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B Introduction mutation or base editing, modifies a single nucleotide base by
cutting only one DNA strand.” Single-nucleotide changes are
highly beneficial in treating specific genetic mutations, offering

precise and targeted therapeutic interventions.®
Genome editing is the cutting and gluing of DNA to cre-
ate targeted changes in the genome, as illustrated in Figure
2. For DNA cleavage, sequence-specific nucleases—which
include zinc-finger nucleases, transcription activator-like ef-
@ fector nucleases, and the clustered regularly interspaced short
S il " - i palindromic repeats (CRISPR)/Cas system—are used to cut
s . the DNA and produce double-stranded breaks (DSB) at pre-
Degres o homokgy determined genomic sites.”'® These DSBs can then be glued

back together through DSB repair pathways.
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Figure 1: Graphical Abstract: (a) Overview of the process of CRISPR/Cas-

based genome editing (arrows represent the proge; (b) Overview of 4 DSB — —
repair pathways ((NHE], MME], SSA, and HR); (c) Simplified comparison Unedited DNA ey A - D53 Edited DNA

of 4 DSB repair pathways’ propensity, precision, and degree of homology. Double Stranded Break (DSB)

Genome editing aims to change organisms’ characteristics Figure 2: Si;npﬁﬁed m‘;tm‘ﬁon of g‘;ngmfl Cdiﬁng (a;rODVEXPreSCHt the
. . . ) . 1 feino progression of genome editing’s stages): firstly, unedite is cut into
bylp recisely ?{lsnliulatlng 2 gell;l; s ENA nudcle‘otlclles. Tlh 18 12 DSB through the process of DNA cleavage; subsequently, DSB is glued back
volves gene knock-out, gene Xnock-in, and single-nucleotide together with the targeted edits via DSB repair.
changes. Gene knock-out is a “loss of function mutation” in

which the original gene is inserted with random DNA se- The revolutionary power of genome editing traverses diverse
quences or deleted, disrupting the gene function.®® This is biological domains, encompassing potential applications in
particularly beneficial to decipher the functions of a gene.>* bacteria, animals, and humans. In bacteria, genome editing has
Gene knock-in, on the other hand, is a “gain of function mu- been used for industrial or medical purposes. For example, in-
tation” that adds a new gene to an organism or replaces the serting the gene for human insulin into a plasmid of Escherichia
original gene sequence with a correct or better-functioning coli bacteria cells can generate human insulin for therapeutic
allele.” This can be used to treat genetic disorders by correct- uses.' In animal trials, genome editing can serve agricultural
ing the mutated gene sequence.® Both gene knock-in and and medical purposes. For medical purposes, genome editing
gene knock-out require the breakage of both strands of DNA. techniques for treating human diseases are used on animals
However, a single nucleotide change, also known as a point before human cells are used to ensure safety and efficacy." For
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agricultural purposes, genome editing can be applied to ex-
pedite livestock breeding programs.” For example, improved
meat production in Bama pigs has been achieved with genome
editing.'* Since genetic disorders are based on the fault of spe-
cific genes, there is hope that genome editing can treat genetic
disorders in humans.

Despite all this potential, genome editing still faces many
challenges in delivering efficient DNA editing. Efficiency de-
pends on a precise and frequent editing of the targeted DNA
sequence. For genome editing to initiate, all the biomacro-
molecules (such as sequence-specific nucleases and inserted
template DNA sequences) must enter the cell." This is par-
ticularly challenging in multicellular organisms because of the
difficulty in reaching or editing every single cell necessary for
changing the targeted phenotype. While nanoparticle-based
delivery systems can potentially improve intracellular delivery
of mRNA to the target organ and tissues, improving endoso-
mal escape, transfect efficiency, and achieving targeted delivery
remains challenging.ls’16 Another source of inefficiency is that
off-target cleavage can result when sequence-specific nucle-
ases bind to unintended genomic sites that share sequence
similarity with the target site.'” These unintended DSBs may
undergo DSB repair, leading to unintended mutations or gross
chromosome rearrangements. Thence, the on-target/off-target
rate of DNA cleavage strongly correlates with the efficiency
and safety of genome editing. Inefficiency also arises from the
inclusion of unintended nucleotides during DSB repair, which
can lead to the formation of indels that affect the functionality
of the modified sequence."®

To achieve the greatest possible benefits that genome edit-
ing’s potential applications can create, specific strategies and
methods to improve the efficiency of the intermediate steps
are necessary. Since genome editing is the cutting and gluing
of DNA nucleotide sequences, DNA cleavage and DSB re-
pair are the two most fundamentally important intermediate
processes to enhance overall genome editing efficiency. Many
reviews have addressed the challenges and advancements in
DNA cleavage, especially in the CRISPR/Cas system.'”'
Therefore, I will focus on the DSB repair challenges in this
review.

Overview of recent genome editing:

In 1987, Clustered Regularly Interspaced Short Palindrom-
ic Repeats (CRISPRs) were unintentionally discovered in E.
coli.? Tt wasn’t until 20 years later that it was understood that
bacterial cells with CRISPRs can resist virus infection and
form the adaptive immune system of prokaryotes.”** Mean-
while, the endonuclease Cas protein was identified, which,
when working with particular single-stranded guide RNA
(sgRNA), can target a specific genomic site and create a dou-
ble-stranded break (DSB) by breaking the phosphodiester
bonds between nucleotides.?>? Compared to previous DNA
cleavage mechanisms, the CRISPR/Cas system was more pre-
cise and efficient at introducing DSBs. >

DSB occurs frequently in living organisms’ cells due to vari-
ous causes other than the cutting by an endonuclease, including
mistakes in replication, ionizing radiation, chemotherapeutic

agents, etc.”® As DSB disrupts both strands of DNA if left

unrepaired, it may lead to cell cycle arrest, genomic instabil-
ity, cell death, and chromosomal abnormalities.””*” Given the
deleterious nature of DSB, living organisms have a range of
mechanisms to repair DSB and restore molecular function.’
Scientists applied and combined the natural adaptive im-
mune system of prokaryotes, the CRISPR/Cas system, with
the natural mechanisms of repairing the DSB of living organ-
isms to develop genome editing. The four most commonly
used DSB repair pathways are classical non-homologous
end joining (cNHE]), microhomology-mediated end joining
(MMEJ), single-strand annealing (SSA), and homologous re-

combination (HR).” These can be seen in Figure 3.
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Figure 3: An overview of the four main DSB repair pathways: cNHE],
MME], SSA, and HR. c<NHE] repairs DSB (represented by black lines)
regardless of microhomology (represented by orange lines), using Ku proteins
(represented by blue ellipses); MME] and SSA repair DSB based on the
annealing of microhomology (represented by orange dotted lines), using
exonucleases (represented by blue % circles); and HR repair DSB according
to the homologous template (represented by blue lines). Black arrows
indicate the progression of each DSB repair pathway. The outcomes of each
DSB repair are shown at the bottom: cNHE] — indels randomly generated
at the cleavage site; MME] and SSA — deletion of overhangs and loss of
sequence; HR — accurate repair.

