characterize chromatin do-
mains, nuclear compartments, and interactions between
different chromosomes and transcription processes in a
single cell in situ.

3C-based techniques. The methods based on the
chromosome conformation capture (3C) are used for
various purposes [82-84]. They include cell fixation
(most often, with formaldehyde), genome fragmentation
by restriction endonucleases, and ligation of spatially
close DNA fragments. The further stages vary depending
on the technique used. 3C-based techniques are used for
identifying the contacts between two chromosomal loci,
between a locus and the entire genome, or even between
multiple genomic loci.

The 3C technique [85] involves chromatin fixa-
tion followed by the chromatin cleavage with restric-
tion endonucleases for the formation of sticky ends and
further ligation of the resulting DNA fragments by the
sticky ends. The mixture of DNA fragments for the li-
gation reaction is diluted to ensure mainly intramolec-
ular ligations (i.e., within covalently cross-linked frag-
ments) [86]. Next, polymerase chain reaction (PCR)
is performed using the primers complementary to the
sequences present in the studied genomic regions, and
the amplification products are analyzed by gel electro-
phoresis. The efficiency of amplification for different
primer pairs is compared to estimate the frequency of li-
gation of the respective DNA regions, which represents
the frequency of interaction between these regions in the
genome [86]. The use of primers is a disadvantage, as
the 3C technique can be applied for detecting the mu-
tual positions of preselected DNA regions only. Hence,



S128

the efficiency of the 3C technique can be described as
“one-to-one”, which limits its application. In addition,
it can detect contacts only within a limited distance (less
than several hundreds of kilobases). Several 3C-based
methods with a higher throughput capacity have been
developed [82].

(i) 4C (circular chromosome conformation capture)
technique [87] includes creation of small circular DNA
molecules. For this, DNA templates obtained by ligation
(as described above for the 3C technique) are cleaved
by the second restriction endonuclease and then ligated
again. This procedure is followed by inverse PCR using
the primers to the studied sequence to amplify all inter-
acting sequences. The resulting amplification products
are analyzed by microarrays or next-generation sequenc-
ing (NGS). This advanced method allows to assess the
interactions between one particular genomic locus and
all other genomic loci (“one-versus-all”) [86, 88].

(ii) 5C (chromosome conformation capture carbon
copy) technique [89] assumes hybridization of DNA
templates obtained by the 3C technique with a mixture
of oligonucleotides, each of oligonucleotides partially
overlapping with a certain restriction site in the studied
locus. The pairs of oligonucleotides corresponding to the
interacting genomic regions are brought close togeth-
er by annealing on the DNA templates and therefore,
can be ligated. Each of these oligonucleotides carries
one of two additional universal sequences at its 5' end,
which allows to simultaneously amplify all ligation prod-
ucts by the multiplexed PCR. The resulting DNA frag-
ments are analyzed by microarrays or sequencing [86].
The 5C technique implements the “many-versus-many”
principle, which makes possible simultaneous detection
of millions of interactions using thousands of primers
in one analysis. A great scientific achievement ensured
by the 5C technique was the discovery of topologically
associating domains (TADs), genomic regions whose
DNA sequences preferentially contact each other [90].

(iii) Hi-C (high-throughput chromosome confor-
mation capture) technique [91] differs from 3C in the
fact that after the cleavage by a restriction endonucle-
ase, the sticky ends are filled with biotin-labeled nu-
cleotides. Next, the mixture is diluted and the blunt
ends are ligated, so the ligation sites are labeled with
biotin. The resulting DNA is cut and the biotinylated
fragments are isolated with streptavidin and analyzed
by NGS. This strategy implements the “all-versus-all”
principle [77, 86].

One more method that is similar to those listed
above but is not considered as a 3C-based technique is
ChIA-PET (chromatin interaction analysis with paired-
end tag) [92]. Chromatin is fixed by formaldehyde and
fragmented by sonication; the fragments with the bound
protein of interest are precipitated using the antibodies
against this protein. Spatially close DNA ends are ligat-
ed and the ligation products are analyzed by sequenc-
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ing. Therefore, the ChIA-PET technique allows to study
only chromatin interactions determined by a particular
DNA-binding protein [86].

To answer the question to what extent the results
of FISH and 3C-based techniques can be compared,
it is important to take into account the similarities and
the differences of these methods. Both groups of tech-
niques are based on the chemical cross-linking by form-
aldehyde, which is more efficient in the case of pro-
tein—protein interactions (due to the presence of lysine,
tryptophan, and cysteine residues) than in the case of
DNA-—protein interactions. Although the cross-link-
ing reaction occurs within a range of 2-3 A, more dis-
tant DNA loci can be cross-linked due to the existence
of protein—protein scaffolds. Both groups of techniques
require permeability of the cell nuclei and accessibility
of chromatin to fluorescent probes or restriction endo-
nucleases. The specific requirement of the 3D-FISH
technique is that the cross-linked chromatin should be
slightly denatured to enable probe hybridization with
the target DNA. This is achieved by heating a sample in
the presence of formamide, which decreases the melt-
ing temperature of the double-stranded DNA, since the
“regular” thermal denaturation could lead to the chang-
es in the nuclear and chromatin organization. Unlike
3D-FISH, the 3C-based techniques require genome
fragmentation by restriction endonucleases. The main
problem when comparing the results of these methods
is that the 3D-distances between the interacting loci are
determined by microscopy in FISH and by sequencing
in Hi-C. Another problem is that the distance within
which two genomic loci can be cross-linked with form-
aldehyde is still unknown. However, at present, FISH
remains the most reliable method for confirming the
results obtained by Hi-C [93].

Since both FISH and 3C-based techniques use co-
valent cross-linking, they have a common disadvantage:
none of these techniques allows to study the temporal
dynamics which underlies the variability of chromosome
conformations.

CASFISH. Another promising technique is CASFISH.
It is a modification of FISH, in which the target DNA
sequences are labeled by catalytically inactive protein
dCas9 [94]. The cells are fixed with a methanol—ace-
tic acid mixture to avoid denaturation of genomic
DNA and, at the same time, to introduce the protein—
nucleic acid probes into the nucleus. The probes are the
complexes of dCas9 labeled with a fluorescent dye via
the Halo-tag and sgRNA carrying a fluorescent dye of
another color.

The CASFISH technique has several advantages
compared to the methods described above. First, the
optimized labeling procedure using protein—nucleic
acid probes takes much less time than the labeling pro-
cedure in FISH which is based on nucleic probes only.
Second, the mild conditions of CASFISH provide
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better retention of cell morphology and DNA structure.
Hence, CASFISH in combination with superhigh-res-
olution imaging of single molecules is a useful tool for
studying genome organization. Third, the two-compo-
nent nature of CASFISH probes provides a great poten-
tial for multiplexing, i.e., simultaneous application of
several fluorescent labels. However, this technique has
its disadvantages, as only a limited number of genomic
loci can be labeled. It also does not allow to study the
behavior of chromatin loci in its dynamics [94].

Chromatin labeling in living cells. Using ZFN and
TALE domains for labeling chromatin loci. The first en-
donucleases used for genome editing contained the zinc
finger (ZFN) domain fused with the endonuclease do-
main [95]. The ZFN domain consists of several zinc
finger motifs, fragments of about 30 amino acid residues
long capable of binding zinc ions. There are several types
of such motifs [96]. The “classical” Cys,—His, type used
in genome editing consists of an alpha-helix and a be-
ta-hairpin, with a zinc ion coordinated by two cysteine
and two histidine residues [96]. Each zinc finger motif
forms contacts with 3-4 base pairs in the DNA major
groove. It is possible to construct a domain consisting of
several zinc finger motifs that will be able to recognize
a longer DNA sequence and to interact specifically with
a target DNA [97].

