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Programmable gene-editing tools have transformed the life sciences
and have shown potential for the treatment of genetic disease. Among
the CRISPR-Cas technologies that can currently make targeted DNA
changesin mammalian cells, prime editors offer an unusual combination
of versatility, specificity and precision. Prime editors do not require
double-strand DNA breaks and can make virtually any substitution, small
insertion and small deletion within the DNA of living cells. Prime editing
minimally requires a programmable nickase fused to a polymerase
enzyme, and an extended guide RNA that both specifies the target site
and templates the desired genome edit. In this Review, we summarize
prime editing strategies to generate programmed genomic changes,
highlight their limitations and recent developments that circumvent
some of these bottlenecks, and discuss applications and future
directions.
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Introduction

Technologies that can make desired sequence changes at specified sites
inthe DNA of living cells have revolutionized the biomedical sciences,
driven innovation in biotechnology and shown clinical promise for
the therapeutic correction of genetic disorders. Anideal gene-editing
technology canconvert any targeted DNA to any other chosen sequence
with highyield, minimal undesired byproducts at the target locus and
minimal unintended changes to off-target genomic loci. To develop
gene-editing tools with high efficiency, versatility, product purity and
sequence specificity has therefore been a longstanding goal of the
life sciences. The landmark discovery of RNA-programmable CRISPR
systems'*hasled to the creation of three classes of technology that can
edit the genomes of mammalian cells at a broad range of target sites
and in awide variety of cell types and organisms: CRISPR-associated
(Cas) nucleases, base editors and prime editors. These technologies
differ extensively in their capabilities and limitations, which determine
their optimal usage for precision genome manipulation.

Casnucleasessuchas Cas9 or Cas12 stimulate target DNA modifi-
cation by making a double-strand DNA break (DSB) ata target sequence
specified by aguide RNA (gRNA)*¢ (Fig. 1a). Because nucleases do not
inherently possess the ability to directly alter the sequence of DNA,
cellular pathways, such as non-homologous end joining (NHEJ) or
microhomology-mediated end joining (MME)), repair this DSB inter-
mediate to yield amixture of insertion and deletion (indel) outcomes™®.
The majority of these indel outcomes cause frameshifts in coding
sequence targets®, so Cas nucleases are well suited for gene disruption.
However, although these indels can occasionally coincide with desired
editing outcomes’ ™, the sequence of indels cannot be specified by the
researcher or precisely controlled.

To make specified DNA changes, nucleases can be co-delivered
with an exogenous donor DNA template that contains the desired edit
flanked by sequence homologous to the genomic target site™* (Fig. 1a).
Following DSB generation, cellular homology-directed repair (HDR)
canthenrecombine the DNA template into the DSBsite. Although this
approach canin principle make almost any type of edit (for example,
point mutations, insertions or deletions), HDR is active primarily in
mitotic cellsandis typically outcompeted by end-joining for process-
ing of DSBs™ . These factors resultin frequent indel byproducts that
compromise the purity of the precisely corrected editing outcome.
Alternatively, inanapproach called homology-independent targeted
integration (HITI), DNA donors that lack homologous sequence canbe
inserted at a DSB site through NHEJ, but the orientation and number
of insertions cannot be controlled, and undesired indel outcomes
typically outnumber the precise intended edit'® (Fig. 1a). Moreover,
DSBs generated by nucleases can cause large deletions, chromosomal
translocations, chromothripsis, retrotransposoninsertion and activa-
tion of p53, which can enrich oncogenic cells”’?°, Taken together, the
challenges and undesired consequences of using nucleases for preci-
sionediting have inspired the development of other technologies that
can mediate precise gene correction without the creation of DSBs.

Base editing is one such technology. Base editors can make C+G-
to-T+A, A*T-to-G+C, and, in some cases, C+G-to-G+C point mutations
without directly generating DSBs or requiring DNA donors (Fig. 1b).
Base editors consist of a programmable DNA-binding protein, such as
a catalytically impaired Cas nuclease” > or a transcription activator-
like effector (TALE) repeat array*®*, fused to a deaminase enzyme
that converts one base to a different base. For CRISPR base editors, a
guide RNAtargets the base editor to bind amatching sequence within
genomic DNA. The Cas protein domain of the base editor displaces

single-stranded DNA (ssDNA) at the target site, triggering deamina-
tionby the tethered ssDNA-specific deaminase enzyme. Cytosine base
editors (CBEs) and adenine base editors (ABEs) contain deaminases
that catalyse C+G-to-T+A and A-T-to-G+C changes, respectively? .,
C+G-to-G+C base editors (CGBEs) are similar to CBEs, but stimulate
replacement of the deaminated cytosine base with guanine, albeit
with lower typical efficiencies and product purities compared to CBEs
and ABEs*. Compared to Cas nucleases, base editors exhibit sub-
stantially greater efficiency with few indel byproducts, and show far
fewer undesired consequences of DSBs than nucleasesin side-by-side
Comparisonsl9,21,23726,37,38.

