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Abstract: Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), an exceptionally potent
genome-editing technique developed in 2012, is the ideal tool of the future for treating diseases by permanently
correcting deleterious base mutations or disrupting disease-causing genes with great precision and efficiency.
However, it is prone to cleaving double-stranded DNA in off-target genes and generating random mutations
in the process. These drawbacks restrict its application in fundamental research and agriculture, and raises
safety concerns in the field of medicine. Fortunately, the new gene editing technology derived from
CRISPR/Cas9, known as prime editing, has the potential to provide targeted sequence insertion, deletion, and
transversion, all while avoiding the formation of double-strand breaks, thus minimizing adverse effects.
Meanwhile, the rapid development of this technology makes its application wider and broader. This review
summarizes the current developments and optimizations of the prime editing (PE) system with improved
editing efficiency and precision. Along with discussing the most recent delivery techniques and outlining the
PE applications that are being used both in vitro and in vivo.
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1. Introduction

Programmable nucleases consisting of sequence-tailored guide RNAs (gRNAs) and Cas9
endonucleases are powerful tools for genome editing. Yet, the repair of double-strand DNA breaks
(DSB) by error-prone end-joining processes confers an intrinsically high mutagenic character to
nuclease-based genome editing[1]. In contrast, Prime editing (PE) is referred to as a ‘search and
replace’ technology which can install any single base-pair change and precise insertions or deletions
(indels) at specific genomic sequences without DSB formation[2]. The PE complex consists of a fusion
protein comprising a catalytically impaired Cas9 endonuclease (often referred to as "Cas9 nickase")
and an engineered Moloney murine leukemia virus (M-MLV) reverse transcriptase enzyme with a
specially designed RNA molecule, which guides PE, named the prime editing guide RNA (pegRNA).
The fusion protein is capable of both recognizing the target DNA site and copying new genetic
information and the desired genetic changes into the genome. The pegRNAs are comprised of a 20
nucleotides spacer sequence which informs the Cas9 which DNA locus to target, a primer binding
site (PBS), and a reverse transcriptase template (RTT). The PBS sequence binds to the genomic ssDNA
after it has been cleaved and allows the latter to act as a primer to begin the synthesis of a
complementary DNA strand. The RTT functions as the template for the reverse transcriptase to
synthesize the required complementary strand with the desired alterations. A precise substitution of
any nucleotide with any other nucleotide is theoretically possible by pegRNA. This makes it possible
to permanently alter the genome by correcting point mutations and adding, removing, or changing
a few nucleotides. The broad editing spectrum of prime editing technology has the potential to
address a wide range of genetic diseases. According to research and computational analyses, prime
editing's precision and versatility could theoretically correct up to 89% of known human genetic
diseases[2]. Collectively, PE offers precise and versatile editing capabilities with reduced reliance on
double-strand breaks (DSBs) and donor DNA templates compared to traditional CRISPR-Cas9-based
methods[2].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. The Iteration of the Prime Editor from PE1 to PE7

PE1 system consists of three main elements: 1) a Cas9 nickase, which cuts a single DNA strand
at a specific location, 2) a Reverse transcriptase (RT), which prepares the DNA containing the desired
edition and 3) a pegRNA: an RNA which combines Cas9’s sgRNA sequence with the PBS and RTT.
The PE2 system is identical to the PE1 system, with the exception that 5 mutations were added to the
RT protein (D200N/L603W/T330P/T306K/W313F) to improve its activity, binding and thermostability
[2]. The PE3 system is PE2 with an additional sgRNA to cause a ssSDNA cut on the unedited strand.
This favors the conservation of the edited strand compared to the PE2 system[2]. PE4 is based on PE2
but adds the MLH1dn gene, which encodes a mismatch repair inhibitory protein to increase the
editing efficiency. However, it appears to be less successful with longer edits. The PE5 system is a
combination of the PE3 system with MLHI1dn to increase the gene editing efficiency. This is
accomplished by protecting the edited sequence from the second round of modification[3]. Despite
the various methods employed to achieve the appropriate editing efficiency in vitro, the large size of
this system results in low in vivo efficiency. To solve this problem, PE6 was developed by using
phage-assisted evolution to choose advantageous mutations in the Cas9 and RT domains. This led to
the development of different RT-based prime editors, which were named PE6a to PE6d and which
offered improvements in editor size (PE6a and b) and RT activity (PE6c and d). Furthermore, to gain
a higher editing efficiency in mammalian cells using the PE system, several single mutations were
added to the Cas9. Thus, PE6e-g were based on using various evolved and engineered Cas9
variants[4]. PE7 is the PEmax system (an optimized version of PE2: Cas9 mutations, nuclear
localization, linker composition, and codon usage) fused to a truncated La protein, a small RNA-
binding exonuclease protection factor, which is a 408-residue protein that consists of a highly
conserved La motif, two RNA recognition motifs (RRM1 and RRM?2) and a flexible region with a
nuclear localization signal (NLS) at the C terminus. Fusing La protein to PEmax in multiple positions
(that is the N terminus, the C terminus or between Cas9 nickase and MMLV-RT) improved intended
editing efficiencies. The one which fuses the La N-terminal protein (1-194), containing the La motif
and RRM], into the C terminus of the PEmax system, is the most efficient and is named PE7 [5]. The
modifications of all above prime editors are shown in Figure 1. At the same time, the summary of
prime editor is shown in Table 1.

Table 1. Summary of Prime editor iterations.

