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Abstract

Rare diseases, as their name indicates, individually affect only a low number of people
around the world. Due to their low prevalence, finding appropriate therapy is very difficult. Insufficient
understanding of the molecular causalities and mechanisms accompanying these disorders
and the inability to conduct clinical studies to the usual extent due to the low occurrence of rare diseases
belong to the main problems hindering the development of proper treatment. The creation of mouse
models is a promising way to solve these difficulties since mice have numerous qualities necessary
for modelling human diseases. CRISPR/Cas9 enables scientists to make precise changes in the genome
by employing Cas9 nuclease which creates double-strand breaks in the DNA after the specifically
designed guide RNA leads it to the site of interest. If the sequence of the chosen site is known,
the possible edits can be installed almost anywhere in the genome and, moreover, their repertoire
is practically endless. The use of the CRISPR/Cas9 technology proved to be perfect for creating mouse
models of rare diseases as most of these disorders are caused by genetic mutations that this method
is fully capable of mimicking. This thesis focuses on strategies used in creating such mouse models

with the CRISPR/Cas9 system and summarizes their detailed mechanisms.

Keywords: rare diseases, mouse model, CRISPR/Cas9, knock-out, conditional knock-out,

knock-in, transgenic mice, base editing, prime editing



Abstrakt

Vzicna onemocnéni, jak uz jejich ndzev napovida, individudlné postihuji jen maly pocet lidi
na celém svété. Vzhledem k jejich nizké prevalenci je nalezeni vhodné terapie velmi obtizné.
Neuspokojivé pochopeni molekularnich pfi¢in a mechanismt, které je provazeji, a nemoznost provadét
klinické studie v obvyklém rozsahu v disledku nizkého vyskytu vzadcnych onemocnéni patii k hlavnim
problémtim, které zbrzd’uji vyvoj vhodné 1écby. Tvorba mysich modeli je slibnou cestou k vyteseni
téchto obtizi, nebot mysi maji fadu vlastnosti nezbytnych pro modelovani lidskych onemocnéni.
CRISPR/Cas9 umoziuje védcim provadét piesné zmény v genomu pomoci nukleazy Cas9,
ktera vytvaii dvoutetézcové zlomy v DNA poté, co ji specialné navrzena guide RNA piivede k mistu
zajmu. Pokud je sekvence zvoleného mista zndma, 1ze mozné Gpravy zavést témet kamkoliv do genomu
a jejich repertoar je navic prakticky nekonec¢ny. Vyuziti CRISPR/Cas9 technologie se ukazalo byt idealni
pro tvorbu mySich modelli vzacnych onemocnéni, nebot’ vétSina téchto poruch je zplsobena
genetickymi mutacemi, které dokaze tato metoda plné napodobit. Tato prace se zaméfuje na strategie
vyuzivané pii tvorbé mysich modeld pomoci systému CRISPR/Cas9 a shrnuje jejich podrobné

mechanismy.

Klicova slova: vzacna onemocnéni, mysi model, CRISPR/Cas9, knock-out, kondicionalni

knock-out, knock-in, transgenni mysi, editace bazi, primarni editace
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1. Introduction

Rare diseases are a group of extremely heterogeneous disorders mostly of genetic origin
individually affecting only a handful of people worldwide (EU Regulation on Orphan Medicinal
Products, 1999, Nguengang Wakap et al., 2019, Rare Disease Act, 2002). With only a few affected
individuals it is rather difficult to conduct any research to accurately describe the causality and clinical
manifestation of these diseases resulting in a major lack of information in this field.
Furthermore, the unique nature of rare diseases leads most pharmaceutical companies to lose interest
in developing drugs for their treatment. Important steps to address these difficulties have already been
taken (Orphan Drug Act, 1983). However, there is still a long way to go to make essential information
accessible to all individuals suffering from rare diseases.

Animal models have been widely utilized to help researchers properly understand the causalities
of rare diseases which is a necessity for the effective development of appropriate therapeutical strategies.
Additionally, modelling on animals is also beneficial since clinical trials required for evaluating new
drugs cannot be effectively performed on people as the number of patients is very limited
(EU Regulation on Orphan Medicinal Products, 1999, Orphan Drug Act, 1983). Mice were proved
to be the most convenient organisms for modelling human diseases for numerous reasons, such as their
low cost, high speed of reproduction, ease of manipulation and, importantly, relative translatability
of the results acquired during research to humans. Nevertheless, creating appropriate models
corresponding to specific rare diseases is not an easy task and requires advanced scientific approaches.

CRISPR/Cas9 is a relatively novel gene editing technology which has, however, already gained
extreme popularity among researchers for its relatively low cost, simplicity and, finally, high efficiency.
The original defence mechanism used by prokaryotes against invading pathogens was first transformed
and utilized as a technique for genome alteration by Jennifer Doudna, Emmanuelle Charpentier and their
team (Jinek ez al., 2012). This strategy employs the Cas9 nuclease to create double-strand breaks (DSBs)
in the genome which are, subsequently, fixed by cellular repair mechanisms with various results
(Fuet al, 2021, Jinek et al., 2012). The CRISPR/Cas9 technology is able to create many different edits
such as frameshift mutations and deletions resulting in gene knock-out, insertions of genetic sequences
with varying lengths, single and multiple base substitutions, etc (Anzalone et al., 2019,
Canver et al., 2014, Komor et al., 2016, Raveux et al., 2017, Yen et al., 2014). This approach has been
successfully utilized for the creation of mouse models of rare diseases on numerous occasions enabling
scientists to develop a treatment for such disorders more effectively (Borras et al., 2020,
Duan et al., 2016, Liang et al., 2017, Liang et al., 2018, Lin J. et al., 2021, Nakagawa et al., 2016,
Nutter et al., 2019, Qian et al., 2023, Rauch et al., 2018, Syding et al., 2022, Zhang Y. et al., 2022).



2. Rare diseases

Rare diseases, sometimes also termed orphan diseases, are medical conditions individually
affecting only a very small part of the world population. It is rather difficult to describe rare diseases
accurately as there is no universally accepted definition. Depending on the area or the context, in which
they are used, numerous different definitions of such conditions exist. Most of those at least partly
consider the disease point prevalence which proved to be a globally preferred attribute, however, many
use various qualitative norms as a main describing trait (Richter et al., 2015). In the United States, rare
diseases are viewed as conditions affecting less than 200,000 people according to the Rare disease Act
of 2002 (Rare disease Act, 2002). Nevertheless, the point prevalence should be no more than
5 per 10,000 people for a disease to be classified as rare in Europe (EU Regulation on Orphan Medicinal
Products, 2000). This definition based on point prevalence showed to be more convenient as it considers
population growth in time. The US definition based on the absolute number of people affected leads
to a decrease in point prevalence over time as the population grows, which can cause further difficulties
(Nguengang Wakap et al., 2020).

To keep up with the increasing number of newly discovered rare diseases, Orphanet was
established in 1997 by the French National Institute of Health and Medical Research. Orphanet
is a database containing information on all registered rare diseases and its main purpose is to store
valuable data and to make them easily accessible to healthcare specialists and the general public.
This portal is updated every month in order to include new rare diseases or to further specify
the classification of current disorders as new details are discovered. Orphanet uses data from various
sources such as scientific publications or workshops with experts in the field. The cooperation among
research groups as well as among whole countries is critical for the database and enables it to include
alarge amount ofreliable information. Therefore, Orphanet has been funded by the European
Commission since 2000, and, currently, almost forty different countries contribute to the data collection
(Rath et al., 2012).

Although the exact number of rare diseases differs tremendously among various sources,
Orphanet includes descriptions of more than 6100 unique rare diseases. Moreover, almost 72 %
of these conditions are considered to be of genetic origin and almost 70 % are paediatric onset.
Nguengang Wakap et al. conducted research in an effort to estimate the global cumulative point
prevalence of these disorders. They considered the rare diseases registered in the Orphanet database
excluding rare cancers, infectious diseases and poisonings as well as rare diseases with unknown point
prevalence. Using data from the remaining 67.6 % of diseases, they calculated the global point
prevalence as 3.5-5.9 %. This represents approximately 262.9 to 446.2 million people suffering
from rare diseases worldwide, considering the size of the population in 2017 when the research was
conducted. Furthermore, as the study knowingly excluded some of the registered rare diseases, the real

number is likely to be even higher. It is, therefore, important to note that while each rare disease



individually affects only a small number of people, collectively they pose a major challenge to modern
medicine (Nguengang Wakap et al., 2020).

Rare diseases contain large amounts of extremely heterogeneous disorders with various molecular
aetiology resulting in different clinical manifestations. As mentioned above, more than 70 %
of these conditions are of genetic origin. Nevertheless, even with this specification the causes
of individual disorders differ immensely including for example base substitutions, insertions
or deletions, translocations, etc. Moreover, a single disease can be caused by multiple molecular
mechanisms making it very complex and heterogenous on its own. On the other hand, many disorders
often share the same causality even though their effects on a patient’s phenotype differ. Thus, it would
be beneficial to group patients according to the disease actiology rather than the manifestations
for clinical trials. That is because a single drug can be used to target the molecular causality shared
by multiple disorders and the same therapeutical approach, therefore, has the potential to treat more
than one disease simultaneously (Brooks et al., 2014, Rath et al., 2012).

There is, unfortunately, a general lack of information on rare diseases. Because of their low
prevalence, not enough participants are available for conducting research which could help accurately
describe the causalities and provide data for the development of new treatment (Richter et al., 2015).
Furthermore, financial loss is expected for pharmaceutical companies involved in creating orphan drugs,
which is a term used for drugs specifically designed to cure rare diseases. The reason for this
is that the high cost of development would by far exceed the profit generated from sales. The main
purpose of the Orphan Drug Act authorized in the United States in 1983 was to provide financial
incentives for pharmaceutical companies to enhance the development of such drugs. Over the forty
years, it is in effect, a large number of new drugs for rare diseases were found and between 4 to 6 %
of rare diseases already have an approved drug on the market. (Fermaglich and Miller, 2023,

Orphan Drug Act, 1983).

3. Mouse as a model organism for rare diseases

Accurate description of causalities and mechanisms connected to various human diseases
as well as effective development of new therapeutical approaches requires profound modelling.
In clinical practice, modelling is usually done either in vitro using cell cultures and organ cultures
or in vivo using animal models. Nevertheless, in vitro experiments, although useful for obtaining
preliminary information, are not as suitable for precise modelling of human diseases for various reasons.
For example, when a chemical substance is transferred in vivo it encounters many natural barriers
which do not exist in cell cultures and are generally difficult to reproduce in vitro. Moreover, a given
chemical substance is most likely specifically metabolized inside the animal’s body, however, this is not
the case when using cell cultures. Finally, in vitro experimenting cannot mimic the overall complexity

and structure of the human body nearly as much as animal models, which makes the translatability



of the results obtained from these types of studies rather low. In vivo research and accurate animal
models are, thus, necessary for gaining critical information which could help develop effective
treatments for various human disorders (Garattini and Grignaschi, 2017).

