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Abstract: CRISPR-Cas systems, widespread in bacteria and archaea, are mainly responsible for
adaptive cellular immunity against exogenous DNA (plasmid and phage). However, the latest
research shows their involvement in other functions, such as gene expression regulation, DNA
repair and virulence. In recent years, they have undergone intensive research as convenient tools
for genomic editing, with Cas9 being the most commonly used nuclease. Gene editing may be of
interest in biotechnology, medicine (treatment of inherited disorders, cancer, etc.), and in the
development of model systems for various genetic diseases. The dCas9 system, based on a modified
Cas9 devoid of nuclease activity, called CRISPRi, is widely used to control gene expression in
bacteria for new drug biotargets validation and is also promising for therapy of genetic diseases. In
addition to direct use for genomic editing in medicine, CRISPR-Cas can also be used in diagnostics,
for microorganisms’ genotyping, controlling the spread of drug resistance, or even directly as
“smart” antibiotics. This review focuses on the main applications of CRISPR-Cas in medicine, and
challenges and perspectives of these approaches.
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1. Introduction

Many human diseases are genetically determined: as of today, over 6000 hereditary diseases are
known to be caused by gene and chromosomal DNA mutations, both nuclear and mitochondrial [1].
The treatment of hereditary diseases has been mostly symptomatic, until recently gene therapy has
emerged as a fundamentally new approach, aimed at eliminating directly the cause of the disease by
correcting mutations (genome editing). CRISPR-Cas systems are the newest and most promising
genome editing tools, with the 2020 Nobel Prize in Chemistry awarded for their application in
genome editing.

Clustered regularly interspaced short palindromic repeats (CRISPR) are genetic elements that
are widely spread among microorganisms, found in 40% bacterial and 90% archaeal genomes [2].
Together with CRISPR associated proteins (Cas), they form CRISPR-Cas systems, being a kind of
adaptive prokaryotic immune system, storing information about contacts with foreign DNA (plasmid
or viral). The immunity provided by the CRISPR-Cas systems has some features of the higher
animals” adaptive immunity, such as specificity, versatility (the ability to provide protection against
various foreign elements), and long-term memory [3]. However, unlike animal immunity, bacterial
immunity can be inherited.

Short direct repeats (DRs), interspaced with unique regions (spacers), were first described back
in 1987 in the Escherichia coli genome [4]. They were originally referred to as “short regularly spaced
repeats” (SRSRs), but this designation was changed to “clustered regularly interspaced short
palindromic repeats” afterwards. Though nothing was known about the function of these elements
in the genome at that time, they have become widely used as convenient markers for bacterial
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genotyping, since the DR set usually differed within one species. It was only in the 2000s when the
role of CRISPR-Cas systems in the bacterial immunity was described [5,6].

These systems were well studied subsequently, with other functions, such as gene expression
regulation, DNA repair, and even indirect participation in the process of host infection, described for them
aside from providing adaptive immune response [7-12]. CRISPR-Cas systems evolve rather slowly,
especially if compared to constantly changing viruses and mobile genetic elements, therefore, having only
one function could have been shown to be evolutionarily disadvantageous [13]. Thus, in Pseudomonas
aeruginosa, these systems have been shown to participate in biofilm formation and virulence [14]. In
Myxococcus xanthus, Cas proteins are involved in the regulation of the fruiting body formation [15]. For E.
coli, the involvement of CRISPR-Cas systems in the processes of DNA repair through the interaction of
the Casl (YgbT) protein with the recB, recC, and ruvB genes, which are key components of the repair
systems, has been demonstrated [8]. These systems can also be involved in virulence. In 2013, the
involvement of CRISPR-Cas in post-transcriptional control in Francisella novicida was established, in which
the gene encoding a virulence factor (lipoprotein that induces an inflammatory response in the host) is
regulated by the Cas protein (namely Cas9) and CRISPR-associated small RNAs [16]. It is assumed that
in this case Cas9 targets endogenous mRNA, rather than DNA. Currently, the relationship between
CRISPR-Cas systems and the ability of bacterial strains to exhibit increased virulence or even drug
resistance has been shown in a number of studies [17].

Although genome editing (including the medical field) is the most important application of
CRISPR-Cas, it is not the only one. The use of these systems in biotechnology for altering metabolic
pathways of various prokaryotic and eukaryotic organisms used in industry may be also promising.
In addition, CRISPR-Cas can be a tool for bacterial studies, including pathogenic ones. These studies
include, but are not limited to: genotyping and epidemiological studies, studying the role of
individual genes in the pathogenesis and survival of bacteria (including search for new drugs’
biotargets), and for targeted killing of certain bacterial strains, including drug resistant ones.