Pri Description Efficiency Key Features
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Figure 1. The iteration of the prime editor from PE1 to PE7.
3. Optimization of the Editing Range of Prime Editing

3.1. Insertion and Integration
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Prime editing was first developed to precisely rewrite short sequences of the genome. As a result,
it experienced difficulties with longer edits. To explore what was contributing to this difficulty,
Koeppel et al. [6] created a library of 3,604 sequences of varied lengths and analyzed their insertion
frequency into four genomic locations belonging to three different human cell lines. This was done
using different prime editor systems in varying DNA repair site situations. The results demonstrated
that the length of the insertion sequence, nucleotide composition and secondary structure affected
insertion rates. Moreover, they also discovered that the 3’ flap nucleases TREX1 and TREX2 suppress
the insertion of longer sequences. They theorized that the nucleases degraded the 3’ flap
intermediates (containing the insertion) before they could be integrated into the genome. Based on
those modifications, they conclude that the pegRNA sequences between 15 and 21 nt could insert at
higher rates than shorter ones in mismatch repair (MMR) proficient cells, and for the longer sequence
over 30 nt, the 3’ flap nucleases TREX1 and TREX2 are the important factors.

As many hereditary diseases result from genes which contain mutations that are greater than
one nucleotide in scope, the capacity to insert large DNA fragments is a requirement for the fields of
gene-based therapies and genome engineering. GRAND editing, based on the PE3 system, uses two
pegRNAs to insert DNA fragments larger than 400 bp, but the efficiency remained low [7]. Twin-PE,
based on a similar methodology and developed by David Liu's group successfully inserted 5.6 kb
attP-containing DNA donor plasmid into the genomes of human cells at AAVS1, CCR5 and ALB gene
with 6.8%, 6.1% and 2.6% efficiency, respectively [8]. Afterwards, Zheng et al. [9] developed a
Retrotransposon-like template jump prime editing (TJ) PE, which enabled them to insert the GFP
gene (~800 bp) into recipient cells. The principle of this technology was motivated by the effective
genomic insertion process of retrotransposons, which can replicate their genetic material into
chromosomal DNA using target-primed reverse transcription (TPRT). In this study, the authors
designed TJ-pegRNA harboring the insertion sequence as well as two primer binding sites (PBSs),
with one PBS matching a nicking sgRNA site. Once the first template was inserted into the DNA, the
second PBS on the DNA flap binds with the nick site generated by nicking sgRNA. Thus, the first
inserted sequence will be recognized as the template for the second prime editing reaction to make
the large insertion exon rewriting happen. Until now, all the above methods have not yet been
applied to in vivo experiments. More recently, David Liu’s lab created Prime Assisted Site-Specific
Integrase Gene Editing (PASSIGE)[10], a method for site-specific integration of large DNA genes
(exceeding 10 kb), and its optimized version, eePASSIGE. This method shared the same underlying
ideas of the technology named Programmable Addition via Site-Specific Targeting Elements
(PASTE)[11]. Both PASSIGE and PASTE use the PE system and large serine integrases (LSRs), also
called recombinases, to efficiently integrate foreign DNA into the genomes of eukaryotic cells. These
two tools are based on using the programmability of the PE system to first write a short DNA
sequence (< 50 bp) at a specific location in the genome, a recognition sequence (attB or attP) for a
particular integrase, which generates the integration by delivering a template DNA that contains the
matching recognition sequence (attP or attB) as well as the integrase.

Besides the above experiments conducted on human cells, Sun et al. [12] developed the Third-
generation PrimeRoot editors which enable precise DNA insertion of 11.1 kb into plant genomes. In
this system, they rely on the use of site-specific recombinases (SSRs) to produce massive insertions.
During the recombination process, SSRs must first identify certain sequences called recombinase sites
(RSs). Based on this mechanism, they link the DNA fragment onto the RSs so that it can be inserted
into the plant genome by the RSs link to SSRs.

3.2. Deletion

To generate deletions using PE systems, two pegRNAs are used to target different strands. Choi
et al. [13] reported that PRIME-Del can remove big fragments up to 10 kb with an editing efficiency
of 1-30%. Put simply, they used PE2 with two pegRNAs to target different sites instead of delivering
the PE3 system. Once the PE2 created a nick in the two desired sites, the two RTTs eliminated the
portion that lay between the two sites. This result showed that in contrast with the CRISPR-
Cas9/double sgRNAs technology, PRIME Del was more accurate and flexible in targeted genomic
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sequence deletion, marker labelling, and genomic rearrangement. Similarly, TwinPE,a method that
uses a prime editor protein (PE2) and two prime editing guide RNAs (pegRNAs) for the
programmable replacement or excision of DNA sequences at endogenous human genomic sites [8],
can be used for deletion. The Single-anchor TwinPE was used to remove exon 51 (780 bp) of
Duchenne muscular dystrophy (DMD) in HEK293T cells, with an average editing efficiency of 28%
[8]. Furthermore, Jiang et al. [14] also developed a PE-Cas9-based deletion and repair (PEDAR)
method for large fragment deletion (up to 10 kb). In this strategy, instead of using Cas9 nickase, they
chose to link active Cas9 with RT to create PE-Cas9. Thus, under the direction of two pegRNAs that
recognize both complementary DNA strands, PE-Cas9 can create two DSBs and remove the DNA
fragment between the two cut locations.