The first and most important step in animal modelling is choosing a suitable organism to use.
In modern research, rodents and especially mice proved to be the most convenient organism
for modelling human diseases for several reasons. First of all, mice are small and easy to breed
and manipulate, as they do not require much space or resources. They are cost-effective and highly
available even in large numbers which is crucial as many subjects are often needed in a single experiment
for scientists to be able to statistically evaluate the results of research. Additionally, mice have a much
shorter generation time and their lifespan is accelerated compared to humans, thus, researchers are able
to obtain experimental results in a relatively short period of time (Vandamme, 2015). The mouse genetic
background is also profoundly explored, as its whole genome has been sequenced.
As a result, the designing and modelling processes are highly simplified (Mouse Genome Sequencing
Consortium, 2002). Furthermore, genetic engineering is possible in mice, which is a necessary quality
that allows scientists to create an enormous diversity of mouse models.

Finally, an extremely important feature is the translatability of the experimental results to humans.
One of the main reasons why mice were chosen as model organisms for medical research is the similarity
of their genome to the human one. Numerous genomic regions and sequences are highly conserved
among all mammals and can be found in both mice and humans in an unmodified state.
Moreover, the absolute majority of mouse genes have at least one homolog in the human genome.
Therefore, the results obtained from experiments using mouse models can be, to some extent, applied
to humans (Mouse Genome Sequencing Consortium, 2002).

In 2007, the International Knockout Mouse Consortium (IKCM) launched a project
whose objective was to create knock-out mutations in every known coding gene of the mouse genome.
Over the years, IKCM generated countless edited mouse embryonic stem cell clones. The majority
of these mutations were performed on embryonic stem cell lines originating from C57BL/6, one
of the best-characterized inbred mouse strains widely utilized in the scientific field.
(Bradley et al., 2012, Pettitt et al., 2009).

The International Phenotyping Mouse Consortium (IPCM), launched in 2011, utilizes mutant
embryonic stem cell lines created by IKCM to generate and, subsequently, phenotype specific
knock-out mouse strains. Its main aim is to determine the exact function of mutated mouse genes
and the function of their mammalian, especially human, homologs. Many of these specifically designed
mouse strains are successfully used as model organisms for human diseases in medical research

(Brown and Moore, 2012).



4. CRISPR/Cas9

CRISPR/Cas9 is an innovative and currently the most studied gene-editing tool in the scientific
field. Its efficiency, relatively low cost and simple design make it an extremely powerful and beneficial
way to edit genes. The CRISPR/Cas9 system differs from its ancestors such as zinc-finger
nucleases (ZFNs) or transcription activator-like effector nucleases (TALENs) mainly in the way
it targets the chosen DNA sequence. While ZFNs and TALENSs use specific sequences of amino acids
to bind to the target genomic locus, the CRISPR/Cas9 technology relies on short RNA containing bases
complementary to the target site (Boch et al., 2009, Jinek et al., 2012, Mani et al., 2005).
Since predicting the amino-acid sequence, which would precisely bind to the chosen locus, is rather

difficult, the CRISPR/Cas9 system is viewed as a much more suitable option.

4.1. Components and functioning

CRISPR/Cas9 originates from an intricate immunity system against bacteriophages found
in many bacteria and archaea (Barrangou et al. 2007). It obtained its name from the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) array, which is an area in the prokaryote genome
essential for this antiviral system to work. (Jansen et al., 2002).

This system consists of CRISPR-associated protein 9 (Cas9), CRISPR RNA (crRNA),
which is precisely designed to target the DNA sequence of interest, and transactivating CRISPR RNA
(tracrRNA). TracrRNA binds to crRNA in a base complementary fashion and then enables
the association with the Cas9 protein (Jinek et al., 2012).

The crRNA:tractrRNA complex guides the Cas9 nuclease to target locus in the genome
through complementary base pairing between the chosen sequence and crRNA. Critical for successful
binding is the recognition of the protospacer-adjacent motif (PAM) located downstream of the target site
by the Cas9 protein (Mojica et al., 2009). Today, the most frequently used Cas9 protein is SpCas9
extracted from Streptococcus pyogenes. SpCas9 recognizes the PAM sequence of NGG, which occurs
relatively frequently and is common in the genomes of many organisms, therefore, significantly
facilitating the use of the CRISPR/Cas9 technology (Hsu et al., 2013). The binding and complementary
base pairing of the complex to the DNA promotes the formation of an R-loop structure
(Szczelkun et al., 2014). Two of the Cas9 domains called HNH and RuvC display nuclease activity
and their function is to cleave the complementary strand to crRNA and the non-complementary strand,
respectively (Jinek et al., 2012). The establishment of an R-loop activates these domains and catalyzes
the cleavage of double-stranded DNA, thus, creating a DSB (Sternberg et al., 2014).
Subsequently, the conserved cell repair mechanisms such as non-homologous end joining (NHEJ)
or homology-directed repair (HDR) are activated (Fu et al., 2021).

NHE]J is a predominant repair pathway in mammalian cells because it is active in all stages

of the cell cycle, although it preferentially functions in G1 and early S phases (Takata ef al., 1998).
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The blunt DNA ends are rejoined with only minor processing during the NHEJ pathway.
This mechanism is, however, error-prone and often results in the formation of various mutations,
especially small insertions or deletions (indels) (Fu et al., 2021). HDR, on the other hand, is much more
precise and repairs the damaged DNA with the help of a homologous template, often a sister chromatid.
Nevertheless, this template is naturally available only in the S and G2 phases of the cell cycle
which restricts the pathway from being active during other stages (Takata ef al., 1998).

Furthermore, the structure of the dual crRNA:tracrRNA complex suggested that connecting
both of these RNAs into a single chimera while simultaneously preserving their properties could be
possible. The 3’ end of crRNA was, therefore, fused with the 5° end of tracrRNA to create single-guide
RNA (sgRNA). This novel RNA consists of a recognition sequence situated at the 5’ end,
which is responsible for binding to the target site in the DNA, followed by a hairpin structure ensuring
the proper base pairing between former crRNA and tracrRNA. Fusing two individual RNAs into single
chimeric sgRNA tremendously simplified the designing process and made the CRISPR/Cas9 system

even more convenient for gene editing (Jinek et al., 2012).

Cas9 programmed by crRNA:tracrRNA duplex
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Figure 1: Schematic of Cas9-associated RNA binding to the target DNA site.

Top: Cas9 is guided to the target genomic site by two individual RNAs: crRNA, which binds to the target site
in a base-complementary fashion, and tracrRNA. Bottom: By fusing crRNA and tracrRNA via a linker loop,
a single-guide RNA is created. This chimera effectively leads the Cas9 protein to the target DNA site
and simplifies the designing process. The scissors symbolize the cleavage sites in both strands.
(Adopted from Jinek et al., 2012 and modified.)



4.2. Modification of the Cas9 nuclease domains

Sometimes, in order to edit the gene of interest with the help of the CRISPR/Cas9 technology,
the creation of the DSB is not necessary. Thus, the Cas9 can be specifically modified not to cleave
the target site at all or to nick only one of the DNA strands which enables the development of new
efficient gene editing strategies.

By installing a specific H§40A mutation in the HNH and a D10A mutation in the RuvC nuclease
domains of Cas9, changing its properties from DNA-cleaving protein to a DNA-binding one can be
achieved (Jinek ez al., 2012). This new version of Cas9 is called deadCas9 (dCas9) and finds its purpose
in multiple CRISPR/Cas9-mediated gene editing strategies. For instance, in the first and second
generations of cytidine base editors (CBEs), dCas9 effectively leads the associated deaminase
to the target site and, therefore, enables the creation of the desired edit (Komor ef al., 2016).

By mutating only one of the nuclease domains, Cas9 nickase (Cas9n), able to cleave only one
DNA strand at a time, is created. (Jinek et al., 2012). Using two Cas9 nickases to target the same
genomic site but each nicking a different DNA strand immensely enhances the target specificity
of the CRISPR/Cas9 system (Ran et al, 2013). Moreover, Cas9n mutants are routinely utilized in gene
editing for their convenient attributes. Base editing, for example, takes advantage of the Cas9n
D10A mutant cleaving only the complementary DNA strand (Komor ef al., 2016). On the other hand,
prime editing uses the Cas9n H840A mutant nicking only the non-complementary DNA strand
to achieve efficient editing (Anzalone et al., 2019).

5. Genome editing methods and strategies

The choice of an appropriate gene editing approach to use in order to achieve the desired genome
alteration is extremely important for the success of a given experiment. Numerous different methods
employing the CRISPR/Cas9 technology exist, thus, enabling scientists to introduce various precise

deletions, insertions, substitutions and other mutations into the genome.

5.1. Gene knock-out

Gene knock-out is one of the oldest and simplest editing strategies whose purpose is to inactivate
the gene of interest connected to the subsequent depletion of its product (Duan et al., 2016).
Many different approaches for inducing gene knock-out have been developed indicating its universal

applicability in the scientific field.

5.1.1 Single gRNA strategy

The original strategy developed to inactivate genes using the CRISPR/Cas9 system takes

advantage of the endogenous cellular NHEJ repair mechanism. After Cas9 is led to the target sequence



by associated sgRNA, it introduces a DSB into the genomic site which is predominantly repaired by this
pathway (Jinek et al., 2012, Takata et al., 1998) However, NHEJ is error-prone and creates small
insertions and deletions (indels) which usually cause a frameshift in the target protein-coding sequence
and can result in the formation of premature STOP codons (Yen et al., 2014).

The choice of target site in the gene of interest is crucial for the efficiency of gene knock-out.
The most successful approach seems to be targeting the critical exon of a given gene. Critical exon must
be contained in all known splicing variants of a given gene in order for all of them to be affected.
It also causes frameshift mutations when deleted, which potentially lead to the creation of premature
termination codons and subsequent degradation of the mRNA (Bradley et al., 2012,
Couttet and Grange, 2004). Finally, critical exon should be situated in the first 50 % of the coding area
of the gene, as premature STOP codons in this region have a higher chance of being recognized,
thus, marking the transcript as faulty (Hall and Thein, 1994).

The degradation of unusual mRNAs, for example, those with premature termination codons,
is performed via the nonsense-mediated decay (NMD) pathway, one of the best characterized cellular
quality control mechanisms. These flawed transcripts are recognized by the components of NMD,
which then recruit other factors necessary for the pathway, and the damaged mRNA is degraded
before it has a chance to be translated into protein. All these steps ensure the successful inactivation
of the targeted genomic sequence (Couttet and Grange, 2004).