2. Structure, Classification, and Function of CRISPR-Cas Systems

2.1. Structure

CRISPR-Cas systems are diverse in structure, but include several mandatory elements. They
usually consist of two parts: the CRISPR cassette, which consists of a number of unique sequences of
about the same length (spacers), separated by short repeating segments (direct repeats, DRs), and a
locus of CRISPR-associated genes (cas). The spacer sequences in CRISPR cassettes were found in
phage genomes, plasmids, and transposons. Spacers are involved in the recognition of foreign DNA.
Their length can vary and usually consists of 20-40 nucleotides; the length of direct repeats
corresponds approximately to the length of the spacers. The cas genes encode proteins with nuclease
activity that are involved in the digestion of foreign DNA and its integration into the genome as new
spacers. Another obligatory element is a leader sequence [18]. The most important role belongs to the
so-called adaptation module. In the majority of CRISPR-Cas systems it consists of two proteins—
Casl and Cas2—which participate in the integration of new spacers in the CRISPR cassette,
complementary to phages’ genomes and transposons encountered by the cell and its ancestors during
their existence. New spacers are integrated into the cassette next to the leader sequence containing
the promoter. The adaptation module is mandatory for the system to function. However the type IV
CRISPR-Cas systems are an exception to this rule: they are mostly located on plasmids, prophages,
and mobile genetic elements [19]; these systems probably use adaptation modules from type I
systems [20]. Casl is responsible for the integration of the new spacer, while Cas2 is almost not
involved neither in Casl-Cas2 complex formation, nor in spacer integration. Cas2 represents an
mRNA-interferase, which specifically cleaves ribosome-associated mRNA, that appears useless for
new spacers integration. There is a hypothesis about the possible origin of Cas2 from the toxin-
antitoxin (TA) systems; in this case, it can be assumed that Cas2 retains the ancestral function of endo-
RNase, whose activity is reversibly inhibited by interaction with Casl and the formation of the Cas1-
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Cas2 complex. According to this hypothesis, when CRISPR-Cas systems fail to prevent viral
replication in a cell, Cas2 can be activated to stop translation, presumably leading to cell death [21,22].

2.2. Classification

CRISPR-Cas systems are usually classified by the cas loci structure. The current classification
includes 2 large classes, 6 types, and 33 subtypes [23]. Class 1 (types L III, and IV, including 16
subtypes) includes CRISPR-Cas systems with multi-subunit effector complexes, while in class 2
systems (types II, V, and VI, including 17 subtypes), all functions of the effector complexes are
performed by a single protein, such as Cas9 in type Il or Cas12 in type V [23]. Type I, II, and V systems
target DNA, type VI systems—RNA, and type III systems target both DNA and RNA [24,25]. Type
IV systems are quite unique: as mentioned above, they are mostly located on plasmids, prophages,
and mobile genetic elements, and use type I systems” adaptation module for acquiring new spacers.
These systems are hypothesized to be involved in competition between plasmids [20]. Most CRISPR-
Cas systems can be unambiguously classified into one of six main types. However, there are a number
of organisms whose cas loci do not fit into the current classification due to their complex modular
structure and variability. For example, the target of Casl3d is not DNA, but RNA. Nevertheless,
modern approaches that consider many aspects, such as phylogenetic similarity, particularly the
phylogeny of cas1 as an obligatory element of all CRISPR-Cas systems discovered to date, allow them
to be classified into the two classes and six types mentioned above. The CRISPR-Cas classification is
constantly evolving: back in 2015 it consisted of only 5 classes and 16 subtypes [26]. Considering the
exceptional importance of type II CRISPR-Cas systems in biotechnology, it is worth noting that they
are quite rare and have been found exclusively in bacterial genomes [23].

The class 2 endonucleases Cas9, Cas12, and Cas13 are widely used as genome editing tools [27].
This finds application in the treatment of genetic diseases, the creation of genetically engineered
microorganisms and plants, and the fight against pathogens” drug resistance [28-30]. Currently, these
nucleases are among the most used, although they have certain drawbacks. In this regard, there is a
constant search for new Cas nucleases.

2.3. Function

The general scheme of the CRISPR-Cas system function includes the following stages: the
adaptation phase, during which exogenous nucleic acids enter the organism, are digested and
integrated as spacers in the CRISPR cassette; expression phase, when the CRISPR cassette is
transcribed to crRNA precursor (pre-crRNA), which is cleaved by RN Ases to generate mature crRNA
guides; interference phase: mature crRNA is used to target effector complexes that capture and
destroy exogenous nucleic acids [18]. There are additional mechanisms, which prevent CRISPR-Cas
systems from targeting the cell’s own chromosomal DNA. The inviolability of a bacterium’s own
chromosome is mediated by specific sequences that are present in the bacterial genome with a certain
frequency and prevent the use of any parts of the genome as spacers. It has been shown on
Staphylococcus epidermidis that mismatches between the target and crRNA at certain positions outside
the spacer sequence cause digestion of foreign DNA, while the coincidence between crRNA and
CRISPR-repeats on the bacterial chromosome prevents its cleavage. This kind of differential
complementarity beyond the spacer sequence is characteristic to all the CRISPR-Cas systems [31].

To acquire new spacers for type I, I, and V CRISPR-Cas systems, exogenous DNA must be
marked with a special DNA motif (protospacer adjacent motif, PAM), numbering from 3 to 8
nucleotides. Only the region adjacent to the PAM can become a protospacer (a section of exogenous
DNA that will be included in the CRISPR cassette in the form of a spacer). PAMs are also important
in the interference phase. PAMs are required to prevent the system from targeting the cell’s own
DNA, which would lead to its destruction [32]. Due to the presence of multiple PAMs in the genome
of an exogenous element, the encounter of the same agent by different cells may lead to the
acquisition of different spacers. This makes certain evolutionary sense, since a mutation in the viral
genome at the protospacer site can make such a spacer useless.
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3. Genome Editing

The most important area of application of CRISPR-Cas is genome editing—the targeted
modification of DNA, such as deletion, insertion, and translocation of individual genes, and
introduction of point mutations (SNPs), including reversed mutations to correct the ones that
previously appeared.

