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Abstract—The discovery of the CRISPR/Cas9 gene scissors technology was a breakthrough in the develop-
ment of gene therapy methods and attracted the attention of the entire scientific community. This technology
provides prospects for the treatment of many neurodegenerative diseases and cancers that were previously
considered almost incurable. To date, the mechanisms of the development and progression of these groups
of nosologies are becoming increasingly studied due to discoveries in the field of molecular biology and
genetics. However, the application of the CRISPR/Cas9 technology has some limitations and difficulties that
should be considered. The development of works on the creation and selection of specific gene carriers, a
thorough safety assessment of modern genetic manipulations, and the integrated participation of specialists
from different fields of science will be important to solve the problems associated with the use of the
CRISPR/Cas9 technology and achieve the desired therapeutic effect.
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INTRODUCTION
History of Discovery

The rapid development of molecular biological
technologies in recent years has opened up the possi-
bility of their application in the treatment of previously
incurable diseases. One of them is the genetic scissors
technology known as CRISPR/Cas9. This technology
was developed after bacterial CRISPR/Cas systems
were discovered and then carefully studied, and the
protective function of these repeating palindromic
structures was proven [1, 2].

In 1987, a group of Japanese scientists managed to
identify unique CRISPR loci formed by palindromic
repeats in the genome of the bacterium Escherichia
coli. This discovery became the starting point in the
development of this area of genetics. Scientists contin-
ued research in this area, identifying the structural and
functional features of CRISPR. In 1993, Francisco
Mojica identified short palindromic repeats specific to
CRISPR, and the results of their study determined the
name of this complex structure (clustered regularly inter-
spaced short palindromic repeats, CRISPR) [1—3].
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Later, in 2002, genes encoding CRISPR-associ-
ated proteins (Cas) were identified within CRISPR
loci. CRISPR/Cas systems differ in the composition
of cas genes, which allowed one to develop the cur-
rently used classification of these genetic structures. In
2013, the possibility of CRISPR functioning not only
in bacterial, but also in eukaryotic, cells was demon-
strated. In 2020, Jennifer Doudna and Emmanuelle
Charpentier were awarded the Nobel Prize in Chemis-
try for pioneering gene editing techniques using
CRISPR/Cas9. A rich history of discoveries,
increased interest from the global scientific commu-
nity, and numerous studies demonstrate the relevance
of the CRISPR/Cas9 technology today [3—5].

CRISPR STRUCTURE AND MECHANISM

The immune function of CRISPR/Cas is to recog-
nize specific foreign nucleotide sequences and store a
memory of them in order to subsequently degrade
them under reentering the cell. In the CRISPR/Cas
structure, the initial element of the chain is a func-
tional region of the genetic sequence encoding Cas
proteins that determine the type of the CRISPR/Cas
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system. Further along the bacterial deoxyribonucleic
acid (DNA) chain there is a leader sequence, includ-
ing a promoter and regularly located short palin-
dromic repeats separated by spacers. When foreign
genetic material reenters, the CRISPR/Cas system
uses spacers as a genetic memory to recognize and
destroy the infection [1, 6—8].

The mechanism of CRISPR/Cas immunological
defense includes three sequential stages: adaptation,
expression and interference. When a foreign agent
penetrates the host cell, the adaptation stage begins,
during which fragments (short sections of foreign
sequences) called spacers are formed with the partici-
pation of Cas proteins, supplementing CRISPR sys-
tems with the information about this agent. Adapta-
tion is carried out using Casl—Cas2 proteins and the
protospacer adjacent motif (PAM). The protein com-
plex affects double-stranded DNA (dsDNA) of
phages and plasmids, causing a double-strand break
(DSB) and the release of a foreign genome fragment
[2, 3, 9—11]. The reaction of foreign DNA degradation
is supported by the multiprotein complex RecBCD,
which acts as a helicase and nuclease. Preference in
the selection of mobile genetic elements (MGEs) in
the chain of these reactions plays an important role in
differentiation of foreign and own genetic structures,
allowing one to avoid autoaggression [11—14].

The process of spacer integration is carried out by
the integration host factor (IHF). The IHF folds host
DNA into a U-shaped configuration, after which the
spacer is integrated into the host genome between the
leader sequence and the 5'-phosphate of the proximal
row of spacer repeats [5, 13—15].