Duan ef al. used the CRISPR/Cas9-mediated knockout strategy described above to generate
a mouse model which could potentially help scientists develop an effective therapy to treat osteoporosis
in humans. V-ATPase is an important and multifunctional enzyme and mutations in some of its subunits,
for instance, ATP6V1H, are associated with various bone alterations. In this experiment, specifically
designed sgRNA was utilized to lead Cas9 to the exon 2 of the Atp6vih mouse gene where the nuclease
created a DSB. The reparation of the cleavage by the imprecise NHEJ pathway resulted in the deletion
of 5 nucleotides and a single-nucleotide substitution. These mutations then caused a frameshift
and the formation of premature STOP codon leading to gene inactivation and depletion
of the Atp6v1h subunit. Using this strategy, Duan et al. successfully created knock-out mouse models
with decreased bone density and insufficient bone formation and calcification (Duan ef al., 2016).

The CRISPR/Cas9 technology can also be employed to inactivate multiple genes simultaneously.
Wang et al. transfected the Cas9 nuclease and a specific set of sgRNAs, each targeting a different gene,

into host cells and observed knock-out of all targeted genes with high efficiency (Wang et al., 2013).

5.1.1.1. Possible challenges

Creating only one DSB is not always efficient enough to result in complete gene knock-out.
The NHEJ pathway introduces indels into the genome in a rather random manner and the outcomes
of this activity can differ tremendously (Yen et al., 2014). If the premature termination codon is situated

in close proximity to the 5’ end of the mRNA, this transcript can escape the degradation mediated
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by NMD by reinitiating the translation with the help of another START codon located downstream
(Neu-Yilik et al., 2011, Zhang and Maquat, 1997). Random indels can also cause frameshift
which affects the splice-regulatory sites of the targeted gene. Mutation of these sites might result
in alternative splicing and, subsequently, in the production of aberrant proteins with unpredictable
functions. They can display lower levels of their original activity or, sometimes, even negative dominant

activity, which interferes with the usual function of the wild-type protein (Kapahnke et al., 2016).

5.1.2. Dual gRNA strategies

When targeting multiple genes, scientists discovered that the creation of two DSBs in adjacent
genomic sites by sgRNA-associated Cas9 nuclease can cause the deletion of the intervening sequence
(Cong et al., 2013, Zhou et al., 2014). This appeared to be an innovative approach for generating
knock-out and research was conducted to further characterize this phenomenon, using numerous pairs
of sgRNAs to target diverse genomic sites.

It was observed that the dual sgRNA strategy can delete sequences of various sizes from less
than 1 kb to more than 1 Mb. Therefore, the excision of specific short sequences, exons
as well as introns, or even whole genes is possible. Deletion of a critical exon appears to be a safer
strategy for effective knock-out than deletion of the entire gene. The reason for this is that a gene can
contain regulatory sequences responsible for modulating other non-targeted loci, which there is no desire
to damage (Canver ef al., 2014).

This CRISPR/Cas9-mediated deletion strategy was utilized by Syding et al. to create a mouse
model of Angelman syndrome. This syndrome is a rare disorder characterized by intellectual
and behavioural deficits and impaired motor skills. UBE34 gene, encoding the ubiquitin E3 ligase,
is paternally imprinted in neurons leading to the predominant expression of the maternal copy.
Angelman syndrome is usually caused by large deletions in this maternal copy resulting in depletion
of the ligase which leads to the specific clinical manifestations. Syding and group employed dual gRNA
to create a 76 kb deletion of the whole mouse Ube3a gene and generated models sharing many
characteristics with patients suffering from this disease (Syding et al., 2022).

According to Canver et al., who studied the deletion properties of various genomic sequences,
there is an inverse relationship between the size of the excised sequence and the frequency
of such excision (Canver et al., 2014). Additionally, some studies show that the junction of DNA strands
after the deletion of the intervening region was error-free and precise (Zheng et al., 2014) while others
described the formation of various indels at the junction site as common (Canver et al., 2014).

This method can be utilized to delete coding as well as non-coding sequences, for example, long
non-coding RNAs. Non-coding loci are not affected by frameshift mutations and, thus, cannot
be inactivated by NHEJ-mediated incorporation of random indels. Therefore, deleting promoters

of non-coding sequences or the excision of the entire sequence itself is an extremely convenient



approach for mediating their inactivation. This strategy can help researchers discover their real function
and the exact way in which they affect phenotype (Han et al., 2014).

Additionally, it is rather difficult to predict the exact location of regulatory sequences needed
for proper splicing. Unwanted damage in these sequences could result in alternative splicing
and unpredictable products as described above. It is, therefore, advised to target the Cas9 cleavage

to the sites at least 100 bp away from the boundaries between exons and introns (Miura ef al., 2018).

Zuo et al. later observed that targeting a single critical exon of a gene by two or more closely
spaced (from 10 to 200 bp apart) sgRNAs can achieve a rapid increase in knock-out efficiency.
This enhancement seems to be caused by the simultaneous sequence deletion and indel formation
leading to frameshift mutations. Their study also suggests that the more sgRNAs targeting the same

exon were used, the larger deletions occurred (Zuo et al., 2017).

5.1.3. Double-nicking strategy

Using Cas9 nuclease to create DSBs can, sometimes, be connected to mutations in non-targeted
genomic sites. These alterations of sequences with only partial homology to sgRNA spacer are possible
due to the low number of base mismatches being tolerated (Fu et al., 2013). An increase in specificity
is, thus, required for this method to yield satisfactory results. To overcome this challenge,
a double-nicking strategy was developed. This approach uses Cas9n, with D10A mutation in its RuvC
nuclease domain, altered to nick only one strand of the DNA. Furthermore, two sgRNAs are employed,
each with a spacer complementary to one of the opposing DNA strands in the target site. These sgRNAs
then lead the Cas9 nickases to create nicks in both strands at an appropriate distance from each other.
This way a DSB is formed, which is then repaired via the NHEJ pathway in the same manner as those
caused by the Cas9 cleavage. Double-nicking was reported to increase targeting specificity
by up to 1,500-fold over wild-type Cas9 since two sgRNAs have to recognize the same target site
for the DSB to be created. In addition, single-stranded nicks are usually repaired with high-fidelity,
therefore, mutation rates are decreased in case of imprecise binding of only one of the sgRNAs
into an off-target site (Ran et al., 2013).

Similarly as with the creation of a single DSB, the double-nicking strategy can also notably
enhance the specificity of targeting and simultaneously decrease the occurrence of off-target effects
while deleting the desired DNA sequence. Two pairs of sgRNAs are utilized to lead Cas9 nickases to two
different target sites where they introduce nicks into both DNA strands as described above. This results
in the formation of DSBs in both chosen sites and, subsequently, a possible deletion of the intervening

sequence (Ran et al., 2013).
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Figure 2: Use of double-nicking strategy to create genomic deletions

Two pairs of sgRNAs are delivered into the system, each targeting one side of the genomic site whose deletion
is desired. The two sgRNAs in each pair bind to complementary DNA strands and lead Cas9 nickases to create
single-strand nicks at an appropriate distance from one another, resulting in two DSBs. The region between
those two DSBs is, subsequently, deleted. (Adopted from Ran et al., 2013 and modified.)

5.2. Gene knock-in

Gene knock-in is a precise method of gene editing which enables scientists to insert short
as well as long exogenous sequences into the genome or replace existing endogenous sequences
with new ones (Byrne et al., 2015, Raveux et al., 2017).

The original strategy for gene knock-in is based on the endogenous cellular HDR pathway
(Raveux et al., 2017). After the DSB occurs in the genome, HDR can be activated to repair
it through the process of homologous recombination. This mechanism requires a homologous sequence,
often a sister chromatid, which it uses as a repair template to precisely fix the damaged DNA.
HDR generally avoids the creation of additional mutations such as indels formed
during the NHEJ reparation process (Wu et al., 2013).

To employ this pathway for the insertion of the desired exogenous sequences into the genome,
scientists first used sgRNA-associated Cas9 nuclease to cleave the DNA and create a DSB. For initiation
of HDR, the system must be supplied with a donor template which carries the desired insert flanked
by arms homologous to the DNA sequence adjacent to the cleavage site. These arms then facilitate
homologous recombination and incorporation of the insert into the genome (Raveux et al., 2017).

The template can be provided in the form of a double-stranded circular plasmid, double-stranded
linear DNA sequence created by polymerase chain reaction (PCR) or single-stranded

oligonucleotide (ssODN) (Raveux et al., 2017, Song and Stieger, 2017).

5.2.1. Homology-dependent gene knock-in

The classical HDR-dependent knock-in technique often utilizes the dsSDNA plasmid as a donor
and Raveux et al. successfully incorporated a gene fragment approximately 1 kb long with the help
of homology arms the size of 500 bp using this template (Raveux et al., 2017).

Nutter et al. reported the creation of mouse models of myotonic dystrophy type 1
with this classical homology-dependent knock-in approach. This rare disease observed in humans

is caused by CTG repeat expansion in the DMPK gene which results in progressive muscle weakness

11



and wasting (Brook et al., 1992). This group inserted a plasmid donor containing a large number of CTG
repeats into the mouse Dmpk gene. Final models were confirmed to be valuable for testing drugs
with the potential to treat muscular dystrophy type 1 (Nutter ef al., 2019).

Usage of dsDNA plasmid is, however, connected to rather low editing efficiency. To address this
issue, circular plasmids were linearized using restriction endonucleases or Cas9 cleavage. This alteration
was reported to enhance the efficiency of HDR-mediated insertion in some studies
(Song and Stieger, 2017) but decreased it in others (Beumer et al., 2008). Furthermore, the linearized
plasmids were observed to increase the number of successfully modified target sites compared to linear
dsDNA templates created via PCR. This is possibly due to the post-translational modifications
or protection from degradation, both of which the PCR templates lack (Song and Stieger, 2017).

Moreover, multikilobase sequences can also be replaced via the HDR-based mechanism
when the system is supplied with plasmid donors containing long homology arms. Interestingly, creating
only one DSB in the target genomic location was observed to be more efficient compared to introducing
two DSBs flanking the sequence to be replaced. The latter option often resulted in inversion or deletion
of the intervening region, instead of its replacement (Byrne et al., 2015).

The desired insert might be also encoded by a synthetically generated ssODN donor. The length
of commercially available ssODNs is, nevertheless, limited to about 200 bp. Thus, this method can
be used to incorporate only short fragments of DNA using much shorter homology arms compared
to the classical HDR-based strategy with plasmid templates. Raveux et al. and Miura et al. reported
efficient incorporation of 30 bp and 40 bp long inserts with homology arms the size of 60 bp using this
strategy. However, ssODN templates hold some advantages over classical dsDNA HDR-mediated
insertion techniques. First, these templates are simple to design compared to plasmid vectors.
Additionally, due to the smaller size of the vector, it is possible to transfer a higher number of donors
into host cells which increases the editing efficiency. Finally, they are much less likely to be randomly
incorporated into the genome compared to dSDNA vectors. Overall, the use of ssODN as a template was
observed to be safer and more efficient than the use of double-stranded plasmids (Miura et al., 2018,
Raveux et al., 2017).