cNHE] is the dominant form of DSB repair, as it occurs
with high frequency and repairs most of the DSBs formed in
living organisms. This is because it is template-independent,
and it can occur at any phase of the cell cycle.”® As the name
suggests, cNHE] generally repairs DSB without needing a ho-
mologous sequence between the two exposed DNA ends of
DSB; hence, it has the fastest processing of all repair pathways.
However, when the broken DNA ends are incompatible, mini-
mal end resection (cutting broken DNA ends by exonucleases)
creates a low degree of microhomology (1 to 4 complementary
base pairs).”> Moreover, cNHE] often results in the random
generation of indels (unintended insertion or deletion of nu-
cleotides) at the cleavage site. Due to its inability to maintain
the original DNA sequences, cNHE] repair is considered er-

I‘OI'—pI‘OI’lC.18’19’29

DSB repairs through MME] and SSA depend on the an-
nealing of homologous sequences between the two broken
DNA ends of the DSB.**** However, MME] requires a low-
er degree of homology (around 2 to 20 complementary base
pairs), whereas SSA requires a higher degree of homology (>25
complementary base pairs).**” Both MMEJ and SSA under-
go DNA end resection to create sticky ends that expose

39

DOI: 10.36838/v7i7.7



ijhighschoolresearch.org

homologous sequences as single-stranded overhangs. As a re-
sult of the DNA end resection, small sections of the original
DNA sequences at the cleavage site can be deleted. Thus, these
processes also fail to maintain the original gene sequences.’***

HR is referred to as the error-free DSB repair pathway be-
cause, with the help of a homologous DNA template and a
high degree of homology (>100 complementary base pairs),
HR can precisely repair a DSB.*® Despite the high fidelity,
the HR pathways are limited to dividing cells because the re-
quired molecular components are only expressed in the S and
G2 phases of the cell cycle.”” Thus, it has low editing efficiency,
and it often experiences extensive competitive pressure from
cNHE], reducing the probability of cells undergoing HR.**

DSB repairs under molecular lenses:

Because inefficiency is present in every DSB repair pathway,
I will now zoom in to the molecular level to understand where
improvements can be made.

cNHE], as illustrated in Figure 4, is initiated as the ring-
shaped protein heterodimer (Ku) detects and binds to a DSB.
This protein prevents the DSB ends from extensive DNA-
end resections and recruits other cNHE] proteins to promote
end ligations.” If the DSB has compatible end configurations,
XRCC4-DNA ligase IV will bind to the Ku protein, form-
ing a Ku-XRCC4-DNA ligase IV complex, ligating the two
DNA ends. If the DSB has incompatible end configurations,
cNHE] proteins such as DNA-PKecs, Artemis, Pol y, and Pol
A will bind to the Ku protein to create blunt ends via mini-
mal end resections.”> Once the DNA ends can be ligated, an
XRCC4-DNA ligase IV complex will form, and the DSB
will be repaired. These minimal end resections cause random
deletion of DNA near the cleavage site, and free-floating nu-
cleotides randomly attach to the exposed DNA ends, creating
indels. Therefore, cNHE] leads to mutations and error rates of
up to 50%, reducing efficiency.”
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Figure 4: A simple schematic illustration of cNHE]’s molecular processes.
Black arrows indicate the progression of cNHE]. (a) A DSB, represented
by black lines: is created. (b) Ku proteins, represented by blue ellipses, bind
to DSB at the cleavage site. If the DNA end configurations are compatible,
DSB processes to (e) in which XRCC4 and DNA Ligase IV, represented
as orange ellipses, bind to Ku proteins. If the DNA end configurations are
incompatible, DSB processes to (¢), in which cNHE] proteins, represented
by yellow ellipses> bind to Ku proteins. (d) cNHE] proteins undergo minimal
end resection and change DNA end configurations to be compatible.
Hence, DSB with compatible DNA ends undergoes (e). Finally, (f) cNHE]
completely repaired DNA, but indels, represented as red lines are randomly
generated at the cleavage site.

HR, as shown in Figure 5, is initiated by the long-range end
resection of the 5' ends of the DSB site to produce 3' sin-
gle-stranded DNA overhangs. This resection is carried

out by a series of nucleases, including the MRN complex
(MRE11-RADS50-NBS1), CtIP, EXO1, and Bloom helicase
(BLM)-DNA2.** The activation of some of these key DNA
end resection factors is restricted mainly to the S/G2 phases of
the cell cycle, hence limiting HR’s efficiency.”” Following the
extensive end resection, ssDNA overhangs are then coated by
replication protein A (RPA), and eventually, the ATP-depen-
dent DNA recombinase RAD51 replaces RPA bound onto
the ssDNA overhangs, forming long helical filaments that
search for a homologous sequence.” Once a homologous se-
quence is found, RAD51 facilitates strand invasion, where the
ssDNA overhangs invade the template and pair with the com-
plementary strand. This creates a displacement loop (D-loop)
that starts generating new DNA nucleotides, with the help
of DNA polymerases, along the 3’ overhangs using the intact
homologous sequence as a template.” This synthesis contin-
ues until enough DNA has been generated to copy the DNA

nucleotide sequence of the template.
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Figure 5: A simple schematic illustration of HR’s molecular processes.
Black arrows indicate the progression of HR. (a) A DSB, represented by the
black lines is created. (b) MRN complex and CtlP, represented by dark blue
ellipses and orange circles respectively, bind to DSB, removing DNA at the
cleavage site. (¢) EXO1 or (BLM)-DNA2, represented by yellow % circles,
replaces the MRN complex and CtlP, further removing DNA at the cleavage
site. (d) After DNA end resections RPA, represented by green circles, binds
to the overhangs. (¢) RAD 51, represented by pink circles, replaces RPA and
searches for the homologous template, represented by blue lines. (f) DSB
binds with the template according to homology. (g) DNA polymerases,
represented as light blue ellipses, bind the DNA ends and repair DSB
according to the homologous template. (h) Finally, HR completes with an
accurately repaired DNA.

