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Highlights

Human genome editing methods (“genetic scissors®) may be possibly used for biological attacks of various biological
targets, including humans.

We should set up an international surveillance scheme to control the use of this method and to detect cases of hidden
use of these destructive agents created on its basis.

Relevance. Human genome editing has been implemented into clinical practice since 2021 to cure different, mainly
hereditary diseases. This method is quite promising and in the long run it can be used to cure contagious and somatic
diseases as well.

The purpose of the study is to evaluate possible risks of misuse for this method.

The source base of the study. Scientific publications and research papers, available in PubMed.

Research method. Analytical.

Results. It has been shown that genome editing systems can block, remove or restore its own genes or human genome
fragments. They can be employed to destroy whole ecosystems, to develop brand-new massive biological weapons
to kill the population of certain countries. They are even able to change an evolutionary path of our species, and this
may lead to its total extinction within several generations. Defense Advanced Research Projects Agency, DARPA has a
particular focus on the development of tools that can identify the human genome editing, block possible changes and
eliminate the consequences.

Conclusions. The fact that DARPA is so interested in tools mentioned above proves that genome editing is anymore
not an experimental tool. Experts who realize the state of things in terms of biological warfare nowadays are concerned
with the possible misuse of this tool. The use of genome editing should be regulated by a special Protocol to Convention
on the Prohibition of the Development, Production and Stockpiling of Bacteriological (Biological) and Toxin Weapons
and on their Destruction. Because this protocol doesn’t exist yet, the national regulatory authorities are obliged to
establish limits for use of products that are based on these methods. They also should be able to prevent its misuse.

Key words: biological destruction; biological warfare; Cas endonuclease; CRISPR; CRISPR-Cas; genetic scissors; genorme
editing; palindromic repeats; protospacer; spacer
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OcHOBHbIE€ MOMEHTBI

TexHOMOrMY pefaKTUPOBAaHNA FeHOMA YeIOBeKa («TeHeTIYecKye HOKHUIIBI» ) MOTYT I BO3MOYKHO YoKe MCIIO/Ib3YIOTCA
I Lesell OMOIOrMYeCcKOro MOPaXKeHN pas/IMYHbIX OMOTOIMYecKUX 00 beKTOB, BK/II0Yast JIIOfIEIL.

Heobxonumo paszpaboTaTh croco6bl MEKIYHAPOJHOIO KOHTPOIA 3a UCIOIb30BAHNEM JJAHHON TEXHOTOIUMU U A
06HAPY>KeHNUs CKPBITOTO IPYMEHEHS IIOPaKAIOIIMX areHTOB, CO3/JaHHbBIX Ha ee OCHOBE.

Axmyanvnocmy. TeXHONOIMA PeJAKTMPOBAHNA TeHOMA aKTVBHO BHE[PAETCA B KAMHMYECKYIO NPaKTUKy ¢ 2021 1.
IS JIeYeHN A HaCIeiCTBEHHBIX O0/Ie3Hell, B IepCIeKTUBe ee IIpUMeHeHNe OyeT paclpeHo Jiid JiedeHVs MHpeKLu-
OHHBIX VI COMAaTN4IeCKIX O0esHell.

Llenv pabomvt — OLIeHUTDb BOSMOXKHOCTD €€ BPa)XAeOHOTO UCIIOIb30BaHMUA.

Hcmounuxosas 6asa uccnedosanus. Hayamsie paboTsl, IIpefcTaBIeHHbIe B 6a3e JAHHBIX MEAULIMHCKUX U OMOIOTH-
gecknx nmyb6mmkamnuit PubMed.

Memoo uccnedosanus. AHaTUTIIECKMIL.

Pesynvmamupt. CucteMbl pejaKTUPOBAHNA T€HOMA IIO3BOJIAIOT OCYIECTBIATh OMIOKMpPOBaHMe, YAaleHne MIN BOC-
CTaHOBJIeHME COOCTBEHHDIX TEHOB I (PParMeHTOB reHoMa YeroBeka. OHYM MOTYT MCIIONIb30BAThCS /I YHUUTOXKEHS
9KOCHUCTEM, VCIIO/Ib3YEeMbIX YeTOBEKOM; PaspabOTKy IPMHIUINAIBHO HOBBIX CPELCTB MACCOBOTO OGMOIOrMYECKOrO
HOpaXKeHVs] HacCe/IeHUs BBIOpaHHBIX IJIsI YHUYTOXXEHVS CTPaH; U, JaKe, MI3MEHEHIe SBOJIIOLVIOHHON TPaeKTOpUM
HaIllero BUJia BIUIOTH JIO €rO IOJTHOTO BBIMMPAHNUS B TeYeHMe HEeCKONbKMX mokoneHuir. O6paljeHo BHUMaHNe Ha
HOBBILIEHHBII NHTEPeC ATEHTCTBA MEPCIEKTUBHBIX MCCIES0BATEIbCKIX IPOEKTOB MUHUCTEpCTBa 060oponbl CIITA
(Defense Advanced Research Projects Agency, DARPA) Ha paspabOTKy T€XHOIOIMI BBISIB/ICHNS U OIOKMPOBAHIS
MIOC/IEfICTBUII pefaKTVPOBaHM TeHOMa.

3axntouenue. Vintepec DARPA K TeXHO/IOTMAM BBIABIEHNMS U1 OTIOKMPOBAHIIS IIOCTIECTBIUI peSaKTUPOBAHNUS TeHOMa
Je/I0BeKa CBUETE/IbCTBYET, YTO €€ OCBOEHIE Y)Ke MePellIO 9KCIIePUMEHTA/IbHBII PyOex, 1 ee 6eCKOHTPOJIbHOE NC-
II0/Ib30BaHIE BBI3BIBAET CePbe3Hble OMTACEeHNA CO CTOPOHBI TeX, KTO OHVMAeT peaiyl COBPeMEeHHO OM0I0rn4ecKoin
BOVIHBI. VICIIONb30BaHMe TEXHONOIMM PefaKTUPOBaHMsI [eHOMa JO/DKHO OBITh YperyIMpoBaHO B paMKax 0co60ro
[Tporokomna k KoHBeHIMN 0 3ampelieHny pa3paboTKy, IPOU3BOACTBA I HAKOIUIEHMs 3a11acOB 6aKTEPHOIOTIIECKOTO
(6110710TMUECKOT0) ¥ TOKCHHHOTO OPY>KUsI U 00 MX YHUUTOXKeHNM. [I0Ka ero HeT, TO Ha ypOBHE HAIMIOHA/IbHBIX Pery-
JIITOPOB HEOOXOAMMO OIIPEeINTh TPAHNUIIBI IIPYMEHEHSI IPOAYKTOB, CO3JAHHBIX HA OCHOBE TAKOI TEXHOIOTUN, I
OBITb TOTOBBIM K MX BPa>KAEeOHOMY UCIIONb30BAHMLIO.

Kniouegvie cnosa: 6uonozuueckas 6oiina; 6uonozueckoe nopaxceHue; eeHermuyeckiue HoMHUYbL NATUHOPOMHbLE NO-
émopui; npomocneiicep; pedakmuposarue zenoma; cneticep; snoonykneaza Cas; CRISPR

Hns yumuposanus: /lakoma 5. Pedaxmuposaniie 2eHOMA U 3augUma om ezo 8paxcoedHo20 Ucnonv308anus. Becmuux
gotick PXB sauwjumot. 2025;9(1):19-43. EDN:zcdqbl.
https://doi.org/10.35825/2587-5728-2025-9-1-19-43

IIpospaunocmv dunarcosoii OesAmenvHocmu: asmop He umeem GUHAHCOB0TI 3AUHMEPECOBAHHOCU 6 NPedCHas-
JIEHHBIX MAMEPUATAx U memooax.

Kongnuxm unmepecos: asmop sensemcs unenom pedxonnezuu syprana (c 2023 2.). dmo He no8nUANO HA nPpoyecc
peueH3uposanus u OKoH4amenvHoe peuierue.

Dunancuposamue: UCMOYHUKOS PUHAHCUPOBAHUS OIS OeKNAPUPOBAHUS HeMm.

IMoctymmna 10.01.2025 r. I[Tocre gopa6otkm 01.03.2025 r. Ilpunara k ny6ankanmu 27.03.2025 .
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Introduction

On November 15, 2024, Defense Advanced
Research Projects Agency (DARPA), Biological
Technologies Office (BTO) announced a
PROGRAM  SOLICITATION  OVERVIEW
INFORMATION about the Rapid Inhibitor
Discovery and Development pipeLine (RIDDL).
DARPA is soliciting innovative proposals to
develop and demonstrate rapid methods to
identifyand optimize novel molecules that exhibit
inhibitory effects on gene editing technologies’.
Of particular interest are commonly used gene
editors such as Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)-CRISPR
associated proteins (CRISPR-Cas) nucleases;
gene editing technologies beyond CRISPR-Cas
systems are also of interest to keep pace with the
rapidly advancing field and promote the safe,
controlled use of these technologies.

Objective. Understanding of the dangers of
the use of human genome editing technologies
for military purposes.

Source base of the study. Scientific publications
and research papers, available in PubMed. The
searched keywords are [CRISPR/Cas9] AND
[gene editing] OR [gene therapy].

Research method. Analytic.

Main
The Rapid Inhibitor Discovery and
Development pipeLine (RIDDL) program
explicitly seeks transformative approaches

that enable the rapid discovery, design, and
development of novel inhibitors with enhanced
activity, specificity, utility, and potency for
gene editing technologies. These approaches
could serve as a rapid response to counteract
the accidental or intentional misuse of gene
editing technologies. Novel inhibitor activity
will be assessed in vitro over the course of the
program to demonstrate the efficacy of the
prototype discovery and development pipelines.
The pipelines, as well as a subset of top-
performing molecules at scaled-up quantities,
will be transitioned for testing and evaluation
by Department of Defense (DoD) stakeholders.
Research that generates incremental
improvements to the existing state-of-the-art is
specifically excluded. Total Funding - DARPA
has approximately $17M total for performer
awards and anticipates making multiple awards.

