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The discovery of the CRISPR/Cas9 microbial adaptive immune system has revolutionized the field of genetics, by greatly
enhancing the capacity for genome editing. CRISPR/Cas9-based editing starts with DNA breaks (or other lesions)
predominantly at target sites and, unfortunately, at off-target genome sites. DNA repair systems differing in accuracy
participate in establishing desired genetic changes but also introduce unwanted mutations, that may lead to hereditary,
oncological, and other diseases. New approaches to alleviate the risks associated with genome editing include
attenuating the off-target activity of editing complex through the use of modified forms of Cas9 nuclease and single guide
RNA (sgRNA), improving delivery methods for sgRNA/Cas9 complex, and directing DNA lesions caused by the
sgRNA/Cas9 to non-mutagenic repair pathways.
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1. Structure, Mechanism of Action and DNA Lesions Caused by
CRISPRI/Cas9 Editing Tools

Most CRISPR/Cas editing platforms originate from a natural system of adaptive immunity in bacteria and archaea
responsible for cleaving foreign DNA that has entered the cell, e.g., plasmids or phages . The formation of immunity, in
this case, occurs in several steps. Upon entry, fragments of foreign DNA (known as spacers) are integrated into the
CRISPR locus. When re-invasion occurs, transcription of the CRISPR locus begins, resulting in the production of a long
molecule of pre-crRNA (pre-CRISPR-associated RNA), which is processed into short crRNAs (CRISPR-associated RNA).
In the complex with Cas proteins, these short molecules bind to homologous segments of foreign DNA (known as
protospacers), leading to the cleavage of the DNA by Cas proteins. Notably, the formation of a double-strand break in the
protospacer DNA only occurs in the presence of a specific nucleotide sequence called the protospacer adjacent motif
(PAM), which serves as a marker for foreign DNA [,

All known natural CRISPR/Cas systems are divided into two classes and six types depending on the structure and
mechanism of action . The Class 1 systems are common in bacteria and are multi-protein types I, lll, and IV complexes
(Cascade, Cmr, Csm). The nuclease activity in Type | systems resides in the multi-protein Cascade complex associated
with the Cas3 protein. Type Il systems are characteristic of archaea, and nuclease activity is conferred by the multi-
protein complexes Csm and Cmr. Type IV systems are relatively rare and poorly studied . The Class 2 systems, on the
other hand, have a single effector protein. This class includes types Il, V, and VI. Type Il systems are actively used in
genetic engineering and are characterized by the presence of the endonuclease SpCas9 (Streptococcus pyogenes).
SpCas9 (hereafter called Cas9) does not require additional protein cofactors for binding and cleaving target DNA. Inside
the cell, two RNA molecules are required to activate Cas9: the CRISPR-associated RNA (crRNA), which contains
fragments of foreign sequences, and the trans-activating crRNA (tracrRNA), which base pairs with crRNA and supports
crRNA maturation. Cr-tracrRNA complex activates Cas9 through conformational changes. However, for simplicity in
genetic engineering applications, both RNAs are combined into a single chimeric molecule called a single-guide RNA
(sgRNA) @, The nucleoprotein complex used for genome editing consists of a SgRNA and the nuclease Cas9 (Figure 1).
The sgRNA contains a sequence of 19-20 nucleotides (guide sequence) that is complementary to the target region of the
genome, as well as functional domains tracrRNA and crRNA (Figure 1A). It is important to note that a ten-nucleotide
segment from the 3’-end of the guide sequence (seed region) plays a crucial role in the recognition and cleavage of the
target DNA &I,
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Figure 1. Components of active sgRNA/Cas9 editing complex. (A) Secondary structure of the sgRNA molecule: Guide
sequence with 10 bp 3' seed region; tracrRNA—trans-activating CRISPR RNA functional domain; crRNA—trans-activating
CRISPR RNA functional domain. (B) Domain organization of the Cas9 protein. D10 and H840—amino acid residues
essential for endonuclease catalytic activity. The nuclease (NUC) lobe is represented by endonuclease HNH and RuvC
domains, the recognition (REC) lobe binds the nucleic acid and contains three recognition domains, Helical I-lll.