To better understand the mechanisms accompanying osteogenesis imperfecta type V, Rauch et al.
generated knock-in mouse models of this disorder using the ssODN donors. Osteogenesis imperfecta
type V is a rare disease caused by a heterozygous single-nucleotide -14C<T mutation
in the 5° untranslated region (UTR) of the IFITM5 gene. This gene encodes the BRIL protein
which is abundantly expressed in osteoblasts. This single-base substitution creates a novel translation
initiation site, subsequently adding 5 amino acids to the N-terminus of the BRIL protein
(Semler et al., 2012). Osteogenesis imperfecta type V is connected with impaired bone formation, low
bone mass and other bone abnormalities. Rauch et al. designed sgRNA to target the 5° UTR of the mouse
Ifitm5 gene and inserted a 67-base-long ssODN sequence carrying the desired -14C>T mutation.

The mosaic males obtained from this experiment were then mated with wild-type females resulting
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in offspring which carried the desired heterogeneous mutation in the Ifitm5 gene. These mice displayed
a wide variety of bone abnormalities which unfortunately resulted in neonatal death (Rauch et al., 2018).

To bypass the size limitations of ssODN templates, the in vitro transcription and reverse
transcription (ivIRT) technique was developed. This approach employs routine cellular processes
to synthesize long ssODN donors. In the first step, a long dsDNA fragment containing the desired insert
is transcribed in vitro to create RNA. Reverse transcriptase is then used to revert the RNA sequence
to DNA resulting in final long ssODN templates (Miura et al., 2018).

The Efficient additions with ssDNA inserts-CRISPR (Easi-CRISPR) strategy utilizes these long
ssODN donors to incorporate desired DNA fragments into the genome. The Cas9 protein
along with separate crRNA and tracrRNA are delivered into host cells to create DSB at the target
genomic site. This approach was observed to have enhanced efficiency compared to using Cas9 mRNA
or Cas9 protein with sgRNA (Aida et al., 2015). Simultaneously, the cells are supplied with long
ssODNs containing desired inserts flanked by homology arms. Successful incorporation
of up to 1.4 kb long fragments with homology arms about 100 bp in size was recorded. This method
is generally applicable as it was shown to successfully work for over a dozen different genome loci
with rather high editing efficiencies (Miura et al., 2018, Quadros et al., 2017).

The CRISPR/Cas9-mediated Precise Integration into Target Chromosome (CRIS-PITCh)
is a technique which employs the microhomology-mediated end joining (MMEJ) repair pathway
for incorporation of desired edits into the genome. MME] is active during the G1 and early S phases
ofthe cell cycle and, unlike HDR, requires only very short homology arms, ranging
from about 5 to 40 bp, for efficient insertion of DNA fragments. This strategy, similarly
to the Easi-CRISPR, shows the best results when crRNA and tracrRNA are not fused into a single
sgRNA. The donor template is supplied in the form of a dSDNA circular plasmid containing the desired
edit flanked by short homology arms. Additionally, two to three different crRNAs are used
in this approach: one cleaving the target site in the genome and one or two more cleaving the target sites
in the donor vector. When incorporation of the whole plasmid is desired, only one crRNA is used
to cleave it, and the plasmid is linearized. Nevertheless, double cleavage of target sites adjacent
to microhomology arms by two crRNAs releases the insertion cassette and rids it of unnecessary plasmid
backbone. Successful incorporation of a large fragment the size of 5 kb was reported using homology
arms of only 40 bp in length. Overall, the CRIS-PITCh is a flexible method of gene knock-in and shows
higher efficiency than the classical HDR-mediated DNA fragment insertion (Aida et al., 2016,
Nakade et al., 2014, Sakuma et al., 2016).

In another approach developed by Zhang and group, the desired insert is flanked by long
homology arms and delivered into host cells in the form of a dsDNA circular plasmid. This donor
also contains one additional sgRNA target site on each side of the insertion cassette, similarly
as in the PITCh method. Along with the insert, the Cas9 mRNA and sgRNAs are co-transfected to cells,

resulting in simultaneous cleavage of the genomic target site and both target sites in the donor vector.
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The cassette released from the template is then incorporated into the genomic site. This strategy was
successfully reported to insert a 2 kb long DNA fragment with the use of homology arms ranging
from 600 to 1000 bp. It combines long homology arms from the classical HDR-based method
and the design of the donor template from the MMEJ-based technique resulting in higher editing
efficiency than both of these previous approaches (Zhang et al., 2017).

Targeted integration with linearized dsDNA-CRISPR (Tild-CRISPR) is a very similar strategy
to the method developed by Zhang and group. The donor template is, as well, provided in the form
of a dsDNA circular plasmid containing the desired insert flanked by long homology arms.
However, the main difference is that in the Tild-CRISPR the donor vector is linearized in vitro using
two restriction nucleases, not upon delivery by Cas9-mediated cleavage. The restriction enzymes
recognize their target sites adjacent to each homology arm resulting in the release of the insertion
cassette. This cassette is, subsequently, co-transfected into cells along with the CRISPR/Cas9 system
components and incorporated into the cleaved genomic site. This technique can successfully insert
fragments up to 6 kb long with homology arms the size of about 800 bp. The Tild-CRISPR was observed
to create the desired edits with higher efficiency than the classical HDR-based method, the strategy
developed by Zhang and even the Easi-CRISPR approach (Yao et al., 2018).

5.2.2. Homology-independent gene knock-in

Although the original approaches for DNA insertion are based on HDR or other
homology-dependent pathways, the incorporation of gene fragments is also possible via NHEJ.
Furthermore, as the NHEJ pathway is active during the whole cell cycle, unlike HDR
(Takata et al., 1998), it has been reported to insert desired edits with higher frequency than the classical
homology-based strategy. This approach was observed to incorporate extremely long fragments
of up to 34 kb into the genome without the need for homology arms. It is, nevertheless, important to note
that using larger donors immensely decreases the knock-in efficiency. NHEJ-based incorporation
employs donor templates in the form of dsDNA circular plasmids linearized by the Cas9 cleavage
upon co-transfection inside cells. The target gene is cleaved by Cas9, as well, and the insert
is incorporated into the genome by the direct joining of blunt DNA ends. The donor template can carry
either one sgRNA target site on one side of the insert (single-cut donor) or two sgRNA target sites
flanking the insert on both sides (double-cut donor). The double-cut donor strategy creates two linear
fragments, one with the desired edit and one without it. These two fragments then compete
for the integration into the genome and decrease the efficiency of insertion. Using a single-cut donor
approach is, thus, a more convenient option. The disadvantage of this technique is that due to the direct
joining of blunt ends, the insert can be incorporated in both directions. In addition, there is a higher

chance of incorporation of the DNA fragments into off-target sites compared to HDR-based methods
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as this strategy does not require any homology in the donor template. The formation of various indels
is also much more frequent compared to homology-dependent knock-in approaches due to the nature

of the NHEJ repair pathway (He et al., 2016).
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Figure 3: Schematic of homology-dependent and homology-independent knock-in methods

A) The homology-dependent knock-in utilizes homologous arms of specific length flanking the desired insert
in the donor vector. This insert is integrated into the target genomic site previously cleaved by Cas9 nuclease
through the process of homologous recombination. B) In the homology-independent knock-in, the donor vector
carrying the desired insert is cleaved by Cas9 and integrated into the target genomic site also previously cleaved
by Cas9. This method does not require any homologous arms, however, the insert can be integrated in random
orientation. The blue lightnings symbolize the Cas9 cleavage sites, the blue and red sequences symbolize
the homology arms, GOI: gene of interest. (Adopted from Sakuma et al., 2016 and modified).

An alternative technique of NHEJ-mediated insertion employs Cas9 nickases which are used
to nick both strands of DNA with a precise offset and, therefore, create a DSB with specific
3’ or 5’ overhangs. If the system is simultaneously supplied with double-stranded oligonucleotides
with matching overhangs, these templates can be incorporated into the genome via non-homologous
ligation (Ran et al., 2013).

The Knock-in blunt ligation (KiBL) strategy uses a linear dsDNA fragment created by PCR
as a donor template. This fragment is co-transfected into cells along with the CRISPR/Cas9 technology
components and is incorporated into the target genomic site cleaved by Cas9. This method has been
observed to efficiently knock-in gene fragments of up to 2 kb in size. Nevertheless, the length limitations
of linear dsDNA sequences that can be generated by PCR, the low efficiency of electroporation of these
donors into cells and, finally, the possibility of the insert being incorporated in the wrong direction are
all drawbacks scientists have to face when choosing this method for their experiments

(Geisinger et al., 2016).
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The CRISPR/Cas9 homology-independent targeted insertion (CRISPR-HITI) is another
knock-in technique completely independent of homology arms. Its main advantage is the ability
to bypass the incorporation of gene fragments in random directions. The desired insert is encoded
in dsDNA circular plasmid which is, upon transfection into cells, cleaved in one or two target sites
and linearized. The same sgRNA used for the Cas9-mediated cleavage of the vector also targets
the chosen site in the genome. However, the orientation of the target site in the donor template is flipped
compared to the one in the genome. This modification ensures that the DNA fragment is inserted
in the desired orientation as the reverse orientation results in recreating the intact sgRNA target site.
This intact target site is then repeatedly cleaved until the right orientation of the insert is achieved
or the target site is damaged by the formation of random indels. The knock-in efficiency
of the CRISPR-HITI strategy was observed to be higher than that of the classical HDR approach
or the PITCh method (Suzuki et al., 2016).

The Targeted Knock-In with Two guides (TKIT) is a specific technique which mediates
the incorporation of the exogenous DNA sequence into the non-coding areas of the targeted gene.
It employs a pair of sgRNAs to guide Cas9 to cleave two sites inside the targeted intron. The same pair
is then used for the Cas9-mediated cleavage of two sites flanking the desired insert in the dsSDNA circular
donor plasmid. The target sites in the vector are, nevertheless, flipped and switched compared to the ones
in the genome to ensure the right orientation of fragment incorporation.
Similarly as in the CRISPR-HITI approach, the sequence inserted in the reverse direction recreates
the intact sgRNA target site. This site is then cleaved by Cas9 until the fragment incorporates
in the forward orientation or until the site is destroyed by indels. Due to the targeting of non-coding
sequences, no exons in the gene of interest are cut, which makes this method less sensitive to indel
mutations. TKIT has been reported to have higher knock-in efficiencies compared

to the CRISPR-HITI approach (Fang et al., 2021).

5.2.3. Transgenic mice

As previously described, the CRISPR/Cas9 system can be utilized to insert rather long DNA
fragments, even whole genes, into the mouse genome. By incorporating exogenous genes originating
from different organisms, transgenic mice are created. These transgenes then have the potential
to be expressed and produce RNA or even be translated into proteins (Chu ef al., 2016).