From the background: “The rapidly evolving
field of advanced genome editing tools has
created the ability to modify genetic material in a

manner that is precise, rapid, cost-effective, and
broadly accessible. CRISPR-Cas technologies
represent one of the most widely adopted tools
in the genome engineering toolkit, which already
consists of a diverse set of molecules, including
meganucleases, transposons, recombinases,
protein nucleic acids, zinc-finger nucleases, and
Transcription Activator-Like (TAL) effector
nucleases. From the initial discovery and
demonstration of CRISPR-Cas gene editing
technologies, the field has rapidly expanded both
in the number and types of CRISPR-Cas systems
via advanced computational discovery pipelines
[1]. The advancement of CRISPR-based genome
editingtechnologieshasrevolutionized thefield of
biotechnology and genetic engineering. However,
concerns regarding the precision, specificity, and
control of CRISPR-Cas systems remain. One
promising avenue to address these concerns is
the discovery or design of novel inhibitors. These
molecules have the potential to inhibit and tune
regulation of CRISPR-mediated genome editing
by limiting unintended, off-target edits and
enabling spatiotemporal control of gene editing
activity, thereby enhancing its safety, efficacy,
and utility. Previous DARPA investments in the
Safe Genes program demonstrated discovery of
potent protein inhibitors for a wide array [2] of
CRISPR-Cas technologies, including enzymatic
inhibitors capable of acting at sub-stoichiometric
levels [3]. Safe Genes performers also developed
platforms for discovery of small molecule
inhibitors of CRISPR-Cas systems [4, 5]. Taken
together with work from other groups in the
literature describing nucleicacid-based inhibitors
(6, 7, 8], multiple classes of molecules that exhibit
anti-CRISPR activity have been demonstrated,
providing significant depth and breadth for novel
inhibitor discovery. The RIDDL program seeks
to leverage these prior efforts to develop tools for
rapid discovery, optimization, and validation of
potent inhibitors for gene editing technologies.
Beyond CRISPR-Cas technologies, some recent
discoveries, such as Obligate Mobile Element
Guided Activity (OMEGA) effector TnpB [9] and
Fanzor [10], have further broadened the menu
of RNA-guided DNA endonucleases that can be
programmed for gene editing purposes. These
new editor systems provide further opportunity
to explore development of platform technologies
for discovery of inhibitors to emerging gene
editing technologies. Specifically, RIDDL will
develop platform technologies for highly potent
inhibitors of gene editors capable of arresting

! Rapid Inhibitor Discovery and Development pipeLine (RIDDL). URL: https://sam.gov/opp/d04ec5d6949b435083f

6£582300aca27/view (date: 11.12.2024).

> Program Solicitation Rapid Inhibitor Discovery and Development pipeLine. URL: https://research-authority.tau.
ac.il/sites/resauth.tau.ac.il/files/ DARPA-RIDDL-PS-25-03.pdf (date: 11.12.2024).
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nuclease activity for multiple classes, types,
and species of editors. By harnessing advanced
computational discovery capabilities such as
clustering [11] and deep learning, RIDDL will
develop a platform for 24-hour turnaround
discovery and development of inhibitors of
novel, emergent gene editor technologies. If
successful, the RIDDL program will develop a
pipeline capable of fielding validated inhibitors
in less than 24 hours, enhancing the safety
of gene editing technologies and providing
rapid response capabilities in the event of
accidental or intentional misuse of gene editing
technologies™.

Here, “The RIDDL program is agnostic
to the methods and approaches employed for
discovery or design of novel inhibitors as long
as they are potentially transformative. Proposals
should focus on selecting diverse CRISPR-Cas
systems, updating the CRISPR-Cas system space
as novel variants are discovered or designed to
keep pace with the state of the art, suitable for
demonstrating inhibition and potency. Proposers
are highly encouraged to include recently
discovered CRISPR-Cas orthologs. Proposals
must include inhibitors for CRISPR-Cas systems,
specifically Cas9 and Casl2; however, molecules
that can inhibit other nucleases are encouraged.
Potential approaches to development of novel
inhibitors include, but are not limited to:

« Bioinformatic, biochemical, computational,
or genetic methods to discover new inhibitors;

o High-throughput biochemical, chemical,
and/or genetic screens;

« Directed evolution;

» Multivalent molecules;

« Hybrid synthetic-biological materials;

« Fusion proteins with enzymatic activity;

« Small molecules;

» Modified nucleic acids and mimetics;

« Peptide nucleic acids.

The RIDDL program is also agnostic to the
method(s) by which inhibitors arrest genome
editing activity. Novel inhibitors may utilize a
wide variety of mechanisms of action, including
but not limited to the following:

« Inhibiting DNA binding;

« Inhibiting cutting activity;

« Inhibiting conformational changes required
to initiate nuclease activity;

o Enzymatic degradation of CRISPR-Cas
complexes or components;

o Cleaving crRNA;

o Inhibiting CRISPR-Cas RNA biogenesis;

o Inhibiting formation of CRISPR-Cas
complexes with guide RNA”.

* The text in bold has been highlighted by the author.
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Moreover, “Proposals should focus on the
development of a rapid discovery platform for
inhibitors of novel, emerging gene editor systems,
including Cas9 and Casl2, and including those
generated by deep learning language models.
Objectives include (a) discovery pipeline for
inhibitors of novel editing systems; (b) in vitro
models and assays to test and validate candidate
molecules; and (c) demonstration of potent
inhibition of novel gene editing systems” [12].

CRISPR-Cas system. The CRISPR-Cas
system is an adaptive “immune” system identified
in bacteria and archaea [13].

It is an analogue of the adaptive immune
system in humans. Its key feature is the
generation of memory of past infections. This
allows to rapidly build a more efficient and
robust response to recurrent infections. CRISPR
stands for Clustered Regularly Interspaced
Short Palindromic Repeats. The full form
(CRISPR-Cas) talks about two main parts of
the system. First, there are repetitive sequences,
which are short DNA segments, 20-40 bp long.
These repeats are palindromic. I.e. they are
sequences of “letters” that read the same from
the left or right. Like an example “NEVER ODD
OR EVEN?”. In the palindromic repeat sequences,
each DNA repeat is arranged in the palindromic
fashion. This means that the repeat’s sequence
on one DNA strand is identical to the opposite
strand’s sequence when both are read in their
respective 5" to 3’ direction. (As 5-GGATCC-3’
and 3’-CCATGG-5. When these palindromic
sequences are transcribed to form mRNA, they
create a hairpin structure (due to “internal”
pairing - (GC)(UA)(GC) where UA “sits” on
the loop of the hairpin). The repeat sequences
are highly conserved within the CRISPR locus.
This means that they are all identical, one after
another after another and so on. These Short
Palindromic Repeats are Regularly Interspaced.
This means that spacer DNA or spacers are
present between the repeat sequences. These
spacers are not identical. Each segment of
the spacer is unique. These unique sequences
match with the DNA found in the viruses
(bacteriophages). So, these spacer sequences are
some kind of “memory” of the immune system in
bacteria that protects the bacteria from viruses.
The bacteria use these spacers as recognition
elements to find matching DNA from virus
genomes. This “immunological memory” bank
stores the sequences from previous encounters
with invading organisms. The number of spacers
within a CRISOR array can range from as few as
one to several hundreds. Another part of CRISPR
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is a region rich in adenine (A) and thymine (T).
It is known as the leader sequence and is located
upstream to CRISPR loci. The CRISPR array also
consists of CRISPR-associated genes (cas genes).
These cas genes code Cas proteins. They can be
helicases (they unwind DNA) or nucleases (they
cut the target DNA. These Cas proteins constitute
the backbone of the CRISPR-Cas system
(Figure 1).

How does the bacterial cell protect itself
from the infection? To encounter the infection,
the bacterial CRISPR-Cas plays a vital role. The
CRISPR-Cas mediated defense process occurs in
three steps [15].

i) The first step is known as adaptation or
acquisition. During this step the genetic material
of the invading phage is integrated into the
CRISPR locus. When a virus infects a bacterial
cell proteins Casl and Cas2 identify the invading
viral DNA and excise a segment of specific length
from the viral DNA [16].

This segment is known as the protospacer
or spacer. Then the protospacer is added to
the front of the CRISPR array between the two
repeat sequences. By this mechanism the bacteria
generate the “immunological” memory of the
invaded virus.

ii) The second step is known as expression.
A long primary transcript, the precursor-
CRISPR RNA (pre-crRNA) is generated. This
RNA contains a series of secondary structures
or hairpins because of palindromic sequences.
The pre-crRNA is subsequently processed into
smaller crRNAs by Cas proteins. Each crRNA
consists of a spacer flanked by partial repeats
(Figure 2A).

iii) The third step is interference. In this step
the mature crRNA forms a complex with one or
more Cas proteins. This “search complex” patrols
inside the cell and looks for invading phages or
other foreign material that matches the crRNA
sequence. Once the match is found the spacer
sequence of crRNA pairs with the virus nucleic

Figure 1: The components of the CRISPR-Cas system.
The figure is taken from [14]

PucyHok 1 - KomnoHenmol cucmemol CRISPR-Cas. Pucy-
HOK 83sm u3 [14]

acid and the specific Cas proteins chop up the
invading genetic material (Figure 2B). The crRNA
is also called guide RNA or gRNA. Thus, the
CRISPR-Cas system is also called RNA-guided
targeting of the viral genome.

CRISPR systems in bacteria had evolved to
defend bacteria against viruses. However, the
viral DNA targeted by the search complex has
the same sequence as the protospacer DNA in
the CRISPR array. (The protospacers are the
excised segments of the invading viral DNA.)
How is Cas protein able to distinguish between
itself and “nonself”? Here comes PAM. PAM
stands for Protospacer Adjacent Motif. PAM is a
specific sequence of nucleotides, around 2-6 bp,
that follows the protospacer genome in a viral
genome. It is not a component of the bacterial
locus. In the interference step of the CRISPR
system mediated defense, specific Cas proteins
recognize and bind to the PAM sequence. This
binding facilitates unwinding the DNA target
and allows the base pairing between the crRNA
and the foreign DNA. The DNA is cleaved
(“choped up”) by the Cas proteins [17].