In a fusion protein, the ZFN domain is respon-
sible for the specificity, while the catalytic domain de-
rived from restriction endonuclease FokI provides DNA
hydrolysis [98]. In FoklI nuclease, the recognition of
a specific DNA sequence and hydrolysis of the dou-
ble-stranded DNA are the functions of two different
structural domains. When these domains are separated
by proteolysis, the FoklI catalytic domain cleaves DNA
nonspecifically [99]. The first chimeric endonuclease
was constructed by fusing the FokI catalytic domain
with the Ultrabithorax homeodomain protein of Dro-
sophila [100]. The chimeric proteins consisting of the
FoklI catalytic domain and ZFN domains were soon
constructed [98, 101]. The FoklI catalytic domain exhib-
its its activity only after dimerization [102], so all chime-
ric proteins created based on this domain also require
dimerization to become functional. Therefore, the dou-
ble-stranded DNA is cleaved only where two ZFN do-
mains bind with the opposite DNA strands, which limits
the off-target effects of this construct.

Another nuclease used for genome editing is
TALEN (transcription activator-like effector nuclease),
a protein composed of bacterial TALE protein and the
catalytic domain of Fokl endonuclease. Similar to the
ZFN domains, the TALE domain consists of repeats
33-35 amino acid residues in length. Each repeat recog-
nizes one base pair in DNA, and the specificity of rec-
ognition is determined by two hypervariable amino acid
residues [97, 103]. The activity of each repeat has no ef-
fect on the binding specificity of adjacent repeats, which
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considerably simplifies the construction of the TALEN
nuclease compared to the ZFN nucleases [97].

Since the labeling of genomic loci does not re-
quire the introduction of breaks into DNA, the chime-
ric proteins created for this purpose are composed of the
DNA-recognizing ZFN or TALE domains with the at-
tached FP (instead of the endonuclease domain). Such
constructs have been successfully used to label repeat-
ing DNA sequences [104-108]. In some cases, TALE
proteins form aggregates. To avoid aggregation and to
increase the contrast of imaging in living cells, fluores-
cently labeled TALE protein can be fused with thiore-
doxin [109].

Labeling of chromatin loci in living cells using the
CRISPR—Cas9 system. The discovery of the catalyti-
cally inactive dCas9 protein has stimulated the devel-
opment of the CRISPR—dCas9-based techniques for
non-invasive visualization of genomic loci in living cells.
It should be emphasized that the fluorescent label can
be inserted into either protein (dCas9) or nucleic acid
(sgRNA) component of the probe.

In the case of dCas9 fused with any FP, the signal
from a single molecule is too weak; therefore, succes-
sive visualization is possible only if the target is a re-
peating DNA sequence (e.g., as in telomeres) [110]. The
SunTag system developed to intensify the fluorescence
signal [111] involves the coexpression of the antibody
fused with the FP and dCas9 fused with a polypeptide
containing numerous repeats of the epitope recognized
by this antibody (SunTag). As the dCas9—sgRNA com-
plex recognizes a unique target sequence in the genom-
ic DNA, the SunTag polypeptide linked to it provides
the binding of numerous fluorescently labeled antibod-
ies with a single dCas9 molecule, which significantly
increases the fluorescence signal [111, 112].

An alternative to the application of chimeric
dCas9-FP constructs is visualization of genomic loci us-
ing modified sgRNAs capable of recruiting fluorescent-
ly labeled proteins specific for a given RNA sequence.
As an example, we can mention chimeric sgRNA con-
taining numerous repeats of a unique RNA aptamer
which is capable of specific binding to a fluorescently
labeled effector protein [113-115]. The most common-
ly used aptamer is MS2, which is an RNA loop of the
MS2 bacteriophage RNA capable of binding to the MS2
bacteriophage coat protein (MCP) with high affinity and
specificity [116]. During the coexpression of such chi-
meric sgRNA with dCas9 and MCP-FP, each dCas9—
sgRNA complex is labeled by numerous FP molecules
due to the interactions between the MS2 aptamer and
MCP. Because of the rapid exchange of the effector pro-
tein molecules bound by the aptamer, the photobleach-
ing is less pronounced than in the case of labeling with
CRISPR—Cas9 [113].

The Casilio system [117] combines CRISPR—Cas9
and conserved RNA-binding domain of the Pumilio/
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FBF (PUF) proteins that can be programmed to bind
to a specific 8-nucleotide RNA sequence (PUF-bind-
ing site, PBS). When fused with a FP, the PUF do-
main maintains the ability to recognize its target RNA.
The use of sgRNA containing the tandem repeats of PBS
makes it possible to label the dCas9—sgRNA complex
using several chimeric PUF-FP proteins.

Bimolecular fluorescence complementation (BIFC)
[118] uses two fragments of the Venus yellow fluorescent
protein that can interact forming the full-size functional
protein. The dCas9 fused to the Venus C-terminal frag-
ment is coexpressed with the MCP fused to the Venus
N-terminal fragment, and with a chimeric sgRNA con-
taining the MS2 aptamer. Such coexpression results in
the assembly of the dCas9—sgRNA complex and MCP
binding by the MS2 aptamer, leading to the conver-
gence of two Venus fragments and formation of the FP.
The signal-to-noise ratio can be substantially improved
by the introduction of the SunTag to the above system.
In such modified system, dCas9—SunTag protein is co-
expressed with a SunTag-recognizing antibody fused to
the C-terminal fragment of the Venus protein, along
with MCP fused to the N-terminal fragment of the
Venus protein, and with the chimeric sgRNA contain-
ing the MS2 aptamer [118]. An analogous fluorescence
complementation system was developed that used green
fluorescent protein (GFP) expressed as three separate
fragments [119].

The main characteristics of techniques for study-
ing the 3D genome structure and visualizing chromatin
loci are listed in Table 1. It should be emphasized that
despite their high resolution and specificity, the tech-
niques using cell fixation, DNA spreading, and dena-
turation cannot be applied for the in vivo visualization
of genomic loci in intact nuclei retaining their 3D struc-
ture. The major drawback of the TALE-based and ZFN-
based systems is the necessity for the time- and labor-
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consuming development of specific DNA-recognizing
domains for each genomic locus under investigation.
The CRISPR—Cas9 technology allows to omit these
procedures, because the specificity of DNA recogni-
tion is provided by the complementary interaction of the
RNA component with a particular nucleotide sequence
in the genome, which substantially facilitates creation
of the effector complexes. Taking into account all the
above mentioned, the use of the CRISPR—Cas9 sys-
tem with the chimeric dCas9-FP protein seems to be the
optimal approach for the labeling of chromatin loci in
living cells.

Problems in using the CRISPR—Cas9 systems and
how to solve them. It is still poorly understood how the
specificity of chromatin labeling, as well as the localiza-
tion and transport of chimeric dCas9-FP protein, de-
pend on the components of this protein and their com-
bination. Other disadvantages of this system include a
high background signal and retention of the chimeric
protein in various cell compartments [120]. Below, we
list the major problems encountered by researchers using
dCas9-FP for genome labeling and possible solution to
these problems.