During the expression stage, genetic information is
transcribed to form a long pre-crRNA transcript and it
is processed with the formation of a short mature
crRNA (guide RNA) containing a spacer sequence
and a part of the adjacent repeat. This stage includes
synthesis of protein complexes that will interact with
foreign agents at subsequent stages.

Finally, interference 1is the final step of
CRISPR/Cas immune defense. At this stage, crRNA
serves as a guide for Cas proteins and recognizes a spe-
cific target sequence in foreign DNA or RNA. When
the target is recognized, a cascade of reactions is acti-
vated, which leads to the degradation of foreign
nucleic acid structures and protection of the host cell.
It is worth noting the fact of the strategic benefit of the
palindromic structure of CRISPR repeats, which pro-
vides a high rate of transcription of certain spacers,
which allows a quick and effective response to retro-
spectively relevant invasive elements [16—19].

LIMITATIONS OF CRISPR/CAS9
APPLICATION

The benefits of using the CRISPR/Cas9 system
open up broad prospects for its clinical application.
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However, before introducing this technology into
practice, it is necessary to overcome a number of prob-
lems associated with it.

The most urgent problem is the method of deliver-
ing CRISPR/Cas9 to the target cell. Many options are
currently being explored to implement efficient trans-
portation of the system components. One promising
means is represented by mRNA, which is a compact
and convenient structure with high activity in genome
editing and control of the volume of targeted delivery
ofthese structures into the cell. Another option is plas-
mid DNA encoding the Cas9 protein. This technology
is more bulky and limited in its target effect, but it has
an advantage over mRNA, being more stable and con-
venient at the design stage [3, 12].

Viral and nonviral delivery methods such as elec-
troporation, microinjection and lipid nanoparticles
are worth mentioning. However, the therapeutic
application of such technologies is limited due to the
relatively low delivery efficiency compared with, for
example, viral vectors such as adeno-associated virus
(AAV), adenovirus, and lentivirus. The advantages of
viral methods are high specificity and relatively low
immunogenicity; however, the limitation of 4.7 kbps
capacity for these structures is the main problem for
efficient AAV-mediated CRISPR/Cas9 transport |3,
10, 12].

Also, one of the main problems associated with the
use of the CRISPR/Cas9 system is the off-target effect
of genetic scissors, which can lead to random patho-
logical mutations. Efforts have been made to increase
the specificity of the system, including placing the
Cas9 gene under the control of the minimal HIV-1
promoter mediated by a transactivator of transcription
(Tat), thereby avoiding unwanted expression of Cas9.
It was also demonstrated that the Cas9/gRNA ribonu-
cleoprotein (Cas9 RNP) can be degraded post factum,
allowing the active protein structure to be inactivated
after editing the target DNA, providing maximum on-
target and minimal off-target activity. However, there is
evidence that the use of RNP in some cell types can
induce innate immunopathological reactions [9, 10, 13].

BENEFITS OF APPLYING CRISPR/CAS9
TECHNOLOGY

The prospects for using the CRISPR/Cas9 system
in medicine are huge for the treatment of many human
diseases. This technique can be used to combat viral
infections and correct genetic mutations that lead to
the development of hereditary and acquired diseases
that were previously considered incurable. Strategies
for correcting genetic material in patients with cancer,
neurological and allergic diseases, cardiovascular dis-
eases, hereditary blood diseases and metabolic disor-
ders are currently being studied [10, 16, 19, 20].
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HEREDITARY DISEASES
Duchenne Muscular Dystrophy

Progressive Duchenne muscular dystrophy is a
neuromuscular disorder inherited in an X-linked
recessive pattern. It predominantly affects males in
childhood and is caused by a mutation in the DMD
gene, which encodes the dystrophin protein. This
mutation leads to a qualitative or quantitative impair-
ment of dystrophin function.

Past studies demonstrated the effectiveness of
using CRISPR/Cas9 technology to treat Duchenne
muscular dystrophy in a mouse model. In the experi-
ment, the DMD gene was artificially mutated using
CRISPR/Cas9 technology and placed into a zygote.
As a result of the experiment in the germline mouse
model of Duchenne muscular dystrophy, the correc-
tion of the DMD gene mutation was achieved and the
phenotype was fixed in newborn mice with an effi-
ciency of 2—100% [20, 21].

These experimental models with induced targeted
mutations or edited mutations in the target gene can
serve as an important source of information for uncov-
ering the mechanisms underlying disease development
and progression. However, additional studies are
needed to evaluate the safety and effectiveness of this
approach in human beings, as well as obtaining all
necessary approvals for the use of this technology in
clinical practice [20—22].