MME]J and SSA share similar processes: end resections,
annealing of microhomology, and ligation.*** In particular,
MME] resembles cNHE], as it involves short-range end resec-
tion, whereas SSA is more similar to HR due to its long-range
end resection. According to Figure 6, both MME] and SSA
initiate with the short-range end resection when MRN-com-
plex (MRE11-RAD50-NBS1) and CtlP (C-terminal binding
protein interacting protein) bind onto the DSB to prevent cN-
HE]J by removing Ku protein from the DNA ends and activate
5’-exonuclease activity, removing DNA sequences from 5’ to
3’ direction and generating 3’ overhangs.”>*’ At this stage, the
exposed microhomology suffices for MME]. SSA, however,
requires additional steps to expose the microhomology further.
Similar to the HR, exonucleases such as EXO1 or Bloom he-
licase (BLM)-DNA2 take over the job of MRN-complex and
CtlP, continuing to remove DNA from the 5 to 3’ direction

DOI: 10.36838/v7i7.7

40



ijhighschoolresearch.org

and elongating the exposed microhomology.**! After end
resections, MME] anneals the microhomology by DNA
polymerase 8 and fills any gaps via template-directed DNA
synthesis.””* Eventually, the DNA nucleotides are ligat-
ed together by DNA Ligase I and DNA Ligase II1.** SSA,
however, anneals the microhomology via RADS52: following
the end resections, the resulting overhangs are bound by RPA,
like HR; but unlike HR, RAD52 replaces the RPA instead
of RAD51 and promotes the annealing of the microhomol-
ogy.*”*? Eventually, the DNA nucleotides are ligated together
by an unidentified DNA Ligase, which some scientists have
hypothesized to be DNA Ligase 1%
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Figure 6: A simple schematic illustration of MME] and SSA’s molecular
processes. Black arrows indicate the progression of MME] and SSA. (a) A
DSB, represented by black lines, is created. (b) MME] and SSA involve the
attachment of the MRN complex and CtIP to DSB, as represented by blue
ellipses and orange circles, which remove DNA from DSB at cleavage sites.
Subsequently, MME] and SSA’s processes separate into (c), (d), (e) and (f),
(g), (h), (1), (), respectively. (c) For MME], microhomology, represented by
orange lines, is exposed on overhangs after short-range end resection. (d)
DNA polymerase 6, represented by pink circles, anneals the microhomology:
(e) Finally, MME] is completed with repaired DNA. (f) For SSA, EXO1 or
(BLM)-DNAZ2, represented by yellow % circles, replace the MRN complex
and CtlP, further removing DNA at the cleavage sites. (g) RPA, represented
by green circles, binds to the overhangs after DNA end resection. (h) RAD
52 represented by red circles, replaces RPA and anneals microhomology. (i)
Unidentified DNA Ligase, represented by a yellow circle, binds and ligases to
the DSB. (k) Finally, SSA is completed with repaired DNA.

Comparison of the four DSB repair pathways:

Among the four main DSB repair pathways discussed,
c¢cNHE]J and HR were identified as the earliest and most
extensively studied. cNHE] has the least dependence on ho-
mology and the least restriction on cell phases; therefore, it
occurs relatively fast and is the most frequently occurring
DSB repair pathway in a cell (i.e., highest propensity). Despite
having a high propensity, cNHE] is less useful in genome ed-
iting due to its low precision. HR, on the other hand, has the
greatest precision and would be preferable for genome editing.
However, due to its complex mechanisms and restriction on
cell phase, HR is generally slow and outcompeted by other
pathways, occurring with low frequency. Therefore, among the
current pathways used for genome editing, there is a trade-

off between propensity and precision: the DSB repair pathway
that involves more homologies receives higher precision, but
its process also becomes more complex, reducing the likeli-
hood of occurrence. Compared to cNHE] and HR, MME]
and SSA are more balanced in this propensity and precision
trade-off, granting a more efficient approach overall. Howev-
er, since SSA is also restricted to cell cycles like HR, MME]
emerges as the more promising repair pathway for genome ed-
iting. Regarding their inefficiencies in nature, all DSB repair
pathways require new strategies to improve. (Table 1)

Table 1: Detailed and comprehensive comparison of the four DSB repair

pathways — cNHE], MME], SSA, HR — over precision, propensity, degree of
homology, phase dependency, and application scenarios.

Precision Low Medium Medium High
Propensity High Medium Low Low
Degree of Homology None Low. Medium High
Phase Dependency None Low High High

Both gene knock-out
and gene knock-in

Both gene knock-out
and gene knock-in

Gene knock-out only Both gene knock-out

and gene knock-in

Application
scenarios

Possible improvements:

c¢NHE]: dual-cutting for PAM-in configurations:

The CRISPR/Cas system is currently the most popular
DNA editing mechanism. It often integrates with cNHE],
known as CRISPR/Cas-based cNHE], to perform genome
editing. According to Figure 7, the process starts with the Cas
endonuclease, guided by its single-stranded RNA (sgRNA),
detecting and binding to a region called Protospacer Adjacent
Motif (PAM), which is a specific short sequence adjacent to
the target sequence; then, it cuts the DNA at the target se-
quence, resulting in a DSB. According to the location of the
PAM region, the two DNA ends of the DSB can be differ-
entiated into the PAM-proximal ends and the PAM-distal
ends."” After cleavage, the Cas endonuclease initially releases
the PAM-proximal end but remains bound to the PAM-distal
end for a prolonged period.”*** This prolonged attachment of
Cas endonuclease prevents the Ku protein from binding onto
the PAM-distal end, preventing cNHE] from occurring, but it
also limits the generation of indels.”* Therefore, the precision
of cNHE] is relatively higher at the PAM-distal end than that
of the PAM-proximal end, which contains the free generation
of indels.’®*

(a)

Target cleavage site

Cas endonuclease

(b)

PAM-proximal end PAM-distal end

()

Free generation of indels
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Figure 7: A simple schematic illustration of the CRISPR/Cas system.