1) Off-target binding. The dCas9 ortholog from
S. pyogenes, which is most often used for labeling of
chromatin loci, has a short PAM sequence (5'-NGG-3').
Although it provides a lot of freedom in choosing tar-
get DNA sequences, it is also characterized by frequent
off-target binding, resulting in false-positive signals
during visualization [120]. This problem can be solved by
using dCas9 orthologs from other bacterial species with
different PAM sequences. The orthologs recognizing
long PAM sequences are preferable; although this limits
the choice of the target site, but also reduces the off-tar-
get binding [121]. In addition, the variants of Cas9 from
S. pyogenes with a higher specificity have been devel-
oped, as well as the variant with expanded PAM (xCas9)

Table 1. Comparison of techniques for studying the 3D genome structure and visualizing chromatin loci

3C-based ZFN+FP CRISPR—-Cas9
2D FISH 3D FISH techniques CASFISH and TALEN+FP techniques
Use of live cells — — - — + +
Maint /-
amntenance (specificity can be lost due to impaired protein—protein + + +
of specificity . . .
interactions as a result of denaturation)
Maintenance —
of chromatin (due to (due to dzr/lgturation) (due to dJ;I/lgturation) + + *
3D structure spreading)
high
Techmqge low medium high medium (construction medium
complexity of system
components)
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[122], which can be modified to visualize genomic loci
with a high specificity. Another protein, Casl2a, can be
used for the recognition of AT-rich PAM sequences.

2) Target site accessibility. Some DNA regions are
coated with DNA-binding proteins (e.g., shelterins that
protect centromeres and telomeres) and, therefore, are
inaccessible for the binding with the dCas9—sgRNA
complex. There are also DNA regions with a high level
of topological inaccessibility, which also prevents inter-
actions with the dCas9—sgRNA complex. The choice of
the target can be improved by using other methods, such
as ChIP-seq [123] and 3C.

3) Target binding selectivity. When using the Cas9—
sgRNA system, the length and the nucleotide sequence
of the spacer can influence the efficiency of complex
binding with the target site. For example, the binding of
sgRNA to the coding DNA strand is more efficient than
to the template strand. This can impede visualization of
genomic loci containing insufficient number of PAM se-
quences in the template strand. In addition, the strength
of Cas9 binding with sgRNA may vary, as the protein
preferably binds with gRNAs containing purine bases as
the last four nucleotides of the spacer. The target binding
efficiency is also affected if the gRNA contains a small
number of GC dinucleotides [124].

4) Background fluorescence is a common problem
in all techniques using fluorescent microscopy. One of
the approaches to improve the signal/background ratio
is using the fluorescence complementation technique
described above [118, 119].

5) Visualization of nonrepetitive sequences. While
visualization of repetitive DNA sequences requires only
one sgRNA, visualizing non-repetitive elements is more
complicated, as it needs several unique sgRNAs. Multi-
ple sgRNAs can be cloned into a single plasmid by the
Golden Gate assembly [125] under optimized condi-
tions, which significantly simplifies the transfection pro-
cedure and increases its efficiency. However, simultane-
ous expression of several sgRNAs in the same cell may
be non-synchronized, because the transcription rates
of different sgRNAs can vary significantly. In order to
overcome this problem, one potential strategy may be
encoding different sgRNAS in one transcript, with every
two sgRNAs linked by a sequence that can be excised by
ribonucleases. Even in case of successful simultaneous
expression of several sgRNAs, imaging of nonrepetitive
regions may be challenging, because different sgRNAs
can compete with each other for the binding to dCas9.
The competition between different sgRNAs can be re-
duced by using multiple dCas9 orthologs [120].

At present, the most common approach is expres-
sion of dCas9 from S. pyogenes fused with the enhanced
green fluorescence protein (eGFP) in combination
with one or several sgRNAs [110]. sgRNAs can also be
labeled with fluorescent molecules [126, 127]. However,
both strategies have the disadvantages described above.
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The use of fluorescently labeled RNAs allows to label
up to six DNA loci simultaneously without using mul-
tiple dCas9 orthologs [127], while fluorescent label-
ing of proteins provides lower background signal but is
limited by the number of available dCas9-FP constructs
[94]. Chimeric proteins containing dCas9 orthologs
(NmdCas9 and StdCas9) have been used only in a few
studies [128], none of which has attempted to optimize
the chimeric proteins by combining different orthologs
and FPs. In [129], dCas9-FP was fused with the target
sequences for the respective sgRNAs labeled with a flu-
orescent peptide to increase the signal/background ra-
tio [129]. The results obtained in almost all studies us-
ing these methods were verified by FISH [110]. In most
studies, the repetitive sequences were telomeres [128] or
centromeres [94], while MUCI and MUC4 were chosen
as nonrepetitive loci [110].

DELIVERY OF THE CRISPR—Cas SYSTEM
COMPONENTS TO THE TARGET CELLS

The proper functioning of the CRISPR—Cas9 sys-
tem, whose components are unstable, prone to degra-
dation, and hard to penetrate into the cells, requires se-
lection of the optimal method for the delivery into the
target cells. At present, there are three main strategies to
achieve this goal: physical methods and the use of viral
and nonviral vectors.

Physical methods are used quite often, both in vitro
and in vivo, due to their simplicity and efficiency.
They can be divided into two classical and two new
techniques.

Microinjection is the introduction of various mole-
cules into the cells or cell compartments (e.g., nucleus)
through a microcapillary pipette. The main advantage of
this method is that it can be used in any cell, since the
injection procedure does not depend on the cell type.
The microinjections of CRISPR system components
into the nuclei of single rapidly dividing cells have been
used to generate genetic knockouts and transgenic ani-
mals. Although this method is very efficient, it has a sig-
nificant drawback, namely, the microinjection should be
performed in each cell [130].

In electroporation, the application of a high volt-
age causes formation of pores in the cell membranes,
through which various molecules can enter the cells both
ex vivo and in vivo. This method has been used to obtain
B cells expressing therapeutic proteins after their differ-
entiation [131]. Electroporation can cause a significant
damage to the cell membrane resulting in its permanent
permeabilization.

In transmembrane internalization assisted by mem-
brane filtration (TRIAMF), the cells are passed through
the pores in a filter membrane. The diameter of the
pores is smaller than the cell diameter, resulting in the
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formation of transient pores in the cell membrane. This
method was used to deliver ribonucleoproteins into he-
matopoietic stem and progenitor cells (HSPCs), which
normally absorb exogenous molecules very poorly and
need more direct transfection methods. The efficien-
cy of TRIAMF is comparable with that of electropora-
tion but its damaging effect on the cells is significantly
lower [132].

In induced transduction by osmocytosis and propaneb-
etaine (iTOP), a hypertonic sodium chloride solution
containing propanebetaine is added to the cells. These
conditions promote protein uptake from the extracellular
space via macropinocytosis and induce macropinosome
vesicle leakage to release proteins into the cytosol [133].

Viral methods. The process of DNA transfer be-
tween the cells using viruses is called transduction.
Due to their high specificity and minimal cytotoxicity,
viral vectors were one of the first vehicles used for deliv-
ering components of the CRISPR—Cas editing system.
Viral vectors should comply with certain requirements:

1) the vector must be replication-defective (capable
of only one cycle of infection and integration into the
genome);

2) when integrated into the cell genome, the vi-
ral genome must be capable of expressing foreign genes
but unable to form new viral particles that could further
infect other cells;

3) cis- and trans-acting genomic elements should
be separated. The frans-acting elements (auxiliary genes
or proteins) are removed and replaced by a transgene.
The trans-factors are delivered using trans-complement-
ing vectors or viral particles produced by packaging cells.

The three commonly used types of viral vectors
used for the delivery of nucleic acids are retroviral, ade-
noviral, and adeno-associated viral vectors (Table 2).

Table 2. Characteristics of viral vectors (according to [134])
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Historically, the first used viral particles were of
the mouse leukemia virus (MLV), which belongs to
gammaretroviruses. Their main disadvantage is that
incorporation of MLV nucleic acid into the host ge-
nome is completely random, and therefore, can cause
mutations.