The insertion of transgenes has been frequently targeted into a specific locus in the mouse
genome. This locus located on chromosome 6 is termed ROSA26 and is expressed in all cell types
as well as all stages of development making it a convenient candidate for transgene integration.
This locus consists of three exons and produces three different transcripts. Nevertheless, these

transcripts are not translated into any working proteins and their function is not yet clarified.
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The transgene insertion into ROSA26 is, thus, relatively safe as the possible damage caused
by imprecise knock-in should not lead to any changes in the mouse phenotype. The insert is usually
targeted into the first intron of the ROSA26 locus. It contains either a splice acceptor which ensures
its fusion with the first exon mediated by cellular splicing machinery, or a CAG promoter allowing
it to be expressed independently of the locus (Soriano, 1999, Zambrowicz ef al., 1997).

Humanized mice, with the inserted exogenous DNA sequences originating from humans, form
a specific subtype of transgenic mice. Such models are priceless for medical research as they bring
the experimental system closer to real conditions inside the human body. Even though mice were
selected as the fittest organism for modelling human diseases, their anatomy, physiology and genetic
information are still very different from humans. Humanizing mice models by insertion of human
genomic sequences or engraftment of human cells makes the experimental results more translatable.
This approach is extremely useful for the development of therapeutical approaches to treat various
human diseases (Zhang Y. et al., 2022).

Humanization of even very long genomic sequences is possible as shown by Leidy-Davis et al.
who reported successful replacement of the 17 kb Bcl2/11 mouse gene with the 25 kb long homologous
human BCL2L11 gene. In this experiment, the desired insert was encoded by a circular donor vector
which was integrated into the target genomic site via homologous recombination. Additionally, two pairs
of sgRNAs were used, each of them targeting one side of the mouse Bcl2/l]1 gene, to ensure
the efficiency of creating a DSB and its longer persistence (Leidy-Davis et al., 2018).

To enhance the development of appropriate therapy for rare diseases, Zhang Y. et al. successfully
employed the CRISPR/Cas9 technology to create a humanized mouse model of a lethal neuromuscular
disorder called Duchene muscular dystrophy. This rare disease is caused by various mutations
in the DMD gene encoding protein dystrophin which is essential for effective muscle functioning
(Koenig et al., 1987). The paper describes the replacement of mouse exon 51 of the Dmd gene
with the 233 bp long exon 51 of the homologous human DMD gene via CRISPR/Cas9-mediated
homology-dependent knock-in. The CRISPR/Cas9 system was then used to delete the mouse
endogenous exon 50 leading to frameshift and creation of premature STOP codon in human exon 51.
This resulted in inactivation of the Dmd gene and prevented the expression of dystrophin protein causing
Duchenne muscular dystrophy in the humanized mice model. Furthermore, they managed to correct this
mutation by creating a single DSB with sgRNA-associated Cas9 between the splice acceptor
and the premature termination codon in the exon 51. The NHEJ-mediated repair and formation
of specific indels resulted in the correction of the open reading frame, which ultimately led
to the restoration of dystrophin production. It was also observed that large indels disrupted the splice

acceptor and caused the skipping of the damaged exon 51 (Zhang Y. et al., 2022).
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Figure 6: Modeling of the Duchenne muscular dystrophy humanized mouse model

The CRISPR/Cas9 system was utilized to exchange the exon 51 of the mouse Dmd gene for the exon 51
of the homologous human DMD gene wusing a homology-dependent knock-in  strategy.
Subsequently, CRISPR/Cas9-mediated deletion of the endogenous mouse exon 50 caused a shift of reading
frame and formation of the premature STOP codon in the human exon 51 resulting in Dmd inactivation. The red
scissors symbolize the Cas9 cleavage sites. (Adopted from Zhang Y. et al., 2022.)

5.2.4. Gene knock-out mediated by homology-directed repair

Although NHEJ is the original and most often used pathway for the production of knock-outs,
HDR can be utilized to inactivate genes as well by inserting specific sequences into their critical exon.
The first option is the incorporation of small sequences, such as specific restriction sites, which then
cause frameshift mutations and the creation of premature STOP codon (Heeb et al., 2023).
Another strategy is the insertion of a larger sequence, for example, a whole reporter gene along
with its polyadenylic acid (poly(A)) tail. This tail ensures the premature termination of the targeted gene
transcription, resulting in its inactivation. Additionally, the reporter gene facilitates the selection
of successfully mutated cells (Zare et al., 2018). Finally, gene trapping is a method in which a whole
trapping cassette is integrated into the first intron of the gene of interest. This cassette usually consists
of a 3’ splice site, selection marker gene (for example lacZ) and poly(A) tail. As in the previous strategy,
transcription of the targeted gene is terminated prematurely due to the poly(A) sequence and the targeted
gene is, therefore, knocked out. Moreover, the 3 splice site ensures the fusion of the first exon
and selection marker gene which is then expressed and once again simplifies the process of identifying

correctly modified genes (Reber et al., 2018).

5.2.5. Conditional knock-out

Conventional knock-out of essential genes, such as housekeeping genes, is connected to prenatal
lethality or premature postnatal death, which poses a challenge for scientists attempting to study their
properties (Lindhurst et al., 2006, Luo et al., 1997). In addition, it is rather convenient to be able to study
the effects of gene inactivation only in specific cell types or tissues as the outcomes of such site-specific
disruptions can differ tremendously (Nakagawa et al., 2016). A simple knock-out strategy, however,
cannot direct the gene inactivation only in specific areas of the mouse body, making researching

this phenomenon further rather problematic. A conditional knock-out is an approach which solves
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these difficulties by allowing scientists to spatiotemporally control gene inactivation with the help
of inducible or site-specific recombinases (Akagi, et al., 1997, Feil et al., 1996, Gossen et al., 1995).

The cyclization recombinase (Cre) which recognizes specific sites termed locus of crossing over,
P1 (loxP) is the most often used recombinase in conditional knock-out experiments. It can mediate
recombination between two adjacent loxP sites and effectively delete the intervening sequence
in the process. Thus, by precise positioning of loxP sites inside the targeted gene, the creation
of a so-called conditional or floxed allele is possible. Cre then initiates the recombination and subsequent
excision of the critical sequence resulting in gene inactivation and leaving only one of the loxP sites
(Nakagawa et al., 2016, Yang et al., 2013). The same principle applies to flippase (FLP) recombinase
which recognizes the FLP recognition target (FRT) and is also frequently used in conditional knock-out
approach (Chen et al., 2018).

The inducible recombinases can be activated in any chosen stage of life by adding an exogenous
chemical to the conditional knock-out system. The most frequently used chemicals are tetracycline
or its derivatives, such as doxycycline, and tamoxifen. Tetracycline is able to induce Cre
or FLP expression on the transcriptional level while tamoxifen directs the activity of Cre into the nucleus
on the protein level. (Feil et al., 1996, Gossen et al., 1995).

To promote a tissue-specific knock-out, the recombinase gene must be positioned under
the control of the tissue-specific promoter. Each of these promoters displays its activity
only in a particular cell type inside the model organism enabling scientists to direct the knock-out
to desired areas, for example, liver, retina or Schwann cells (Akagi ef al., 1997).

The main advantage of this strategy is that the genes are not inactivated from the moment
the changes in the genome are executed. This is possible because conditional alleles are specifically
designed not to interfere with normal gene expression. Recombinase recognition sites are situated inside
introns or even the coding exons, but in both situations spliced out of the final transcript (Wu et al., 2022,
Yang et al., 2013). Therefore, the targeted gene is fully functional until the recombinase is expressed
leading to gene inactivation.

By incorporating the recombinase recognition sites into their genome, a line of mice containing
conditional alleles can be obtained. As they do not naturally express Cre, another line of transgenic mice
with inducible or site-specific recombinase must be created. These two lines then need to be bred,
eventually creating offspring carrying a conditional allele as well as a gene for Cre. Only then are

the mice ready for conditional knock-out experiments (Wu et al., 2022).

5.2.5.1. Creation of conditional allele

There are numerous strategies for incorporating the desired sequence into the genome to make
the subsequent conditional knock-out possible.
HDR-based insertion of recombinase recognition sites on each side of a critical exon is one way

to create a conditional allele. The insert can be encoded by a classical circular dsDNA vector
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or by ssODNs with shorter homology arms (Chen et al., 2018, Yang et al, 2013). Another knock-in
strategy, often used to create floxed alleles, is the Easi-CRISPR which employs long single-stranded
DNA donors carrying the whole critical exon flanked with recombinase recognition sites
(Quadros et al., 2017). Finally, the PITCh method encodes the desired insert in the form of circular
dsDNA. This approach, however, takes advantage of MMEJ instead of HDR (Aida ef al., 2016).

Because the conventional knock-out of the mouse Mgp gene encoding Matrix Gla protein (MGP)
is lethal, Borras et al. created the Mgp floxed mouse model using the CRISPR/Cas9 technology.
Mutation in the human MGP gene is associated with Keutel syndrome which is a rare disease
characterized by abnormal calcification in the lung, cartilage and vascular system (Munroe et al., 1999).
This group employed CRISPR/Cas9 to insert a single-stranded circular donor vector into the mouse
Mgp gene. This donor contained a specific part of the gene flanked by precisely located loxP sites
and was used to replace the corresponding part of the endogenous DNA sequence to enable conditional
knock-out. As high expression of Mgp was observed in the trabecular meshwork of the eye, Cre was
specifically transferred into this tissue through adenoviral-mediated delivery. Cre then performed
successful recombination between the two loxP sites leading to Mgp knock-out, which caused elevation
of intraocular pressure, one of the main risk factors for the development of glaucoma
(Borras et al., 2020).

The recombinase recognition sites can be inserted sequentially on one side of the exon and then
the other or simultaneously on both sides. Nevertheless, a high frequency of chromosomal deletions was
reported during concurrent insertion as it requires the formation of two DSBs at the same time.
Sequential insertion, where the first recombinase recognition site is inserted into a 1-cell stage zygote
and the second one into a 2-cell stage zygote, is, thus, a much safer option (Horii et al., 2017).

To study the effects of the Creb3/3 gene knock-out in specific tissues, Nakagawa ef al. generated
floxed mouse models by simultaneously inserting recombinase recognition sites into the targeted gene
using the CRISPR/Cas9 system. Subsequently, gene inactivation was induced either in the small
intestine or in the liver. These two sites were specifically chosen since Creb3[3, which encodes
an important regulator of lipid and glucose metabolism, is usually expressed in them. The floxed mice
were created by concurrent cleavage in introns 3 and 11 of the Creb3/3 mouse gene by two
sgRNA-associated Cas9 nucleases and the insertion of one loxP site into each of the disrupted sites.
The inserts were encoded by ssODNs and flanked by 250 bp long homology arms. As mentioned above,
the simultaneous cleavage unfortunately resulted in a high frequency of unwanted deletions.
However, the desired floxed mice were obtained as well enabling the group to continue
with the experiment. These mice were then mated with transgenic mice carrying the Cre gene, whose
expression was under the control of either liver- or small intestine-specific promoters. Mice with small
intestine-specific knock-out displayed no obvious change in phenotype compared to floxed mice,
nevertheless, mice with the liver-specific gene inactivation showed quite a few. They demonstrated

hypertriglyceridemia and hypercholesterolemia as well as acceleration in the development
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of non-alcoholic steatohepatitis, when fed the methionine-choline deficient diet. These conditions are
all rare medical disorders observed in humans, which makes these mouse models quite useful in medical
research (Nakagawa et al., 2016).
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Figure 4: Creation of floxed allele and conditional knock-out by activation of Cre expression

A) Two sgRNAs target specific DNA sites inside introns of the Creb3I3 mouse gene and guide Cas9 proteins
to create DSBs. Oligonucleotides carrying loxP sites are inserted into the two cleaved sequences resulting
in the creation of a floxed allele. B) The sequence between two loxP sites is deleted, after the tissue-specific
expression of Cre, and the gene is inactivated. (Adopted from Nakagawa et al., 2016 and modified.)