There are six major types of CRISPR-Cas
systems. The classification is based on the
differences in the pre-crRNA processing,

Figure 2: A, CRISPR RNA (crRNA) expression; B, crRNA-
Cas complex chops up the foreign DNA. The figure is taken
from [14]

PucyHok 2 - Skcnpeccus CRISPR PHK (crRNA), A; crPHK-
Cas KoMmnneKc paspezaem uymcepooHyro AHK, B. PucyHok
e3am us [14]
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the interference step, and the requirement of
different Cas proteins [18, 19].

For further explaining we will proceed with
the type 2 i.e. CRISPR-Cas9 system. This system
gained significant attention and is widely used as
a tool in genome editing. It follows from the fact
that:

i) Type 1, 3, and 4 CRISPR-Cas systems
require several Cas proteins for cleaving the
target viral genome.

ii) The Cas9 protein, the part of the search
effector complex, participates in the processing
of pre-crRNA to form mature crRNAs.

iii) Thus, due to the simplicity and requiring
of only the Cas9 enzyme for processing crRNA
and forming search effector complex the
CRISPR-Cas9 has been widely adopted as a gene
adopting tool.

The type 5 CRISPR-Casl2 system uses the
Casl2 enzyme. Casl2 differs from Cas9. It
causes a “staggered” cut in double-stranded
DNA, producing single-stranded overhang
ends in contrast to “blunt” cut made by Cas9.
Casl2 requires only a crRNA for successful
targeting. On the other hand, Cas9 requires both
crRNA and a transactivating rRNA to target
the invading virus’ DNA (see below). Type 6
CRISPR-Casl13 utilizes the Casl3 enzyme. Casl3
isan RNA-guided RNA endonuclease. It does not
cleave DNA but only single-stranded RNA. An
additional feature of Casl2 and Casl3 enzymes
is that they show trans- or collateral cutting
activity. This means that their cleavage activity
is not restricted targeting DNA or RNA, but they
can also cut any single stranded non-targeted
nucleic acid molecule in the vicinity.

The simplified CRISPR-Cas9 system consists
only of three components. Cas9, crRNA and
tracrRNA. This makes this system easy to be
used for genome editing [20].

The simplified engineered CRISPR-Cas9
system was developed linking the two RNAs -
crRNA and tracrRNA to form a single guide
RNA (gRNA) (Figure 3).

Figure 3: Guide RNA. The figure is taken from [14]
PucyHok 3 - Hanpaenswowas PHK. PucyHok eé3am u3 [14]
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Thus, the gRNA consists of two regions. One
is a “program” - 20 letter nucleotide sequence.
The second partis a handle-shaped RNA scaffold.
The “program” of the 20-letter nucleotide
sequence is complementary to the short sequence
of the target DNA of the host which is “required”
to be edited. For instance, if the target DNA has
a sequence ATGCGC (5’ to 3’ direction), then the
gRNA complementary sequence reads UACGCG
(3’ to 5" direction). The other region of gRNA is
the handle-shaped RNA scaffold which interacts
with the Cas9 protein. The gRNA-Cas9 complex
then binds to the target sequence in the host
genome. After binding to the desired position in
the genome, the nuclease domains of the Cas9
introduce double strand breaks (DSB) in the
desired DNA. The Cas9 protein has two lobes.
One lobe is for target recognition, the other lobe
contains nuclease activity. The recognition lobe
is essential for binding gRNA (and target DNA).
The nuclease lobe cleaves the target DNA by
generating double-strand breaks. Additionally,
the nuclease lobe contains HNH (His-Me finger)
and RuvC nuclease domains [21].

The HNH nuclease domain cleaves the
DNA strand that is complementary (i.e. paired)
to the 20-letter nucleotide sequence of the
gRNA. The RuvC nuclease domain cleaves the
non-complementary (i.e. coding) DNA strand
(Figure 4).

When Cas9 creates DSB the cell’s inherent
repair mechanisms can fix them via two pathways.
The non-homologous end-joining repair (NHE])
or homology-directed repair (HDR) [22, 23].

Figure 4: CRISPR-Cas9 system for gene editing. The figure
is taken from [14]

PucyHok 4 - Cucmema pedakmuposaHus zeHoma CRISPR-
Cas9. PucyHok e3am u3 [14]
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NHE]-mediated repair of Cas9 generated
breaks makes the gene inactive or inoperative.
On the other hand, HDR pathway is highly
accurate and can be used to introduce specific
nucleotide changes into the target gene by
inserting or replacing a DNA sequence near
the break site using the donor repair template
DNA. Thus, HDR pathway can be used for gene
knockout, gene tagging, introducing specific
mutations in the (desired) gene, knock-in, or for
promotor studies. In general, HDR pathways are
typically less efficient than the NHE] pathways.
To increase the HDR efficiency it is necessary to
suppress some of the key molecules involved in
the NHEJ [24].

Among the first bacteria harboring the
CRISPR-Cas9 system, it was the bacteria
Streptococcus pyogenes where the CRISPR type
loci were characterized.  Although SpCas9
revolutionized the field of genome editing and
gene therapy it does have some limitations. The
first limitation is its off-target activity which
leads to modifications at ‘non-target” sequences
in the genome [25, 26].

This occurs when the guide sequence of gRNA
pairs with another closely matched sequence in
the genome. The second limitation of the SpCas9
enzyme is the stringent requirement for the PAM
sequence “NGG” (N - stands for any nucleotide
A, T, C, G). With the objective to overcome
these limitations several variants of the SpCas9
enzyme have been developed [27].

The use of different (Cas9, Casl2, Casl3,
Casl4) proteins utilized for genome engineering
are reviewed here [28].

The first variant of SpCas9 enzyme used for
gene editing is Cas9 nickase. Inactivation of one
of the nuclease domains of the Cas9 enzyme
results in the formation of SpCas9 nickase
mutants that cleave or, in other words, introduce
a single nick in one strand of the target dsDNA.
For generating two nicks in the target DNA,
two guide RNAs are required, one for each Cas9
nickase mutant. These two guided RNAs target
the opposite strands of the target DNA., thus
guiding the two Cas9 nickase mutants to generate
nicks in both strands. The nicks in the genome
are repaired with high fidelity as compared with
blunt-ended DSBs (Figure 5). Thus, the double-
nicking strategy of Cas9 nickase significantly
reduces the cleavage and editing of unwanted
off-targets in the genome. The second variant
of SpCas9 is Fokl fused catalytically inactive
Cas9 [29].

To achieve this the SpCas9 is rendered
catalytically inert by mutating both its nuclease
domains, HNH and RuvC. The resulting mutated
spCas9 nuclease is called dead-Cas9 (dCas9)
(30, 31].

Figure 5: Two nicks produced in the target DNA by the two
paired mutated Cas nickases and two gRNAs. The figure is
taken from [14]

PucyHok 5 - [lea Hadpesa, cOenaHHvle 8 ueneeol AHK
08yms hapHbiMu Cas-HUKA3amu, nodsepzuwiuMcs Mymauyuu
u 08yms Hanpaensaowumu PHK. PucyHok eé3am u3 [14]

To achieve this the SpCas9 is rendered
catalytically inert by mutating both its nuclease
domains, HNH and RuvC. The resulting mutated
spCas9 nuclease is called dead-Cas9 (dCas9)
(30, 31].

This dCas9 is fused to the Fokl nuclease
domain to generate the fCas9 enzyme, The
Fokl domain on fCas9 becomes active only
after dimerization. Therefore, it requires two
monomerstobindtothetargetsitesimultaneously
(Figure 6). The third type represent the SpCas9
nucleases with new PAM (Protospacer Adjacent
Motif) specificities [32].

By introducing mutation into the PAM-
interacting domains engineered SpCas9 variants
can recognize the PAM sequences NGCG or
NGAG. Additionally, when aspartic acid at
the 1135th residue of SpCas9 is replaced by
glutamic acid it obtains a much greater DNA
specificity and it shows substantially lower off-

Figure 6: Cleavage of DNA by two fCas9 enzymes with two
gRNAs. The figure is taken from [14]

PucyHok 6 - llpouecc pacwenneHus JHK 0oeyms 3H3u-
mamu fCas9 ¢ 0symsa Hanpaeastouwumu PHK. PucyHok
e3am us [14]
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target activity. The fourth type of SpCas9 are
High Fidelity SpCas9s (SpCas9-HF1, Enhanced
SpCas9, Hyper-accurate Cas9, and HiFiCas9). For
these high-fidelity variants, certain mutations
are introduced into the SpCas9 enzyme to reduce
off-target interactions [33-35].

While the commonly used Streptococcus
pyogenes SpCas9 can tolerate multiple mismatches
in the target sequence other naturally occurring
Cas9 orthologs from Staphylococcus aureus
(SaCas9), Neisseria meningitidis (NmCas9),
Campylobacter jejuni (CjCas9) were reported
to have higher specificity in genome editing
compared to SpCas9. Additionally, these
orthologous enzymes show different substrate
specificities and recognize different PAM
sequences [36].

Delivery of CRISPR components to the
target cells. In principle the Cas9-gRNA
construct cannot be directly inserted into the
target cell. It is necessary to used carriers which
are called vectors. The vectors can be viral or
non-viral. We are not coming into the details
here. The interested reader can find scholar
description in the book cited mainly under the
figure texts [book CRISPR-Cas]. Briefly, among
used viral vectors there are adenoviral, adeno-
associated viral (AAV), and lentiviral vectors.
Non-viral methods offer few advantages over the
viral vectors like reduced pathogenicity, low cost
and ease of production [37].