In contrast to gammaretroviruses, lentiviruses can
infect nonproliferating cells. The choice of lentiviruses
for delivering the components of genome editing systems
was also promoted by the fact that their penetration into
the nucleus occurs without stimulation of cell prolifer-
ation and, hence, is independent of the activity of cell
oncogenes. However, lentiviruses can acquire muta-
tions both in their own nucleic acids and in the carried
transgenes. If a transgene contains a sequence that in-
terferes with the viral replication, this transgene will be
underrepresented in the target cells.

Lentiviral vectors are based on the human immuno-
deficiency virus (HIV-1). The main genes necessary for
the retrovirus survival and functioning are gag encoding
structural proteins, pol encoding enzymes necessary for
the reverse transcription and integration into the host
genome, and env encoding the viral envelope glycopro-
tein. Currently, there are three generations of lentiviral
vectors, each next generation being safer while main-
taining high efficiency of genetic material (transgene)
delivery to the target cells.

Lentiviral vectors of the first generation were rep-
resented by three independent plasmids: the envelope
plasmid (carrying the env gene), packaging plasmid
(carrying gag-pol, rev, rre, and genes for regulatory/
accessory proteins), and transfer vector (carrying the
transgene). For the lentiviral particle assembly, hu-
man embryonic kidney HEK293T cells were transiently
cotransfected with all three plasmids.

Characteristic Retroviruses Adenoviruses Adeno-associated viruses
Particle size, nm 100 80-120 20-30
Genome RNA double-stranded DNA single-stranded DNA
Maximum size of the insert, kb 8 20 4.5-5.0
Target cells proliferating cells most cells most cells
Transduction efficiency low high high
Immunogenicity low high low

unlikely, sometimes
Integration into recipient DNA yes no integrate into host genome
as proviruses

Duration of expression long-term transient long-term
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Originally, the envelope plasmid contained a frag-
ment of the env gene coding for incomplete g120 glyco-
protein in order to increase the system safety, but these
viral particles were inefficient in infecting the host cells.
The use of heterologous genes encoding outer mem-
brane glycoproteins of other viruses not only enhanced
the system safety, but increased the efficiency and se-
lectivity of the construct delivery to the target cells.
In the second- and third-generation lentiviruses, the
env gene in the envelope plasmid was replaced by the
vsv-g gene encoding the vesicular stomatitis virus sur-
face glycoprotein (VSV-G). This glycoprotein can be
incorporated into the membrane of any virus; thus facil-
itating the vector penetration into a cell by endocytosis
and reducing the need for accessory envelope proteins
[135]. The use of VSV-G has increased the tropism of
lentiviral particles and allowed transduction of almost
all cell types.

Both the packaging plasmid and the envelope plas-
mid have been optimized in several steps. The first-
generation packaging plasmids contained all HIV-1
genes (vif, vpr, vpu, nef, gag, pol, tat, rev), except for the
env and rre genes, as well as the main 5' donor splice
site. The viral 5' long terminal repeat (5'-LTR) was re-
placed by a heterologous promoter, such as the consti-
tutive human cytomegalovirus gene enhancer/promoter
or the Rous sarcoma virus LTR promoter; the 3'-termi-
nal repeat (3'-LTR) was replaced by the polyadenyla-
tion (polyA) signal for the simian virus 40 (SV-40) or
the polyA signal of the human ins gene. The viral RNA
packaging signal and the primer-binding site were com-
pletely deleted.

The second-generation packaging plasmids no lon-
ger had the genes for the NEF, VIF, VPR, and VPU ac-
cessory proteins responsible for the virulence, cytotox-
icity, and viral replication in vitro, which increased the
safety of the lentiviral vectors. Further modification of
the packaging plasmid by deleting the taf gene and trans-
ferring the rev gene into a separate independent plasmid
has led to the creation of the third-generation packaging
plasmids, which are considered to be the safest ones.

The transfer vectors have been optimized simulta-
neously with modifications of the packaging plasmids.
The first generation of the transgene-carrying plasmids
contained intact 5'- and 3'-LTRs and depended on the
Tat-controlled transcription. To increase the system
safety, the U3 element was deleted from the 3'-LTR
(AU3). In this case, restoration of the U3 element in the
5'-LTR during DNA synthesis on the full-length vector
RNA template is impossible, which prevents vector mo-
bilization, i.e., formation of new full-length vector RNA
molecules and viral particles in transduced cells during
superinfection with the wild-type HIV-1, after provirus
incorporation into the cell chromosomal DNA. Such
vectors are referred to as the second-generation self-
inactivating (SIN) vectors.
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Third-generation lentiviral vectors contain the
5'-LTR, in which the U3 element was replaced by the
strong constitutive human cytomegalovirus promoter.
Due to deletion of the faf gene in the third-generation
packaging plasmids, such hybrid 5'-LTR became Tat-
independent [136].

Since the original virus for creating the lentiviral
vectors was HIV-1, the three potential sources of dan-
ger were the appearance of the wild-type virus in the
preparations, vector mobilization in the transduced cells
infected with the wild-type HIV-1, and insertional mu-
tagenesis. The first problem was solved by creating the
third-generation vectors; the second problem was solved
only partially, and the third one still has no solution.

The long-term expression of Cas can increase the
ratio between the intended and off-target effects of ge-
nome editing. Beside using self-inactivating vectors,
transient expression Cas9 is now provided by the self-
inactivating transgene system. Apart from the gene cod-
ing for Cas9, the lentiviral vector contains the genes
for two sgRNAs (one directed against a genomic target
and the other one directed against the Cas9-encoding
gene) [137].

Adenoviral vectors (AVs) can easily include all el-
ements of a genome editing system in a single plasmid
due to their high packaging capacity. They can deliver
not only the genome editing system genes, but also large
donor DNA sequences to ensure targeted homologous
repair. The advantage of AV-mediated gene delivery is
that the sgRNA and Cas protein are expressed in a cell
at a fixed ratio. Since AVs do not integrate into the host
genome, Cas expression in proliferating cells is transient.
AVs have been successfully used in the editing of the
mouse genome in vivo, although their use was associated
with some immunogenicity-related toxicity [138].

Recombinant adeno-associated viruses (AAVs) have
been widely used for delivery of genetic constructs be-
cause of their low immunogenicity, low toxicity, high
transduction efficiency, long-term expression of incor-
porated genes, and ability to transfect both proliferating
and resting cells. In addition, AAVs can integrate into
specific genome sites, which prevents unwanted mu-
tations [139]. The main disadvantage of AAVs is their
low carrying capacity (the maximum size of the insert
is less than 5 kb), which significantly limits their ap-
plication for the delivery of large molecules. In case of
the CRISPR—Cas system, the capacity of the AAV cas-
sette is insufficient for delivering chimeric Cas9-based
proteins, because the nucleotide sequence of these pro-
teins per se is approximately 5 kb. This problem can be
solved by splitting SpyCas9 (Cas9 derived from Strepto-
coccus pyogenes) into two fragments that can recombine
inside the cell, so that the truncated genes will be suit-
able for the delivery by an AAV vector. However, this
approach reduces the delivery efficiency, as well as the
efficiency of target DNA hydrolysis [140].
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Nonviral delivery systems, such as liposomes, poly-
mers, and nanoparticles, are safer and easier to assem-
ble than viral vectors and have a greater carrying ca-
pacity. However, the efficiency of delivery by nonviral
vectors is low, which might be improved by their further
development [141, 142].