The Cas9 protein consists of 10 domains, which are divided into two functional groups—the first group is responsible for
DNA binding (helical recognition (REC) lobe), and the second group is responsible for introducing double-strand breaks
(nuclease (NUC) lobe). The REC lobe includes the domains Helical I, Helical 1l, and Helical Ill, while the NUC lobe
includes the domains RuvC-I, RuvC-II, RuvC-IIl, HNH, and PAM-interacting domain CTD @ (Figure 1B).

The search for the target DNA and introduction of double-strand breaks occur in several stages: (1) Assembly of the
sgRNA/Cas9 complex, resulting in a conformational change in the central part of the molecule, opening up DNA binding
domains; (2) Stochastic interactions between the sgRNA/Cas9 complex and chromosomal DNA, which must contain the
PAM sequence of the NGG type directly adjacent to the 3'-end of the sgRNA guide sequence; (3) Formation of hydrogen
bonds between the CTD domain of Cas9 and PAM sequences distributed throughout the genome, and unwinding of the
DNA duplex one nucleotide away from the PAM; (4) Complementary sgRNA promotes further unwinding of the target DNA
duplex; (5) RuvC and HNH domains of the Cas9 protein introduce a double-strand break with blunt ends at a distance of
three nucleotides from the PAM sequence 4. Thus, the CRISPR/Cas9 editing system possesses a property characteristic
of most mutagens—the ability to damage DNA.

The nucleoprotein complex sgRNA/Cas9 is widely used as a platform for developing various genome editing tools that
cause DNA lesions of different types. Along with the wild-type protein capable of inducing a double-strand break, mutant
variants of the nuclease are broadly used (Figure 1B,E). Two endonuclease domains of Cas9 cleave different DNA
strands at a distance of 3 nucleotides from the 5'-end of the PAM sequence. The Cas9 HNH nuclease domain cleaves the
strand complementary to the sgRNA, while the RuvC-like domain cleaves the non-complementary strand. Independent
cleavage of each DNA strand leads to the DSB appearance 2. Substitutions D10A (RuvC domain) or H840A (HNH
domain) lead to the loss of the corresponding endonuclease activity (Figure 1) & Cas9 with one inactivated
endonuclease domain is called Cas9 nickase (nCas9); it introduces single-strand breaks (SSBs), which could result in
mutations in the target DNA (Figure 1B). Inactivation of both endonuclease domains results in a catalytically dead
enzyme (dCas9), that does not cleave DNA but serves as a delivery platform for targeting other enzymes fused with
dCas9.

Both dCas9 and nCas9 may be fused with different functional protein domains to induce directed base substitutions
without DSB introduction. Such complex enzymes are called base editors. Base editors can be divided into four main
groups, Cytosine Base Editors (CBE), Adenine Base Editors (ABE), Dual-Base Editors (Dual BE), and Prime Editors (PE),
depending on the mechanisms of editing. CBEs mostly consist of dCas9 or nCas9 nuclease conjugated with cytosine
deaminases of the AID/APOBEC family and uracil glycosylase inhibitor (UGI) EIIEISILONIAZ ypon binding to the target
DNA sequence, deamination of cytosines leads to uracil formation in DNA. CBEs deaminate C to U at a distance of ~15



bp from the PAM motif (€. Additionally, the “activity window” of the base editor, typically 5 bp in length, may contain several
C that can be deaminated to U, leading to multiple C to T substitutions 1. nCas9 fused with TadA adenine deaminase
with altered substrate specificity (RNA-specific enzyme turned to DNA-specific via directed evolution) is called ABE. Due
to TadA activity, adenine is turned to inosine in the ~11 to 16 position from PAM. DNA base modifications in template DNA
strands are highly mutagenic because they lead to base substitutions during DNA synthesis (Figure 1E). nCas9-base
fused with TadA and APOBEC deaminases simultaneously is called Dual BE. Such editors have detectable off-target
activity, similarly to CBEs and ABEs, and editing efficiency is often lower than efficiency of CBE or ABE. Still, Dual BE is
more versatile than CBE or ABE [13I[14],

Each of Cas9 variants mentioned above is potentially mutagenic.