For gene editing by CRISPR-Cas9, three types
of cargo can be delivered to the target cell:

i) DNA plasmid encoding both the Cas9
protein and the guide DNA;

ii) mRNA for the translation of Cas9 protein
and a guide RNA;

iii) or a ribonucleoprotein (RNP) complex
composed of Cas9 protein and a guide RNA.

Non-viral delivery methods can be divided
into physical or chemical carrier-mediated

methods. Some of the physical methods
include microinjection, electroporation,
gene gun, sonoporation, optoporation or

laser beam-mediated delivery. The chemical
vectors include cationic lipids/lipoplexes
[38], polyplexes polymeric nanoparticles, and
magnetofection [39].

Therapeutic applications of CRISPR-Cas.
In general, there are currently three main fields
where the CRISPR-Cas9 is used in therapeutic
applications. They include:

i) CRISPR-Cas in  adoptive  T-cell
immunotherapy for cancer. This includes
tumor-infiltrating lymphocyte (TIL) therapy,

Engineered T-cell receptor (TCR) therapy,
chimeric antigen receptor T (CAR-T) cell therapy.
ii) CRISPR-Cas9 as antiviral therapy.
iii) CRISPR-Cas9 in the treatment of genetic
diseases.

CRISPR-Cas system applications in gene
editing

CRISPR-based gene drive. Gene drives are
self-propagating genetic elements that rapidly
promote the inheritance and spread of the
desired gene variant through a population®. In
the traditional Mendelian inheritance each
allele has a 50% chance of being passed on to
an offspring. However, through gene drivers
a desired genetic variant has a >50% chance
of being passed onto the offspring thus can be
spread through a population faster. Gene drivers
contain molecular tool that targets other versions
of the target gene, cut is out and replaces it with
DNA using the gene drive as a template resulting
in the homogenous presence of this modification.
Therefore, the gene variant will be present in both
copies on the chromosome pair (homozygote),
and it is inherited in 100% of the offsprings.
Over the successive generations this gene variant
spreads through a population until all (the vast
majority) individuals possess it. Synthetic gene
drive (GD) systems constitute a form of novel
invasive environmental biotechnology with far-
reaching consequences beyond those of other
known genetically modified organisms (GMOs).
Recently developed CRISPR-Cas9 based gene-
drive systems are highly efficient in laboratory
settings, offering the potential to reduce the
prevalence of vector-borne diseases, crop pests
and non-native invasive species [40].

The  bipartite nature and flexible
programmability of CRISPR led to the rapid
development of a variety of gene-drive systems.
One of the strategies for deploying low threshold
gene-drive systems to reduce the disease impacts
of insect-borne pathogens is often referred to
as “population suppression”. It is the genetic
equivalent of insecticides (Figure 7). The
application of gene drivers can address some real
problems such as eradicating malaria, controlling
invasive species, and protecting endangered
species that are in danger of becoming extinct (for
instance frogs and other amphibians worldwide
which are under severe threat from pathogenic
chytrid fungus). Here, in the last group through
gene drives, a protective gene could be introduced
and spread. Adding useful genes to endangered
plants, such as drought tolerance or disease-

* Gene Drives on the Horizon: Advancing Science, Navigating Uncertainty, and Aligning Research with Public Values |
The National Academies Press. URL: https://nap.nationalacademies.org/catalog/23405/gene-drives-on-the-horizon-
advancing-science-navigating-uncertainty-and (date: 10.12.2024).
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Figure 7: Design and spread of CRISPR-based gene drives. Gene-drive scheme. The bipartite synthetic CRISPR system (a).
A guide RNA (gRNA; green) binds Cas9 (cyan) directing it to bind and cleave DNA at complementary sites 20 nucleotides in
length. The protospacer-adjacent motif (PAM) site (NGG; red) is required for Cas9 binding to genomic targets. In eukaryotic
cells, double-stranded breaks are repaired either by the error-prone non-homologous end-joining or by homology-directed
repair (HDR), the pathway acting in the germline (b). Insertion of a cassette encoding Cas9 (cyan), and a gRNA (green)
flanked by homology arms (HAs) results in HDR-mediated copying of the cassette from the plasmid into the genomic cut
site (c). The HAs directly flank the gRNA-directed cleavage site. Once inserted into the genome, the Cas9 + gRNA cassette
directs cleavage of the homologous chromosome in the germline and is copied into the DNA break by HDR resulting in nearly
all progeny (~99%) inheriting the ‘gene-drive’ cassette (d). Comparison of Mendelian versus gene-drive inheritance patterns.
In each case, a few transgenic individuals (blue) are introduced to a large wild-type (WT) population (white) (e). Predicted
logistic growth curve for seeding 1% gene-drive individuals into a WT population (f) (the figure was taken from [40])
PucyHok 7 - Co30aHue u pacnpocmpaHeHue 2eHHblx 0patieos Ha ocHose CRISPR. Cxema 2zeHHo20 Opaliea. [JeycmopoHHss
cuHmemudyeckasi cucmema CRISPR (a). Hanpasnsowjas PHK (3RNA; 3eneHozo usema) cessvieaem komnaekc Cas9 (ceem-
710-201y6020 Usema), Hanpaenss ezo HAa ycmaHoeneHue cessu ¢ [JJHK u paspesaHue ee Ha KOMhaeMeHMAapHble y4acmku
dnuHol e 20 Hykneomudos. O61acmb nocsedosamesnbHocmu, npumsikarouwel K npomocneticepy (NGG; kpacHozo ysema)
Heobxo0uMoe ycnoeue 0/ Ces3bl86aHUS 2eHOMHbIX Ueseli ¢ nomowbto Cas9. B saykapuomuyeckux Kaemkax 0eoliHble pas-
pbi8bl Yenoyek 80CcCMaHasAuearomcs AU6o NocpeocmeoM HEHAOeH H020 U He20MO0/102UYHO020 COeOUHeHUs! KOHU08, /U60
nocpedcmeoM penapauyuu ¢ yuacmuem 20Mosno2udHol pekombuHayuu (HDR), nymb Haxooumcs e 3apodviwe (b). Bcmaska
kaccemol, kooupytouleli Cas9 (ceemno-zony60zo usema) u Hanpaensouleli PHK (3eneHozo ueema), Haxodswuxcsi no obe
CMOPOHbLI 0M 20M0702U4HbIX haed (HAs), npueodum K co30aHu Konuu Kaccembl NocpedcmeoM penapayuu ¢ yuacmuem
20Mos02u4Holi pekoMbuHayuu. Konus cozdaemcs u3 naasmudbl U noMew,aemcs Ha Mecmo paspesa e 2eHome (c). fomo-
/102UYHble naeyu pachoaazaromcs ho 6okam om mecma pacuienneHus JJHK. Kak monvko kaccema, codepucauwas Cas9 +
HPHK nonadaem e 2eHOM, OHa HaYUHAem ynpasasimbs NPOUECccoM paclensieHuUs 20M0s102UYHbIX XPOMOCOM 8 3apodbiule-
eoli UHUU, Konupyemcsi 8 Mecmo paspvliea [JHK, npoucxodum eoccmaHossneHue nocpedCmeoM penapayuu ¢ yuacmuem
20Mos102UYHOU pekomMbuHayuu. B pesynbmame smozo ece nocnedyrwuwjue 2eHol (~99 %) Hacnedyrom Kaccemy ¢ ‘2eHHbIM
Opatisom’ (d). CpasHeHue MeHOesee8Cck020 muna Haca1e008aHus ¢ HacsnedosaHuemM o muny 2eHHoz2o Opatiea. B kaicdom
U3 3mux cs1ly4aes HecKo/IbKo mpaHczeHHbIX 06pa3uoe (ebidesieHbl CUHUM ugemom) eHedpsitom 6 60/1bLioe CKoNnsieHUe 2eHos,
He uMerwux HUKakux mymauut (wild-type (WT) population, evideneHo 6esviMm usemom) (e). NpozHo3upyemas nozucmu-
yeckas Kpueasi 0n15 noceea 1 % omodesibHbIX 2eHO8 C 2eHHbIM OpalieoM 6 cKohsieHUe HeMymaHmHbix 2eHos (f) (pucyHoK
e3am us [40])
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resistance genes can potentially ensure their
long-term survival. However, the application of
gene drive technology to eradicate a species can
have direct effects such as the loss of species,
or indirect effects. These indirect effects could
lead to unforeseen impact on human and
environmental health. The selective protection
or eradication of certain species might lead to the
elimination of other species with a lower status.
One of the biggest concerns is the potential
spread of gene drivers to unintended species.
This could happen if crossbreeding of horizontal
gene transfer takes place between the genetically
modified Anopheles gambiae and closely related
species of mosquitoes [41, 42]. This could lead
to extinction or significant alternation of such
species, endangering the food webs and whole
ecosystems that depend on them.

Furthermore, there are situations where the
Cas9 enzyme cuts the target site, but instead
of being repaired by HDR-mediated by HDR-
mediated pathway, it is repaired through an NHE]
pathway. This process may produce gene drive
resistant insertion/deletion alleles. Moreover,
the Cas9 enzyme and gRNA may unintentionally
cause mutations in non-targeted areas of the
DNA. This can lead to unpredictable effects. We
will omit the use of the CRISPR in agriculture
(mutagenesis/mutation breeding, transgene-
free genome editing in plants, resistance
development, crop improvement) and in animals
(models of human diseases, xenotransplantation,
in livestock). The interested reader can find more
in the textbook [CRISPR-Cas] used and cited a
couple times in this article.

Prime editing. There is no doubt that the
CRISPR-Cas is not fool-proof. Its practical use
in curing human diseases has been limited by
challenges with the delivery and precision. The
off-target effects can alter DNA at “unintended”
loci in the genome. The CRISPR-Cas9 genome
editing depends on the DNA repair mechanisms.
It includes NHE]J or HDR to fix DNA breaks.
However, these repair processes can lead to the
undesired and random insertions or deletions
(INDELs) in unintended sequences of DNA
which may harm or disrupt the cell function.
Prime editing is a rather new genome-editing
technique with a greater precision and efficiency,
while limiting the (possible) negative effects of
the CRISPR-Cas system [43].