Currently, there is a number of other tools also used for this purpose, besides CRISPR-Cas:
oligonucleotide directed mutagenesis (ODM), TALEN systems (transcription activator-like effector
nucleases), and ZFN (zinc finger nuclease, “zinc fingers”) [33,34].

3.1. Early Genome Editing Systems

TALEN nucleases were first discovered in the pathogenic bacterium Xanthomonas [35]. TALE
proteins contain about 30 amino acid repeats flanking the DNA-binding region. The region of DNA
binding is called RVD and consists of repetitive variable di-residues capable of specific DNA binding.
Based on these proteins, chimeric nucleases have been developed, including the TALE and FokI
nuclease domains [36].

ZEN are proteins, which include the so-called zinc fingers, which are a structural protein motif
comprising two zinc ions linked to two histidines and cysteines (Cys2-His2). ZFNs were also fused
to the nonspecific Fokl endonuclease domain to obtain zinc finger proteins (ZFPs) [37]. ZFPs require
a specific site, located at a 200 bp distance from the cleavage site. The choice of these sites is limited.
This technique is suitable for deleting or knocking out a gene, but cannot be used for gene insertion
or correction.

TALEN and zinc fingers have several disadvantages (in particular, low transfection efficiency)
but are still used. TALEN, which are more specific and less cytotoxic than ZFN, are difficult to pack
into viral delivery systems due to their large size [38].

CRISPR-Cas systems, in turn, due to their efficiency, accuracy, and wide range of applications,
are recognized as the most promising genome editing technology [39]. Their specificity and targeting
are determined only by RNA sequence, the design of which is much simpler than that of a protein.
CRISPR-Cas systems also allow targeting multiple genes simultaneously. This is a significant
advantage over TALEN and ZFN.

3.2. Mechanism of Genome Editing

Genomic editing systems based on Cas9 nuclease are currently the most widely used, since this
system requires only this protein, in contrast to complex multiprotein complexes that are necessary
for the functioning of other CRISPR systems. Cas9 from Streptococcus pyogenes (Cas9spy) is the most
frequently used Cas9 nuclease. However, in some cases, Streptococcus thermophilus nuclease is also
used. Cas9 nuclease contains two functional domains—HNH and RuvC. The first one cleaves the
target DNA strand, while the second domain cuts the complementary strand [40]. The CRISPR-Cas9
is a class 2, type II system. It includes the Cas9 nuclease, the trans-activating CRISPR RNA
(tracrRNA), and crRNA. crRNA is formed during the processing of precrRNA, transcribed from the
CRISPR cassette. precrRNA is cut into crRNAs, consisting of spacers and their adjacent DRs. crRNA
in complex with tracrRNA guides Cas9 (the so-called interference module) to target specific
sequences on the exogenous DNA. crRNA and tracrRNA can be fused into a chimeric single guide
RNA (sgRNA) [41-43]. The specificity of targeting in this case is determined by both the
complementarity of sgRNA and the target DNA, and by PAM motifs. The complex also requires
RNase III processing for its function. The ability to use sgRNAs instead of separate crRNAs and
tracrRNAs is more convenient for genome editing and represents another advantage of Cas9.

The Cas9/sgRNA complex scans the DNA sequence until PAM is found. Then DNA uncoiling
occurs in the so-called priming region (10 bp immediately after the PAM) [44]. If the DNA sequence
is complementary to the sgRNA sequence, the Cas9 HNH-domain introduces a break in the target
strand, and the RuvC-domain—in the non-target strand [45,46]. Thus, CRISPR-Cas9 is capable of
introducing double-stranded breaks (DSBs) at target sites in genomic DNA, resulting in a gap [47].
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The introduced gap must be repaired afterwards. In eukaryotic genome editing techniques, this may
be done by the non-homologous end-joining (NHE]). In this case, the cut DNA ligation occurs without a
homologous DNA matrix, either directly or with the introduction of an insertion or deletion. This method
has a number of drawbacks, primarily consisting in the significant frequency of insertions and deletions
leading to frameshifts and a loss of gene functionality [48]. However, this property of NHE] can be used
to target gene knockout. NHE] can be also used to completely remove a target gene.

Another mechanism is homologous directed repair (HDR), which involves replacing a deleted
sequence with a new sequence complementary to a specifically introduced DNA template. Its
advantage is high accuracy, while its disadvantage is low frequency (less than 20%, while NHE] is
up to 60%) [49]. The search for ways of increasing HDR frequency is very important for further
development of this area. HDR can be used both for introducing and reverting target mutation in the
genome, and for inserting whole genes in the genome using a template [50,51].

One of the drawbacks of HDR consists of occasional NHE] repair that occurs despite the
presence of the template. Specialized NHE] inhibitors are used to override this, but they can have a
cytotoxic effect [52,53].

3.3. CRISPR-Cas9 Delivery Systems

CRISPR-Cas9 can be delivered to the organism as a plasmid harboring genes encoding the entire
editing system, or as a Cas9 protein in a complex with a guide RNA (gRNA), and in some cases as
mRNA [54].

Microinjection is suitable for delivering all three forms and is considered the safest and most effective
method [55]. The advantage of the method is the lack of restrictions on the size of the injected component,
but it is not suitable for in vivo application, since it requires injection directly into the cell.

Another delivery option, quite versatile like microinjection, is electroporation, which uses an
electric pulse to produce pores in the cell membrane. Electroporation is mostly used with bacterial
cells, since eukaryotic cells are more sensitive to electric stress [51].