| 2. The Mechanism of Inaccurate Repair of Cas9-Induced DNA Lesions

There are two main mechanisms for repairing Cas9-induced DSBs—homology-dependent repair (HDR) and non-
homologous end joining (NHEJ) (Figure 1A) BII6IL7 However, minor pathways, such as microhomology-mediated end
joining (MMEJ) 8 or break-induced replication (BIR) 12 may also be involved (Figure 1D). In general, the main factors
determining the repair pathway are the DNA lesion’s nature and the cell cycle’s phase 9. Repair of DSBs by NHEJ
occurs during the G1 phase of the cell cycle, while HDR occurs during the G2/M phases. NHEJ often leads to genetic
variability at Cas9 cleavage sites, as DNA exonucleases and low-fidelity DNA polymerases are involved in processing free
DNA ends before ligation, increasing the likelihood of errors 211,

The initiation of NHEJ in mammalian cells occurs through binding to DNA ends in the double-strand break region by the
Ku70/Ku80 heterodimer and DNA-dependent protein kinase (DNA-PK), which, together with the endonuclease Artemis,
process the DNA ends (fragmentation, gap filling, removal of damaged nucleotides) for subsequent ligation. Then, the
DNA ends are covalently joined by the DNA ligase IV/IXRCC4 complex. Gap filling in DNA is carried out by polymerases A
and p (PolX family), whose activation is mediated by the Ku/DNA complex through BRCT domains of the polymerases.
Polymerases A and p are well suited for NHEJ as they are capable of synthesis without relying on a template 4.

In the case of homologous recombination, genetic information is restored using sister chromatids. In the presence of a
transgenic DNA fragment with a locus homologous to a genomic region, recombination can occur between the transgene
and the genomic DNA at the site of the double-strand break, resulting in the insertion of the transgenic sequence at the
break site or replacement of the target sequence with the transgenic one. In the initial stage, end preparation is initiated at
the double-strand break site by nucleotide excision in the 5-3' direction with the formation of single-stranded DNA
(ssDNA). Then, one of the strands of the homologous sequence invades, forming a Holliday junction structure. In yeast
Saccharomyces cerevisiae, it has been shown that the MRX complex (homologous to the MRN complex in mammals),
which includes proteins Mre11, Rad50, Xrs2, and Sae2, is involved in processing DSBs ends 22, In mammalian cells,
DNA-dependent ATPase protein Rad51 plays an important role in DNA strand exchange, forming nucleoprotein filaments
with DNA [28] and catalyzing strand exchange by forming D-loops. It is known that the protein p53 is responsible for
activating the repair of double-strand breaks in mammalian cells. Phosphorylation of p53 occurs in response to DNA
damage and initiates the transcription of double-strand break repair genes (BRCA2, RAD51, and MRE11).
Phosphorylation of p53 is carried out by checkpoint kinases ATM and ATR, with ATM being a sensor of double-strand
breaks [24],

The effectiveness of introducing genetic changes using sgRNA/Cas9 largely depends on the balance between
homologous and non-homologous DNA repair 222811271 \which changes during the cell cycle. NHEJ factors are expressed
in cells throughout the cell cycle, while the activation of factors involved in homologous recombination occurs in the S/G2
phases of the cell cycle by increased expression and post-translational modifications of specific proteins 28, This makes
the S/G2 phases of the cell cycle the most favorable time for introducing desired genetic changes, as there is a higher
likelihood of homology-directed repair occurring. The low frequency of homologous recombination is a significant
challenge in genetic modification. For example, due to the high sensitivity of human pluripotent stem cells to genome
damage, the frequency of modifications using CRISPR/Cas9 systems is less than 10% [29. Promising approaches to
enhance the efficiency of site-directed mutagenesis using CRISPR/Cas9 systems include altering the balance between
homologous and non-homologous repair and activating the homologous mechanism in atypical cell cycle phases. One
way to suppress the NHEJ mechanism is to inhibit key proteins. When short hairpin RNAs (shRNAs) targeting Ku70,
Ku80, and DNA ligase IV are used, the frequency of homologous recombination increases up to 300% B9, Additionally,
when a small subunit of the protein Scr7, which blocks the DNA-binding domain of DNA ligase IV, and proteins involved in
proteasomal degradation of DNA ligase IV (E1B55K and E4orf6) are added to shRNAs, the frequency of site-directed
mutagenesis increases seven-fold compared to the baseline level B2, Inhibition of another component of NHEJ, DNA-



dependent protein kinase catalytic subunit (DNA-PKcs), increases the frequency of site-directed mutagenesis four-fold
(52