(a) Cas endonuclease, represented by blue shapes, binds to the PAM

region of DNA, represented by orange lines, and cleaves the DNA at the
target cleavage site, represented by a red dotted line. (b) After cleavage, a
DSB is created with a PAM-proximal and PAM-distal end, and the Cas
endonuclease remains bound to the PAM-distal end. (c) As Cas endonuclease
remains bound, indels are randomly generated at the PAM-proximal end, as
red lines represent.

Since PAM-distal ends of the DSBs are more precise than
PAM-proximal ends during CRISPR/Cas-based ¢NHE],
a strategy of performing cNHE] between two PAM-distal
ends of the DSB can lead to higher precision. This is done
by cleaving the DNA twice along a DNA sequence, generat-
ing two DSBs, and isolating a short sequence of DNA, which
is released. Specifically, the two PAM regions from the dual
cutting should be included in the target sequence through de-
sign (PAM-in), which is illustrated in Figure 8."% The two
remaining ends of DSBs are both PAM-distal, which can
perform cNHE] more precisely. This strategy has produced
a more precise gene knock-out in HEK 293T cells (human
embryonic kidney cells) with ~79% accuracy.”® However, this
dual-cutting strategy is limited to gene knock-out, as the Cas
endonuclease’s attachment is too short for the inserted DNA
sequence to stay attached. While restricted to gene knock-out,
this dual-cutting strategy improves the precision (so as effi-
ciency) of cNHE]-based genome editing.

PAM-in

Figure 8: A simple schematic illustration of PAM-in configurations. Cas
endonucleases, represented by blue shapes, bind to two PAM regions of
DNA, represented by orange lines, cleaving the DNA at a certain target site.
After dual cleavage, a short fragment of the DNA is isolated, which includes
both PAM regions, as represented by orange lines.

HR: eliminating all its competitors:

The efficiency of HR is limited due to its low propensity,
which is caused by multiple reasons. Firstly, as HR is sig-
nificantly dependent on a homologous DNA template, the
availability of a DNA template near the genomic cleavage site
influences its efficiency. In yeast, the efficiency of HR drops
by >50% when the homologous template is located more than
1 kb away from the break site.*® Seconds, HR is limited to
S and G2 phases of the cell cycle, as RPA, which is essential
for recruiting RADS51; hence, HR depends on Cdk2, which
has a low concentration in cells other than S and G2 phases.”
Thirdly, HR experiences strong competition from other DSB
repair pathways, especially cNHE], which occurs faster within
the cell environment. Although the specific balance between
HR and other alternative DSB repair pathways varies between
species, cNHE] always outcompetes HR. Lastly, the delivery
of the large molecule of DNA template into cells also limits

HDR application. Despite high precision in achieving target
gene changes, HR is still far from prevalent in medical appli-
cations.

To improve the efficiency of HR, several strategies that assist
HR to outcompete cNHE] have been proposed, such as inhib-
iting the key components of cNHE], including DNA-PK and
DNA Pol 8.°%% In addition, AZD7648 was identified as a se-
lective DNA-PK inhibitor, which, combined with DNA Pol 6
inhibitors, led to the development of the 2iIHDR approach and
significantly boosted the propensity of templated insertions in
Jurkat cells (immobilized human T lymphocytes). Moreover,
2iHDR also reduces off-target effects of Cas9.® Overall, the
discovery of this new treatment marked an innovative practice
of combining multiple inhibitors to improve the overall effi-
ciency of HR-based CRISPR/Cas genome editing.

MME]: computational algorithms:

MME] was once regarded as a backup DSB repair pathway
of cNHE]J (alt-NHE]), and it was not until recently that this
pathway gained more attention in genome editing applica-
tions.®>*> MME] is 10-fold more frequent than HR but still
not as high as cNHE].63 Despite areas of improvement in its
propensity, MME]’s efficiency is mainly limited by its impre-
cision. As only a small degree of microhomology is used, the
formation of indels at the exposed DNA ends may interrupt
the original microhomology, leading to deletions and insertions
at the cleavage side.”” MME] uses microhomology between
the two ends of the DSB that become exposed. Therefore,
computational algorithms (such as MENTHU, inDelphi, and
Lindel) were developed to assist in identifying the microho-
mologies and predicting the outcome of DSB repair across the
genome. These computational algorithms achieved consider-
able success in correct prediction rates. Further improvement
was obtained by combining MENTHU and Lindel to produce
a new algorithm known as MENdel, which resulted in up to
90% successful prediction.”?

8S8A: microbomology elongation:

Similar to HR, the inefficiency of SSA is mainly attribut-
ed to its relatively lower propensity. Since SSA’s mechanism is
more complex than cNHE], it is outcompeted by cNHE] to
different degrees (for other cell and animal types). Moreover,
like HR, SSA also undergoes extensive DNA end resection,
experiencing similar limitations in cell phases. Specifically,
RPA, an essential protein in recruiting RADS51 (so as extensive
DNA end resection), depends on Cdk2 and has a low con-
centration in cells other than in the S phase. Therefore, SSA’s
efficiency is also limited to specific cell phases and non-divid-
ing cells. One recent study identified that increasing the length
of microhomology to over 500-2000 base pairs significantly
enhances the frequency of successful SSA.** Thus, a strate-
gy to improve SSA’s propensity is to increase the length of
microhomology, which can provide a better substrate for the
annealing process, leading to greater efficiency overall.