Prime editing enables targeted editing
without generating double-strand DNA breaks.
Like CRISPR, prime editing requires the presence
of an endonuclease (Cas) and a single guide (sg)
RNA. The prime editing utilizes Cas nickase, a
variant of Cas9 endonuclease. The replacement of
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histidine by alanine at the position 840 (H840A)
inactivates the Cas9 nuclease HNH domain.
With the RuvC functioning Cas9 nuclease
domain introduces only a single-strand breaks
(hence the name Cas9 nickase). Moreover, Cas9
nickase is fused to a reverse transcriptase (RT)
enzyme. The function of the RT is to synthetize
DNA from a single-stranded RNA template.
This construct is referred as prime editor or PE
(Figure 8). The second component, sg RNA is also
modified in the prime editing method [44].

Here, the sgRNA is fused with a primer
binding sequence (PBS). The sgRNA also carries
the template RNA sequence for the change that
one wants to make the genomic target DNA
(Figure 8). These sequences are added at the 3’
end of the sgRNA. This sgRNA is called prime
editing guide RNA (pegRNA) [45, 46].

This pegRNA is performing two tasks
simultaneously. First, it identifies the target site
with the help of sgRNA and second, it provides a
new template (i.e. genetic information) to replace
the target DNA nucleotides. Thus, the prime
editing method can mediate target insertions,
deletions and base-to-base corrections without
the need for DSBs.

The mechanism how the prime editing works
is rather complicated (Figure 9) and we are not

Figure 8: Components of prime gene editing. (a) prime
editor, (b) pegRNA. The figure is taken from [14]

PucyHok 8 - KomnoHeHmMbl cucmembl yayyweHHO20 pe-
0aKmupoedaHusi 2eHoe. a - YsydweHHblli pedakmop, b -
pegPHK. PucyHok 83am u3 [14]
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Figure 9: Mechanism of prime gene editing. The figure is
taken from [14]

PucyHok 9 - YayuyweHHbili MexaHusm peddKmupoeaHusl.
PucyHok e3am u3 [14]

coming into details here. The interested reader
can find the details elsewhere [47, 48].

CRISPR-mediated base editing. For base
editing two major classes of base editors have
been developed. Cytidine base editors (CBE) that
allow conversion of CG to TA base pair, and the
adenosine base editors (ABE) which convert AT
to GC base pair. CBEs are formed by fusing Cas9
nickase with cytidine deaminase. On the other
hand, ABEs are composed of a Cas9 nickase
fused to E. coli tRNA adenosine deaminase
(TadA) [49-51].

The schema of CRISPR-mediated base editing
is shown in Figure 10. Precision editing system
like base editing exhibit significantly lower
INDEL rates. They may also have an important
role in agriculture [52, 53].

Figure 10: DNA Base-editing. DNA base-editors encompass
two key components: a Cas enzyme for programmable
DNA binding and a single-stranded DNA modifying
enzyme for targeted nucleotide alteration. Two classes of
DNA base-editors have been described: cytosine base-
editors and adenine base-editors. Cytosine deamination
generates uracil, which base pairs as thymidine in DNA.
Fusion of uracil DNA glycosylase inhibitor (UGI) inhibits
the activity of uracil N-glycosylate (UNG), thus increasing
the editing efficiency of cytosine base-editing in human
cells. Adenosine deamination generates inosine, which has
the same base pairing preferences as a guanosine in DNA.
Collectively, cytosine and adenine base-editing can install
all four transition mutations (C—T, T->C, A—G, and G—A).
The figure and the text are taken from [49]

PucyHok 10 - basoeoe pedakmuposeaHue JHK. basoevlie
pedakmopebl IHK codepucam 0ea knrouyegbix KOMNOHEHMa:
3H3uM Cas 014 ynpaeneHus npouyeccom cessvieaHus AHK
u ¢epmenm, moouguuupyrouwuli o0Houyenounyrw JHK
07151 MoYeUHbIX usMeHeHuli HyKneomudos. bbiau onucaHbl
2 knacca 6asosbix pedakmopos [JHK: pedakmopul Ha ocHo-
6e UUMo3uHa u pedakmopbl Ha ocHoée adeHuHa. [esamu-
HuUpoeaHue Yumo3uHa npueooum K 06pazoeaHuto ypayua,
Komopuwlli sensemcs KomnsemeHmapHoU napoli MUMUOUHA
e AHK. CausHue uHzubumopa ypauun-AHK-z2aukosunasa
mopmo3um akmueHocme ypauuna N-zauko3usnama, umo,
8 C601 oyepelb, hosbidem 3¢hheKmusHOCMb YUMO3UHA
npu pedAKMupo8aHuu KsaemoK uesnoeekd. JleaamuHupo-
eéaHUe ad0eHO3UHAd hpueooum K 06pa308dHU UHO3UHA,
umMmerwjezo makue xe KomnaemeHmapHoie napwol 6 JHK,
KAK U 2yaHo3uH. BMecme yumo3uH u adeHuUH e npouec-
ce pedaKmupoeaHusi Mo2ym o6paszoeamb 4 nepexoOHble
mymayuu (C—T, T->C, A>G u G—A). PucyHoKk u mekcm
e3samol u3 [49]

CRISPR-mediated gene regulation.
CRISPR-Cas system has the potential to
reversibly activate or silence genes with the dead
Cas9 enzyme. The dead Cas9 (dCaS9) mutant is
a Cas9 where both cleavage domains (HNH and
RuvC) are inactivated. Although dCas9 can no
longer cleave DNA, it can still bind target DNA
with the same precision when guided by sg RNA.
When transcriptional activators are fused to
dCas9, the resulting complex can activate the
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expression of the desired gene. This activation
is called CRISPR activation (CRISPRa). For the
activation of gene expression in eucaryotic cells
the transcriptional activator used are VP64
or p64. VP64 is a synthetic tetramer of the
activation of Herpes simplex viral protein 16. On
the other hand, the p65 is a subunit of the NF-kB
transcription factor (Nuclear Factor kappa-light-
chain-enhancer of activated B cells) [54].

To enhance the transcription activation
power of dCas9 some CRISPR activation systems
have been developed and are expressed in
viral vectors such as adeno-associated virus or
lentiviral vectors. The first CRISPR activation
system is the dCas9-VP64-p65-Rta (dCas9-VPR)
(55, 56].

To enhance the expression of multiple genes
within a single cell utilizing the dCas9-VP64
system, multiple sgRNAs are introduced into the
cell [57].

The second way to enhance the transcription
activation power of dCas9 is by developing the
synergistic activation mediator (SAM). Such
a system is built upon the basic dCas9-VPR
structure but includes a modified sgRNA
that incorporates two 138 nucleotide hairpin
aptamers [58].

The RNA aptamers form the binding sites for
the dimers of the bacteriophage MS2 coat proteins
(Figure 11). MS2 coat proteins can further recruit
additional activators such as p65 and the human
heat shock factor 1 (HSF1). Through synergistic
interactions among the VP64, p65, and HSF1
activation domains the dCas9-Sam system can
enhance the gene expression from 10 to multiple
thousand-fold.

The third way of enhancing the transcription
activation of dCas9 is by using Supernova Tagging
(SunTag) system. The SunTag is a repeating
polypeptide array with multiple copies of GCN4
peptide [59], which can recruit multiple copies
of antibodies that are attached to transcriptional
factors like VP64 or p65 [60, 61].

Figure 11: Synergetic Activation Mediator (SAM) system.
The figure is taken from [14]

PucyHok 11 - Cucmema meouamopoe cuHepzuyeckoli dK-
mueauuu. PucyHok e3am u3 [14]
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Such SunTag-dCas9 activating complex has
the potential to amplify the gene expression by
more than 50-fold.

The CRISPR systems can be used in gene
therapy [62, 63].

Moreover, it can be used a gene repression,
i.e. gene silencing [64-66] and in epigenetic
editing such as DNA methylation and histone
modification [67-69].

Inhibition of CRISPR-Cas systems. In
the Introduction we have introduced the
approximately $17M DARPA program. The Rapid
Inhibitor Discovery and Development pipeLine
(RIDDL) program explicitly seeks transformative
approaches that enable the rapid discovery,
design, and development of novel inhibitors with
enhanced activity, specificity, utility, and potency
for gene editing technologies. Officially, the main
reason is that “these approaches could serve as
a rapid response to counteract the accidental or
intentional misuse of gene editing technologies”.
It should be noted that this approach is not new.
In 2021 Christopher L. Barkau and colleagues
published a paper “Small Nucleic Acids and the
Path to the Clinic for Anti-CRISPR” [70].

We will follow this paper to show the reader
the basic features of the research. The authors
state “CRISPR-based therapeutics have entered
clinical trials but no methods to inhibit Cas
enzymes have been demonstrated in a clinical
setting. The ability to inhibit CRISPR-based
gene editing or gene targeting drugs should be
considered a critical step in establishing safety
standards for many CRISPR-Cas therapeutics.
Inhibitors can act as a failsafe or as an adjuvant
to reduce off-target effects in patients”. In this
review the authors discuss the need for clinical
inhibition of CRISPR-Cas systems and three
existing inhibitor technologies: anti-CRISPR
(Acr) proteins, small molecule Cas inhibitors,
and small nucleic acid-based CRISPR inhibitors
(Figure 12).