3.3. Transversion

For transversion, base editing and prime editing are feasible for generating precise transversion
in the genome DNA. However, base editing requires different enzymes fused with spCas9 for the
different amino transversion, which is less precise than prime editing. Fortunately, with prime
editing, it is possible to do all 12 types of transversion and any other types of substitution by
providing the desired template sequence. However, the efficiency is highly dependent on the lengths
of the PBS and RTT, and the position of the nicking sgRNA [2]. For each target site, it is necessary to
test several pegRNAs with various combinations of RTT and PBS sequence lengths. The PBS and RTT
often fall between 6-16 nt and 8-23 nt, respectively. There is no rule for designing the pegRNA to
generate the highest efficiency for each gene. Thus, for each transversion modification, the different
combinations of pegRNA need to be validated before further modifications. However, inverting large
sequences is required to correct many human pathogenic alleles which contain multiple mutation
points or large structure variants. Twin-PE mentioned above was shown to inverse a target sequence
about 40 kb long which caused hunter disease by combining it with recombinase Bxbl attB and
attP[8].

4. Optimization of Prime Editor

4.1. Optimization of Cas Nickase

The optimization of Cas nickase has been accomplished by following four different paths: 1)
Cas9 PAM requirements have been altered to expand the scope of sequences which can be targeted
by using variants of SpCas9, 2) different sources of Cas9 have been used such as Staphylococcus
aureus Cas9 (saCas9) to change both PAM requirements and packaging size, 3) different classes of
Cas proteins (Cas12) have been used for similar goals and 4) mutation in Cas9 to increase the editing
activity and reduce the indels. For the first aspect, as Lu et al. [15] summarized before, depending on
the different variants of Cas9 protein, the required sequence of PAM is variable. Indeed, Kweon et al.
[16] created PE2 variations utilizing several SpCas9 variants, including PE2-VQR, PE2-VRQR, PE2-
NG, PE2-5pG, and PE2-SpRY. The PE2-SpRY can target 94.4% of pathogenic variants, thus, it is also
named PAM-less prime editor.

The Cas9 nickase which is most frequently used for prime editing is the SpCas9 which comes
from Streptococcus pyogenes. However, Cas9 can also be isolated from different species of bacteria.
Thus, there are many others, such as Staphylococcus aureus (SaCas9), Streptococcus thermophilus
(S5tCas9), Neisseria meningitidis (NmCas9), Francisella novicida (FnCas9), Campylobacter jejuni
(CjCas9), and Streptococcus canis (ScCas9). More recently, a Cas9 variant was identified in
Staphylococcus auricularis (SauriCas9) (3.3kb) which recognizes a 5-NNGG-3' PAM sequence, like
CjCas9, has high editing activity, and is small enough for delivery by a single AAV[17]. For prime
editing, Lan et al. [18] reported Mini-PE, which combines truncated MMLV RT with Campylobacter
jejuni Cas9 (CjCas9; H559A). The truncated MMLV RT has 21 N-terminal amino acids (AA) and 200
C-terminal AA deleted, leaving 467 AA (two-thirds of the original RT). The total size of the mini-PE
was lowered to 4.5 kb, which is suitable for recombinant AAV packaging[18]. However, the editing
efficiency was low and should be the factor to be considered. David Liu’s lab[19] compared using
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SaCas9 and SpCas9 nickase based PE system, and they found that the one based on SpCas9 had
higher efficiency than SaCas9.

Moreover, there are different types of nucleases based CRISPR/Cas systems, such as Cas12 and
Casl13, and each one contains their own subtypes [20,21]. In combination with the prime editor, Liang
et al [22] developed circular RNA-mediated prime editor (CPE) systems based on using Cas12 instead
of using Cas9. This system preferentially detects T-rich genomic areas and has the potential for
multiplexing.

Furthermore, some studies [23,24] showed that the nCas9 (H840 and D10A) occasionally
generated DSB. Lee et al[23] tested 14 mutation combinations in nCas9 in 15 loci of HEK293T cells to
avoid the formation of DSB, increase the activity of nCas9, and reduce unwanted editing. By
combining H840A and N863A mutations, they abolished the function of the HNH domain, leading
to single-strand breaks exclusively in the non-target strand. This decreased the frequency of indels
while maintaining the same prime editing efficiency as the PE3 system.

Aside from that, Chauhan et al [25] developed the vPE system, which inserted four mutations
in Cas9 nickase (R221K-K848A-H982A-N1317R) into a recently efficiency-boosting PE7 architecture.
Among those modifications, K848A-H982A intended to extend the length of the 5' released from the
nicking site, increasing its resection and reducing competition with the RTT template. R221K and
N1317R are designed to boost the activity of Cas9 nickase.

4.2. Optimization of RT

The M-MLV RT employed in PE1 to PE5 is one of the most studied RTs. It consists of five
domains. The palm (1-40, 125-159, 193-275 AA), finger (41-124, 160-192 AA) and thumb (276-361 AA)
domains make up the DNA polymerase domain (1-361 AA). These domains play different roles in
substrate binding, stability, and polymerase activity. The DNA polymerase domain is linked by a
connection domain (362-496) to the RNase H domain (497-671) that degrades the RNA in RNA/DNA
heteroduplex during DNA synthesis[26].

Several mutations have been found to improve the processivity, thermostability and substrate
affinity of the M-MLV RT [27]. However, their combination in the PE needs to be tested and
optimized for the targeted cells [26,28]. Anzalone et al.[2] screened multiple mutation combinations
to create the pentamutant RT that was tested in the PE2 to PE5 systems. Chen et al. [29] codon-
optimized this pentamutant for human cells in the process of developing the PEmax architecture.
Similarly, Gao et al. [30] increased the expression level and editing efficiency by human codon-
optimizing the RT using different algorithms.