HR & 8$84: cell cycle synchronization:

As previously discussed, HR and SSA are limited to S and
G2 phases. This restriction has reduced their propensity, hin-
dering their overall efficiency. To overcome this challenge,
scientists developed a strategy to synchronize the timing of
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genome editing to specific cell phases (i.e., S and G2 phases)
to maximize the efficiency of genome editing.® This is done
by fusing Cas9 with the N-terminal region of human Geminin
(hGem(1/110)). As a result, the Cas9 expression is synchro-
nized with the cell-cycle progression, allowing Cas9 to be
expressed at high levels during the S and G2 phases of the
cell cycle, where HR and SSA are more active. Overall, this
provides a potential for overcoming the limitation of the cell
cycle and boosting the propensity of HR and SSA by 87%.°

DSB repair: Where do we go from now?:

Because cNHE]J and HR are the most studied pathways,
they are still the most used DSB repair pathways in genome
editing despite their low efficiency. cNHE]’s precision has
been improved through a dual-cutting PAM-in approach, and
HR’s propensity has increased by actively inhibiting cNHE]
through the combined treatment: 2IHDR. However, they are
still not ready for medical applications. For cNHE], the du-
al-cutting strategy is only viable for knock-outs; medical uses
usually require knock-ins. Also, even in the same organism,
different cell types vary slightly in their cellular compositions
and biological mechanisms. This improvement strategy for
cNHE] has only been tested on HEK 293T cells; hence, its ap-
plicability in other cell types remains unknown. Similarly, for
HR, 2iHDR has only been tested in a limited number of cell
types, and its general applicability still needs to be determined.
Confirming their reliability and adaptability under different
cellular conditions is important for future investigations.

Regarding MME] and SSA, as the scientific community
overlooked them in the past, they are still in the early stages
of development. Although strategies such as MENdel and mi-
crohomology elongation improve the efficiency of MME] and
SSA, respectively, their improvements are less significant com-
pared to cNHE] and HR’s improvements via dual-cutting and
2iHDR treatment. Moreover, a strategy for controlling the tim-
ing of Cas9 expression has been developed to address the cell
cycle restriction of HR and SSA. This benefits both HR and
SSA by overcoming limitations in their propensity. However,
concerns remain regarding their adaptability to non-dividing
cells, leaving areas for future investigations. Collectively, there
have been improvements in all DSB repair pathways, especial-
ly in HR. This constitutes one more step towards the ultimate
goal of genome editing. However, none of these fields are yet
mature, and more investigations are required in the future. I
think more attention should be given to MME] in particu-
lar. Given the propensity and precision trade-off, DSB repair’s
overall efficiency can only be maximized if propensity and pre-
cision can be balanced. Hence, MME] and SSA deserve more
focus than cNHE] and HR. Between MME] and SSA, SSA’s
applicability is greatly restricted to dividing cells, whereas
MME] can be applied to both dividing and non-dividing cells.
Therefore, MME]J should gain the most focus for DSB-based
genomes in the future.

Primer Editing: another way of genome editing:

Despite the advancements in DSB-based genome editing,
none are efficient enough for medical applications. Hence,
DSB-based precise genome editing is particularly challeng-
ing and may not lead to an efficient stage. However, genome

editing does not necessarily have to start with a DSB. Prime
editing represents a revolutionary approach that circumvents
many of the limitations of the DSB-based genome editing ex-
perience. Instead of cutting both DNA strands, prime editor, a
fusion protein combining a catalytically impaired Cas9 and a
reverse transcriptase, only cuts one DNA strand.®*” This nick
in the DNA then allows the reverse transcriptase to synthe-
size a short strand of DNA, also known as a flap, according to
the prime editing guide RNA, and replace part of the original
DNA strand through a process called flap equilibration. Final-
ly, the mismatch between the nucleotides of the edited strand
and those of the original strand undergoes cellular mismatch
repair to restore the complementary base pairing.*®® Compared
with DSB-based genome editing, which frequently exhibits
indel rates exceeding 20-30% or more, prime editing shows
significantly improved precision, achieving indel rates as low
as <1-10% at specific loci.*” Moreover, prime editing exhibited
much lower off-target editing compared to Cas9 nucleases at
known off-target sites. For example, average off-target rates
for prime editing were less than 0.1% at specific loci, while
Cas9 with sgRNAs showed much higher frequencies of
off-target activity, averaging from 16% to 60%.%” Therefore,
compared with DSB-based genome editing, prime editing
allows for the direct and precise introduction of insertions,
deletions, and substitutions without generating DSBs, circum-
venting the need for error-prone DSB repair pathways used
in traditional CRISPR/Cas9 systems. As a result, prime ed-
iting significantly reduces the risk of off-target integrations
and enhances the accuracy of genetic alterations.”” However,
prime editing also faces the risk of reverting the edits back to
the unedited sequence, as the outcome of flap equilibration
and cellular mismatch repair is not entirely predictable. More-
over, prime editing also faces challenges in scalability due to
the complexity of delivering the larger prime editor complex
and the design of prime editing guide RNAs, which requires
careful optimization to ensure functionality. Overall, while
the overall efficiency of prime editing is also limited, its lower
indel rate and off-target rate make it a more promising tool,
particularly in therapeutic settings where exact genetic correc-
tions are critical.

B Conclusion and Future Perspectives

As the scientific community continues to harness the power
of genome editing, understanding the strengths and limita-
tions of DSB repair pathways is paramount. cNHE], while fast
and frequent, often sacrifices accuracy for speed. Therefore, it
can only efficiently perform gene knock-out, where precision
is not required, but not gene knock-in or other precise genet-
ic modifications. HR, on the other hand, offers high fidelity
but is constrained by its phase-specific nature and competi-
tion with faster repair pathways like cNHE]. Hence, despite
its potential for efficient and precise genetic modifications,
HR's low propensity makes it an unreliable option for genome
editing. Comparatively, MME] and SSA have a relatively bal-
anced propensity and precision. However, given that SSA is
also limited by specific cell phases, MME] emerges as a more

promising pathway for future investigations.
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Recent advancements in the field of genome editing have
focused on enhancing the overall efficiency of DSB repair
pathways, yielding several promising improvements. Nota-
bly, the optimization of cNHE] has seen developments like
the dual-cutting strategy, which utilizes two Cas endonucle-
ases to target close genomic sites, reducing the likelihood of
unwanted indels at the repair site and enhancing precision
for gene knockouts. In the realm of HR, the introduction of
small-molecule inhibitors such as DNA-PKcs and DNA Li-
gase IV inhibitors has significantly improved the propensity
of HR over the error-prone repair pathways. These inhibitors
effectively increase the fidelity and efficiency of HR by block-
ing competing pathways, particularly cNHE]. Additionally,
advancements in MME] have included the development of
computational tools like MENTHU and inDelphi, which pre-
dict the outcomes of MME] with high accuracy and help in
designing genome editing strategies that leverage existing mi-
crohomologies. These tools enhance the practicality of MME]
by allowing researchers to anticipate and mitigate potential
errors in the genome editing process. Last, it has been sug-
gested that increasing the length of microhomology between
500-2000 base pairs can significantly enhance SSA efficiency,
providing a more effective substrate for the annealing process
in genome editing.

