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Precise and efficient use of genome
editing tools are hampered by the
introduction of DNA double-strand
breaks, donor DNA templates, or
homology-directed repair. A recent
study expands the genome editing
toolbox with the introduction of
prime editing, which overcomes
previous challenges and introduces
insertions, deletions, and all puta-
tive 12 types of base-to-base con-
versions in human cells.

Due to the increasing availability of geno-
mic sequences for many species and
their usage for basic as well as applied
research, a tool that allows specific modifi-
cations of a certain gene is needed. The
past two decades have brought great
progress in developing tools for targeted
genome modification [i.e., the zinc-finger
nucleases (ZFNs) [1] and transcription
activator-like effector nucleases (TALENS)]
[2] that are able to cleave double-stranded
DNA at a specific region. However, both
techniques remain expensive and the
generation of proteins capable of binding
targeted DNA is a time-consuming pro-
cess. RNA-guided endonucleases have
also been used for genome modification.
Using two components of the clustered
regularly interspaced short palindromic re-
peats and CRISPR-associated (CRISPR/
Cas) prokaryote immune system, it was
possible to introduce double-stranded
breaks in target DNA [3]. In this system,
the Cas protein (i.e., Cas9) is guided by
short RNA sequence (sgRNA), to the
specific region of genome that is cleaved
within both DNA strands. This is possible

because of the presence of 18-22 nucleo-
tides (called spacer) in sgRNA sequence
that are complementary to the targeted
DNA. When this break is repaired via the
preferential nonhomologous end-joining
DNA repair pathway, random insertions
or deletions (indels) are introduced in the
target sequence(s) [3]. Discovery of novel
Cas endonucleases and the development
of mutated versions of known Cas endo-
nucleases has increased the specificity
and efficiency of these techniques [4].
Another breakthrough in genome editing
was the utilization of RNA-guided endo-
nucleases for base editing, including all
four transitions: C—T, T—C, A—G, and
G—A[5].

A major limitation of the current genome
editing technologies has been the ability
to provide the altered customized se-
quence simultaneously at the target site.
Recently, a method to overcome such
challenges, known as prime editing, has
been described by Anzalone et al. in
Nature. Prime editing enables the intro-
duction of indels and all 12 base-to-
base conversions (both transitions and
transversions) without inducing a DNA
double-strand break [6]. Here, a prime
editing guide RNA (pegRNA) drives
the Cas9 endonuclease. Moreover, the
pegRNA contains not only the spacer
that is complementary to one DNA strand
but also a primer binding site (PBS) region
and the sequence that will be introduced
to the targeted gene. The PBS region
is complementary to the second DNA
strand and will create a primer for the
reverse transcriptase (RT) that is linked to
the Cas9(H840A) nickase. The RT is an
RNA-dependent DNA polymerase that
uses the sequence from the pegRNA
as a template. Then the information is
copied directly from the pegRNA into
target DNA sequence; therefore, altering
the preselected target sequence in a
customized manner. After this step, two
redundant single-stranded DNA flaps
remain: original, unmodified DNA (5’ flap)
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and edited DNA that was copied from
pegRNA (3’ flap) [6] (Figure 1). These over-
hangs are subsequently stabilized and
integrated into the genome via a DNA
repair system present in cells.

Three generations of prime editors (PEs)
have been successfully tested in human
cells [6]. In the first generation of PEs
(PE1), Moloney murine leukemia virus
reverse transcriptase (M-MLV RT), which
is an RNA-dependent DNA polymerase,
was linked to the C terminus of Cas9
nickase (H840A), which is an endo-
nuclease with one inactivated domain.
This complex was driven by pegRNA
expressed in the second plasmid. The
pegRNA contains from eight to 15
bases of PBS, template sequence for
RT (containing the mutation that will be
introduced), and the spacer sequence
that will bind the target DNA. The effi-
ciency of PE1 reached values of 0.7—
5.5% in the case of introduction of point
transversions. The efficiency depends
on the PBS length and, for different
genes, the varied length of PBS (from
eight to 16 nucleotides) results in the
highest efficiency [6].