Viral delivery systems based on adenoviruses, lentiviruses, and adeno-associated viruses
(AAV), and phage-delivery systems are also quite popular. Phages are capable of specifically
infecting bacteria, including drug-resistant strains, and replicating in them. Adenoviral delivery
systems have a number of advantages, such as low immunogenicity, almost no risk of integration
into the human genome, but their size imposes certain restrictions on the size of the packaged
product. The main tool for genome editing, Cas9, is quite large, which creates certain difficulties
when packing into a virus or a phage. Cas9 from Staphylococcus aureus (Cas9sau) is significantly smaller
(by 1000 bp) than Cas9spy, thus it is more convenient for packaging into AAV, while its efficiency is
comparable to Cas9spy [56].

Other delivery systems also include various organic and inorganic nanoparticles (lipid and gold
nanoparticles), mesoporous silica particles. Delivery using nanoparticles has both advantages and
disadvantages. Nanoparticles are safer than viral ones, but their efficiency is much lower. In addition,
as with viral delivery systems, there is a limit to the size of the “cargo” that can be delivered with
their help [51].

3.4. Application of CRISPR-Cas in Biotechnology

Genome editing using CRISPR-Cas systems has promising prospects for applications in genetic
engineering of both pro- and eukaryotes, and in medicine. Currently, they are used in gene surgery,
in the production of new drugs, in the study of functional interaction of genes, in the creation of
transgenic microorganisms, animals, plants, and cell lines [57].

In agriculture, CRISPR-Cas is widely used for genetic modification of plants and animals,
including for imparting medicinal properties to food. Using the pYL/CRISPR-Cas9 multiplex vector
system, tomatoes with an increased content of gamma-aminobutyric acid, which is involved in the
brain metabolic processes were obtained [58]. Targeted introduction of mutations in the SBEI and
SBEIIb genes in rice allowed the production of grain with increased starch and amylase content, and
thus having a greater nutritional value [59]. A breed of transgenic sheep has been also created,
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expressing AANAT and ASMT genes in mammary gland cells, thus producing milk enriched with
melatonin—a powerful antioxidant and a regulator of the circadian rhythm [60].

3.5. Development of Animal Models

Animal genome editing is also used to create animal lines that can be models for various human
diseases. In this case, a gene may be edited (point mutation introduction), added or knocked out.

Indels in rat’s p53 (a transcription factor that regulates the cell cycle and is a key tumor
suppressor) and lkb1 genes, leading to loss of their functions, and a point G12D mutation in the kras
gene made it possible to model adenocarcinoma [61]. The HTT gene knockin has resulted in pigs with
Huntington'’s disease clinical manifestation [62]. Currently successful models of atherosclerosis (pig),
retinal dystrophy (rat), glioblastoma (mouse), and deafness (mouse) have already been developed
[63-65].

As genomic editing using CRISPR-Cas is less time consuming than TALEN and ZFN, it allowed
a scientific group from China to obtain over 17 model lines of rabbits, including models of congenital
cataract, ectodermal dysplasia, Duchenne muscular dystrophy (DMD), deafness, X-linked
hypophosphatemia (XLH), etc., since 2016 [66].

Genome editing in cell lines is also applied for this purpose, since it is even less time-consuming
due to higher in vitro editing efficiency as compared to in vivo procedures [67]. In particular, models
of colorectal cancer were developed based on human intestinal stem cells (hISCs) by editing APC,
P53, KRAS, and SMAD4 genes [68].

3.6. Application in Gene Therapy

CRISPR-Cas systems are of considerable interest in the treatment of inherited disorders. Gene
therapy implies making changes (correcting mutations, adding genes, or altering their expression) in
the genome in order to cure diseases or eliminate a predisposition to them. It can be carried out both
at the stage of embryo formation (fetal gene therapy) or in somatic cells of an adult patient. Fetal gene
therapy has both pros (the introduction of corrective changes at an early stage leads to their
transmission to almost all body cells) and cons—even a single mistake, caused by the off-target effect
of the currently implied CRISPR-Cas systems, made at this stage can become fatal. Thus, the
application of state-of-the-art genome editing techniques for fetal gene therapy raises multiple ethical
questions.

However, in 2018, fetal gene therapy was performed to confer HIV resistance by modifying the
CCRS receptor. The two children, born as a result of the experiment, were reported to be healthy and
have an innate resistance to HIV, but these results have caused fierce polemics and both their ethical
and scientific aspects are still debated [69].

In this respect, somatic cell therapy does not present such an ethical dilemma. As of today, the
treatment of inherited disorders such as hemophilia, Duchenne muscular dystrophy, and rhinitis
pigmentosa has been carried out on model animals [70-74].

Mutations in the (3-globin (HBB) gene lead to thalassemia, a type of anemia. It can be cured either
by editing HBB using CRISPR-Cas9 or by reactivating fetal hemoglobin (HbF) expression by knocking
out the BCL11A gene, which suppresses HbF expression [75,76].

The sickle-cell anemia, an inherited blood disease, upon which the normal hemoglobin A due to
an SNP (L-glutamic acid in position 6 of the 3-chain globin is substituted for L-valine) acquires a
special shape, hemoglobin S, prone to crystallization instead of the formation of normal quaternary
structure, can also be treated with CRISPR-Cas9 genome editing [75].