Lipid vectors are the most commonly used nonvi-
ral delivery system. Lipid-assisted introduction of mole-
cules into cells is called transfection. To fuse with the cell
membrane and to provide the transport of nucleic acids,
lipid particles should be neutral or cationic. Neutral lip-
ids are often used as accessory molecules to enhance the
transfection activity of liposomes. Recent development
of liposomal systems has resulted in the emergence of
lipid nanoparticles (LNPs) based on ionizable cationic
lipids that acquire positive charge at low pH values (typ-
ical of late endosomes) due to the presence of tertiary
amino groups. Biodegradable cationic LNPs were used
to deliver the Cas—sgRNA complex into the cells to in-
duce a gene knockout [143]. The presence of a disulfide
bond in the lipid can act as a releasing mechanism, lead-
ing to the particle degradation in the cells.

Polymer-based particles can also be used for the
CRISPR—Cas delivery. Polymers most commonly
used for transfection are polyethylenimine (PEI) and
poly(amidoamine) (PAMAM). Similar to cationic lip-
ids, cationic polymers (e.g., PEI) form complexes with
nucleic acids that are uptaken by the cells and then re-
leased intracellularlyy. PAMAM dendrimers consist of
the central core molecules surrounded by the layers of
repetitively branching units that have cationic groups
(primary amines) on their surface and form complexes
with nucleic acids. PAMAM dendrimers have low cyto-
toxicity and ensure high transfection efficiency [144].

Another type of vectors used for the RNA and DNA
delivery into cells are modified nanoparticles, both virus-
like and magnetic ones. They are assembled based on
LNPs but with certain modifications. In the case of vi-
rus-like particles, proteins and glycoproteins of the viral
membrane are incorporated into the particle lipids, so
that the particles can deliver nucleic acids to the target
cells in a cell-specific manner by interacting with the
respective receptors on the cell membrane. Magnetic
nanoparticles are used when a viral particle cannot for
some reasons be delivered to the cells through the body.
In this case, the viral vector is coated with a thin layer
of iron nanoparticles, and a thin beam of magnetic
field directs it to the target cell. For example, otherwise
easy-to-use baculoviral vectors are inactivated by the se-
rum complement system. When coated with magnetic
nanoparticles, the baculoviral vector was able to success-
fully bypass the complement system and enter the tar-
geted tissue, where it penetrated into the cells and trans-
ferred the genetic material [145]. Because baculoviruses
cannot replicate independently in mammalian cells, this
system is extremely safe.
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MOLECULAR IMAGING OF NUCLEOME USING
CRISPR—Cas9. REQUIREMENTS FOR in vivo
VISUALIZATION

Many genome functions are regulated at the level of
3D chromatin packaging, also referred to as the higher-
order chromatin organization. The elements of chromatin
architecture include chromosome territories (CTs), which
in turn are subdivided into A/B compartments, TADs,
and CCCTC-binding factor (CTCF)-mediated chroma-
tin loops. The higher-order chromatin organization varies
between different cells, tissues, and species; it depends on
the developmental stage and/or environmental conditions.
Spatial and temporal changes in the chromatin structure
are studied by the 4D genomics [146]. The term “4D nu-
cleome” used in scientific literature describes a general
organization of the intranuclear space in a cell [147].

Real-time chromatin visualization answers the fun-
damental questions about the mechanisms involved in
the spatial genome organization [148]. Multiple studies
have indicated that changes in the 3D nucleome struc-
ture are directly related to the development of many hu-
man diseases. For example, TADs have been shown to
affect local interactions between gene enhancers and
promoters, leading to changes in the gene expression,
including oncogene activation [149, 150].

The term “imaging” is often used to define protein
and chromatin visualization in the cells by the high-res-
olution microscopy. According to the traditional under-
standing of this term, molecular imaging is a set of tech-
niques used for the real-time visualization of molecular
events in live organisms [151]. In this review, we will re-
fer to molecular imaging (or simply, imaging) as imaging
in vivo and in situ at the whole-organism level.

The importance of using in vivo imaging for nu-
cleome studies can be demonstrated by the following
example. Up to the present, there is no consensus on
the nucleosome stacking. It is still debated whether the
stacking of the 10-nm DNA fiber (“beads-on-a-string”)
into the 30-nm fiber occurs in vivo or it is only observed
in vitro [152]. We believe that molecular imaging will be
able to answer this question.

The methods successfully used for genome visual-
ization in cells have not yet evolved into technologies for
genome imaging in animals. A particular attention has
been given to the modularity and multiplexity of devel-
oped methods in order to facilitate the labeling of new
targets with the minimum replacement of the labeling
system components. Since the labels and imaging tech-
niques are intended for the application in biological or-
ganisms, the labels should display low cytotoxicity and
meet the biosafety requirements. Fluorescence imaging
techniques should be sufficiently sensitive; a combina-
tion of several coupled imaging methods should provide
the association of the fluorescence signal with a specific
site in a tissue/organ.
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Fluorescence methods for visualization of labeled
chromatin loci. 3D imaging of fluorescently labeled
chromatin regions is based on the methods of super-
resolution microscopy [153]. To establish the higher-
order chromatin structure in vivo, the microscopy meth-
ods are used in a combination with the biochemical
and 3C-based techniques [92]. Since the early 2000s,
high-resolution microscopy with various FISH probes
has been used to observe the 3D genome structure [154].
High-resolution localization microscopy was used for
the nanostructural analysis of FISH-labeled chroma-
tin domains with the average localization accuracy of
20 nm [155]. The method of optical reconstruction of
chromatin architecture (ORCA) has allowed to visualize
chromatin within small regions (100-700 kb long) and
to identify the interactions between regulatory elements
in Drosophila genome with a resolution up to 2 kb [156].
Combining FISH staining and interferometric photo-
activation and localization microscopy (iPALM) with a
special reconstruction algorithm made it possible to vi-
sualize CTCF-mediated chromatin loops in human lym-
phoblastoid cells with an accuracy of 2-22 nm using an
oligonucleotide probe [152]. At present, new data have
been obtained on the visualization of chromatin dynam-
ics. The role of replication stress and the role of func-
tional loss by the key regulators of histone dynamics in
the emergence of global epigenetic changes, including
the development of precancerous conditions, are being
studied [157-159].

The main difficulties encountered in the imaging
of higher-order chromatin organization in situ are relat-
ed to specific DNA labeling and the limited resolution
of microscopy [153]. Some problems are caused by the
optical properties of biological tissues (e.g., increase
in the background signal due to the tissue autofluores-
cence). There are also numerous artifacts caused by
light scattering, photobleaching, uneven sample illumi-
nation, light path length, or variations in the excitation
intensity [160]. Some of these limitations are absent
in the fluorescence lifetime imaging (FLIM) [160].
The main advantage of FLIM is that the fluorescence
lifetime does not depend on the fluorophore concen-
tration and remains the same at different device settings
(excitation intensity, detector sensitivity, optical path
length, etc.) [161].

There are FLIM modifications providing detailed
information on the photophysical phenomena that are
difficult or impossible to observe when measuring the
fluorescence intensity. For example, the degree of chro-
matin compaction can be calculated based on the in-
verse quadratic relationships between the fluorescence
lifetime of DNA-incorporated probes and their local
refractive index that depends on the DNA compac-
tion [162, 163].

The FLIM modification most commonly used in
biology is the Forster resonance energy transfer (FRET)
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mechanism in which there is a radiation-free ener-
gy transfer from a fluorescence donor to an acceptor.
For this, both fluorophores should be in a close proxim-
ity to each other (less than 10 nm) causing depopulation
of excited electronic states of the donor. As a result, the
fluorescence lifetime of the donor decreases and the flu-
orescence lifetime of the acceptor increases, allowing
detection of the spatial association between the fluoro-
phores [160, 164]. FRET has been well established as a
method for studying the structural and dynamic chang-
es in nucleosomes, both for their ensembles and for in-
dividual molecules [165]. FLIM-FRET was used to
demonstrate the difference in the compaction of euchro-
matin and heterochromatin [163]. Using H2B histone
expressed as a fusion protein with eGFP and mCherry
in HeLa cells, FLIM-FRET was employed to assess the
dynamics of chromatin compaction at the nucleosome
level during the DNA damage response [166].