To improve efficiency of the PE, different
variants of M-MLV RT, which contain muta-
tions affecting thermostability, processivity,
DNA-RNA substrate affinity, and RNaseH
activity were used. Introduction of three
mutations (D200N, L603W, T330P),
which increased RT activity at elevated
temperatures, also increased the number
of introduced transversions (up to
6.8-fold in comparison with nonmutated
RT). Two additional mutations (T306K,
W313F) that enhance binding of RT to
the template—-PBS complex and RT ther-
mostability, improved editing efficiency
(1.3-8.0-fold). Finally, pentamutant RT
linked to the nickase [Cas9(H840A)-M-
MLV RT (D200N/L603W/T330P/T306K/
W313F)] was described as a second
generation PE (PE2), which exhibits 1.6-
5.1-fold improvement in efficiency of
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Figure 1. Prime Editing System. (A) Hybridization between prime editing guide RNA (pegRNA) and
target DNA. Spacer of pegRNA recognize sequence of non-protospacer adjacent motif (PAM) DNA
strand, whereas primer binding site (PBS) of pegRNA recognize sequence of PAM DNA strand.
(B) Mechanism of prime editing. PAM strand is nicked by Cas9(H840A) nickase and hybridization
between PBS and PAM DNA strand occurs. Reverse transcriptase (RT) copy information from
pegRNA into 5" DNA flap. Next, there are two possibilities: (i) flap equilibration results in hybridization
of 5" DNA flap to DNA unmodified strand and DNA repair process may introduce mutation to the

second DNA strand; or (ii) flap equilibration does not occur, 5" DNA flap is excised, and target
seguence remains unchanged.

2  Trendsin Cell Biology, Month 2020, Vol. xx, No. xx

CellPress

REVIEWS

introducing point mutations, when com-
pared with PE1.

In the present system, there are only two
factors that limit the efficiency of DNA
edits: the choice of which single-stranded
DNA flaps (edited or nonedited) will be
paired with unmodified DNA strand and
which DNA strand (edited or unmodified)
will be used as a template during DNA
repair. It was shown that a nick in the
unmodified strand increased efficiency of
the base editing systems in animal and
plant cells [7—10]. To apply this strategy
to PE, nickase was used that was guided
by the classical sgRNA with the spacer
matching only the edited sequence. This
approach, called PE3 system, increased
the efficiency (threefold) in introducing
point mutations [6]. Finally, all 12 possible
transition and transversion mutations
were generated with 33% (£7.9%) effi-
ciency in the PE3 system, which is similar
to the efficiency level of existing systems
of base editing (cytidine and adenine
base editors). However, the number of
off-target effects observed for PEs was
reduced when compared with Cas9,
even when the same protospacer was
used. In human cells, only three of 16
known Cas9 off-target sites for HEKS,
HEK4, EMX1, and FANFC loci were mod-
ified by PE3 [6]. This increased specificity
is due to the three steps of DNA hybridiza-
tion that are present during prime editing
events: between target DNA and spacer
from pegRNA; between target DNA and
PBS from pegRNA; and between target
DNA and edited DNA flap. In the case of
the standard Cas9 system, only hybridiza-
tion between target DNA and protospacer
from sgRNA occurs.

The prime editing system is a milestone in
the development of a precise and universal
method for genome editing. It needs to be
highlighted that for the first time all 12 point
mutations can be introduced to target
genes at locations ranging from 3 bp
upstream to 29 bp downstream of a
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protospacer adjacent motif. However, PEs
were also used to perform insertions even
up to 44 bp and deletions up to 80 bp
[6]. Further optimization of PEs would
increase their efficiency and specificity,
features that are crucial for their medical
use. Adaptation of PE systems for other
animal cells, as well as plant genomes,
will give researchers a new tool for basic
studies of gene functions, with previously
unachievable possibilities.
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