The use of CRISPR-Cas is also very promising in cancer therapy. Cancer is currently the second
leading cause of death after cardiovascular diseases, and is quite often not responding well to
chemotherapy [77].

On the one hand, CRISPR-Cas can be used to overcome acquired drug resistance in tumors; on
the other hand, CRISPR-Cas can be used directly for targeted knock-out of oncogenes—genes whose
expression can stimulate the formation of a malignant tumor. When proto-oncogene (a common gene
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capable of converting into an oncogene) becomes an oncogene as a result of mutations, CRISPR-Cas
can precisely target malignant cells [78].

In addition, a number of cancers are associated with viruses, such as the human papillomavirus
(HPV), which may cause cervical cancer. The HPV16 genes E6 and E7 are responsible for viral
replication in epithelial cells and have oncogenic activity by activating the telomerase and
suppressing the antitumor suppressor pRB [79]. Specific sgRNAs targeting the E6 and E7 genes
blocks their expression and leads to the destruction of the virus [80].

However, genome-edited cells themselves were reported to be able to undergo malignant
transformation. CRISPR-Cas-mediated DSBs were shown to activate the p53 signaling pathway in
two independent studies [81,82].

Although there is still no direct evidence to support the link between CRISPR-Cas-mediated
genome editing and carcinogenesis, further research is required to eliminate even minimal risks
before genomic editing can be applied to humans.

Current successful applications of genome editing in humans include the use of TALEN in the
treatment of CD19+ acute lymphoblastic leukemia in an 11-month-old infant, and ZFNs for the
treatment of type Il mucopolysaccharidosis (Hunter’s syndrome) [83,84].

A proper improvement of the CRISPR-Cas editing system, aimed at lowering the risk of off-
target action, may open up broad prospects for personalized medicine with application in gene
therapy, including fetal therapy, development of highly specific model systems, etc.

4. CRISPR-Cas Implementation to Control Human Infectious Diseases

The mortality rate from infectious diseases in the world is constantly increasing. Therapy for
infectious diseases includes both treatment and prevention. Some of them (measles, polio, tetanus,
etc.) can be prevented through vaccination, while the main approach in infectious diseases’ treatment
involves application of drugs specific to the pathogen [85,86]. Besides drugs, targeting the pathogen
directly, bacteriophages (phage therapy), blood preparations (hemotherapy), gammaglobulins, or
immunoglobulins (serotherapy) are also used [87-89]. In addition, timely diagnosis is of great
importance.

Problems associated with drug therapy can be associated with both the patient (side effects and
contraindications) and pathogen (drug-resistance) [90]. Another obstacle of drug use is the possible lack
of specificity of new drugs to pathogens. Human symbiotic microflora is also often damaged by antibiotic
therapy, while part of the pathogen population usually survives due to drug-resistance or persistence.
One of the approaches to combat drug resistance and a nonspecific effect of drugs on symbiotic microflora
is to search for new potential targets for the development of antibacterial agents [91].

Attempts to establish the relationship between the phenomenon of drug resistance and CRISPR-
Cas have been made for a long time. At first glance, it may seem that there is no direct connection
between the systems of adaptive immunity and drug resistance in microorganisms. However,
CRISPR-Cas is involved in the development of antibiotic resistance. For the first time, an inverse
relationship between drug resistance and the CRISPR-Cas system was established in enterococci with
two systems: CRISPR1-Cas, CRISPR3-Cas, and additionally a single CRISPR2 cassette lacking cas
genes. Drug resistance genes in enterococci are often located on transposons, which are actively
transmitted in the bacterial population by conjugation and on plasmids, some fragments of which
may be included as CRISPR spacers in the cassette. Cleavage of plasmid DNA upon entry into a cell
thus prevents the pathogen from acquiring resistance [92]. A similar situation is typical for Kiebsiella
pneumoniae [93]. In addition, in a number of microorganisms, strains lacking CRISPR-Cas systems
more actively form biofilms, which provide additional protection against antibiotic penetration. In
Enterococcus faecalis, which is the cause of infection in dental canals, a gene, encoding a surface
aggregation factor cytolysin (a virulence factor, which interacts with host immune system), is often
located in prophages and pathogenicity islands (PAI), and is able to be transmitted in the population
similarly to the drug resistance determinants. The loss of the CRISPR cassette results in an increased
chance of acquiring mobile genetic elements carrying those genes [94].
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In 2017, mutations in the genes of the adaptation module (cas1 and cas2) were shown to be
associated with drug-resistance emergence in the intestinal pathogen Shigella. These data are
experimental, and there is currently no explanation of this phenomenon [95]. CRISPR-Cas is involved
in the formation of the cell wall in Francisella novicida through BLP regulation. This leads to the
development of antibiotic tolerance [16].

However, despite the fact that the CRISPR-Cas system could be involved in the development of
drug resistance, they do not represent interest as drug targets, because, despite their essential role in
maintaining bacterial immunity, they are not essential for cell survival;, moreover, CRISPR-Cas can
have structural variants within the same species and differ in different strains.

On the other hand, the use of CRISPR-Cas systems seems promising as a tool for combating drug
resistance, since the field of their application is very wide.

4.1. Application of CRISPR-Cas in Genotyping

Bacterial genotyping is an important tool for epidemiological research and is indispensable for
investigating outbreaks of infectious diseases, tracking their pathways, and identifying sources.
Genotyping is also important for evolutionary research.