Amid these advancements, prime editing stands out as a
revolutionary alternative that bypasses the need for DSBs al-
together, potentially offering a solution to the error-proneness
of traditional methods. By only nicking one strand of DNA,
prime editing allows for precise edits with reduced risk of
unintended mutations, setting the stage for its future develop-
ment and integration into therapeutic contexts.

As we look to the future, the field should pursue a dual
approach: continue to refine DSB-based genome editing tech-
nologies, with a particular focus on optimizing MME], while
also advancing research into prime editor-based methods. This
balanced approach ensures that as we improve existing tech-
nologies, we also explore new modalities that could redefine
what is possible in genome editing. These developments pave
the way for human health improvements via gene therapies.
However, ethical considerations must be carefully examined
as we approach the reality of efficiently changing genomes.
Concerns regarding the equity of access, the potential for ge-
netic discrimination, and the implications of germline editing
raise significant questions about the responsible use of these
powerful technologies. As such, a balance between the excite-
ment for the bright future of genome editing and a thoughtful
approach to its ethical implications is crucial to ensure these
advancements are used responsibly, fairly, and for the benefit
of all humanity.”>"

B Acknowledgments
I would like to express my sincere gratitude to Dr. Paula
Kover for her guidance and insightful suggestions while writ-
ing this review.
B References
1.Doudna, J. A. (2020). The promise and challenge of therapeutic ge
nome editing. Nature 578,229-236.
2.Hall, B., Limaye, A., and Kulkarni, A. B. (2009). Overview: Gener

ation of gene knockout mice. Current Protocols in Cell Biology 44.

3. Ringwald, M., Iyer, V., Mason, J. C., Stone, K. R., Tadepally, H. D.,
Kadin, J. A., Bult, C.]., Eppig, ]. T., Oakley, D. J., Briois, S., Stup-
ka, E., Maselli, V., Smedley, D., Liu, S., Hansen, J., Baldock, R.,
Hicks, G. G., and Skarnes, W. C. (2010) The IKMC web portal:
A central point of entry to data and resources from the Inter-
national Knockout Mouse Consortium. Nucleic Acids Research 39.

4. William C. Skarnes & Barry Rosen & Anthony P. West & Manou
sos Koutsourakis & Wendy Bushell & Vivek Iyer & Alejandro
O. Mujica & Mark Thomas & Jennifer Harrow & Tony Cox
& David Jackson & Jessica Severin & Patrick Biggs & Jun Fu
& Michael Nefedov & Pieter. (1970, January 1) A conditional
knockout resource for the genome-wide study of. Nazure. Nature.

5.Doyle, A., McGarry, M. P, Lee, N. A.,and Lee,].]. (2011). The co
nstruction of transgenic and Gene Knockout/Knockin Mouse
models of human disease. Transgenic Research 21, 327-349.

6. Porteus, M. H. (2016) Knock-in editing: It functionally corrects!
Blood 127,2507-2509.

7.Rees, H. A and Liu, D. R. (2018). Base editing: Precision chemist
ry on the genome and transcriptome of living cells. Nature Review
s Genetics 19,770-788.

8. Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., and Liu, D.
R.(2016) Programmable editing of a target base in genomic DNA
without double-stranded DNA cleavage. Nature 533, 420-424.

9.Maeder, M. L., and Gersbach, C. A. (2016). Genome-editing tech
nologies for gene and cell therapy. Molecular Therapy 24, 430—446.

10.Yin, K., Gao, C.,and Qiu, J.-L. (2017). Progress and prospects in
plant genome editing. Nazure Plants 3.

11. Baeshen, N. A., Baeshen, M. N., Sheikh, A., Bora, R. S., Ahmed,
M. M., Ramadan, H. A, Saini, K. S., and Redwan, E. M. (2014).
Cell factories for insulin production. Microbial Cell Factories 13.

12. Savi¢,N., and Schwank, G. (2016). Advances in therapeutic CRI
SPR/Cas9 genome editing. Translational Research 168,15-21.

13. Bishop, T. F., and Van Eenennaam, A. L. (2020). Genome editing
approaches to augment livestock breeding programs. journal of
Experimental Biology 223.

14. Xiang, G., Ren, J., Hai, T., Fu, R., Yu, D., Wang, J., Li, W., Wang,
H., and Zhou, Q. (2018) Editing porcine IGF2 regulatory ele-
ment improved meat production in Chinese Bama pigs. Ce/lular
and Molecular Life Sciences 75, 4619-4628.

15.Yuan, M., Han, Z., Liang, Y., Sun, Y., He, B., Chen, W., and Li,
F. (2023). MRNA nanodelivery systems: Targeting strategies and
administration routes. Biomaterials Research 27.

16. Byun, M. J., Lim, J., Kim, S.-N., Park, D.-H., Kim, T.-H., Park,
W., and Park, C. G. (2022). Advances in nanoparticles for effec-
tive delivery of RNA therapeutics. BioChip Journal 16,128-145.

17.Yee,]. (2016). Off- target effects of engineered nucleases. 7he FE
BS Journal 283,3239-3248.

18.Song, B., Yang, S., Hwang, G.-H., Yu, ]., and Bae, S. (2021). Anal
ysis of NHE]-based DNA repair after CRISPR-mediated DNA
cleavage. International Journal of Molecular Sciences 22, 6397.

19. Liy, G., Lin, Q,, Jin, S., and Gao, C. (2022). The CRISPR-Cas
Toolbox and gene editing technologies. Molecular Cell 82, 333—
347.

20. Mishra, S., Nayak, S., Tuteja, N., Poosapati, S., Swain, D. M., and
Sahoo, R. K. (2024). CRISPR/Cas Mediated Genome Engineering
in Plants: Application and future prospective.

21. Bhatia, S., Pooja, and Yadav, S. K. (2023) CRISPR-Cas for geno
me editing: Classification, mechanism, designing and applications
. International Journal of Biological Macromolecules 238,124054.

22.Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., and Nakat
a,A. (1987). Nucleotide sequence of the IAP gene, responsible for

alkaline phosphatase isozyme conversion in Escherichia coli,

DOI: 10.36838/v7i7.7

44



ijhighschoolresearch.org

and identification of the gene product. Journal of Bacteriology 169,
5429-5433.