Furthermore, since the loading capacity of the vector limits the delivery of the PE systems in
vivo, many attempts have been made to minimize the size of the RT by trying different truncations
of the M-MLV RT or using smaller orthologs that would yield equivalent editing efficiency. Although
prior research showed that mutations in the RNase H domain can negatively affect the RT
processivity and accuracy [27,31], its removal in the PE can lead to equivalent editing. Moreover, this
domain interacts with peptidyl release factor 1 (eRF1), which recognizes a stop codon and recruits
other termination factors [26,32], which prevents the binding of peptidyl release factor 3 (eRF3),
promoting the stop codon readthrough and blocking the mRNA degradation by the non-sense
mediated decay. Thus, Zheng et al.[33] suggested that prime editing could be safer if the RNase H
domain is removed. After experimenting with several truncations, they discovered that the A497
truncation, which eliminates the RNase H domain, preserves an editing efficiency comparable to PE3
for substitutions and small insertions or deletions. Similarly, Bock et al.[34] observed similar editing
efficiency between PE2 and PE2ARNase H in HEK293T for different substitutions in HEK293T cells.
Damon et al.[28] also obtained similar editing with PE2 and PE2ARNaseH. However, when tested on
complex editing types, such as long insertions or deletions that require TwinPE, the editing efficiency
was, on average, 1.4-fold lower compared to the full-length PE2. Likewise, Lan et al.[35] found
different truncations that produce editing comparable to PE2 while trying to make a mini-PE small
enough to fit in a single AAV. The smallest one, which removes the first 21 and last 200 amino acids
of the RT, combined with a compact CjCas9, can be delivered in vivo with a single AAV but with low
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editing efficiency. It has been previously described that the 23 first AA of the M-MLV RT are
dispensable for its enzymatic function. Additionally, different truncations were tried using the plant
prime editor (PPE) by Zong et al. [36]. The removal of the RNase H domain increased the editing by
2 folds for nucleotide substitutions at various sites in rice and wheat protoplast[36]. Overall, these
truncations significantly reduce the PE size and offer additional splitting options for delivery in small
vectors like AAV[28,30,33].

The connection domain links the RNase H to the polymerase, and some residues on its surface
interact with the RNA template. Zheng et al.[33] removed part of the connection domain with A474
truncation, and this reduced the editing efficiency at some sites. The A418 truncation or the total
removal of this domain resulted in low editing. Similarly, Zong et al.[36] eliminated the connection
domain in the PPE and observed no editing. Gao et al.[30] had comparable editing with the A471
truncation and PE2 human codon-optimized in HEK293T cells for A to T substitution or CTT
insertions. Examining further truncation, they discovered that they could eliminate an extra 60 bp at
the N-terminal and 90 bp at the C-terminal without compromising the editing efficiency at those sites.

While working on different configurations for the PE, Grunewald et al.[37] discovered that an
untethered RT and nSpCas9 had comparable editing efficiency to PE2. They hypothesized that
instead of acting in cis on the fusion protein, the RT might act in trans from a molecule in solution.
Their group used the split PE to screen smaller RT orthologues rapidly. They optimized the
Marathon-RT from Eubacterium rectal but had 3 folds less editing for various edits in HEK293T cells
compared to the full-length pentamutant M-MLV RT. Comparable editing between PE2 and a split
PE2 was also reported by Liu et al.[38]. They co-transfected cells with PE2 mutants that were either
defective for the M-MLV RT or nCas9 activity and had no editing. These results suggest that the RT
in the PE, in opposition to a split PE, do not function in trans, probably due to local molecular clashes.
They also tried 2 human codon-optimized bacterial RTs but had lower editing and higher indels
compared to PE3.

To compare different RT orthologues, Doman et al.[28] tested 20 different RT orthologues. The
results showed that the wild-type forms and all structure-based engineering ones had lower editing
compared to PE2, especially the smallest ones. After that, they used the phage-assisted continuous
evolution (PACE) to optimize the Escherichia coli Ec48 retrotransposon (1.2 kb) and
Schizosaccharomyces pombe Tf1 retrotransposon (1.5kb) RT, named PE6a and PE6b, generated the
editing efficiency averaging 80% of PEmax and giving comparable or better editing compared to
PEmax depending on the edit tested respectively. However, both PE6a and PE6b are less efficient for
long, complex edits and with structured RTT or PBS. To solve this problem, they added rational
mutations to the evolved Tfl to make PE6c. Also, they optimized the M-MLV RT with PACE to
generate an RT of the same size as PEmax ARNaseH called PE6d. Both optimizations are more
efficient with structured RTT or PBS and long edits that require twinPE. However, PE6d is not well
suited for small prime edits.

4.3. Optimization of pegRNA

The design, stability, editing position of the pegRNA from the Cas9 nicking site, and auto-
inhibitory interaction between PBS and the spacer sequence of pegRNA limited the use of PE systems.
Thus, the most straightforward optimization method for improving the editing capability of the PE
system is pegRNA modification.