Even before the description of the immune function of the CRISPR-Cas systems, direct repeats
were used for genotyping (spoligotyping) of Mycobacterium tuberculosis clinical isolates [96]. This
method is based on the analysis of polymorphism of the CRISPR locus (formerly DR): PCR products
obtained using primers complementary to DRs are hybridized with a set of synthetic oligonucleotides
covalently linked to a nitrocellulose membrane. The hybridization pattern serves as a characteristic
(spoligotype) of each strain. Spoligotyping has long been considered the “gold standard” in M.
tuberculosis genotyping.

Besides M. tuberculosis, spoligotyping is successfully used for genotyping Corynebacterium
diphtheriae, the causative agent of diphtheria [97], Yersinia pestis, the causative agent of the plague,
Salmonella and Campylobacter jejuni [98].

There are other genotyping approaches based on CRISPR locus analysis. Real-time PCR is used
for identification of certain spacers characteristic to the so-called the Big Six E. coli serotypes
(O26:H11, O45:H2, O103:H2, O111:H8, O121:H19, O145:H28, and O157:H7), the most clinically
significant and common ones in Europe and the USA [99].

Additionally, typing can be done based on the length of CRISPR arrays, which is directly related
to the number of spacers. This approach was used for Yersinia pestis and Salmonella [98].

4.2. Application of CRISPR-Cas in Diagnostics

CRISPR-Cas can also be used to diagnose infectious diseases. Cas13 nuclease, which can cleave
not only the target sequence, but also nearby off-target RNAs, was used for this purpose. The
SHERLOCK (specific high sensitivity enzymatic reporter unlocking) platform has been developed
for in vitro nucleic acid detection, based on this property of Cas13. It includes the Cas13a nuclease,
sgRNA targeting specific RNA sequences, and fluorescent RNA reporters. After Casl3a cleaves the
target RNA, it cuts off the reporter RNA, releasing a detectable fluorescent label [100,101]. Viruses,
pathogens and some specific mutations characteristic of tumor cells can be identified by this system.

The DETECTR (DNA endonuclease-targeted CRISPR trans reporter) platform was created for
the detection of nucleic acids, based on Casl12a nuclease, which has similar activity. DETECTR can be
used to diagnose the HPV16 and HPV18 subtypes of human papillomaviruses associated with
cervical cancer [102].

These detection methods look very promising, however commercial diagnostic kits are currently
not available.

4.3. Application of CRISPRi to Study Metabolic Pathways and Search for New Drugs’ Biotargets

It has been shown, that the introduction of two point mutations in Cas9 amino acid sequence
(D10A and H840A) leads to a complete loss of endonuclease activity, while maintaining its ability to
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recognize and bind to target DNA sequence. This mutant is referred to as dCas9, or nuclease dead
Cas9. Targeting dCas9 with specific sgRNAs to a gene’s promoter region prevents the RNA
polymerase from doing the same, thus interfering with the transcription. This approach was named
CRISPR interference (CRISPRi) [103]. CRISPRi can be used to conditionally knock-out almost any
gene with high specificity. A simultaneous expression of different sgRNAs may be used for a knock-
out of multiple genes [104]. Chimeric dCas9, fused to various transcription repressor domains, may
be used to increase the efficiency of repression. The use of the Kriippel-associated box domain (KRAB
domain) of the Kox1 protein was shown to provide the highest efficiency of transcription repression
(up to 99%) [105,106].

CRISPRIi can be used not only to downregulate, but also to upregulate a gene’s expression. dCas9
can be fused to transcription activator domains to form the so-called CRISPRa. CRISPRa allows
activating multiple genes by using multiple sgRNAs. Using multiple transcription activators
simultaneously (synergistic activation mediators, SAM), such as VP64 (a tandem of four copies of the
viral herpes simplex protein V16), p65AD (transactivation domain of the NF-kB subunit p65), and
Epstein-Barr virus transactivator R (Rta) (VPR) increases CRISPRa efficiency [106,107].

Besides gene expression control, dCas9-based systems can also be used for genome editing.
Hybrid dCas9, supplemented with modified adenosine deaminase, is able to point-convert A/T base
pair to a G/C pair with a 50% efficiency. In this case, a non-functional nuclease is used for precise
targeting, while adenosine deaminase is used directly for base modification without introducing
DSBs [108].

CRISPRi and CRISPRa can also be used as genetic screening tools, especially in the development
of new drugs, when it is necessary to establish the biotarget and possible factors mediating resistance
for the candidate compounds selected during the initial screening [109]. CRISPRI is a powerful tool
for discovering new genetic pathways, functional genes’ studies, including determining their role in
drug resistance development. Cell screening using a random CRISPR library allows positive selection
of cells in the population that have a fitness advantage, such as drug resistance. gRNAs from selected
cells are analyzed to detect the genes conferring this advantage. In contrast, negative selection can
result in finding vital genes-biotargets for further drug development [110].

CRISPRi is an alternative to RNA interference (RNAi) based on double-stranded synthetic small
RNA, complementary to a certain gene and designed to reduce the level of expression of this gene,
widely used previously. The advantage of CRISPRi is its ability to almost completely knock-down a
gene’s expression, while RNAi can only reduce it [111].