The Rad51 protein is a crucial element of homologous recombination, forming a nucleofilament on single-stranded DNA
and participating in DNA duplex invasion. Treatment of cells with the compound RS-1 (4-Bromo-N-(4-bromophenyl)-3-
[[(phenylmethyl)amino]sulfonyl]lbenzamide) stabilizes the binding of Rad51 to DNA and increases the frequency of site-
directed mutagenesis by three to six times B3l The treatment of pluripotent stem cells with nocodazole or ABT-751
stimulates their transition into the G2/M phases of the cell cycle, which enhances homologous recombination and
consequently increases the frequency of site-directed mutagenesis by four times 241,

Modifications of the CRISPR/Cas9 gene editing platform that prevent DSB formation and induce DNA lesions of different
types (single-strand breaks (SSB) and base alterations) have fewer side effects and higher accuracy, but they are still
genotoxic. nCas9 and PEs could be a source of all types of mutations due to HDR and single-strand break repair (SSBR)
(Figure 1B) 23, The base editors CBE, ABE, and Dual BE, causing deamination of cytosine and adenine, provoke base
substitutions (C to T and A to G) due to replicative DNA synthesis on a template, containing deaminated bases (Figure
1E). Additionally, deamination of cytosines may occur spontaneously in R-loops, formed by sgRNA and genomic DNA
during editing. Deaminated bases are substrates for BER and MMR (Figure 1C) 81 which are potentially mutagenic
multistep processes. In the first step of BER, uracil or hypoxanthine is excised by specific DNA glycosylases generating
apurinic/apyrimidinic (AP) sites. AP sites are then converted to SSBs with an undamaged 3'-OH terminus and a base-free
5'-deoxyribose 5-phosphate residue at the 5' end. Such lesions may stimulate DSBs formation [BARE8 and further
processed either through short-patch or long-patch pathways mediated by different DNA polymerases. In the short-patch
pathway, the main role in filling gaps belongs to Pol 3, but Pol A also contributes to BER. Long-patch BER is mediated by
Pol 3, or €, that have high fidelity and fill longer gaps B2. During MMR, single stand gaps are formed after the excision of
unpaired or damaged nucleotides. Then, they are filled by Pol &, or €. Intermediates of SSBR, BER, and MMR are
mutagenic because of limited fidelity of DNA polymerases, participating in gap filling during repair. Moreover, such BER
intermediates, as AP sites are bypassed by TransLesion Synthesis (TLS) DNA polymerases, during replication when
replication forks are stalled at the lesion. TLS is an error-prone process that leads to an increase in the rates of base
substitutions, short insertions and deletions, complex mutations, and long deletions between repeating sequences 4341l
(421 By using different forms of Cas9 that cause specific types of DNA lesions, it is possible to shift the repair process
toward a specific repair pathway and increase the likelihood of obtaining certain types of mutations. For example, it is well
known that short insertions and deletions are the most common result of repair of Cas9-induced double-strand breaks.
For the induction of longer deletions, Cas9 fused with human APOBEC3A, uracil DNA glucosidase, and apurinic or
apyrimidinic site lyase may be used 3], All the scenarios may take place at on- and off-target sites.

3. On-Target and Off-Target Activity: Hot Points of the sgRNA/Cas9-
Dependent Mutagenesis

One of the important features of the sgRNA/Cas9 mutagenic activity is its high sequence specificity compared to other
mutagenic factors. The high site-specific activity is determined by the presence of a PAM sequence and the subsequent
20 nucleotides complementary to the artificial SgRNA. The complex efficiency depends on the nucleotide at position N for
the SpCas9 PAM (NGG), as it affects the change in the complex’s binding free energy with DNA and the stability of the
sgRNA/Cas9 complex on genomic DNA. Therefore, a particular nucleotide at position N can have different effects on the
activity of the editor [44. However, it should be noted that the specificity of SJRNA/Cas9 is not absolute. The non-specific
activity of sgRNA/Cas9 in off-target regions of the genome is one of the urgent problems, as it can lead to the emergence
of pathogenic mutations, for example, in oncogenes or tumor suppressor genes. It is unclear why some off-target sites are
cleaved by the Cas9 protein while others are not. The efficiency of sgRNA/Cas9 action can be affected by the chromatin
structure of the target locus and by the presence of epigenetic modifications, such as DNA methylation or histone
modifications [#34681471 |n addition, the cell cycle stage and the level of DNA damage response can also affect the
efficiency and specificity of syRNA/Cas9 cleavage 8],