Many methods have been developed to redesign the pegRNA, taking into account the
assessment of off-target mutations, the support of various Cas variants, and the optimization
variables for sequence design. The majority of these tools have been summarized in the reference
review article[39]. This year, Park et al [40] reported a new web-based tool for pegRNA design and
evaluation, which is wused for saturation genome editing named SynDesign
(https://deepcrispr.info/SynDesign). Besides, Mathis et al [41] developed PRIDICT 2.0, which
evaluates the effectiveness of pegRNAs for all edit types up to 15 bp in length in primary cells in vivo
as well as in cell lines with and without mismatch repair (https://www.pridict.it/epridict).

d0i:10.20944/preprints202411.1633.v1
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The pegRNA consists of a sgRNA and the addition of an unstructured RNA sequence to the
3'end of the sgRNA, which makes it unstable. To avoid degradation, David Liu's lab developed the
engineered pegRNA (epegRNA), which has a structured RNA motif (two stable pseudoknots:
prequeosinel-1 riboswitch aptamer (evopreQl) or the frameshifting pseudoknot from Moloney
murine leukemia virus (MMLV) hereafter named "mpknot") 3’ of the PBS that stops the pegRNA
extension from degrading and editing-incompetent PE complexes from forming that fight for access
to the desired genomic location. This method increased prime editing efficiency by 3-4-fold in many
cell lines compared to unmodified pegRNA. At the same time, the authors tried to remove the linker
between pseudoknots and pegRNA, and the result showed the linker is necessary to maintain the
increased the editing efficiency. To further reduce the misfolding of the pegRNA, they trimmed the
unnecessary sequence about 5nt from the evopreQl (TevopreQl). The efficiency of different
modifications (3nt insertion, nucleotide transversion) on different genes was increased from 3.8 to
6.8-fold [42]. Similarly, to reduce the degradation of the 3'-extended portion of pegRNAs, Zhang et
al. [43] added a viral exoribonuclease-resistant RNAs (xrRNAs) motif, a group of conserved
structures found in flaviviruses to the 3'end of pegRNA to protect the stability and activity. In this
study, five different xrRNAs (Murray Valley encephalitis (MVE), West Nile virus (WNV), Zika,
Dengue (Dengue), and Yellow Fever (YF) were tested to alter the pegRNA stability for base
conversion in 293T cells. Among them, the 3' Zika xrRNA motif yields the optimal improvement.
Instead of using those xrRNAs, another study added different RNA aptamer like stem-loops M2, PP7,
Csy4, and BoxB to the 3'end of pegRNA to avoid its degradation. The editing efficiency of that
modified pegRNA was compared to the ePE-Mpknot, ePE-EvopreQ1 at RUNX1 gene site (+5 G-C to
T-A) in HEK293FT cells. The results demonstrated that none of the aptamer modifications generated
higher efficiency than ePE-Mpknot and ePE-EvopreQ1. The aptamer-modified pegRNAs were split
into two parts, i.e., the sgRNA and the Prime RNA (pRNA: PBS, RTT, aptamer), to increase the
flexibility of the PE system, named split pegRNA prime editors (SnPEs). A Tornado circRNA system
expression system was used to construct the circular prime RNA to stabilize the pPRNA. However,
the editing efficiency was lower than that of the classical PE system in most cases[44].

Furthermore, the editing efficiency was affected by the type of editing and the editing distance
from the Cas9 nicking site. As the previous findings showed, modifications made to the invariant GG
nucleotides of the PAM sequence for Cas9 (positions +5-6 relative to the dsDNA break) typically
produced stronger phenotypes than other positions, with positions +1-4 remaining somewhat
effective and positions +7-20 generally less effective, especially after the +16 position [45]. Meanwhile,
the author also proposed that the location of the target sequence in a gene alters the editing efficiency.
For example, the editing efficiency is higher if the editing site is located at the beginning of a gene
due to it being more disruptive than other positions.

In addition, to decreasing the effect of the self-inhibition caused by the circularization structure
of pegRNA, Ponnienselvan et al.[46] demonstrated that pegRNA binding and target recognition
efficiency are impacted by the auto-inhibitory interaction that occurs between the spacer sequence
and PBS. Thus, they demonstrated that reducing the complementarity between the PBS and spacer
sequences could increase gene editing efficiency, which was achieved by reducing the length of PBS
and conducting a transient cold shock before treating the cells. Similarly, to solve the same problem,
Zhang et al.[47] applied three-point mutations to the 3' PBS region of the pegRNAs to prevent the
misfolding of pegRNA and used a heat denaturation followed by slow cooling to refold the pegRNA
structure. By conducting those strategies in zebrafish for generating the base substitution, the gene
editing efficiency was increased up to 24.7 folds compared to unmodified pegRNA. In addition, Li et
al [48] introduced same-sense mutations at the appropriate locations in the RTT to increase the PE-
editing efficiency on average 353-fold. They also modified the secondary structure of the pegRNA to
increase the stability of small hairpin by inserting the G/C pair. This modification was validated by
using the PE3 system to generate a small indel and the efficiency was increased up to 10.6 folds.

5. PE Delivery Strategies
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Ensuring the safe and effective delivery of gene editing components into the cell nucleus remains
a challenge due to the presence of negatively charged proteins and nucleic acids, particularly the
macro-protein prime editor. In general, delivery techniques can be divided into viral and non-viral
delivery. While viral vectors were extensively employed in labs and clinical trials to administer
genome editing treatments, the translation of these therapies was severely impeded by the possible
immunogenicity associated with viral vectors and their potential random integration. Non-viral
delivery methods, however, are offered as a potential solution. These vectors can be natural or
artificially synthesized and have fewer safety concerns, although they have a somewhat lower
delivery efficiency than viral delivery systems. However, the PE is 6.3 kb long for the coding
sequence, and the pegRNA is negatively charged, which increases the delivery challenge to generate
an efficient gene alteration in vivo.