Another intricate strategy used for the creation of conditional alleles is the HDR-mediated
insertion of Short Conditional intrON (SCON) into the critical exon sequence. SCON is exactly 189 bp
long and consists of a 5’ splice donor site, followed by loxP, a branch point, another loxP,
a polypyrimidine tract and, finally, a 3 splice acceptor site. Upon insertion, expression of the target gene
is not affected by incorporated SCON, because the 3’ and 5’ splice sites ensure its excision from
the transcript before translation takes place. However, when Cre is expressed, it mediates recombination
between the two loxP sites, effectively deleting the branch point and shortening the SCON to 55 bp.
Without the branch point, the SCON cannot be spliced out of the transcript and, moreover, the shortened
version contains a termination codon in each of the three possible reading frames. This leads
to premature termination of translation, NMD-mediated degradation of mRNA and, eventually, gene
knock-out (Wu et al., 2022).

Finally, the knock-out first allele technique combines the possibilities of creating a simple
conventional knock-out as well as a conditional knock-out. In this approach, a specifically constructed
cassette is inserted into the intron adjacent to the critical exon. The cassette is referred to as tmla
and consists of a 5’ FRT followed by a lacZ gene and a loxP site, the neomycin phosphotransferase gene
and, at last, a second FRT followed by a second loxP site. The lacZ gene along with the neomycin
phosphotransferase gene make the selection of clones with correctly installed incorporation easier.
The cassette also contains a splice acceptor on its 5’ end and a poly(A)sequence on its 3’ end.
After the insertion of a simple loxP recognition site into the intron on the other side of the critical exon,

the knock-out first allele is ready (Testa et al., 2004).
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The incorporation of the tmla alone induces gene knock-out as it traps the gene by premature
termination of the transcription due to the poly(A) tail. This inactivated gene can be then modified in two
different ways. By inducing the expression of Cre, the neomycin phosphotransferase gene
as well as the critical exon are excised, leaving only the lacZ gene flanked by one FRT and one loxP
site. This way, the tm1b allele is created and the targeted gene remains knocked out. Another option
is promoting the expression of FLP recombinase first. FLP recombinase mediates the recombination
between FRP recognition sites and the deletion of both the lacZ and the neomycin phosphotransferase
genes. The newly formed allele is termed tm1c and consists of two loxP sites flanking the critical exon
and one FRT left after the FLP-mediated recombination. The activity of the previously knocked-out gene
is restored, due to the deletion of poly(A) tail, and a floxed allele is created. After the subsequent
activation of Cre, the critical exon is excised. This results in the final gene knock-out and creation
of the tm1d allele with only one residual loxP and one FRT site remaining (Skarnes et al., 2011,

Testa et al., 2004).

Figure 5: Schematic of the knock-out first allele

The insertion of the tmla cassette traps the targeted gene and causes its inactivation. The expression
of the FLP recombinase leads to the tmla allele transformation into a conditional tmlc allele while the gene
regains its function. However, the subsequent activation of Cre results in final gene knock-out due to the critical
exon deletion. The tmla allele can also be converted into the lacZ-tagged tm1b allele by expressing Cre first.
In this allele, the critical exon is deleted as well. (Adopted from Skarnes et al., 2011.)

5.3. Base editing

Base editing is a novel method of utilizing the CRISPR/Cas9 system to generate single-nucleotide
edits in a precise manner. Since the formation of DSB is not required in this approach, the Cas9 nuclease
is mutated in either one or both of its nuclease domains, which results in creating Cas9n or dCas9,
respectively. Modified Cas9 is fused with a specific base editor and led to the target sequence by sgRNA,
where it can install the desired alteration into the genome (Komor ef al., 2016). Base editing works

effectively in both dividing and non-dividing cells, unlike the HDR pathway (Yeh ef al., 2018).
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Additionally, as no double-strand breaks are created, this strategy generates much cleaner
products than the NHEJ pathway does (Komor et al., 2016). This strategy has remarkable potential

in creating animal models of various rare diseases (Liang et al., 2017, Liang ef al., 2018).

5.3.1. Base editors

Each base editing experiment is unique and, as such, each may require a different kind of substitution.
Therefore, scientists developed multiple classes of base editors using naturally occurring or synthetic
deaminases (Komor et al., 2016, Gaudelli et al., 2017, Xie et al., 2020, Kurt et al., 2021).
For example, cytidine and adenine base editors quickly became popular among researchers for their
convenient attributes and belong to the most frequently used editor systems today (Komor et al., 2016,

Gaudelli et al., 2017).

5.3.1.1. Cytidine base editors

Cytidine deaminases catalyse the conversion of C into U, which is later substituted
by T by the DNA replication process or cellular repair mechanisms. This eventually results

in the change from the original GC pair to the novel AT pair (Komor et al., 2016).
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Figure 7: The C to T conversion mediated by cytidine base editors

The cytidine deaminase connected to catalytically inactive dCas9 is guided to the target genomic site
by associated sgRNA and converts C into U. Subsequently, U is substituted with T in a process of DNA
replication or repair and the former GC pair is turned into an AT pair. (Adopted from Komor et al., 2016.)

The apolipoprotein B mRNA editing enzyme, catalytic polypeptide (APOBEC) family of cytidine
deaminases and activation-induced cytidine deaminase (AID) are naturally occurring proteins, able
to edit ssDNA, employed to generate cytidine base editors (CBEs) (Komor et al., 2016,
Nishida et al., 2016).
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The first generation of cytidine base editors (CBE1) was created by Komor et al. It consisted
of rat-derived cytidine deaminase (rAPOBECI) connected to the N-terminus of dCas9 by 16 nt long
XTEN linker and a nuclear localization signal (NLS) fused with its C-terminus. Although this system
turned out to be rather successful in converting C to U during in vitro experiments, it performed poorly
when introduced to human cells (Komor ef al., 2016). The reason for this decrease in efficiency seemed
to be the recognition of U by uracil N-glycosylase (UNG). This enzyme cleaves the glycosidic bond
binding uracil to the DNA backbone, which stimulates the base excision repair (BER) pathway.
The abasic site is, thus, repaired according to the DNA strand complementary to the sgRNA resulting
in the original CG pair (Dianov et al., 1992, Lindahl, 1974).

Requiring a solution for this difficulty, scientists developed the second generation of cytidine base
editors (CBE2) by adding a uracil DNA glycosylase inhibitor (UGI) to the C-terminus of CBEI.
This adaptation inhibits UNG and, consequently, the BER pathway, resulting in an enhanced editing
efficiency in human cells (Komor et al., 2016).

To create a mouse model of albinism, Liang ef al. generated high-fidelity CBE2 by introducing
five specific point mutations into the dCas9. Albinism is a rare disease caused by mutations in the
TYR gene encoding an enzyme called tyrosinase which is necessary for melanin production
(Korner and Pawelek, 1982). These mutations lead to the depletion of melanin and subsequent changes
in phenotype, mainly loss of pigmentation. The C to T base conversion was targeted into the mouse Ty
and resulted in the creation of a premature termination codon which ultimately inactivated the gene.
Therefore, tyrosinase could not be properly expressed and the desired mouse model was successfully
generated (Liang et al., 2017).

Next, the catalytic activity of the HNH nuclease domain of dCas9 was restored. The third
generation of cytidine base editors (CBE3), thus, contains a Cas9n with only the D10A mutation
in its RuvC domain. The nick in the non-complementary DNA strand induced by Cas9n shifts the repair
pathway to preferentially use the edited complementary strand as a template. As a result, an AU pair
is created, which later undergoes the conversion into an AT pair by DNA replication machinery.
Developing CBE3 enhanced the efficiency of editing two- to sixfold over CBE2, although a slight
increase in indels was recorded as well (Komor et al., 2016).

The fourth generation of cytidine base editors (CBE4) was created by adding one more UGI
to the N-terminus, to further prevent the BER pathway, and by extending the linker connecting
rAPOBECI1 to Cas9n (Komor et al., 2017). Moreover, this system can be enhanced by replacing
the original NLS with a bipartite NLS and attaching it to both the C- and N- terminus. This bis-bipartite
NLS system then undergoes modification of codon usage, which ultimately results in an extremely
efficient BE4max (Koblan et al., 2018).

The third and fourth generations of base editors were both additionally modified by fusion
with Gam protein. This protein, originating from MU bacteriophage, reduced the number of indels

in the final products. It has been proposed that mutations of this kind often form as a result of DSBs
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created by simultaneous nicking of the non-complementary strand by Cas9n and the complementary
strand by apurinic or apyrimidinic site (AP) lyase. After UNG cleaves the glycosidic bond of uracil,
AP lyase is stimulated to nick the DNA strand adjacent to this novel abasic site (Komor et al., 2017).
Gam protein binds to the DSB and prevents the NHEJ repair pathway, which could form undesired
indels in the target DNA sequence (d’Adda di Fagagna ef al., 2003).

Another cytidine base editor system utilizing AID, instead of APOBEC, was termed
Target-AlID. It consists of an AID ortholog called Petromyzon marinus cytidine deaminase 1 (pmCDA1)
fused with the C-terminus of nCas9 along with additional UGI to prevent the BER pathway and increase
C to T editing efficiency (Nishida et al., 2016).

5.3.1.2. Adenine base editors

There are no naturally occurring adenine deaminases converting bases in DNA templates.
Therefore, the optimized TadA* deaminase had to be created in a laboratory using extensive engineering
methods. It originated from tRNA adenosine deaminase A (TadA) which initiates adenine deamination
in tRNA (Kim et al., 2006). The enhanced TadA* is able to deaminate A in the DNA and change it into I,
which is later substituted by G with the help of the DNA replication process and cellular repair
mechanisms. This leads to the ultimate replacement of the previous AT pair with the new GC pair

(Gaudelli et al., 2017).
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Figure 8: The A to G conversion mediated by adenine base editors

The sgRNA leads the Cas9 nickase and associated adenine deaminase to the genomic target site.
There, the deaminase converts A into T and the Cas9 nicks the non-edited strand enhancing the editing
efficiency. The edited T is then changed into G by DNA repair mechanisms or replication machinery.
The former AT pair is substituted with a CG pair. (Adopted from Gaudelli et al., 2017.)