Figure 12: Comparison of anti-CRISPR technologies. The
figure is taken from [70]

PucyHok 12 - CpaeHeHue mexHosozuli aHmu-CRISPR.
PucyHok e3am u3 [70]
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Why Inhibit CRISPR-Cas? “Amid the
excitement and progress in CRISPR research
and therapeutic development it may not be
immediately obvious why inhibiting Cas
proteins is desirable. However, inhibition is vital
to the responsible use of CRISPR. It is becoming
increasingly clear that CRISPR will impact
disparate and possibly unforeseen aspects of
our day-to-day life, including our environment,
our food, and our health. Thus, there emerges
a potential need for kill-switch inhibitors that
can directly and completely disable CRISPR-Cas
systems in a variety of contexts. For therapeutic
development, possibly even FDA approval of
certain CRISPR-based drugs, the development
of an easily deliverable inhibitor to stop activity
may become essential. Many approved drugs
have an antidote that can be administered in
the event of accidental misuse or to alleviate
side effects, such as vitamin K and prothrombin
complex concentrate for anti-coagulants like
warfarin or protamine sulfate for heparin.
Importantly, these drugs have relatively short-
lived effects on the body, whereas the effect of
CRISPR is permanent, making the availability
of a Kkill-switch potentially even more vital.
Among the proposed applications of CRISPR
is the development of gene drives to amplify
a trait (for example malaria resistance in
mosquitoes) throughout a population or cause
wild populations of organisms to crash entirely.
These methods, and others yet to be developed,
constitute a form of environmental engineering
that could affect ecosystems, human health,
economies, and power structures on a global
scale. The production of widely applicable
CRISPR inhibitors to counteract instances of
accidental or intentional misuse of gene drives,
or the weaponization of CRISPR against human
populations, may become an urgent global
security priority” [70].

Further: “A practical rationale for inhibiting
CRISPRisalso the prevention of off-target effects,
defined as the unintended cleavage and mutation
of sequences other than the target locus. In an
extreme example of off-target effects, a recent
study utilizing CRISPR in human embryos
discovered that unrepaired cleavage products can
persist through cell division resulting in allele-
specific loss of entire chromosomes. For off-
target reduction, inhibitors might function by
two methods. The first is prevention of significant
off-target cleavage by timed inhibition. This
method is built on the hypothesis that on-target
cleavage, being more energetically favorable due
to full guide-target complementarity, occurs
rapidly while off target activity is less favorable
and accumulates primarily after the on-target
locus has been cut and edited. For example, it

has been shown that temporally limiting Cas9
and sgRNA persistence in cells raises the ratio
of on-target to off-target editing. Encoding a
sgRNA that targets the gene for Cas9 itself has
been demonstrated to cause a self-restriction of
functional Cas9 expression, reducing off-target
editing in human liver cells. This method was
further refined by the addition of an L7Ae:K-
turn repression system to simultaneously
attenuate Cas9 transcription and translation.
Similar results have also been achieved using
timed delivery of the anti-CRISPR protein
AcrIIA45” [70].

And finally: “The second mechanism
by which inhibitors can decrease off-target
editing is by inhibiting excess enzyme. While
this is similar to timed inhibition, it typically
involves simultaneous delivery of the effector
and inhibitor. Another related concept is
“off-tissue” editing. In this case, it is not an
incorrect genetic locus or target that is edited,
but an on-target site in a tissue or organ where
editing is not desired. Unrestricted CRISPR-
mediated editing exposes diverse tissues and
cell types, which may not be disease relevant,
to potentially dangerous off-target mutations,
including deletion of long genomic tracts or
chromosomal rearrangements. Off-tissue editing
should thus be avoided if possible. While some
methods such as tissue-specific expression of
Cas9 and sgRNA and modular LNP formulation
for Cas9 ribonucleoprotein (RNP) delivery
have been described, the ability to inhibit Cas
effector enzymes in non-target tissues would
be a valuable alternative or supplement to other
approaches. In fact, many of these findings may
aid the development of tissue-specific inhibitor
delivery or restricted CRISPR activity. Thus,
the inhibitors of interest are molecules that
can largely act independently from enzyme
engineering approaches and be added directly to
an in vitro reaction, a cell, or potentially a living
animal to block CRISPR-Cas endonuclease or
gene targeting activity” [70].

anti-CRISPR (Acr) proteins. Anti-CRISPR
(Acr) proteins are encoded by phages to
help evade bacterial and archaeal CRISPR
systems. They are also found in certain
bacteria and encoded by mobile genetic
elements [71]. Acrs were first discovered as
five genes encoded in phages of Pseudomonas
aeruginosa [72].

They inhibited the bacterium’s type I-F
CRISPR-Cas defense system, allowing them to
infect P. aeruginosa cultures. Experimenting
with translationally incompetent versions of the
genes revealed that inhibition was translation-
dependent and therefore likely to be protein-
based.
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Small molecules. Despite the attractiveness
of small molecules as CRISPR-Cas inhibitor
drugs, relatively little work has been done on
the discovery and characterization of small
molecules as inhibitors. An early small molecule
investigation screened a library of 189,606
compounds for their ability to inhibit either
RuvC or HNH nuclease activity and found six
compounds that exhibited greater than 30%
inhibition of SpCas9 in their system [73].

Unfortunately, these molecules were found
to be prohibitively toxic to cells at 10 pM and
were thus not considered to be candidates for
animal studies. The authors speculate that
the high number of interactions, as well as
interaction strength, between Cas9, sgRNA,
and its target DNA make it difficult to target
with small molecules. This is similar to known
challenges faced with disrupting protein-protein
interactions [74].

Although this initial small molecule screen
was not successful in finding immediately useful
compounds, it provided a potentially useful
platform for quickly and efficiently screening
other possible inhibitors [75].

Small nucleic acid-based inhibitors (SNuBs).
Inspired by the discovery of Acrs and previous
work on chemically modified CRISPR guide
RNAs [76, 77], small nucleic acids as potential
inhibitors of Cas9 have been explored. The
Cas9 RNP is a prime target for rational design
of inhibitors that can mimic RNA and DNA
binding, which are natural interactions for Cas
enzymes. Nucleic acids can utilize multiple points
of sequence-specific and sequence nonspecific
contact that can be exploited to disrupt RNP
assembly or target binding. Oligonucleotides
designed to have two key points of contact,
Watson-Crick pairing to the guide RNA repeat
region and binding to the PAM-interacting
(PI) domain of Cas9, act as strong inhibitors of
SpCas9 [78].

These designs comprised a DNA hairpin
containing an NGG sequence (anti-PAM), which
mimics a PAM motif, that was tethered via a
polyethylene glycol (PEG) linker to a 2'-O-methyl
oligonucleotide for guide RNA base-pairing (anti-
tracr) (Figure 13). These two linked modules,
anti-PAM and anti-tracr, function synergistically
to stably bind the Cas9-guide RNA complex and
sterically block target binding. Initial designs
produced an inhibitor with a Kd of ~ 25 nM
while successive generations have since produced
binding affinities at least an order of magnitude
better, in the very low nanomolar range.

One of the major challenges CRISPR-Cas
inhibitors will face on their path to clinical
application lies in efficient delivery. While the
obvious application of inhibitors is to reduce off-
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Figure 13: Mechanism of Three Anti-CRISPR Technologies.
The figure is taken from [70]

PucyHok 13 - MexaHusm pabombl mpex mexHonozuli aH-
mu-CRISPR. PucyHok 83sm u3 [70]

target editing across the genome, they could also
be used to suppress editing in non-target tissues
and organs. The former would necessitate delivery
of an inhibitor with the same target distribution
as the CRISPR therapeutic itself, either later
point or simultaneously at a finely tuned ratio to
the effector. The latter, however, would involve
inhibitor delivery with an inverse distribution
before or at the same time as CRISPR delivery.
The distinct nature of each inhibitor technology
discussed above—Acr proteins, small molecules,
and nucleic acid brings unique advantages and
difficulties for their delivery. Potential avenues
of delivery for each inhibitor type are shown in
Figure 14. Currently newer approaches of the
“cargo delivery” have been developed [79-84].
Clinical signs that make it possible to
establish the fact of human health damage
by CRISPR-Cas systems. This crucial and
fundamental problem has, in the author’s
opinion, no straightforward answer. However, in
the recent article [85] “Safely balancing a double-
edged blade: identifying and mitigating emerging
biosecurity risks in precision medicine” the authors
claim: “Tools and methods of precision medicine
are developing rapidly, through both iterative
discoveries enabled by innovations in biomedical
research (e.g., genome editing, synthetic biology,
bioengineered devices). These are strengthened
by advancements in information technology
and the increasing body of data as assimilated,
analyzed, and made accessible and affectable
through current and emerging cyber and systems
technologies. Taken together, these approaches
afford ever greater volume and availability of
individual and collective human data. Machine
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Figure 14: Methods of Anti-CRISPR Delivery. Small molecules can be taken orally and are cell permeable. Acr proteins must
be encoded in an AAV vector or packaged in lipid nanoparticles (LNPs) and delivered by injection. Oligonucleotides (SNuBs)
can be injected directly or via LNP and exhibit uptake and distribution patterns modulated by chemical modifications and

conjugates. The figure is taken from [70]

PucyHok 14 - Memoodwl 0ocmasku aHmu-CRISPR. Heb6osblwiue mMoseKynbl Mozym 0ocmasnsmecs opdsabHO, OHU MAK#ce
A6A110MCs KAemoYyHo-npoHuydembiMu. beaku Acr 00a%cHbI 6bImb 3aKOOUPOBAHbLI 8 8eKMOpP A0eHOdCCoUUUPOB8AHHO20 8U-
pyca uau 003 Hbl HAXO0UMbCS 8 AUNUOHbIX HAHOYACMUUAX U honaddarm e op2aHu3M npu uHvekyuu. OnuzoHyKa1eomuobl
MO2ym nonadams 8 0P2aHU3M HenocpedCmeeHHO Npu UHBEKUUU Uau Yepes AUnUuOHble HaHoYacmuuybl, N(pu 3mom hpouec-
Cbl yC80€HUS U pachpeoesieHus pe2yanupyomcsi NocpeocmeoM XuMuyecKux usMeHeHUl U C/10MHbIX coeOuHeHUl. PucyHok

e3sam us [70]

learning and/or artificial intelligence approaches
are broadening this dual use risk; and in the
aftermath of COVID-19, there is growing
incentive and impetus to gather more biological
data from individuals and their environments on
a routine basis. By engaging these data and the
interventions that are based upon them, precision
medicine offer promise of highly individualized
treatments for disease and injury, optimization
of structure and function, and concomitantly,
the potential for (mis)using data to incur harm”.
Both authors (DiEuliis & Giordano) are widely
known because of their 2017 paper “Why Gene
Editors Like CRISPR/Cas May Be a Game-Changer
for Neuroweapons” [86]. As a possible example we
consider the Huntington’s disease (HD). HD is a
neurodegenerative autosomal dominant disorder,
which is characterized by involuntary choreatic
movements with cognitive and behavioral
disturbances. It occurs because of cytosine,
adenine, and guanine (CAG) trinucleotide
repeats on the short arm of chromosome 4p16.3
in the Huntingtin (HTT) gene. This mutation
leads to an abnormally long expansion of the
polyglutamine in the HTT protein, which leads
to neurodegeneration. The expansion also causes
the HTT protein to be more prone to aggregation
and accumulation that mitigates protein folding.
HD commonly affects patients between the
ages of 30 to 50 years. However, the longer the
CAG repeats, the earlier the onset of symptoms.