CRISPRi systems are currently mainly used in prokaryotes to study metabolic pathways for
novel biotargets” identification. However, it can also be used directly for disease treatment. In 2020 a
doxycycline-induced system was successfully used to treat epilepsy in a rodent model. An increase
in the expression of the Kcnal potassium channel gene resulted in a significant decrease in neuronal
excitability and, as a consequence, in relief of epilepsy symptoms [112]. Progress has been made in
the immunotherapy of malignant diseases through the activation of several genes involved in an
antitumor response (multiplexed activation of endogenous genes as an immunotherapy, MAEGI)
[113].

4.4. Application of CRISPR-Cas to Combat Drug-Resistant Microorganisms

CRISPR-Cas has the potential to be used as antimicrobial agents for targeted cleavage of
antibiotic resistance genes located on plasmids. When targeting drug resistance genes with plasmid
localization, CRISPR-Cas systems cannot be considered a drug themselves. Nevertheless, such an
approach, aimed to reduce the spread of drug-resistant strains, rather than to destroy the pathogen
itself, makes sense, since an attempt to completely eliminate pathogenic microorganisms from their
niches can lead to unpredictable consequences [30]. Drug-sensitive strains are put under the pressure
of positive selection, and resistant ones, under negative selection. The main goal of introducing this
technique is to remove drug resistance genes from the population and make it susceptible to drugs
[114]. However, intended or accidental targeting of the bacterial genome sequence by the CRISPR-
Cas system leads to cell death due to the appearance of irreversible chromosomal damage [115].
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In 2014 two groups showed that efficiently delivered RNA-guided nucleases can be used either
for pathogen drug sensitization, or for its direct killing (depending on their targeting) both in vitro
and in vivo [116,117]. Bikard et al. used a CRISPR-Cas9 system delivered by the NM1 phage to
destroy 99% of plasmids carrying antibiotic resistance genes, resulting in significant antibiotic
sensitization of Staphylococcus aureus. Targeting genes on the chromosome had a bactericidal effect,
which was also confirmed in vivo in the mouse skin colonization model [116]. The second study,
reported by Citorik et al. implied two approaches to deliver the Cas9 nuclease targeting blaNDM-1
and blaSHV-18 (provide resistance to beta-lactam antibiotics): an M13-based phasmid and a
conjugative plasmid. The use of a phage delivery system resulted in a 2-3-fold decrease in the number
of viable enterohemorrhagic E. coli cells. It was additionally shown that the CRISPR-Cas system could
selectively target drug-resistant strains. A phasmid, targeting the gyrA gene (responsible for
fluoroquinolones resistance), was cytotoxic only for quinolone-resistant cells with a mutation in the
gyrA gene while being inactive against cells with the wild-type gyrA. This system worked as well in
vivo in a Galleria mellonella infection model [117].

CRISPR-Cas may be considered an alternative to conventional antituberculosis chemotherapy.
Currently administered drugs are effective against drug-susceptible Mycobacterium tuberculosis
strains; however, the number of drug-resistant tuberculosis cases is constantly growing. M.
tuberculosis lacks horizontal gene transfer and its drug resistance is mediated by mutations in genes
encoding drug biotargets, activators of prodrugs, and efflux pumps’ transcriptional regulators [118].
M. tuberculosis possesses a subtype III-A CRISPR-Cas system (comprising the casI—cas2 adaptation
module, six csm genes, cas6 gene responsible for crRNA processing, and two CRISPR cassettes),
allowing an easy implementation of exogenous type II (Cas9) and type V (Casl2a) systems [119-121],
furthermore a large number of known mycobacteriophages provides a good source for selecting
specific and effective delivery systems [122].

While RNA-guided antituberculosis agents have not yet been reported, several CRISPRi systems
were developed for mycobacteria, with the one based on Streptococcus thermophilus dCas9 (dCas9sii)
being the most efficient one [104]. These systems are mainly used for search of novel drug targets
[123].

Thus, CRISPR-Cas systems are emerging as powerful tools for combating the emergence of drug
resistance. Their key features are high specificity, which allows them to be used to combat only a
specific pathogen, without affecting the host microbiome, and the low chance of developing
resistance to themselves due to the possibility of aiming several targets simultaneously.

5. Alternative Cas Nucleases for Genome Editing

Cas9 precision and efficiency depend upon many factors, such as: the guide and target sequence
[124], DSB repair mechanism (NHE] or HDR template DNA insertion, see Section 3.2) and delivery
system (see Section 3.3). Moreover, cytotoxicity is also case-specific for Cas9-based systems. For
example, overexpression of Cas9spy and its catalytically inactive modification dCas9 in
Corynebacterium glutamicum lead to cells death even without gRNA expression, which creates
limitations for its use as a tool for bacterial genome editing [125].

A number of CRISPR-Cas9 modifications have been lately developed. As mentioned above,
dCas9 can be fused to Fokl nuclease domain to increase its specificity [126], or even fused to ZFPs or
TALENS [127]. Besides engineering Cas9 to improve its efficiency and specificity, another major area
of research focuses on the search for alternative Cas nucleases.

One of these is the RuvC-like nuclease Cpfl found in Prevotella and Francisella. Cpfl is a type V
CRISPR-Cas nuclease, being the distinctive feature of this class. The main difference of Cpfl from
Cas9 is its ability to cut target DNA forming sticky ends. This increases the efficiency of DNA repair
with a homologous template [128]. Cpf1, also known as Cas12a, is currently the most promising tool
for mycobacteria genome editing [129].