Adenine base editors (ABEs) yield final products that are significantly cleaner compared to CBEs.
The reason for this is that the targeting and excision of converted inosine by alkyl adenine DNA
glycosylase (AAG) (Lau et al., 2000) does not seem to decrease the editing efficiency, unlike the activity
of UNG in CBEs (Gaudelli et al., 2017).
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The first generation of adenine base editors, particularly ABE 1.2, has a similar constitution
as the corresponding generation of CBEs. TadA* is connected to the N-terminus of nCas9 via XTEN
linker while the C-terminus is fused with NLS. The observed editing efficiency of this generation was,
however, very low (Gaudelli ef al., 2017).

To overcome this issue, Gaudelli et al. introduced various novel modifications to the first
generation of ABEs. One of them was the creation of a heterodimer consisting of wild-type TadA
monomer and evolved TadA* monomer, which was then fused with nCas9. This way, new generations
of ABE, including ABE7.10., were developed (Gaudelli et al., 2017). Furthermore, the replacement
of the original NLS of the ABE7.10 system with bipartite NLS and attaching it to both termini, similarly
as in CBE4, resulted in the creation of enhanced ABEmax (Koblan ef al., 2018). Finally, ABE8e was
established, which contained only the evolved TadA* monomer but with eight additional mutations,
compared to ABE7.10, and displayed maximized editing efficiency (Richter et al., 2020).

ABE7.10 was successfully utilized by Liang et al. to target mRNA splice sites in the genes
of interest and install A to G conversions. This effectively disrupted the process of correct gene splicing
and resulted in the depletion of corresponding protein products. Using this strategy, they managed
to create mouse models of two different rare diseases: albinism and Duchenne muscular dystrophy.
In the first case, a single sgRNA was designed to target the splice donor at exon 3 of the 7jr gene
where the ABE7.10 installed the desired edit. Unfortunately, no white-coated FO mice were created.
Nevertheless, when they were mated with homozygous 7y» mutant mice, albino pups were successfully
obtained. When creating a Duchenne muscular dystrophy mouse model, two sgRNAs were designed
to target the splice donor of exon 61 and splice acceptor of exon 66 in the mouse Dmd gene. These exons
were chosen primarily because both of them are highly conserved between mice and humans.
ABE?7.10 system managed to convert A to G at the chosen splice sites with high efficiency and edited
mice displayed phenotype typical for Duchenne muscular dystrophy in humans (Liang ef al., 2018).

5.3.1.3. C to G base editor 1

Although cytidine deaminases used in CBEs typically initiate the gradual change of C into T,
scientists discovered that they can be used to mediate the substitution of C by G as well. To establish
a system facilitating this substitution, Kurt et al. decided to modify BE4max by removing the two
tethered UGIs. As a result, the efficiency of C into G conversion was increased over the original
BE4max, although a higher frequency of indels was also reported. Next, they decided to add human
UNG protein to generate more abasic sites and activate the BER pathway. They hypothesized
that this modification would enhance the editing efficiency, however, the frequency of base conversion
was unexpectedly decreased. In order to further improve the properties of this complex, the R33A
mutation was introduced to rAPOBECI, which proved to be a successful approach as it considerably

amplified the editing activity. The last step was the replacement of the human UNG for UNG extracted
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from FE. coli and fusing it with the N-terminus of the BE4max complex, which finally resulted
in the creation of the C to G base editor 1 (CGBE1). The majority of edits installed by CGBE1 was
observed in the cytidines situated in AT-rich sequence and those located at position 6 of the protospacer,
when the end of the protospacer distal to PAM is counted as position 1 (Kurt et al., 2021).

During the process of CGBE1-mediated base substitution, a higher frequency of indel formation
was reported compared to editing with BE4max. To solve this difficulty, the miniCGBE1 was created
by removing the E. coli UNG protein from the CGBE1 complex. This system displayed a slight decrease

in editing activity, nevertheless, fewer indels were observed in its final products (Kurt et al., 2021).

5.3.1.4. Adenine and cytosine base editor

By fusing both cytidine and adenine deaminases to Cas9n, adenine and cytosine base
editor (ACBE) was developed, which are able to simultaneously convert C to T and A to G in the target
region. Xie et al. chose a cytidine base editor Target-AID and an adenine base editor ABE7.10 for their
unique complementary properties to create this new base-editing system. The PmCDAI1
along with the UGI protein of Target-AID were fused to the C-terminus of ABE7.10 resulting
in a powerful C to T and A to G converter. Moreover, it was observed that the length of the sgRNA
spacer as well as the length of the linkers in the ACBE system have a strong impact on the editing
efficiency. According to the study, the sgRNA spacer should be ideally 20 nt long and the linker
connecting nCas9 and TadA heterodimer of ABE7.10 should contain 16 amino acids to achieve optimal

dual base editing (Xie et al., 2020).

5.3.2. Editing window

After the base editor system binds to its target sequence, an R-loop is formed displacing
the non-targeted strand of the DNA. This temporarily creates a single-stranded area
in the complementary strand, part of which is available for base conversion and is called an editing
window. The editing window of CBE3 and ABE7.10 ranges from approximately 4 to 8 bases
and from4to 7 bases of protospacer, respectively. As the deaminases have access
to all of the nucleotides in the editing window, they often convert other bases as well as the targeted one,
which poses a difficulty and decreases the precision of base editing (Gaudelli et al., 2017,
Komor et al., 2016).

Many different approaches to changing the width of the editing window were developed. Utilizing
deaminases with decreased enzyme activity narrows the editing window, similarly, as shortening
the sgRNA does, in some cases (Kim et al., 2017). On the other hand, tethering multiple deaminases
to one nCas9 protein has been shown to enlarge it. This can be observed in the CBE-derived base editor
for programming larger C to U (T) scope (BE-PLUS), which was engineered to effectively edit
in the positions from 4 to 16 of protospacer (Jiang et al., 2018).
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5.4. Prime editing

Prime editing is an extremely versatile strategy of gene editing able to induce small insertions
or small deletions as well as all 12 base-to-base conversions (Anzalone et al., 2019).

Similarly as in base editing, this strategy does not require the creation of DSBs
and, thus, the canonical Cas9 is not a part of the prime editing complex. Instead, it is altered
by modifying its HNH nuclease domain, creating a Cas9n H840A mutant, which nicks only
the non-complementary strand of the DNA. The whole system consists of the already mentioned Cas9n
fused with reverse transcriptase and supplied with prime editing guide RNA (pegRNA), which contains
the typical spacer but is also extended on its 3° end. This critical 3’ end extension carries the template,
according to which the reverse transcriptase incorporates the desired edit into the genome. Furthermore,
a short sequence homologous with the 3’ end of the DNA strand which is not complementary
to the pegRNA is termed a primer binding site (PBS) and is located adjacent to this template
(Anzalone et al., 2019).

In the beginning, the spacer contained in the pegRNA recognizes the target sequence and leads
the Cas9n and the reverse transcriptase to the chosen genomic site. After the complex binds to the DNA,
the R-loop is formed and Cas9n nicks the non-complementary strand. The PBS then anneals to the 3” end
of the nicked strand and primes the reverse transcription of the template encoding the desired edit.
Therefore, a 3 edited flap is created, which then must anneal to the complementary DNA strand
for the edit to be installed. The annealing of the displaced 5’ non-edited strand is thermodynamically
favoured, however, endogenous nucleases have a preference for degrading such 5’ flaps.
Thus, the non-edited flap is excised, enabling the edited flap to anneal. Finally, the desired edit is copied
to the complementary DNA strand by replication mechanism or repair pathways resulting in an altered
DNA sequence (Anzalone et al., 2019).

This method of editing is very precise and known for inducing only little to no indels or off-target
effects. The rarity of off-target effects is presumably caused by the requirement of three different
complementary base pairing events. First, the spacer of pegRNA must hybridize with the target sequence
to effectively lead the prime editor system to the chosen genomic site. Then, the PSB needs to pair
with the 3’ end of the nicked DNA strand to prime reverse transcription. Finally, the 3” flap is required
to be partially homologous to the downstream DNA sequence for its efficient incorporation to happen.
Nevertheless, prime editing has not yet reached the editing efficiency of base editing and other gene

editing strategies associated with the CRISPR/Cas9 technology (Anzalone et al., 2019).
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5.4.1. Prime editors

The first generation of prime editors (PE1) was created by fusing wild-type reverse transcriptase
from Moloney murine leukaemia virus (M-MLV) with the C-terminus of SpCas9n and adding
a specifically designed pegRNA. This system is capable of small insertions or deletions and single-base
substitutions, however, its maximal editing efficiency is rather low (Anzalone et al., 2019).

To increase the rate of successfully edited sites, the second generation was developed
by introducing various enhancing mutations to M-MLYV reverse transcriptase. These mutations improved
its processivity, thermostability and substrate affinity ultimately resulting in a 1.6- to 5.1-fold increase
in the efficiency of editing (Anzalone ef al., 2019).

By supplying the complex with another sgRNA, the third generation of prime editors (PE3) was
established. The additional sgRNA directs the SpCas9n to nick the complementary strand
about 40 to 90 nucleotides away from the first nick in the non-complementary strand. This causes the
mismatch repair to preferably use the edited non-complementary strand as a repair template
(Anzalone et al., 2019). This innovation improved efficiency by 1.5 to 4.2-fold over the previous
generation, nevertheless, the increased frequency of indel formation was also reported. These indels
presumably originated from the non-homologous repair of the DSB which was created
by the simultaneous presence of single-stranded nicks in both DNA strands. To overcome this difficulty,
the PE3b was developed. This system utilizes a sgRNA whose spacer is homologous to the reverse
transcribed strand already containing the desired edit, not the original DNA sequence.

As a result, the second nick is introduced only after the edited 3’ flap resolution (Anzalone et al., 2019).
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Figure 9: The schematic of prime editing

The second generation of the prime editors (PE2) consists of Cas9 nickase associated with reverse transcriptase
and is guided to the target genomic site by pegRNA. The Cas9n nicks the edited strand and allows
the complementary binding of the genomic strand and the PBS. The 3° extended end of pegRNA encodes
the desired edit which is transferred into the genome by the synthetic activity of the reverse transcriptase.
The edited strand is then incorporated into the genome. In case of the third generation of prime editors (PE3),
the non-edited strand is nicked by additional nickase increasing the editing efficiency, and only after is the edit
properly incorporated. (Adopted from Chen et al., 2021 and modified.)

To create a mouse model of cataract disorder, Lin J. ef al. chose the third generation of prime
editors and installed a specific single-nucleotide mutation into the mouse Crygc gene. Cataract disorder

is characterized by the formation of cloudy area in the eye lens which leads to impaired vision.