We should emphasize the advantages of imaging us-
ing genetically encoded FPs, whose contribution to the
studies of molecular interactions in biology and biomed-
icine has been invaluable [167, 168]. A large variety of
imaging sensors have been designed based on the FRET
pairs of colored FPs [159, 169].

We have successfully applied such approach to vi-
sualize caspase-3 activity in tumor cells and subcuta-
neous xenografts of human tumors in nude mice using
a FRET sensor. The caspase activity sensor was based
on TagRFP as a fluorescence donor and chromopro-
tein KFP (kindling fluorescent protein) as an acceptor.
In vivo caspase-3 activation in response to the antitumor
therapy was monitored noninvasively over a long period
of time (about 30 days) [170-172].

Fluorescently labeled genetically encoded CRISPR—
Cas9 can be visualized by the FRET-based approach
as well. With the involvement of mathematical calcula-
tions, FLIM-FRET technique also makes it possible to
estimate the distance between the molecules [161].

The main disadvantages of fluorescence lifetime
measurements include the long data collection time,
which can impede visualization of fast events, and spe-
cial requirements for the accuracy of instrument re-
sponse. Besides, fluorescence lifetime is sensitive to
the changes in temperature, pH, and viscosity, making
it difficult to interpret the data. Some authors used the
higher-performance FLIM for imaging the dynamics
of fast molecular processes [173-175]. In order to re-
duce tissue autofluorescence and to increase the depth
of penetration, electromagnetic radiation in the red and
near-infrared (NIR) spectral regions can be used, since
photons with the respective energies (those inducing flu-
orescence and those being emitted) are poorly absorbed
by live tissues [176, 177].

A combination of fluorescence imaging with other
visualization techniques (including magnetic resonance
imaging) can ensure the correspondence of the detected
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fluorescent signals to a particular morphological region
in a tissue or an organ. Different imaging techniques can
successfully complement each other in solving various
biological tasks.

Multimodal imaging for nucleome visualization. In
addition to optical imaging, molecular visualization
techniques include single photon emission comput-
ed tomography (SPECT), positron emission tomogra-
phy (PET), magnetic resonance imaging (MRI), X-ray
computed tomography (CT), and ultrasound imaging
(sonography). However, these methods significantly
differ in their sensitivity and cost-efficiency [178, 179].
CT, MRI, and optical methods complement each oth-
er well and are successfully implemented in preclini-
cal studies [180]. Combining magnetic resonance and
optical markers allowed to obtain macroscopic MRI
images with a ~50-um spatial resolution [179]. Fluo-
rescence imaging in vitro can provide detailed micro-
scopic information at the subcellular level, while MRI
contrast agents can be directly labeled with fluores-
cent dyes, thus allowing a bimodal visualization [181].
MRI labels range from the low-molecular-weight T1
and T2 contrast agents to the bimodal probes and mul-
tifunctional nanoparticles based on composite nano-
materials [182, 183].

High-sensitivity images with a high spatial reso-
lution in the real-time mode can be obtained by com-
bining activated fluorescence (via the fluorogenic reac-
tion) and activated MRI (via self-assembly in situ) and
used for localization of molecular events. For example,
a P-CyFF-Gd probe was activated by an endogenous
alkaline phosphatase overexpressed on cell membrane,
leading to the nanoparticles accumulation in the mem-
brane, which could be directly visualized in living cells
and in mice [184]. This strategy can be used for the
development of other activated probes for the bimodal
visualization, including CRISPR—Cas9 imaging.

A valuable finding is the fact that some low-molec-
ular-weight X-ray or magnetic resonance contrast agents
can have an effect of optical clearing, as well as enhance
the fluorescence of deep molecular markers expressed
in vivo.

Optical clearing methods. Detection of low-intensity
fluorescence in living tissues is challenging. Prolonging
the exposure time does not solve the problem, as it leads
to the proportional increase in the signal/background
ratio. In this case, optical clearing is a simple but effec-
tive tool for increasing the fluorescence image contrast.

Most biological tissues are optically opaque be-
cause they absorb and scatter light. The main absorp-
tion regions in the UV spectrum are as follows: 200 and
230 nm (proteins); 260 nm (DNA and RNA); 275 and
345 nm (oxidized hemoglobin); 275 and 360 nm (re-
duced hemoglobin) [185]. Although one of the standard
methods for measuring the concentrations of purified
proteins is measuring absorbance at 280 nm (trypto-
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phan, tyrosine, and phenylalanine residues), proteins
absorb mostly at 200-230 nm due to the presence of
peptide bonds. Therefore, this region is considered to
be “protein-associated” in the context of tissue optical
transparency. The main absorption regions of biologi-
cal tissues in the visible and infrared ranges are as fol-
lows: 970, 1180, 1450, 1775, 1930, and 1975 nm (water);
approximately 760, 830, 920, 1040, 1210, 1430, 1730,
1760, and 1900-2600 nm (lipids); 420 and 550 nm (re-
duced hemoglobin); 410, 540, and 575 nm (oxidized he-
moglobin) [185]. There are five “windows” between the
absorption regions: 350-400 nm (I), 625-975 nm (1I),
1100-1350 nm (III), 1600-1870 nm (IV), and 2100-
2300 nm (V) [186].

While light absorption is an inevitable consequence
of the chemical composition of tissues, light scattering
in biological samples can be reduced. Optical clear-
ing methods are used for this purpose; they are based
on three main mechanisms [187, 188]: reduction of the
difference between the refractive indices of different
tissue components, tissue dehydration with a clearing
agent, and changing the structure of collagen fibers.
The easiest clearing procedure is placing a thin tissue
section into an immersion liquid with a high refractive
index. Many substances are known to act as clearing
agents, including formamide, glycerol, glucose, sucrose,
dimethyl sulfoxide (DMSO), and various polyethyle-
ne glycols. Thus, the treatment of muscle tissue with
60% aqueous solution of glycerol adds two more op-
tical windows (at 230 and 300 nm) to those mentioned
above [185].

Most studies using optical clearing are performed
ex vivo, i.e., in tissue samples obtained from sacrificed
animals or human biopsies. At the same time, in vivo
studies on the in vivo visualization of tissues and organs
are very promising. However, they require the use of
nontoxic clearing agents that would produce only tran-
sient effects or have the minimal long-term effects in
living tissues.

Some of the low-molecular-weight medical con-
trast agents are capable of the optical clearing. These are
X-ray contrast agents iohexol (Omnipaque) and iodix-
anol (Visipaque) along with magnetic resonance con-
trast agents gadobutrol (Gadovist), gadopentetic acid
(Magnevist), and gadoteric acid (Dotarem) [189-191].
These compounds make it possible to obtain a high-con-
trast optical image and synchronize it with an MRI im-
age of the same area of tissue/organ. Typically, these
agents are applied to the skin surface for 10-15 min.
However, the clearing effect was also achieved when
Gadovist was injected intravenously [192]. Therefore,
optical clearing expands the possibilities of the multi-
modal studying of tumors, e.g., by combining fluores-
cence laser imaging and optical coherence tomography
(OCT) with magnetic resonance and computed tomog-
raphy (CT) [191].
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It should me mentioned that fluorescence is very
sensitive to the fluorophore microenvironment, including
solvent polarity. Hence, tissue clearing can significantly
change the properties of fluorophores. For example, op-
tical clearing with a mixture of benzyl alcohol and ben-
zyl benzoate not only changed the fluorescence intensity
of DAPI and Alexa Fluor dyes, but also shifted the po-
sitions of the maxima in their absorption and emission
spectra up to several tens of nm [193]. This effect should
be taken into account when selecting the optical fil-
ters for working with biological samples to avoid signal
mixing. The same mixture of benzyl alcohol and benzyl
benzoate caused the quenching of eGFP fluorescence to
the background level [193]. In contrast, optical clearing
with gadobutrol increased the fluorescence intensity of
TagRFP 1.5-fold [194].