23. Mojica, F.J. M., Diez-Villasefior, C., Garcia-Martinez, J., and So
ria, E. (2005). Intervening sequences of regularly spaced pro-
karyotic repeats derive from foreign genetic elements. Journal of
Molecular Evolution 60,174-182.

24. Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval,
P, Moineau, S., Romero, D. A., and Horvath, P. (2007). CRISPR
provides acquired resistance against viruses in prokaryotes. Science
315,1709-1712.

25. Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A.,
and Charpentier, E. (2012) A programmable dual-RNA—guided
DNA endonuclease in adaptive bacterial immunity. Science 337,
816-821.

26. Gasiunas, G., Barrangou, R., Horvath, P,, and Siksnys, V. (2012)
Cas9—crrna ribonucleoprotein complex mediates specific DNA
cleavage for adaptive immunity in bacteria. Proceedings of the Na-
tional Academy of Sciences 109.

27.Cong, L.,Ran, F. A, Cox, D., Lin, S., Barretto, R., Habib, N., Hs
u, P.D.,Wu, X, Jiang, W., Marraffini, L. A., and Zhang, F. (2013).
Multiplex Genome Engineering using CRISPR/Cas Systems. Science
339, 819-823.

28. Ward, J. F. (1990). The yield of DNA double-strand breaks prod
uced intracellularly by ionizing radiation: A Review. International
Journal of Radiation Biology 57,1141-1150.

29.Xue, C., and Greene, E. C. (2021). DNA repair pathway choices
in CRISPR-Cas9-mediated genome editing. Trends in Genetics
37,639-656.

30.Locke, A.]. (2024). The regulation of end resection in the... ERA.

31.Jackson, S. P, and Bartek, ]. (2009).. The DNA-damage response
in human biology and disease. Nature 461,1071-1078.

32. Chang, H. H., Pannunzio, N. R., Adachi, N., and Lieber, M. R.
(2017). Non-homologous DNA end joining and alternative path-
ways to double-strand break repair. Nature Reviews Molecular Cell
Biology 18,495-506.

33. Sfeir, A., and Symington, L. S. (2015). Microhomology-mediate
d end joining: A back-up survival mechanism or dedicated path-
way? Trends in Biochemical Sciences 40, 701-714.

34. Bhargava, R., Onyango, D. O., and Stark, J. M. (2016). Regulatio
n of single-strand annealing and its role in Genome Maintenance.
Trends in Genetics 32,566-575.

35.Sinha, S., Villarreal, D., Shim, E. Y., and Lee, S. E. (2016). Risky
business: Microhomology-mediated end joining. Mutation Re-
search/Fundamental and Molecular Mechanisms of Mutagenesis 788,
17-24.

36.Seol, J.-H., Shim, E. Y., and Lee, S. E. (2018). Microhomology-
mediated end joining: Good, bad and ugly. Mutation Research/
Fundamental and Molecular Mechanisms of Mutagenesis 809, 81-87.

37.Vu, T.V,, Das, S.,Nguyen, C. C.,Kim, J.,and Kim, J. (2022) Singl
le-Strand annealing: Molecular mechanisms and potential ap-
plications in CRISPR-Cas-based precision genome editing.
Biotechnology Journal 17.

38.Sung, P, and Klein, H. (2006). Mechanism of homologous recom
bination: Mediators and helicases take on regulatory functions.
Nature Reviews Molecular Cell Biology 7, 739-750.

39.Lin, S., Staahl, B.T., Alla, R. K., and Doudna,]. A. (2014). Enhan
ced homology-directed human genome engineering by controlled
timing of CRISPR/Cas9 delivery. eLife 3.

40.Cox, D. B., Platt,R.].,and Zhang, F. (2015) Therapeutic genome
editing: Prospects and challenges. Nasure Medicine 21,121-131.

41.Jeggo, P. A.,and Lobrich, M. (2007) DNA double-strand breaks:
Their cellular and clinical impact? Oncogene 26,7717-7719.

42.Ran, F. A.,Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and

Zhang, F. (2013). Genome engineering using the CRISPR-Cas9
system. Nature Protocols §,2281-2308.

43. Sharma, D., Kaur, H., Kapoor, H. K., Sharma, R., Kaur, H., and
Kyum, M. (2022). Genome editing: A review of the challenges
and approaches. Genome Editing 71-101.

44. Symington, L. S. (2014). End resection at double-strand breaks:
Mechanism and regulation. Cold Spring Harbor Perspectives in Bi-
ology 6.

45. Ceccaldi, R., Rondinelli, B., and D’Andrea, A. D. (2016). Repair
pathway choices and consequences at the Double-Strand Break.
Trends in Cell Biology 26,52—64.

46. San Filippo, J., Sung, P., and Klein, H. (2008). Mechanism of euk
aryotic homologous recombination. Annual Review of Bio chemistr
y 77,229-257.

47.Heyer, W.-D., Ehmsen, K. T, and Liu, J. (2010) Regulation of ho
mologous recombination in eukaryotes. Annual Review of Genetics
44,113-139.

48. Wang, H., and Xu, X. (2017) Microhomology-mediated end joi
ning: New players join the team. Cel/ &amp; Bioscience 7.

49. Martinez-Gilvez, G., Lee, S., Niwa, R., and Woltjen, K. (2024).
On the edge of deletion: Using natural and engineered microho-
mology to edit the human genome. Gene and Genome Editing 7,
100033.

50. Villarreal, D. D., Lee, K., Deem, A., Shim, E. Y., Malkova, A., an
d Lee, S. E. (2012). Microhomology directs diverse DNA break
repair pathways and chromosomal translocations. PLoS Genetics 8.

51.Liy, S.,and Kong, D. (2020). End resection: A key step in homol
ogous recombination and DNA double-strand break repair. Ge-
nome Instability Samp; Disease 2, 39-50.

52.Scully, R., Panday, A., Elango, R., and Willis, N. A. (2019). DNA
double-strand break repair-pathway choice in somatic mammali-
an cells. Nature Reviews Molecular Cell Biology 20, 698-714.

53.Liu, Y., Zou, R., Nihongaki, Y., He, S., Razavi, S., Wu, B., and H
a, T. (2020). Very fast CRISPR on demand. Biophysical Journal
118.