The level of expression and duration of action of editors in cells strongly influence the activity and accuracy of gene
correction. Therefore, the delivery methods of sgRNA/Cas9 to target cells greatly influence its off-target effect 2J[EAELI52]
(531541 Ccas9 can be delivered into cells in the forms of DNA (plasmid transfection, viral transduction) or mRNA
(microinjections, electroporation, or liposome-based vectors BSIESIETEEY - or jt can be delivered into cells as
sgRNA/protein complex (electroporation). In the latter case, the off-target activity is lower than in other delivery methods.
For example, plasmid DNA poses an additional risk of insertional mutagenesis 2. The expression of AAV-delivered
genes (adeno-associated virus) persists for years in transfected cells BB Thus, AAV-mediated gene editing will likely



yield unwanted on- and off-target mutations over time (6263 |n contrast, Cas9 mRNA and sgRNA delivered by lipid
nanoparticles (LNP) can be rapidly degraded in vivo, making LNP the most popular vector for in vivo gene editing (€41,

Thus, for the sgRNA/Cas9 editing complex, hotspots of mutagenesis are sequences that are fully or partially
complementary to the sgRNA. It is important to note that different sgRNAs, which are fully complementary to different
sites in the genomic DNA differ in their ability to bind to the target sequence and, as a result, in the frequency of induced
mutations. Since the delivery method and duration of exposure of the editing complex affect the frequency of
mutagenesis, it can be concluded that this mutagenic factor, like other mutagens, exhibits a dose-dependent relationship.

The choice of guide sequence and the sgRNA/Cas9 complex’s design can influence its activity and specificity. The use of
modified single guide RNAs or optimizing the PAM sequence can increase the specificity of sgRNA/Cas9 editing, while
using modified Cas9 enzymes with reduced off-target activity can further improve its safety and accuracy. Various
modifications of the Cas9 protein are often used to increase the activity and accuracy of editing. By using a nCas9 with
two correctly matched sgRNAs, it is possible to obtain two close single-strand breaks that together produce a double-
strand break 82561 The increase in specificity in the case of using paired sgRNA/Cas9-D10A complexes is about two
orders of magnitude in the HEK-293FT cell line 8], Increased specificity is also observed for protein variants eSpCas(1.0)
(K810A K1003A R1060A) and eSpCas(1.1) (K848A K1003A R1060A). They made no off-target changes at 22 of the 24
predicted most likely off-target sites and were sensitive to one sgRNA mismatch outside the seed sequence 4. In the
highly specific nuclease SpCas9-HF1 with substitutions N497A R661A Q695A Q926A, the frequency of off-target
mutations induced by SpCas9-HF1 was not statistically different from the spontaneous level of mutagenesis [©€&l,
HypaCas9 variant (N692A M694A Q695A H698A) with mutations in the REC3 domain, is more specific compared to wt
Cas9 and even to eSpCas(1.1) and SpCas9-HF1 and preserves similar efficiency €2, Another variant, SuperFi-Cas9
(Y1010D Y1013D Y1016D V1018D R1019D Q1027D K1031D) showed a 500-fold increase in specificity 29, but its effect
in cells has not yet been studied. Increased accuracy is also observed in enzymes evoCas9 (M495V Y515N K526E
R661Q) I Sniper-Cas9 (F539S M7631 K890N) 22 and HiFi Cas9 (R691A) X8l Variants with multiple amino acid
substitutions xCas9-3.6 E108G S217A A262T S4091 E480K E543D M6941 E1219V and xCas9-3.7 A262T R324L S409I
E480K E543D M694 | E1219V, recognizing such PAM motifs as NG, NNG, GAA, GAT, and CAA, additionally exhibited in
10-100-fold higher target specificity in HEK-293T and U20S cell lines 741,