Diagnosis can be made clinically in a patient
with motor and or cognitive and behavioral
disturbances with a parent diagnosed with HD
and can be confirmed by DNA determination. In
those patients who are at-risk for the disease, pre-
manifest diagnosis can determine if they carry
the gene. There is no cure for the disease, and
affected patients tend to be entirely dependent
on their caregiver as the disease progresses.
Therefore, treatment is aimed at improving the
quality of life and decreasing complications.
Pneumonia is a common cause of death, followed
by suicide [87]. Nevertheless, the attempts to
treat HD with CRISPR-Cas systems are coming
to age. The selective silencing of mutant HTT
produces robust therapeutic benefits. In [88] the
authors developed an allele-specific CRISPR/
Cas9 strategy to permanently inactivate mutant
HTT through nonsense-mediated decay (NMD).
Comprehensive sequence/haplotype analysis
identified SNP-generated NGG PAM sites on
exons of common HTT haplotypesin HD subjects,
revealing a clinically relevant PAS-based mutant-
specific CRISPR/Cas9 strategy. Alternative allele
of rs363099 (29th exon) eliminates the NGG
PAM site on the most frequent normal HTT
haplotype in HD, permitting mutant-specific
CRISPR/Cas9 therapeutics in a predicted ~20%
of HD subjects with European ancestry. Their
rs363099-based CRISPR/Cas9 showed perfect
allele specificity and good targeting efficiencies
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in patient-derived cells. They were able to show
a dramatically reduced mutant HTT mRNA and
complete loss of mutant protein. The summary
of the latest attempts to treat HD can be found
in a review [89]. The HD can be picked up as
a model for the misuse of the CRISPR-Cas
technology. Instead of silencing the HTT gene
one can imagine the introduction of the mutant
HTT gene by the same CRISPR-Cas technology.
This would enhance the number of CAG repeats
in the brain cells of a healthy population. Now
we can follow the “classical” path in the disease
diagnosis. Firstly, form the medical point of view
we can take the anamnesis. Secondly, we can
recognize a (sudden) growth of the number of
the persons with subtle problems with mood or
mental/psychiatric abilities followed by general
lack of coordination and an unsteady gait. The
progression of the disease is accompanied with
uncoordinated, involuntary body movements of
chorea become more apparent. Physical abilities
gradually worsen until coordinated movement
becomes difficult and the person is unable to
talk. Mental abilities generally decline into
dementia, depression, apathy, and impulsivity
at times. For an experienced neurologist this
(sudden) enhancement of above-mentioned
clinical symptoms must mandatorily lead to
the suspicion of some “unnatural” origins of

the disease. Thirdly, we are obliged to perform
laboratory “helpful” tests. Here, the development
of next-generation CRISPR/Cas-based
ultrasensitive diagnostic tools can be helpful
in the diagnosis of the (mis)use of CRISPR-Cas
systems in humans [90] (Figure 15).

Further, and probably more important, the
physicians can rely on the personalized medicine
with the powerful techniques able to sequence
the whole human genome’. Even the single base
change, not to mention the whole insert or deleted
DNA sequence can be easily detected by this
“personalized, precision medicine” approach.
It should be noted that the main issue from
the diagnostic approach - the anamnesis and
clinical features are the important factors which
could point to the altered gene(s) necessary to be
sequenced®. This could “spare” the sequencing
of the whole genome and establish the diagnosis
sooner. The employment of Al in these laboratory
approaches seems to be mandatory.

Establishing the use of CRISPR-Cas systems
in humans. The first CRISPR treatment for
diseases was approved by the MHRA, UK on 16th
November 2023. Following a thorough evaluation
of its safety, efficacy, and quality, the Medicines
and Healthcare Products Regulatory Agency
(MHRA) has approved a novel medication for
patients 12 years of age and older with sickle-cell

Figure 15: Overview of the basic mechanism involved while adopting CRISPR as biosensors. (a) sample processing, (b)
common reaction pool, (c) Cas effector-based cis-trans cleavage, and (d) post-cleavage detection. The figure is taken

from [90]

PucyHok 15 - O630p ocHoeHO20 MexaHu3Ma, ekaYarouezocs npu obpabomke CRISPR 6uoceHopamu. a - aHanus obpas-
ua, b - 0bwuli peakyuoHHuIl hys, ¢ - YUC-MpPAHc pacwenseHue npu yuacmuu 3¢pgpekmopoe Cas, d - o6Hapy»mceHue nocse

pacwensneHus. PucyHok e3am u3 [90]

* Rentz A. Human genome sequencing powers personalized, precision medicine. URL: https://hub.jhu.edu/2025/02/28/
nih-funding-human-genome-rajiv-mccoy/ (date: 10.12.2024).

¢ UCSC Genome Browser Home. URL: https://genome.ucsc.edu/ (date: 10.12.2024).
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diseaseand transfusion-dependent f-thalassemia to rely on endogenous DSB repair mechanisms
[91]. However, the application potential of first- to achieve genomic edits. Moreover, the delivery
generation CRISPR-based gene editing tools is of the CRISPR components is limited by specific
limited by several key factors, the principal ones constraints of the delivery vectors and target
being specificity, targeting scope, and the need cells or organisms [92] (Figure 16).

Figure 16: Limitations of CRISPR genome editing. CRISPR genome editing faces four principal limitations, each addressed
by specific technological solutions. Specificity: off-target activities of genome editors have been addressed by the
development of high-fidelity nuclease variants, chemically modified guide RNAs, and controlled expression of genome editor
nucleases. Targeting scope: the NGG PAM sequence requirement of SpCas9 restricts the scope of targetable genomic
sites. This is addressed using engineered variants of Cas9 with alternative or relaxed PAM requirements, other naturally
derived Cas9 orthologs with alternative PAM requirements, and Cas12a enzymes. Control of editing outcomes: various
approaches, including asymmetric or tethered HDR repair templates, cell cycle synchronization, and NHEJ inhibitors, have
been developed to enhance the efficiency of HDR and suppress the formation of indels by end-joining pathways. Second-
generation technologies such as base or prime editing enable the introduction of precise modifications independently
of HDR. Delivery: cellular delivery of genome editor components is facilitated by electroporation/nucleofection, lipid
nanoparticles, and viral vectors. The figure and the text are taken from [92]

PucyHok 16 - OzpaHuuyeHus mexHonozuu pedakmuposeaHus 2eHoma ¢ npumeHeHuem CRISP. B pedakmupoeaHuu 2zeHoma
¢ npumeHeHueM CRISPR cywecmeyrom yemolpe 0CHOBHbIX 02pAHUYEHUS, Ka)c0oe U3 KOmopbiX C8513aHO ¢ onpedesieHHbl-
MU mexHosozudeckumu pewleHusmu. CneunduuHoctb (Specificity): Heueneeas desmenbHocmb pedakmopoe 2eHoMa
3ampazueaem passumue 8bICOKOKaUeCmMeeHHbIX 8apUAHMO8 HyKsedasbl, XuMuyecKue usMeHeHust Hanpasastouwux PHK u
KOHMposupyemyio 3Kkcnpecculo Hykaeas pedakmopoe 2eHoma. Llenesoit puanason (Targeting scope): TpebosaHue 06-
sacmu nocsnedosamesibHOCMU, hpuMbiKaroujeli K npomocnelicepy SpCas9 ozpaHuyueaem 0uandasoH uesesbix obaacmel
2eHoMad. dma npobsema pewaemcsi Ucno/b308aHUEM HOBbIX UCKYCCMeeHHO Co30dHHbIX 8apuaHmos Cas9 ¢ abcosntomHo
Opy2umMu unu 6osee MszZKUMU mpeboedHUssMU 6 omHoweHuu PAM, a makxe ecmecmeeHHO hosyyeHHbIMU 0pmosoza-
mu Cas9, komopole umerom opyzue mpebosaHus K PAM. Takxice 603MoxucHO uchosb3osaHue 3H3umoe Cas12a. KoHTposb
pesynsTtaToB pegakTuposaHus (Control of editing outcomes): Cywecmeyrom pasHbeie nodxodul no3eostoWue NOebi-
cumo 3¢hchekKmugHOCMb penapayuu ¢ yyuacmuem 20Mo/102U4HOL peKoMbUHAYyUU 8 moM Yucse dcCuMempu4Has uau npues-
3aHHAs penapayus ¢ yuacmuem 20M0s102U4HOU peKOMBUHAYUU, CUHXPOHU3AYUS K/1eMOYH020 YUK/A, U UH2UBGUMopbl He2o-
MO0/102U4H020 COEOUHEeHUSI KOHU08. Imu Memodbl MAkuce N0360/5KM 0CMaHosumb 06pazoeaHue 6Cmasok Nocpedcmeom
COoe0UHeHUSIKOHY08. TexH0/102UUH08020 NOKO/IEHUSIMAaKue Kak 6a3oeoe usuysydieHHoe peddKkmuposaHue no360/510meHo-
cumb Heo6x00UMble moyeyHble U3MeHeHUs 8He 3aeUCUMOCMU 0M penapayuu ¢ yyuacmuem 20M0os102U4HOU peKoMbUHayuu.
JHocTtaeka (Delivery): locmasxka KoMnoHeHMoe pedakmopoe 2eHOMd 6 K/1iemKU MoXcem 0Cyu,ecme/isimbcs Nocpedcmeom
3/1eKMPOUMNY/IbCHO20 OMKPbIMUS KN€MOYHbIX hop / HyKAeouHgeKyuu, AUNUOHbIX HAHOYACMUUY, U 8UPYCHbIX 8eKMOPOE.
PucyHok u mexkcm e3sameol u3 [92]
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As the limitations of current CRISPR
technologies have become increasingly clear
over the past decade, novel approaches and
methodologies continue to be developed and
fine-tuned to address these constraints and
improve the efficacy and versatility of CRISPR-
based genome editing. These emergent, third-
generation tools and technologies include
recently discovered classes of compact RNA-
guided nucleases that have been adapted for
DSB-based editing and could also serve as
RNA-guided DNA binding platforms for other
genome editor modalities such as base editing
(BEs) and prime editing (Pes). The insertion of