PARKINSON’S DISEASE

Parkinson’s disease, also known as shaking palsy, is
a neurodegenerative disease that progresses as a result
of a neuroinflammatory response. This reaction is
caused by exogenous neurotoxins and hyperreactivity
of the neuroglial system, leading to an autoimmune
process. The most intense reaction occurs in the stria-
topallidal system and the substantia nigra of the retic-
ular formation. As a result of a neuroinflammatory
response, neuroglial cells acquire an amoeba-like
shape and begin to produce excessive amounts of pro-
inflammatory cytokines, such as tumor necrosis fac-
tor-a¢  (TNF-a), inducible nitric oxide synthase
(iNOS), 1-methyl-4-phenyl-1,2, 3,6-tetrahydropyri-
dine (MPTP), a number of interleukins (IL-12, IL-6
IL-1B, and IL-1), and glial fibrillary acidic protein
(GFAP). As a result of this process, neurons die and
are replaced by neuroglial cells, which leads to the
development of reactive gliosis. These changes are
aggravated by the activation of the transcription factor
NF-xB (nuclear factor «x-light-chain-enhancer of
activated B cells) and protein kinase C delta (PKC9),
which accelerates death of neurons [23].

The results of research by a group of scientists from
the University of California, Berkeley, and the Cali-
fornia Institute of Technology (United States) uncov-
ered approaches to editing nuclear and mitochondrial
genomes using CRISPR/Cas9. Using expressed Cas9
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gRNAs targeting cyclooxygenase 1 and 3 (Coxl and
Cox3 are genes encoding cyclooxygenase enzymes 1
and 3, respectively), targeted initiation of mitochon-
drial DNA cleavage at specific loci occurs. The exper-
iment using this technique found that knockout of
adult peroxisome proliferator receptor y (PPAR 7),
protein coactivator-loe (PGC-1a), and the master
regulator of mitochondrial disease biogenesis leads to
death of dopaminergic neurons [23].

These studies also highlight the importance of the
prokinetin 2 (PK2) family of proteins in mitochon-
drial biogenesis and the protection of mitochondria
from neurodegenerative processes [23, 25]. Increased
levels of PK2 in postmortem brains in Parkinson’s dis-
ease are a consequence of intravital protective effects
in response to neurodegeneration, and increased levels
of PGC-1a and BCL2 achieved through PK2 expres-
sion contribute to the preservation of mitochondrial
bioactivity in response to neurotoxic stress. In addi-
tion, it has been demonstrated in an experiment on
glial cells that AAV-mediated delivery of PK2 can
reduce biogenic processes of reactive astrocytes and
increase gene expression of A2 astrocytes with an
alternative neuroprotective phenotype, which count-
ers neuro-inflammation caused by reactive Al astro-
cytes. This opens up new prospects in studying the
relationship between mitochondrial dysfunction and
autoimmune neuro-inflammation, as well as allowing
us to more precisely determine the role of PK2 in these
processes. It is also important to note that these stud-
ies demonstrate the effectiveness of CRISPR/Cas9 in
investigating complex mechanisms related to cell biol-
ogy and diseases [24, 25].

It is worth paying attention to the protein synuclein
o (SNCA), which plays an important role in the
occurrence of sporadic Parkinson’s disease. There is
evidence that by changing the gene associated with this
protein, it is possible to prevent the development of the
disease. However, the use of the CRISPR/Cas9
method in the combination with human induced plu-
ripotent stem cells (hiPSCs) can lead to the restoration
of the A53T mutation in hiPSCs without harming the
differentiation process of dopaminergic neurons
responsible for the production of the hormone dopa-
mine [23].

Another important protein is leucine-reach repeat
kinase 2 (LRRK?2), which is associated with the occur-
rence of Parkinson’s disease. Mutations G2019S and
R1441C in this gene can lead to mitochondrial biosyn-
thesis disorders. An experiment was conducted using
the CRISPR/Cas9 method to replace the entire repeat
region in hiPSCs with representative alleles Rep1 257,
Repl 259, Repl 261, and Repl 263 to inactivate the
G2019S and R1441C mutations in the LRRK?2 gene.
These alleles also contributed to increased expression
of the SNCA protein, which gives a hope for the suc-
cess in further research in this area [23—25].
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Alzheimer’s disease (AD), a neurodegenerative
disease, is manifested by the gradual onset of disorders
of memory and higher brain functions in presenile or
old age, leading to dementia, and is characterized by
neuropathological, neuro-imaging, and biochemical
signs. AD pathogenesis is associated with the accumu-
lation of the B-amyloid (AB) protein, abnormal neuro-
fibrillary tangles. and damage to the mitochondria of
neurons, which leads to their death [20, 26]. AD is the
best-known neurodegenerative disease for which there
is no satisfactory therapy that is safe and effective for
patients. Current medications approved by the Food
and Drug Administration (FDA) provide only tempo-
rary relief of some symptoms [27].