5.1. Viral Vectors

5.1.1. Adeno-Associated Viruses (AAV)

AAV is a non-enveloped, replication-defective virus that does not cause disease in humans. It
has a capacity of around 4.7 kb, which is much smaller than the size of the PE system. To address this
limitation, the most well-known delivery method for PE is the dual AAV system, which separates the
PE system into two parts and modifies the PE component with an intein, a segment protein that
allows the fusion of two separated parts to form a complete protein by forming a peptide bond, and
subsequently generating the gene editing function. Therefore, the studies related to the use of dual
AAV systems focused on three parts: 1) comparing the splicing activity of inteins, 2) choosing the
split site of the PE system, and 3) using a smaller size RT. To choose an intein to generate a higher
efficiency, Pinto et al.[49] compared the splicing activity of 34 inteins to induce the fusion of two parts
of the mCherry protein. Ten inteins out of all those orthologs were successfully used in vivo and in
vitro. The results proposed that the reaction condition, the junction sequence, and protein expression
level affect the intein efficiency. She et al. [50] compared the inteins Rhodothermus marinus (Rma)
and Nostoc punctiform (Npu) to split the PE system at 11 different split sites. The Rma generated
higher gene editing efficiency in most split sites.

Except for inteins, the split sites within SpCas9 are an important factor that alters the gene
editing efficiency. She et al. [50] reported that the best on-target editing efficiency was obtained with
a PE split located before amino acid 1105 (Ser) of SpCas9 and the use of the Rma intein. Zhi et al.[51]
suggested that the PE split sites can only be within a small region from 990 (Asn) to 1050 (Ile). The
split-PE-1005 and 1024 have higher editing efficiency with the Rma intein, especially Split-PE-1024
shows a higher editing efficiency with plasmid transfection in HEK293T cells. Davis et al.[19]
proposed a similar split at the 1024 site of SpCas9, which allowed for therapeutically relevant editing
in the liver (up to 46%), heart (up to 11%), and brain (up to 42% efficiency in the cortex) of mice.
However, dual-vector designs are less efficient because the intein recombination system is only
partially controlled. To prevent split issues that could impact Cas9 activity, Griinewald et al.[37]
transfected the entire SpCas9 nickase (Cas9n) and RT independently. Gao et al.[52] reported a
truncated reverse transcriptase which removed the RnaseH domain to insert 3 nt into the PCSK9 gene
in mice, which were packaged into AAV8 with a total of 2 x 10'2 vector genome (vg) injected by tail
vein. The insertion efficiency reached 13.5% after 4 weeks. Meanwhile, Doman [4] developed a PE6
system with a smaller RT, the size is 270 bp smaller than the RnaseH version with several mutations
to increase RT activity. This system was used to mediate large single-flap insertions in vivo, which
generated an average of 40% and 62% loxP insertion in bulk and transduced cells.

5.1.2. Adenovector Particles (AdVPs)

Wang et al.[53] successfully used adenovector particles (AdVPs) to deliver the full length of
prime editors (PE2 and PE3) to correct the Duchenne muscular dystrophy (DMD) gene in vitro.
AdVPs containing the PE system were used to treat myoblasts and mesenchymal stem cells and had
editing efficiencies of 80% and 64%, respectively. They also compared the delivery of PE2 and PE3
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by AdVPs. The results demonstrated that the PE3 generated higher gene editing efficiency with fewer
indels than PE2 delivery. Moreover, this strategy was further used to delete a DMD exon in myotubes
produced by the fusion of human myoblasts by delivering PE2 and two pegRNAs. Dystrophin
expression was detected in the AdVPs treated group. Collectively, this study provides a new method
to deliver the full-length PE system. However, the immunogenicity and toxicity caused by AdVPs
need to be considered when using them to deliver an in vivo PE system.

5.1.3. Helper-Dependent Adenovirus (HDAd)

Delivering the multicomponent structure of a PE system requires that the gene transfer vector
has a big capacity. To deliver PEmax, a viral vector which could deliver over 16 kb is needed.
However, the current lentiviral and recombinant adeno-associated virus (AAV) vectors can only
carry payloads of 8 kb and 4.5 kb. Li [54] reported that they use the helper-dependent adenoviral
(HDAGJ), a vector devoid of all viral coding sequences, which has a payload capacity of 35 kb to
effectively transduce a broad range of cell types from different species irrespective of the cell cycle,
and this led to long-term transgene expression. This strategy was used to deliver the prime editor
into a sickle mouse model with corrections of over 40% for hemoglobin S alleles in vivo [55].

5.2. Non-Viral Vectors

5.2.1. Lipid Nanoparticles

Chen et al.[56] successfully reached 13% editing of the Pcsk9 gene, which encodes proprotein
convertase subtilisin/kexin type 9, an enzyme that destroys low-density lipoprotein receptors
(LDLRs). The immunodeficient mice were treated with lipid nanoparticles (LNP) containing PE
components by retro-orbital intravenous injection. The authors sought to insert a 4 bp (TTAC)
sequence into the Pcsk9 gene to introduce a premature termination codon and thereby shift the
reading frame, thereby inactivating the gene. Inactivating the Pcsk9 gene is a preferred method for
treating hypercholesterolemia since it lowers LDL-cholesterol (LDL-C) levels without causing
negative side effects.

5.2.2. Virus-like Particles (VLPs)

More recently, David Liu’s lab [57] has applied a new method, virus-like particles (VLP), to
deliver the full-length PE. Instead of using PE fused with Gag protein (which permitted the insertion
of 26 PE molecules per VLP), they optimized the system by adding a P3-P4 coiled-coil peptide pair
to the Gag protein and to the PE protein. Separating the GAG and PE allowed them to avoid the large
size of the fusion protein (309 kDa) which was thought to hinder the VLP production. This strategy
increased the gene editing efficiency for different mutations and reached 47% average editing among
GFP+ nuclei in mouse brains by neonatal Intracerebroventricular injection.