long, gene-sized DNA sequences, particularly
in post-mitotic cells lacking HDR, remains a
major unmet need in the genome editing field.
In this context, the development of CRISPR-
guided recombinases and transposons presents
a promising and potentially powerful avenue to
fill this technology gap. New approaches have
also emerged for genome editing technologies
based on retrotransposons and for editing RNA
transcripts. Finally, the creation of new genome
editor tools continues to go hand in hand
with advances in the development of delivery
methods, which represent a major challenge for
therapeutic applications [92] (Figure 17).

Figure 17: Merging technologies in genome editing. A summary of emerging technologies in the genome editing field.
DNA polymerase editors: This technology combines Cas9 nickases with DNA polymerases and tethering of a single-
stranded DNA template, for example, using an HUH endonuclease. A key difference from prime editing lies in its use of
DNA polymerase rather than reverse transcriptase and the delivery of the DNA template in trans. CRISPR-associated
transposons: These naturally occurring mobile genetic elements utilize CRISPR effector complexes in conjunction with
transposase proteins for RNA-guided transposition to insert long DNA sequences into specific genomic sites. Engineered
CRISPR integrases: These technologies are based on combining prime editors with site-specific serine recombinases. The
prime editing initially introduces a recombinase att the site at the target DNA location, subsequently enabling recombinase-
catalyzed insertion of large DNA payloads. Target-primed reverse transcription: This process involves fusing nickase Cas9
with non-long terminal repeat (non-LTR) retrotransposon-derived reverse transcriptases and RNAs. It operates by nicking

Journal of NBC Protection Corps. 2025.V.9.No 1



PefaKTuMpoBaHMe reHOMa U1 3aLMTa OT ero BpaXk4e6Horo MCnosib3oBaHus
Genome Editing and Defense against Its Misuse

the target DNA to generate a free 30 end to prime reverse transcription of the retrotransposon-associated RNA, resulting in
targeted DNA insertion. Epigenetic editors: fusions of deactivated dCas9 with DNA methylases and histone-modification
enzymes enable targeted chromatin modifications at specific genomic locations, leading to the heritable repression of gene
expression (CRISPRoff) without altering the underlying DNA sequence. Gene reactivation (CRISPRon) involves targeting
repressed genes using Cas9 fusions with DNA demethylases and transcriptional activator domains. Artificial intelligence
in gene editing: Al is making significant inroads in de novo protein and guide design, as well as in computational prediction
of off-target sites and editing outcomes. The figure is taken from [92]

PucyHok 17 - CausHue mexHonozuli 6 pedakmuposaHuu 2eHoma. Kpamkuti 0630p Hosbix Memo008 6 0b61acmu pedakmu-
posaHus 2eHoma. AHK-nonaumepasbl (DNA polymerase editors) - sma mexHosozus o6veduHsiem e cebe Hukaswl Cas9 u
JHK-noaumepaswl, K KomopbiM npucoeduHsiemcs obpasey ooHoyenoyHol JHK, Hanpumep, nocpedcmeom 3HOOHYK1ea3bl
HUH. OcHoeHoe omauyue om ysiyduwieHH020 pedakmupoeaHus 3aKkaryaemcs 8 mom, umo 30ecb ucnonbsyemcs AHK-no-
/AiuMepasa, a He 06pamHas mpaHckpunmasa u 0ocmaeka obpasya HK ocywecmensemcs e nymu. CRISPR-accouuupo-
BaHHble TpaHcno3oHbl (CRISPR-associated transposons) - amu Mo6usbHble 2eHemu4eckue 31emMeHMbl, NosAéAAWUECs
ecmecmeeHHbIM 06pasom ucnosb3dytom komnaekcbl ¢ CRISPR a¢ppekmopamu e couemaHuu ¢ 6esKAMu mpaHcno3asbl 045
nepemeujeHus Hanpasaswweli PHK, umobbl umMemb 803MO3CHOCMb 86cmasasamb nocsedosameavHocmu JHK e yuacmku
2eHoma. UckycctBeHHo cospaHHble CRISPR unTerpassbl (Engineered CRISPR integrases) - smu mexHosozuu ocHo-
8dHbl HA COBMeWeHUU Y/ydleHHbIX pedakmopos C CepUHO8bIMU PeKOMBUHA3aMuU, Komopble 8/51omcs cheyuguyHbiIMU
3/1eMeHmamu 07151 KOHKPemHo20 y4yacmka 2eHoMd. YaydweHHoe peddKkmuposedHue U3HA4YadsnbHO co30aem peKoMbOuHasy
8 moM Mecme, 20e Haxooumcs ueseeoli yuacmok [HK, umo e 0anvHeliwemM no3eossem Kamanausuposeams npouecc u
ecmasumb 6osbluue uenoyku [JHK e HymHoe mecmo. O6paTHas TpaHcKpunuus ¢ ¢okKycom Ha uesb (Target-primed
reverse transcription) - amom npouecc noopasymesaem causiHue Hukaswl Cas9 ¢ pempompaHcno30HHbLIMU 06PAMHbI-
MU MPAHCKpUNMAsamu ¢ HeO/IUHHbIM mepMUHasabHbiM noemopom u PHK. BoeinosHsemcs Hadpes ueneeoli JHK, umo
npueodum K 0bpasoeaHuro ceo600H0z0 30 KOHUA, 3ameM NPoucxooum o06pamHas MpaHCKpunyus pempompaHno30H-dc-
coyuuposarHoli PHK u ecmaska uenesoii IHK. dnureHeTnueckue pegakrtopbl (Epigenetic editors): causHus deakmu-
supoeaHHoli dCas9 ¢ JHK memunazamu u pepmeHmamu mMoouguKayuu 2ucmoHa N0380/150M hposooumMsb Uesesble Mo-
ouguKkayuu XpoMamuHa 8 omoeslbHbIX YYACMKAX 2eHOMd, Umo hpueooum K HacaedcmeeHHOMY nho0dssieHUr 3Kchpeccuu
2eHoe (CRISPRoff) 6e3 Heobxo0uMocmu eHeceHUs1 Uu3MeHeHUl 8 UCX0OHYr nocaedoseamenbHocmb JHK. Peakmueauyus
2eHoe (CRISPRon) nodpaszymesaem nouck yesesbix nodaesneHHbiX 2eHo8 hpu homowju causHus Cas9 ¢ IHK memunasa-
MU u doMeHamu akmusayuu mpaHckpunyuu Ucnonbsosanne MU npu pepaktuposanum revos (Artificial intelligence
in gene editing) - VW noseosnsiem docmuub 3HaYuMesnbHbIX ychexoe e paspabomke 6Genkoe de novo u OusaliHa Ha-
npaeseHus, d Makie 6 ebl4uc/AumesbHOM NPO2ZHO3UPOBAHUU HeluesiesblX yUacmKoe U pe3ysibmamadx pedakmupoedHusl.
PucyHok e3am u3z [92]

Conclusion

The appeal of DARPA to “develop and
demonstrate quick tools for identification and
optimization of new molecules that exert an
inhibitive impact on genome editing methods”
is quite comprehensible from a logical point of
view - any new technology can be used for dual
purposes. However, it also proves that genome
editing is not an experimental method anymore,
and experts who nowadays realize the state of
matter are concerned with the possible misuse
of these tools in terms of new biological warfare
development. From the medical point of view
when the patient's history is properly taken, a
clinical assessment is made, and all laboratory
tests are conducted, including the sequencing

of the ,suspect modified gene(s) or the whole
human genome, the diagnosis can be determined
quite easily. This approach is straightforward to
find (the place) the attack starts and to prevent
it or to stop it. This article discusses some
approaches to optimization of methods that
exert an inhibitive impact on “genetic scissors”.
Nevertheless, this is not enough. The genome
editing use should be regulated by a special
Protocol to Convention on the Prohibition of
the Development, Production and Stockpiling of
Bacteriological (Biological) and Toxin Weapons
and on their Destruction. As this protocol doesn’t
exist yet, then the national regulatory authorities
are obliged to establish the borders for use of
products that are based on these methods. They
also should be able to prevent its misuse.

Limitations of the study / Ozpanuuenus uccne0oeanus
All data were obtained from public sources; therefore the article is strictly limited on these public sources only. /
Bce maHHBIE IOy YeHBI M3 OTKPBITHIX UCTOYHIKOB, IIO9TOMY CTAThsI CTPOTO OTPAHMYEHA TOIBKO STUMU OTKPBIThI-

MU UICTOYHUKaAMMU.
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