29



It is caused by a deletion of a single G nucleotide in exon 3 of the Crygc gene which encodes the yC-
crystallin protein. This mutation results in the creation of a downstream premature termination codon
and, ultimately, in gene inactivation (Zhao et al., 2010). Lin J. and group used a PE3 system encoded
by multiple plasmids and microinjected it directly into mouse embryos to install the desired edit in their
genome. Using this strategy, they successfully generated mouse models displaying typical cataract
phenotypes. In addition, they utilized the same PE3 system, only with different pegRNA, to repair
this mutation in a cellular model by a single G insertion. This showed the potential use of the prime
editing system in treating rare diseases (Lin J. et al., 2021).

Later, it was discovered that the DNA mismatch repair pathway causes the formation of undesired
indels and generally counteracts the prime editing process. Therefore, MLH1dn protein, engineered
to repress this repair mechanism, was expressed along with the original PE2 and PE3 systems creating
PE4 and PES, respectively. The fourth generation increased the editing efficiency by 7.7-fold over PE2,
while the fifth generation was reported to enhance editing by 2-fold over PE3 in six of the tested cell
types, including induced pluripotent stem cells (Chen et al., 2021).

As ineffective nuclear localization was proven to reduce the editing activity, Chen et al. altered
the PE2 by modifying its original NLS and supplying the system with an additional one, resulting
in the creation of PEmax. This optimized system also includes mutations in SpCas9, previously reported
to enhance its activity, a 34 amino acids long linker connecting SpCas9n to RT, and an engineered reverse
transcriptase domain bearing human codon-optimization. The same modifications can be introduced
to other prime editor generations as well, considerably improving the efficiency of prime editing

(Chen et al., 2021).

5.4.2. Alteration of pegRNA

The 3’ end extension of pegRNA is critical for successful prime editing, nevertheless, it is not
protected from exonucleases. These enzymes can cause its degradation damaging the whole prime editor
complex in the process, which results in inefficient editing. A way to overcome this difficulty
is the addition of various structural motifs to the 3’ end of pegRNA to restrict the exonucleases
from accessing it. Nelson ef al. decided to add either a smaller modified prequeosinel-1 riboswitch
aptamer (evopreQl) or a larger pseudoknot from Moloney murine leukemia virus (mpknot)
and connected it to the PBS via an 8-nt linker. This resulted in engineered pegRNAs (epegRNAs)
with increased editing efficiency (Nelson et al., 2022). Another motif added to pegRNA to enhance
its properties was, for example, an exoribonuclease resistant RNA motif extracted from Zikavirus.
This structure was directly fused with the pegRNA without the need for a linker and displayed
comparable editing efficiencies as previously mentioned epegRNAs (Zhang G. et al., 2022).
Finally, Liu ef al. fused pegRNA with a 20-nt Csy4 recognition motif hairpin. This hairpin protects

the pegRNA from exonucleases and increases the editing efficiency. It also prevents the pegRNA
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from circularization by restricting the PBS at its 3’ end from self-annealing and binding
to the complementary sequence of the spacer on its 5’ end. (Liu et al., 2021).

The altered pegRNA played a role in the successful generation of a syndactyly mouse model
by Qian and group using CRISPR/Cas9-mediated prime editing strategy. Syndactyly is a rare disease
observed in humans caused by mutations in the HOXDI3 gene which leads to the fusion of fingers
(Dai et al., 2014). The canonical PE3 was enhanced resulting in the creation of PE3max. This system
was, subsequently, supplied with engineered pegRNA and the final ePE3max was generated. It was used
to install a simple single-nucleotide G into T conversion into the mouse Hoxdl3 gene and, this way,

a mouse model with an obvious finger fusion phenotype was introduced (Qian ef al., 2023).

5.4.3. Prime editing using two pegRNAs

Using two pegRNAs, instead of just one, enables the prime editor system to introduce larger
and more diverse changes into the genome. This way, both of the DNA strands can be edited at the same
time, and many strategies taking advantage of this innovation were proposed in the scientific field.

First, Lin Q. et al. introduced the dual-pegRNA. This approach utilizes two pegRNAs, each
targeting a specific site in one of the DNA strands in relative proximity to each other.
After the Cas9n-mediated nicking of both strands, each reverse transcriptase synthesizes the 3 flap
according to the template encoded in its associated pegRNA. These flaps are homologous to each other
which facilitates their annealing and displacement of 5’ flaps as well as their subsequent excision.
This results in the successful incorporation of the edit into the target genomic site. Dual-pegRNA method
creates single-base substitutions, small insertions and small deletions with higher editing efficiency than
prime editors which use only one pegRNA. (Lin Q. et al., 2021). Not long after, Zhuang et al. developed
the homologous 3’ extension mediated prime editor (HOPE) with similar properties to dual-pegRNAs
and with the same range of possible gene modifications (Zhuang et al., 2022).

Another technique using paired peg-RNAs is PRIME-Del established by Choi ef al. This strategy
can introduce large deletions of up to 10 kbp while simultaneously inserting rather short sequences
(approximately 30 bp) into the target site. Each of the two pegRNAs targets one of the complementary
DNA strands which is then nicked by the associated Cas9n. The template coding the desired edit is then
reverse transcribed creating 3’ overhangs. These overhangs are complementary with each other and each
of them also carries homology to the DNA sequence past the opposing nick. Finally, these edited 3’ flaps
align and the non-edited 5’ flaps are displaced and excised. As a result, the DNA sequence between
the two nicks is deleted and, potentially, replaced with a short exogenous insert (Choi et al., 2022).

The PE-Cas9-based deletion and repair (PEDAR) is a method of prime editing also employing
two pegRNAs, which is able to create large deletions of up to 10 kbp and small insertions
of approximately 60 bp. Similarly as in previous strategies, each of the two pegRNAs targets one

of the DNA strands. This time, however, Cas9n is replaced with fully active Cas9 nuclease to introduce
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a DSB into each target site. The template in the pegRNA is reverse transcribed creating two homologous
3’ flaps in each strand, which subsequently anneal without the need for displacement and excision
of the 5’ unedited overhangs. Due to the previous formation of DSBs at the target sites, this intermediate
is then processed by MMEJ or single-strand annealing (SSA) pathways, resulting in the incorporation
of the desired edit. Unfortunately, the number of indel mutations exceeds the number of precise edits
installed by this method (Jiang ef al., 2022).

Finally, Anzalone et al. developed the twin-PE approach capable of introducing large deletions
of up to 10 kbp and insertions of up to 113 bp into the chosen genomic site. Each of the pegRNAs, again,
targets one of the opposing DNA strands and templates the reverse transcription of the desired edit.
The 3” edited flaps are complementary with each other, nevertheless, they carry no homology
to the DNA past the opposing nick. This modification further enhances their preference of annealing
to one another and, thus, the editing efficiency of the whole system as well. After the 5’ non-edited
overhangs are excised, the intended alteration is incorporated into the genome, similarly as in previous
methods. This technique proved to be capable of installing accurate edits with very high efficiency

(Anzalone et al., 2022).

6. Conclusion

Since CRISPR/Cas9 was discovered and modified in a way that allowed it to be effectively used
in research, this technique became a popular choice for gene editing experiments. Its low cost, simplicity
and wide repertoire of possible edits are the main benefits which convinced scientists to adopt
this system. Today, numerous different gene editing strategies taking advantage of the CRISPR/Cas9
system exist, each specifically designed to successfully install the intended edit and bearing its own
advantages and disadvantages. The most well-known approaches include, for instance, gene knock-out
caused by Cas9-mediated introduction of DSB which is usually repaired by the imprecise NHEJ
pathway. This repair results in random indels which can lead to frameshift mutations and the creation
of premature STOP codon, degradation of the transcript and, ultimately, the gene inactivation
(Couttet and Grange, 2004, Yen et al., 2014). Gene knock-out can be also achieved by the deletion
of the specific critical genomic sequence using a dual gRNA strategy (Canver et al., 2014).
Another frequently used method is gene knock-in in which a specific sequence, for example synthetic
fragment of DNA or a transgene, is incorporated into the genome and, subsequently, expressed
(Raveux et al.,2017). Finally, base editing enables researchers to convert specific nucleotides
into others while prime editing is capable of all 12 base substitutions as well as installing small insertions
and deletions (Anzalone et al., 2019, Komor et al., 2016).

Even though CRISPR/Cas9 has numerous undeniable advantages, many further modifications
and upgrades have to be implemented to the system to achieve its maximum potential. Some of the main

challenges researchers face when using this technique include PAM restrictions which can make
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targeting the genomic site of interest rather difficult, in some cases (Kim et al., 2017). Off-target effects
are a result of installing the edits into non-targeted genomic sites and pose another important difficulty.
These non-targeted sites are only partially homologous to the sgRNA, nevertheless, they are still able
to pair with sgRNA due to the low number of mismatched bases being tolerated (Fu et al., 2013).
Many modifications addressing these issues have already been successfully applied (Kim et al., 2017,
Ran et al., 2013), however, there is still a need for additional research.

Considering all the qualities of CRISPR/Cas9 mentioned above, it is no surprise that this method
was adopted for the creation of mouse models representing human rare diseases. Many mice
characteristics, such as small size, low cost, short lifespan and generation time and, finally, the similarity
of their genome to the human one, predetermine them to be perfect experimental systems for modelling
human disorders (Mouse Genome Sequencing Consortium, 2002, Vandamme, 2015). Using mouse
models to help scientists better understand the causalities and molecular mechanisms of rare diseases
was proven to be an efficient and relatively easy strategy. In addition, CRISPR/Cas9 has been shown
to create precise edits and generate mouse models mimicking rare diseases in humans rather accurately
(Borras et al., 2020, Duan et al., 2016, Liang et al., 2017, Liang et al., 2018, Lin J. et al., 2021,
Nakagawa et al., 2016, Nutter et al., 2019, Qian et al., 2023, Rauch et al., 2018, Syding et al., 2022,
Zhang Y. et al., 2022). This approach holds a promise for people suffering from such conditions
as it enables scientists to conduct research more effectively. Data derived from such experiments should
enhance our knowledge of rare diseases and make the necessary information as well as novel treatment
options accessible to the general public.

Nevertheless, there still are some challenges ultimately decreasing the accuracy of mice models.
Despite the similarities in their genetic information, only about 40 % of the human genome can be
aligned to the mouse one, which is no surprise considering their obvious anatomical and physiological
differences (Mouse Genome Sequencing Consortium, 2002). Moreover, the majority of research
is conducted on inbred mouse strains to reduce results variability and ensure the reproducibility
of the experiments. However, it has been shown that a single gene alteration causes dramatically
different clinical manifestations in mice from various genetic backgrounds. This suggests that some
experimental results are not easily translatable even to other mouse strains, let alone to humans
(Sittig et al., 2016). Finally, experimenting on animals is quite controversial despite its undeniable
benefits. The use of animal models must follow strict rules and regulations and be carefully evaluated
as well. Furthermore, only experienced personnel are allowed to work with such models for animal
welfare to be ensured. Complete elimination of experimenting on animals is, unfortunately, not an option
as mice remain the most convenient modelling system for numerous branches of scientific research

(Fenwick et al., 2009).
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