Since the specificity of RNA-guided CRISPR nucleases is determined by both the protospacer
sequence and the PAM motif, this imposes certain limitations, important for genomic editing using
CRISPR-Cas [32,43]. The effectiveness mostly depends on the positioning accuracy of the double-
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stranded DNA break. In the case of CRISPR-Cas9, PAM consists of three nucleotides 5'-NGG-3' (or
5-NAG-3') [32]. Therefore, in order to increase the number of possible target sites for DSB
introduction, it is desirable to have additional CRISPR nucleases with different PAMs in the arsenal.
The Cpfl PAM is 5’-TTTN-3', which expands the range of protospacers that can be used for CRISPR-
mediated gene editing. Cpfl crRNA does not require a tractrRNA and directly functions as a gRNA,
which simplifies its use [130]. Cpf1 (Cas12a) also lacks cytotoxicity in several bacteria, and was shown
to be effective for genome editing not only in mycobacteria, but in C. glutamicum as well [131].

Another alternative is the Casl3 effector protein, which is characteristic of class 2 type VI
systems, which has properties that are unique among all CRISPR proteins [25]. Among Cas13, four
protein families have been identified: Cas13a, Cas13b, Casl3c, and Cas13d [132]. Instead of the usual
Cas domains, Cas13 has two domains, one of which is homologous to the eukaryotic, and the other
to the prokaryotic nucleotide-binding domain (HEPN). Together they form ribonuclease site [133].
The CRISPR-Cas13 system includes the Cas13 RNA-guided RNase and a short crRNA that recognizes
the target RNA sequence.

6. Potential Challenges in Using CRISPR-Cas Systems

Despite the relatively high efficiency of CRISPR-Cas as a tool for genome editing, it has a number
of potential disadvantages and risks. These include, in particular, the use of the NHE], leading to a
high probability of mutations (see above), and the off-target effect also resulting in editing mistakes
[57,134,135]. Though the frequency of such off-target mutations is quite low, allowing to use CRISPR-
Cas systems for plants and microorganisms genome editing, they nevertheless represent the most
serious problem in gene therapy, since they can lead to unpredictable short-term and long-term
consequences [136]. These limitations can be overcome by ex vivo gene therapy approaches [137],
while in vivo genome editing in humans, especially fetal gene therapy and manipulations with germ
line cells, may still raise ethical questions [138].

The Cas9 nuclease, as mentioned earlier, possesses its own cytotoxic effect on certain
microorganisms [139]. These difficulties can be overcome by using endogenous nucleases, when
working with those microorganisms, which possess them. Endogenous nucleases are also used when
working with genomes of extremophilic bacteria or archaea, since mesophilic bacterial nucleases do
not work well in these cells [140].

Another problem of using CRISPR-Cas, especially when using them as antibacterial agents, is
their delivery. RNA-guided Cas nucleases targeting plasmid-located virulence and drug-resistance
genes can be delivered to microbial populations using bacteriophages or bacteria carrying
conjugative plasmids.

Phage delivery systems are a promising tool in the fight against drug resistance, but they have
several disadvantages. Despite the difficulties encountered by bacteria in developing resistance to
the injected CRISPR-Cas system itself, they can easily develop phage resistance. A narrow species-
specificity of a phage, that on the one hand makes it a convenient tool for CRISPR-Cas delivery to a
specific microorganism, on the other hand limits its use for other bacteria, thus a search for various
phage-delivery systems is required.

As phages themselves are the natural targets of CRISPR-Cas systems, some of them have anti-
CRISPR proteins (Acrs) that target various components of the effector complexes. They are usually
highly-specific to certain CRISPR-Cas systems [141-143]. The anti-CRISPR proteins are relatively
small (not exceeding 150 amino acid residues). The expression of genes encoding these proteins is
regulated by the Acal transcription factor, the presence of which is mandatory for all anti-CRISPR
systems. The mechanism of action of this system has not yet been fully elucidated, and only six anti-
CRISPR proteins have been studied. AcrF1 and AcrF2 form a complex with Cas-proteins and RNA,
preventing its binding to phage DNA. AcrF3 inhibits Cas3 activity, also by forming a non-functional
complex. AcrlIC1 inhibits the Cas9spy nuclease, which can be implied in gene surgery and engineering
to regulate CRISPR-Cas activity in certain tissues or at certain stages of the organism’s life cycle [143].
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7. Conclusions

CRISPR-Cas systems are currently the most promising tool for genome editing, but their
application is far from being limited only to genome editing.

CRISPRi systems, based on dCas9 protein depleted of nuclease activity are currently widely
used for prokaryotic genes’ functional studies and identification of novel metabolic pathways for
new biotargets identification. This system is promising as well for treating many human diseases,
including autoimmune, cardiovascular, and oncological diseases, which are caused by incorrect
expression of a number of genes. In this respect, the use of dCas9, devoid of the risk of introducing
off-target mutations, to regulate target genes’ expression may be an alternative to genome editing by
Cas9spy.

The evolution of microorganisms is rapidly moving towards the acquisition of mutations in
genes encoding drug targets, and the genes of drug resistance themselves, through horizontal gene
transfer, nullifying all the efforts of developing novel antimicrobial agents. CRISPR-Cas represents
an alternative to traditional drug therapy. These systems can soon become the basis for the
development of “smart” antibiotics, which may be species- or even strain-specific. This approach may
be also of interest for the correction of human gut microbiota. However, it should be noted that
CRISPR-Cas systems need much improvement to minimize the off-target effect and increase their
efficiency. Search for new Cas-nucleases, new PAMs, and enhanced delivery systems is of great
importance.
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