In gene therapy of AD, three genes that are associ-
ated with the disease progression can be targeted: APP,
MAPT, and APOE. However, additional studies are
needed to evaluate the effectiveness and safety of AD
gene therapy. Gene therapy of AD using the
CRISPR/Cas9 technology is aimed at regulating
A@|beta] protein expression and can be achieved in
several ways. Researchers have showed that viral inser-
tion-deletion (InDel) mutations of APP alleles using
the CRISPR/Cas9 technology can reduce A} protein
expression. Another target of gene therapy is the regu-
lation of the 7y-secretase protease, a large intramem-
brane protein complex that is regulated by y-secretase
activating protein (GSAP). A reduction of GSAP
expression significantly reduces AP levels. The func-
tions of y-secretase are regulated by expression of key
components of the complex: GSAP and PSEN?2.
Changes in amyloid metabolism cause an increase in
the AB42/40 ratio and AB42 levels and/or a decrease in
the AB40 synthesis [28—30].

ONCOLOGY

Recent studies aimed at investigating the nature of
tumor growth demonstrate a correlation between the
development of the oncological process and mutations
in genes that regulate signaling pathways. Traditional
methods of drug therapy used today have only a com-
pensatory ability, while genetic engineering methods
have the potential to correct genetic mutations that
lead to oncogenesis. Another antitumor aspect in
medicine is counteracting the immune mechanisms of
the tumor process. The emergence of immune check-
point blockade (ICB) therapy, such as a blocker of
programmed cell death 1 (PD-1), its ligand 1 (PD-
L1), or cytotoxic T-lymphocyte antigen-4 (CTLA-4),
led to a revolution in the treatment of many types of
tumors. To date, drugs such as ipilimumab (anti-
CTLA-4), pembrolizumab, nivolumab (anti-PD-1),
and atezolizumab (anti-PD-L1) have been approved
for clinical use by the FDA [31].

Despite significant advances in cancer immuno-
therapy, there are still many challenges in this field,
such as low response rates and tumor drug resistance,
which necessitate further efforts to elucidate the
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mechanisms underlying sensitivity or resistance to the
antitumor immune response, and the development of
more effective = immunotherapeutic  strategies.
Recently, the CRISPR/Cas9 technology has been
successfully applied to eliminate potential factors reg-
ulating tumor anti-immune mechanisms, thereby pro-
viding a new paradigm for target discovery.

In a report on studies carried out last year, scientists
reported how they aimed to destroy the Epstein-Barr
viruses (EBVs) in patient’s cells that were derived from
Burkitt lymphoma with EBV infection. Tumor cells
showed decreased proliferation as a result of CRISPR
targeting EBV. In addition, CRISPR can specifically
destroy the oncogenes E6 or E7 of human papilloma-
virus, which are integrated into the genome of cervical
carcinoma cells. These oncogenes cause degradation
of the P53 tumor suppressor gene and destabilization
of the retinoblastoma protein, leading to the develop-
ment of various types of cancer. E6 and E7 knockout
by CRISPR was associated with increased protein lev-
els of P53 and Rb, as well as increased cancer cell
death [20, 31, 32].

CONCLUSIONS

Gene manipulations, which once seemed like sci-
ence fiction, have now become a reality. Hard-to-treat
neurodegenerative diseases can be cured with gene
therapy thanks to advances in vector systems. Gene
manipulations combined with modern technologies
for gene delivery into cells of the central nervous sys-
tem promises to change approaches to the clinical
treatment of both hereditary and sporadic neurode-
generative diseases and also provide new opportunities
for the treatment of a number of rare and genetic dis-
eases. However, unresolved problems remain, includ-
ing the development of more efficient vector systems,
a thorough safety assessment of current gene manipu-
lation tools, and transparency and collaboration
among members of the scientific community. Improv-
ing methods for using genetic scissors and finding
effective carriers for gene delivery are bringing us
closer to a new era in medicine.
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