54.Clarke, R., Heler, R., MacDougall, M. S., Yeo, N. C., Chavez, A.,
Regan, M., Hanakahi, L., Church, G. M., Marraffini, L. A., and
Merrill, B.]. (2018). Enhanced bacterial immunity and mammali-
an genome editing via RNA-polymerase-mediated dislodging of
Cas9 from double-strand DNA breaks. Molecular Cell 71.

55.Guo, T., Feng, Y.-L., Xiao, J.-]., Liu, Q., Sun, X.-N., Xiang, J.-F.,
Kong, N,, Liu, S.-C., Chen, G.-Q., Wang, Y., Dong, M.-M., Cai,
Z., Lin, H., Cai, X.-]., and Xie, A.-Y. (2018) Harnessing accu-
rate non-homologous end joining for efficient precise deletion in
CRISPR/cas9-mediated genome editing. Genome Biology 19.

56.Paques, F., and Haber, J. E. (1999) Multiple pathways of re combi
nation induced by double-strand breaks in Saccharomyces cere-
visiae. Microbiology and Molecular Biology Reviews 63, 349-404.

57.Peterson, S. E., Li, Y., Chait, B. T., Gottesman, M. E., Baer, R.,
and Gautier, J. (2011). Cdkl uncouples CTIP-dependent
resection and RAD51 filament formation during M-phase dou-
ble-strand break repair. Journal of Cell Biology 194, 705-720.

58. Sun, W,, Liu, H., Yin, W, Qiao, J., Zhao, X., and Liu, Y. (2022).
Strategies for enhancing the homology-directed repair efficiency
of CRISPR-Cas Systems. The CRISPR Journal 5, 7-18.

59.Liu, M., Rehman, S., Tang, X., Gu, K., Fan, Q., Chen, D., and
Ma, W. (2019). Methodologies for improving HDR efficiency.
Frontiers in Genetics 9.

60. Wimberger, S., Akrap, N., Firth, M., Brengdahl, J., Engberg, S.,
Schwinn, M. K., Slater, M. R., Lundin, A., Hsieh, P.-P.,, Li, S.,
Cerboni, S., Sumner, J., Bestas, B., Schiffthaler, B., Magnusson,
B., Di Castro, S., Iyer, P, Bohlooly-Y, M., Machleidt, T., Rees, S.,
Engkvist, O., Norris, T., Cadogan, E. B., Forment, ]. V., Svikovié,
S., Akcakaya, P, Taheri-Ghahfarokhi, A., and Maresca, M.

45

DOI: 10.36838/v7i7.7



ijhighschoolresearch.org

(2023) Simultaneous inhibition of DNA-PK and Pol© improves
integration efficiency and precision of genome editing. Nature
Communications 14.

61. Ata, H., Ekstrom, T. L., Martinez-G4lvez, G., Mann, C. M.,Dvo
rnikov, A. V., Schaefbauer, K. J., Ma, A. C., Dobbs, D., Clark, K.
J., and Ekker, S. C. (2018) Robust activation of microhomolo-
gy-mediated end joining for precision gene editing applications.
PLOS Genetics 14.

62. Martinez-Gilvez, G., Joshi, P, Friedberg, I., Manduca, A., and
Ekker, S. C. (2020). Deploying MME] using Mendel in precision
gene editing applications for gene therapy and functional genom-
ics. Nucleic Acids Research 49, 67—78.

63.Yao, X., Wang, X., Hu, X, Liu, Z., Liu, ]., Zhou, H., Shen, X.,
Wei, Y., Huang, Z., Ying, W., Wang, Y., Nie, Y.-H., Zhang, C.-C,,
Li, S., Cheng, L., Wang, Q., Wu, Y., Huang, P, Sun, Q., Shi, L.,
and Yang, H. (2017) Homology-mediated end joining-based tar-
geted integration using CRISPR/Cas9. Cel/ Research 27,801-814.

64. Dewey, E. B., Korda Holsclaw, J., Saghaey, K., Wittmer, M. E.,
and Sekelsky, J. (2022). The effect of repeat length on Marcall-de-
pendent single-strand annealing in Drosophila. GENETICS 223.

65. Gutschner, T., Haemmerle, M., Genovese, G., Draetta, G. F., and
Chin, L. (2016). Post-translational regulation of Cas9 during G1
enhances homology-directed repair. Cel/ Reports 14,1555-1566.

66.Tong, Y., Jorgensen, T. S., Whitford, C. M., Weber, T., and Lee,
S. Y. (2021) A versatile genetic engineering toolkit for E. coli
based on CRISPR-prime editing. Nature Communications 12.

67.Ochoa-Sanchez, A., Perez-Sanchez, G., Torres-Ledesma, A. M.,
Valdez, J. P, Rinaldi, G., Moguel, B. B., and Molina-Aguilar, C.
(2021). Prime editing, a novel genome-editing tool that may sur-
pass conventional CRISPR-Cas9. Re: GEN Open 1,75-82.

68. Doman, J. L., Sousa, A. A., Randolph, P. B., Chen, P. ]., and Liu,
D.R.(2022). Designing and executing prime editing experiments
in mammalian cells. Nature Protocols 17,2431-2468.

69. Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Kobla
n, L. W,, Levy, ]J. M., Chen, P. J., Wilson, C., Newby, G. A.,
Raguram, A, and Liu, D. R. (2019) Search-and-replace genome
editing without double-strand breaks or donor DNA. Nature 576,
149-157.

70. Davis, ]. R., Banskota, S., Levy, J. M., Newby, G. A., Wang, X., A
nzalone, A. V., Nelson, A.T., Chen, P.J., Hennes, A. D., An, M.,
Roh, H., Randolph, P. B., Musunuruy, K., and Liu, D. R. (2023)
Efficient prime editing in mouse brain, liver and heart with dual
aavs. Nature Biotechnology 42, 253-264.

71. Nadimpally, S. (2023). The ethics, equity, and governance of hu
man genome editing need greater consideration. BM]J.

72.Rossant, J. (2018). Gene editing in human development: Ethical
concerns and practical applications. Development 145.

® Author

Zirui Wang is a Year 12 student at St Leonard’s College in Mel-
bourne, Australia. He loves the applications of biomedical knowledge,
especially genome editing, due to its vast potential, and he enjoys
reading journals on up-to-date medical technologies. In the future,
he wishes to study Biomedical Science at university.

46