One more detail to be considered when working
with optical clearing agents is that the decrease in light
scattering not only facilitates the penetration of the
excitation photons into the tissue, but also promotes the
release of the emitted photons from this tissue. Hence,
excessive clearing caused by a high concentration of the
clearing agent or excessively long treatment can lead to
a drop in the recorded signal [188].

All of the above should be taken into account during
development of multimodal approaches for in vivo visu-
alization.

Requirements for nontoxicity and biosafety. In addi-
tion to the above-mentioned requirements for the chro-
mosomal loci visualization methods (sensitivity at the
molecular level and correspondence to the morpholog-
ical structures), the components for chromatin labeling
should be low-toxic and satisfy the ADME parameters.

ADME stands for adsorption (A), distribution (D),
metabolism (M), and excretion (E). Typically, ADME
parameters are used to characterize pharmaceutical prod-
ucts. However, when used in gene therapy, such assess-
ment should be extended, because the classical ADME
parameters are applicable only to some components of
the gene editing systems, such as fluorogenic substrates
and labels. Similar to the requirements for the gene trans-
fer vectors in gene therapy [195], ADME standards for
the systems providing stable expression of genetically en-
gineered products in mammalian cells need a broader in-
terpretation. The ADME data essential for the proper risk
assessment have been obtained in laboratory studies and
clinical trials on the use of viral vectors in human gene
therapy [196]. For example, potential virus shedding after
intravenous injection of various viral vectors into rodents
was evaluated in [197]. The authors assessed the limit of
detection for a third-generation lentivirus, a recombinant
AAYV, and an El-deleted AV tested directly from the ani-
mal stocks and after their application onto the cage plas-
tic and bedding. No evidence of virus amplification was
found in the blood, urine, and fecal samples as well as at
the site of injection or in soiled bedding.
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The recombinant adeno-associated virus, which has
no known human pathogenicity, revealed to be the most
safe vector.

It was concluded that the commonly used replication-
deficient viral vectors posed the minimal exposure risk by
72 hours after the inoculation. Animal biosafety level 2
precautions are warranted during the initial adminis-
tration; however, after changing the cage, level 1 safety
measures may be sufficient.

Designing CRISPR—cas9-based in vivo visualization
systems: from in vitro to in vivo. The preferable probes
for the application in live organisms are the so-called
theranostic (simultaneously diagnostic and therapeutic)
probes. The CRISPR—Cas9 system can be considered as
a theranostic probe because it ensures its own targeted
delivery as well as the therapeutic response (DNA ed-
iting) [4, 179]. The CRISPR—Cas9 system is most ef-
ficient in the treatment of monogenic diseases, such as
the Huntington’s disease, cystic fibrosis, thalassemia,
and sickle cell anemia. However, CRISPR—Cas9 can be
potentially used against multifactorial diseases, includ-
ing cancer, diabetes, and cardiovascular disorders [4, 6,
198]. Currently, several gene-editing therapeutic agents
based on the CRISPR—Cas9 system components are
tested in preclinical and clinical trials. In 2021, research-
ers reported a successful use of a new drug NTLA-2001
in six patients suffering from hereditary transthyretin
amyloidosis with polyneuropathy. The drug was based
on lipid nanoparticles encapsulating mRNA for Cas9
from S. pyogenes and sgRNA [199].

Another application of the CRISPR—Cas9 system is
associated with its further modification for genome and
nucleome labeling and imaging. By 2013, a new tech-
nique for the CRISPR—Cas9 delivery named RGEN
(RNA-guided endonuclease) had been developed and
demonstrated in cultured human cells [200]. Due to
its advantages, RGEN has taken the first place in the
list of gene-editing approaches (ZFN, TALEN, etc.).
The RGEN technology has a simple design, as the choice
of the target site is determined solely by the complemen-
tarity of its nucleotides to the sgRNA spacer; no individ-
ual proteins should be constructed for each new target
site. Another important advantage of RGEN technology
is the possibility of multiplexing, i.e., combining Cas9
expression with the delivery of several sgRNAs. In 2013,
this system was used to visualize the telomeres function-
ing and to determine the intranuclear location of the
membrane mucin gene loci (MUC4) [110]. In the pio-
neer work [5], several dCas9 orthologs were tested with
sgRNAs specific to the telomere sequences. Fluorescent-
ly labeled dCas9 proteins were efficiently directed to cor-
rect target sequences. The authors succeeded in labeling
two different pairs of chromosomes using sgRNAs target-
ing specific sequences on chromosomes 9 and 13. Next,
they turned their attention to mapping pairs of loci on the
same chromosome. Using dual-color pairs of dCas9 and



S138

cognate sgRNAs, the authors identified the loci located
at 75 and 2 Mb from each other; the calculated fluores-
cence-based distances correlated with the linear distanc-
es on the chromosome’s physical map. When comparing
two pairs of loci with very similar distances between them
(~2 Mb), the authors were able to discriminate different
degrees of chromatin compaction over even such a short
distance. This work has presented the first mapping of
loci within the same chromosome.

Although combined application of CRISPR—Cas9
and superresolution microscopy can improve image res-
olution, it does not solve the problems of background
signal and low sensitivity of the method. One of the pos-
sible solutions is based on SunTag [111], a polypeptide
scaffold, to which many FP molecules can bind simul-
taneously. According to the authors’ estimate, at least
150-200 fluorescent protein molecules are needed to
obtain a detectable signal. This approach increases the
fluorescence signal by orders of magnitude, so that the
irradiating light intensity can be reduced, thus decreas-
ing the photobleaching and phototoxicity.

The possibility of in vivo imaging using Live FISH
(CRISPR-based fluorescent in sifu hybridization in living
cell using fluorescent oligonucleotides) has been demon-
strated in [201]. The complexes of chemically synthesized
fluorescent sgRNAs and dCas proteins can provide fast,
reliable, and scalable genomic DNA and RNA visualiza-
tion in live cells, including primary cells (cells with a lim-
ited lifespan isolated from body tissues).

Let us consider the main and most promising types
of molecules and approaches that can be used for the
chromatin visualization in vivo. Once again, it should
be emphasized that such approaches should allow mul-
tiplexing, rapid substitution of labeling system compo-
nents (universality), multimodal visualization, as well as
they should have low toxicity. The low-molecular-weight
components of CRISPR—Cas9 systems (e.g., fluorogen-
ic substrates) should have good pharmacokinetics and
pharmacodynamics parameters.

The most frequently used and relatively simple solu-
tion is intracellular expression of DNA-binding proteins
fused with fluorescent proteins (e.g., dCas9-FP) in com-
bination with relevant sgRNAs. Two major components
of these constructs have been already optimized for tran-
scription in animal cells. Thus, Cas proteins (originally
prokaryotic) can contain peptide signals for their trans-
port into the nucleus and carry different FP sets and dif-
ferent FP copy numbers. Earlier, such constructs were
transfected into the cells leading to unregulated consti-
tutive expression of the protein products [5, 126, 201,
202]. However, despite the fact that the toxicity of FPs in
cultured cells and in vivo is low [203, 204], the FP-con-
taining chimeric proteins can accumulate in the cyto-
plasm with the development of endoplasmic reticulum
stress [205-207], which limits the possibility of long-term
experiments in living cells and tissues.
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DNA/RNA-binding proteins based on several
dCas9 orthologs from different microbial species can
be used for the two-color/polychromatic labeling of in-
tranuclear structures in animal cells. On one hand, the
use of orthologs increases the number of possible PAM
sequences when selecting the target site. On the other
hand, it provides an opportunity for multiplexing, since
it allows creation of multiple variants of chimeric pro-
teins composed of different combinations of orthologs
with different FPs [5, 127]. However, polychromatic
fluorescence alone is not sufficient to visualize the mu-
tual positioning of DNA-bound proteins and requires
further probe engineering and optimization of FP pairs
[208, 209]. The proper FRET-pair selection makes it
possible to estimate the distance between the fluorescent
probes associated with spatially convergent elements
within the chromatin loops.