6. Prime Editing in Therapeutic Applications

6.1. Creation of Pathogenic Cell Lines and Organoids

To study diseases in vitro, it is helpful to have a cell line or an organoid with a pathogenic
mutation. Prime editing can install this mutation, allowing researchers to study the impact of the
disease or of the treatment. For example, Schene et al. created a liver organoid containing the D482G,
A>G mutation in the ABCB11 gene in 20% of cells to study bile salt export pump deficiency [58]. The
Cerebrofrontofacial Baraitser-Winter syndrome and coloboma (a congenital malformation of one or
more ocular structures) are caused by mutations in the ACTB gene, encoding {3-actin. Using the prime
editing technique, Binder et al. succeeded in creating pluripotent stem cells with the c.640G > T PTC
(premature termination codons) mutation in exon 4 of the ACTB gene, making it possible to examine
the molecular and functional consequences of the deficiency[59]. Geurts et al. used PE to generate
intestinal organoids presenting either the F508del mutation or the R785* mutation in the CFTR (cystic
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fibrosis transmembrane conductance regulator) gene, two mutations responsible for cystic fibrosis
[60]. Pancreatic adenocarcinoma was also studied by installing the G12V mutation in the KRAS gene
of the zebrafish genome. However, off-target mutations were observed due to sequence homology
[61]. In some patients with liver cancer, the CTNNB1 gene, which encodes [3-catenin, has a deletion
of 6 nucleotides. The introduction of this pathogenic mutation into a liver organoid was carried out
by prime editing with success in 30% of the cells [62]. Hou et al. worked on X-linked severe combined
immunodeficiency (X-SCID). This disease is caused by mutations in the interleukin-2 receptor
gamma (IL2RG) gene. Prime editing was used to generate an in vitro disease model by introducing
the c.458T>C mutation of the IL2RG gene, responsible for the disease, into T lymphocytes from
healthy donors. Using this model, the authors were then able to correct 26% of the mutated cells [63].

6.2. Creation of Pathogenic Animal Models

After studying the edition or disease mechanisms in vitro, animal models recreate in vivo
conditions to evaluate the effect of a mutation or the impact of a treatment on the phenotype. Lin et
al. [60] generated a mouse model suffering from cataracts by deleting a nucleotide (G) in exon 3 of
the CRYGC (crystallin gamma C) gene. This was accomplished through the microinjection of
plasmids encoding the prime editing components into mouse embryos and obtained 38.2%
nucleotide deletion as well as a nuclear cataract phenotype[64]. The P302L mutation in the TYR gene,
encoding tyrosinase which controls melanin synthesis, is responsible for oculocutaneous albinism.
This mutation was inserted by prime editing into zebrafish with a frequency of 3.33%, and the
mutation was transmitted to 8.3% of the next generation[61]. Salem et al. installed in mice the S50A
mutation in the CAPN2 gene, which encodes calpain 2, a ubiquitous protein with functions in the
central nervous system and in the heart. In patients with pulmonary hypertension, serine at position
50 of the protein is hyperphosphorylated. The authors, therefore, developed this model to be able to
study the impact of the mutation on the disease [65]. Qian et al. generated a rabbit model of Tay-
Sachs disease, characterized by an accumulation of GM2 gangliosides in the nervous system. In 80%
of cases, it is due to an insertion of four bases (TATC) in exon 11 of the HEXA gene encoding
hexosaminidase A, causing a deficiency of the enzyme[66,67].

6.3. Correcting Mutations In Vitro

Prime editing is also used to engineer a treatment that would allow the exact correction of
pathogenic mutations. This was first tested in vitro or ex vivo in cell lines. Alpha thalassemia is often
caused by the CD142 mutation (UAA > CAA) in the HBA2 gene encoding the alpha 2 subunit of
hemoglobin. Shao et al. used prime editing to correct 39% of the HUDEP2 (human umbilical cord-
derived erythroid progenitor) in Hb CS (hemoglobin constant spring) cells [68] Chronic septic
granulomatosis is caused by mutations in the NCF1 (neutrophil cytosol factor 1) gene, encoding the
protein p47phox, a subunit of NADPH oxidase. The majority of patients have a homozygous deletion
of 2 nucleotides (delGT) in exon 2 of the gene. Heath et al. corrected at least one allele in 75% of CD34+
myeloid cells carrying the delGT deletion[69]. Duchenne muscular dystrophy is caused by mutations
in the DMD gene encoding dystrophin. Mbakam et al.[70] corrected the c.428 G>A mutation (with a
rate of 28%) and the c.8713C>T mutation (22%) in myoblasts from patients in culture. Zhao et al.
corrected the c.7893delC mutation of the DMD gene in patient fibroblasts with an edition rate of 31%
[71]. The S210del mutation in the DGAT1 gene, encoding diacylglycerol O-acyltransferase 1, an
enzyme required to metabolize lipids, causes an enteropathy characterized by diarrhea and
malnutrition in infants, obtained 21% correction in intestinal cells isolated from patients [72].
Peterkova et al. corrected the c.1 A>G mutation in the FANCA gene, responsible for Fanconi anemia
and reached 15% correction in patient fibroblasts[73]. Hypogonadism caused by the W495X mutation
in the LHCGR (luteinizing hormone/choriogonadotropin receptor) gene results in insufficient
testosterone and sperm production. Xia et al.[74] corrected 23.42% of Leydig stem cells from
LhcgrW495X mutated mice, by delivering the N- and C-terminal parts of the PE using lentiviruses.
Mutations in the CRB1 (crumbs homolog-1) gene can cause different phenotypes, including Leber
congenital amaurosis and retinitis pigmentosa, which lead to vision loss. p.(C948Y) and p.(G1103R)
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are common mutations in this gene and they were corrected in induced pluripotent stem cells (IPSCs)
from patients with a success rate of 72% [75]. Mutations in the HPRT1 (hypoxanthine
phosphoribosyltransferase 1) gene cause Lesch-Nyhan syndrome, a disease characterized by
hypotonia and developmental delay. Jang et al. [76] corrected up to 14% of the c.333_334ins(A)
mutation in patient fibroblasts using PE. RYR1-related diseases are caused by mutations in the gene
coding for the ryanodine receptor protein. Godbout et al.[77] generated a myoblast cell line
presenting the T4709M mutation in the RYR1 gene in the homozygous state and then corrected the
mutation with a rate of 59% by delivering the prime editing components under the RNA form.