Another factor influencing the non-specific activity of sgRNA/Cas9 is the number of nucleotide mismatches between the
sgRNA guide sequence and the target chromosomal DNA, as well as the positions of the mismatches relative to the PAM
sequence. It is assumed that the number of non-complementary bases between the guide sequence and a potential off-
target sequence significantly affects off-target activity. The sgRNA/Cas9 complex can introduce double-strand breaks into
sequences with incomplete homology to the guide sequence, containing up to four mismatched nucleotides /3 or even up
to six contiguous mismatches [&. Mismatches within a short sequence (8 to 12 nucleotides proximal to PAM) rarely
influence off-target activity of the editor, while more distal mismatches relative to PAM lead to an increase in the frequency
of off-target activity [Z8. In other words, off-target activity correlates with the stability of the sgRNA/Cas9 complex on
genomic DNA. An excess of potential energy in the interaction between the Cas9 protein and the PAM sequence of the
target site can stabilize the Cas9-sgRNA-DNA complex when binding to an off-target site containing non-complementary
bases. Firstly, it has been shown that the nuclease activity of Cas9 is activated after DNA strand unwinding at the target
site I4. In addition, the presence of non-complementary bases between the sgRNA guide sequence and the target DNA
site within 1-12 nucleotides proximal to PAM suppresses the nuclease activity of Cas9. Secondly, certain nucleotides at
positions 2, 3, 6, from the 5' end of the sgRNA also negatively affect the activity of the complex. The 20th nucleotide from
the 5' end of the sgRNA preceding the PAM sequence is involved in initiating the unwinding of the DNA strand and
stabilizing the Cas9-sgRNA-DNA complex in the PAM region. sgRNA molecules containing adenine at this position show a
significant decrease in activity. Some nucleotides at positions 2 (Thymine), 3 (Guanine), and 6 (Adenine) also reduce the
activity of the complex, despite the assumption that the 5' end of the sgRNA (distal to PAM) is not essential for recognizing
the genomic target site. Presumably, the decrease in complex binding efficiency to DNA is associated with weakened
interaction between nucleotides 2, 3, and 6 and the Recl domain of the Cas9 protein 22, It is also known that the
efficiency of double-strand breaks is positively influenced by the optimal GC composition of the target sequence (40—
60%), the ability to form secondary structures, and chromatin activity near the break (promoter regions) 22,

It has been shown that altering the secondary structure of the sgRNA molecule by adding two additional guanine
nucleotides at the 5' end leads to a decrease in non-specific activity without reducing target activity /8. The addition of
several cytosine nucleotides to the 5’ end of sgRNA significantly modifies the activity of the nucleoprotein complex.
Polycytosine tails, depending on their length, reduce the cytotoxicity of the editing complex due to the low activation of
p53, leading to the stimulation of homologous repair or a reduction in the on-target activity of the nuclease, improving the
specificity and accuracy of monoallelic editing /2. Shortening the sgRNA by three nucleotides leads to a decrease in the



potential energy of complex binding to DNA, which significantly reduces off-target activity Y. Chemical modifications of
CRISPR RNA (crRNA) (Figure 1A) are also promising. As with other nucleic acid-based technologies, efforts are focused
on sugar and backbone modifications (2'-deoxy, 2'-F, 2'-OMe, and phosphorothioates). Some more significant
modifications of crRNAs have been made using bicyclic (locked) ribose and phosphate backbone substitutions
(phosphonoacetates and amides); however, the range of chemical modifications applied to crRNA remains limited to
modifications that have been successful in RNA interference and antisense technologies. Encouraging results on editing
efficiency and accuracy have been obtained B, All of the above observations are actively used to design gene editing
systems aimed at increasing efficiency and reducing off-target activity, including new target and guide sequence selection
algorithms, new transfection methods, and new variants of Cas9/sgRNA modifications (Figure 2).
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Figure 2. Factors influencing sgRNA/Cas9 targeting and DNA damage processing fidelity. The most accurate editing
occurs when the factors listed on the left operate sequentially. Combinations of factors (on the right) that reduce the
specificity of sSgRNA/Cas9 binding to DNA and factors that direct lesions to mutagenic processing lead to the accumulation
of unwanted mutations both in off- and target sites.
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