FPs are able to fluoresce immediately after their
maturation/folding regardless of their location in the
cell. Their alternative can be dCas9 proteins with en-
zyme tags, whose catalytic activity in the nucleus can
be detected using special fluorescent quasi-substrates.
Because the quasi-substrates for the Halo, SNAP, and
CLIP tags can penetrate cell membrane, they can be
used for protein labeling in live cells [210]. The sub-
strates for SNAP (a product of human O°-methylgua-
nosine transferase mutagenesis) and CLIP (O?-benzyl-
cytosine transferase, a product of SNAP mutagenesis)
are commercially available. The SNAP-catalyzed re-
action proceeds at a rate an order of magnitude high-
er than the CLIP-catalyzed reaction. Despite this fact,
coexpression of SNAP/Halo or SNAP/CLIP pairs of
chimeric proteins allows to monitor two products of the
labeling reaction. In other words, enzymatic reactions
catalyzed by these pairs of enzyme tags are mutually or-
thologous, i.e., capable of proceeding simultaneously
and independently of each other.

Cas9 endonucleases and their catalytically inactive
dCas9 mutants are able to form functional fusion pro-
teins with FPs [5, 127, 211], base-editing enzymes (e.g.,
APOBEC deaminase) [212], and ascorbate peroxidase
capable of biotinylating DNA-bound proteins [213].
However, the use of enzyme tags for obtaining fluores-
cent pairs of dCas9 orthologs for direct enzyme-mediat-
ed labeling with fluorescent substrates has not yet been
investigated. We found the only mentioning of the Cas9
chimera with SNAP in the study [214], describing the
synthesis of covalent Cas9 complexes with oligonucle-
otides aimed to increase the probability of DNA repair
via homologous recombination of insertions and dele-
tions in animal cells.

Finally, another promising approach in the devel-
opment of in vivo imaging systems is the synthesis of
sgRNAs containing short aptamers able to specifically
interact with molecules that fluoresce only after bind-
ing to the aptamer. The synthesis of these fluorescent
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probes and especially their delivery to live cells are chal-
lenging tasks, since the only aptamer ligands used so far
were oligonucleotides with the fluorophore/quencher
pairs [215, 216]. Cell transfection as the delivery meth-
od also limits the application of such oligonucleotides in
animals.

Using non-fluorescent molecules which become flu-
orescent after their binding to the corresponding aptam-
ers is of particular interest as a method for working with
tissues of living organisms. Original fluorogenic RNA
aptamers were obtained for detecting Malachite Green
dye in solutions and in living tissues [217, 218]. However,
they could not be used in vivo because of the high pho-
totoxicity of Malachite Green in live cells. Later, selec-
tion of aptamers on the basis of their binding to fluoro-
phores coupled with fluorescence-activated cell sorting
(FACS) produced the tBroccoli aptamer. Despite its
low affinity (Kp of ~360 nM) to the ligands (substitut-
ed hydroxybenzylidenes, e.g., DFHBI-1T), tBroccoli
creates a unique environment and switches on the flu-
orescence of GFP-like fluorophores. The extinction co-
efficient of the tBroccoli complex with DFHBI-1T was
29,600 M~'cm~!, which was comparable to that of FPs
and its fluorescence was higher compared to other RNA
aptamers (e.g., Spinach2) [219].

An interesting feature of new fluorogenic RNA ap-
tamers is that they can fold and form fluorescent com-
plexes with DFHBI-1T-like ligands in the presence of
low magnesium concentrations and after fusion with
the 3' end of any small RNA. Once these short aptam-
ers (49 bp in length) are folded, they activate the fluo-
rescence of DFHBI-1T due to changes in the microen-
vironment that stabilizes the fluorophore excited state.
This increases the quantum yield of DFHBI-1T fluores-
cence 1000-fold [219].

A recent study of G-quadruplex-forming aptamers
has identified a family of short RNA aptamers (Mango |
to Mango IV) that can bind with a high affinity the de-
rivatives of thiazole orange (TO) dye with an extended
carbomethine bridge (TO3) [220, 221]. Such aptamers
can be fused to the cellular RNAs. When such recom-
binant RNAs were expressed, the Mango IV formed
complexes with TO3 which were easily detected in
mammalian cells. TO3 emits fluorescence in the red
spectral region as a result of bathochromic shifts of the
absorption and emission peaks the TO spectrum [222].
This approach was used for the purification of ribonuc-
leoproteins [223] and optical imaging of live cells, since
TO derivatives are nontoxic, can penetrate through bio-
logical membranes, and almost do not fluoresce in the
free state (unbound to RNA) [224]. The complex of
the tBroccoli-type aptamer (or its dimeric form) with
DFHBI-1T (donor) can form a FRET pair with Mango
IV=TO3 (acceptor) [221].

Despite the importance of genome mapping for ge-
nome editing, the aforementioned approaches have not
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yet been tested for visualization of close interactions in a
pair of ribonucleoprotein probes in in vivo experiments.
We believe that the use of fluorogenic RNA aptamers
and nontoxic low-molecular-weight fluorogenic ligands,
which, in turn, can be linked to paramagnetic labels (MRI
contrast agents) [181], is one of the most promising ap-
proaches to the CRISPR—Cas9-mediated imaging in vivo.

CONCLUSIONS

Multicolor labeling of several genomic loci in live
cells using the CRISPR—Cas9 system, a method devel-
oped at Thoru Pederson’s laboratory [5], is one of the
newest applications of fluorescently labeled Cas9 protein
in molecular biology. It advances the 4D nucleome map-
ping, as well as our understanding how the nuclear orga-
nization changes during the cell lifetime under normal
and pathologic conditions. Modern methods of optical
imaging (in particular, cell microscopy) allow to observe
various cell phenomena at the level of chromatin compac-
tion in an individual cell and to monitor the interactions
of chromatin-binding proteins in the nuclei of live cells.

Acquisition and analysis of images reflecting mu-
tual spatial positioning of individual genome elements is
an important research topic both in terms of solving fun-
damental scientific problems of functional genomics and
molecular biophysics and practical necessity of genome
editing in somatic cells in their natural tissue microenvi-
ronment. The importance of in vivo studies is confirmed
by a number of recent works, in which the data on the
nucleome stacking in vitro significantly differ from there
results obtained from in vivo observations.

Contributions. G.A., L.M., and S.B. wrote “Mod-
ern Approaches to Studying the 3D Genome Structure
in vitro and in vivo” and Delivery of the CRISPR—Cas
System Components to the Target cells” sections. A.R.
wrote “The CRISPR—Cas SYSTEMS: History of Dis-
covery, Classification, and Application” section. V.Zh.
wrote Introduction, “Molecular Imaging of Nucleome
Using CRISPR—Cas9. Requirements for in vivo Visual-
ization”, Conclusion sections. Concept and finalize by
Zh.V., L.G., A.R. All authors have read and agreed to
the published version of the manuscript.
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