6.4. Correcting Mutations In Vivo

Other studies reached the in vivo point, where they tested the edition in animal models.
Mutations in the SERPINA1 gene (serpin peptidase inhibitor family A member 1) cause alpha-1-
antitrypsin deficiency. The E342K G>A mutation of the SERPINA1 gene (PiZ allele) was corrected in
6.7% of the genes in mice by intravenous hydrodynamic injection of plasmid DNA encoding the
different components of prime editing[78]. In a mouse model carrying the R207W (c.619>T) mutation
of the Kcng2 (potassium voltage-gated channel subfamily Q member 2) gene, responsible for
epilepsy, Cao et al.[79] used prime editing and corrected 14% of mutated alleles. To treat
hypercholesterolemia, Chen et al. [80] inserted in 13% of the genes 4 bp (TTAC) in the pcsk9 gene to
introduce a premature termination codon and to inactivate the gene which encodes proprotein
convertase subtilisin/kexin type 9, an enzyme that degrades low-density lipoprotein receptors
(LDLR). Bock et al [81]. corrected the F263S (T>C) mutation in the Pahenu2 gene which causes
phenylketonuria, a disease which impairs the assimilation of phenylalanine. By delivering the PE by
an adenovirus into newborn mice, these authors achieved a gene modification of 11.1%. The most
common variant in patients is ¢.1222C>T (p.R408W) and was corrected with an editing rate of 41% in
liver cells of the R408W mice by Brooks et al. [82] using dual-AAV delivery[82]. The rd6 mice
represent a model of recessive retinal degeneration caused by a 4 bp deletion in the mfrp (membrane
frizzled-related protein) gene in a splice donor site. David R. Liu’s group successfully corrected this
mutation at 15% in the eyes of rd6 mice through the subretinal injection of VLPs. This group also
used PE delivered by subretinal injection of pseudoviral particles to correct the R44X (c.130 C > T)
mutation of the rpe5 (retinal pigment epithelium) gene in the rd12 mouse, a model of retinal
degeneration affected by Leber Congenital Amaurosis. An average correction of 7.2% of the retinal
pigment epithelium was obtained along with a significant improvement in their visual function
assessed by electroretinography [83]. Hong et al [84]. corrected the mutations ¢.3631C > T at 10.5%
and c.2005C > T at 5.2% of the COL7A1 gene (collagen type VII alpha 1 chain), responsible for
recessive dystrophic epidermolysis bullosa (RDEB). Prime editing treatment was carried out ex vivo
on patient-derived fibroblasts then transplanted into immunodeficient athymic nude mice. Sickle cell
disease is caused by an A>T mutation in the HBB gene encoding hemoglobin (3. Prime editing was
used ex vivo on patients' hematopoietic stem cells and corrected between 15% and 41% of the cells.
These cells were grafted into mice which, 17 weeks after the transplant, presented between 28% and
43% healthy hemoglobin [85]. Tyrosinemia type I (HT-1) is caused by mutations, such as c.706G>A,
in the fah gene, coding for fumarylacetoacetate hydrolase (FAAH), an enzyme responsible for
tyrosine catabolism. Jang et al. corrected the in vivo deficit to 11.5% [86]. After treatment, 61% of
hepatocytes expressed the fah gene. This percentage is higher than the editing rate of genomic DNA
because most hepatocytes are polyploid[87]. DNA contamination from other cells also explains this
difference [86,88,89].

7. Conclusion and Perspective

The prime editing system has advanced at an incredible rate from its discovery to
characterization and potential applications in biological and agricultural sciences. This remarkable
method has a high specificity and possibility for all kinds of gene manipulation compared to other
nucleases and nickase-based methods. The optimization of each component of the PE system
increases the editing range and editing efficiency for correcting different mutations. However, several
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concerns remain that need to be addressed. Most importantly, the editing efficiency on different cell
lines needs to be further enhanced. To solve this problem, a better understanding of the structure and
the molecular mechanism of the PE system needs to be elucidated, as well as the factors that may
affect the PegRNA synthesis need to be considered if the plasmid is used. Furthermore, determining
the guidelines for developing the appropriate length of pegRNA is crucial to minimize the wasteful
effort involved in experimenting with various lengths of pegRNA PBS and RTT for every target site.
Secondly, the factors affecting the editing efficiency in primary cells should be analyzed. For example,
effective polymerization in MMLV-RT requires high intracellular dANTP levels. The enzymatic
properties in primary cells can be enhanced by adding mutation in MMLV-RT to increase the gene
editing efficiency. Most importantly, based on the goal of clinical gene therapy, investigations should
be continued to find efficient and safe delivery vectors for effective in vivo treatments. Collectively,
the PE system is a promising gene therapy technology, but it is still in its early years and must
overcome various constraints to reach its potential.
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