Because base editors deaminate within a small window of
4-5nucleotides (nt) canonically, C or A nucleotides very close to the
target C or A can also undergo conversion, resulting in ‘bystander
editing’. The application of base editors to make changes in the cod-
ing sequence of genes usually results in only synonymous muta-
tions within a typical base editing activity window® owing to the
frequency of transition mutations being silent in the genetic code.
Nevertheless, undesired base editing of bystander nucleotides
canbe challenging to avoid in some cases. Base-editing activity is also
restricted by the targeting scope of the Cas domain, which requires
the presence of a protospacer adjacent motif (PAM) sequence at a
specific distance range (typically 15 + 2 nt) from the target nucleotide.
Moreover, some base editors can induce off-target mutations in DNA
and RNA*°*2, Although engineering efforts have mitigated many of
these drawbacks**™', current base editors can only make six of the
12 possible types of point mutation, leaving many other classes of pos-
sible DNA edits, such asinsertions, deletions and most transversions,
beyond thereach of base editing.

Motivated by the need for a precise and highly versatile gene-
editing technology, prime editing enables all types of DNA substitu-
tion, small insertions and small deletions to be installed at targeted
sites in the genomes of living cells without directly forming DSBs™
(Fig.1c). Prime editing minimally requires a prime editor (PE) protein,
whichistypically afusion of anickase Cas9 (nCas9) and areverse tran-
scriptase (RT), along with a prime editing guide RNA (pegRNA), which
specifies the target site for the edit and contains a programmable RNA
template for the desired DNA sequence change. To mediate editing,
PEs nick the target site on the genome and extend new DNA sequence
fromthis nick using the pegRNA as atemplate (Fig. 2). Thisedited DNA
strandis thenincorporated into the genome through endogenous cel-
lular processes that can be promoted by also nicking the non-edited
strand*.

Through this mechanism of directly rewriting target DNA, prime
editing offers extraordinarily high versatility, editing purity and DNA
target specificity in comparison to base editing and HDR with nucle-
ases. However, the original prime editing systems are primarily limited
byinconsistent editing efficiency that can vary widely across different
desired edits, target sites and cell types. Recent insights into the cel-
lular determinants of prime editing efficiency have resulted in many
advancesto prime editing that address this limitation®***. In addition,
prime editing strategies that utilize multiple pegRNAs have expanded
the size of possible targeted sequence insertions and deletions® "
Moreover, combining the use of prime editors with site-specificrecom-
binases have enabled the first gene-sized (>5 kb) RNA-programmed
gene insertion or inversion in mammalian cells***%, In this Review,
we describe the capabilities and limitations of prime editing, highlight
improvementstoits performance and scope, and discuss applications
and opportunities for further enhancement.
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Uncontrolled Fig.1|Precision genome editing in mammalian cells. a, Cas

indels nucleases caninduce target DNA disruption via formation of
insertions or deletions (indels) or DNA integration typically
accompanied by substantial frequencies of undesired indel
byproducts. b, Base editing can mediate C-G-to-T+A, C+G-to-
G+C, and A+T-to-G+C conversions with few indel outcomes.

Uncontrolled Base editors canonically use a Cas9 nickase that cuts only the

indels and complementary strand. ¢, Prime editing can program any type of

donor DNA precise nucleotide substitution, as well as insertions or deletions

incorporation of up to hundreds of bases. Prime editors canonically use a Cas9
nickase that cuts only the non-complementary strand. Red DNA
represents precisely edited sequence, and black DNA represents
undesired outcomes. Blue DNA bases show the position of the
protospacer-adjacent motif (PAM) required for Cas9 targeting.
RuvCand HNH are nuclease domains of Cas9. HDR, homology-
directed repair; HITI, homology-independent targeted
integration.
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Development and capabilities of prime editing
Origin of prime editing

Liuand co-workers created the original prime editor (PE1) by fusing a
Streptococcus pyogenes Cas9 (SpCas9) H840A nickase mutant to the
wild-type RT from Moloney murine leukaemia virus (MMLV)** (Fig. 2,
Table 1). Prime editing also uses a pegRNA, which is an engineered
guide RNA that contains a spacer sequence for directing PE1 to the
genomic target site, as well as a critical 3’ extension that templates
the desired edit sequence. Within a cell, the prime editor-pegRNA
complex binds the genomic target site complementary to the
pegRNA spacer, forming an R loop in which the displaced ssDNA is
nicked by the prime editor (Fig. 2). This nick releases a3’'DNA end that
can hybridize to the pegRNA extension and prime reverse transcrip-
tion of the template region of the pegRNA. DNA polymerization via
primer extension of the target DNA strand then generates a 3’'DNA
flap that contains the edit and homology to the downstream genomic
sequence. Next, the 3’flap displaces an adjacent strand of genomic
DNA through flap interconversion®**’, Excision of the displaced 5’ flap
followed by ligation of the remaining nick results in a heteroduplex
inwhich one genomic strand contains the edit. Finally, DNA repair or
replication copies the edit to the complementary strand and makes
the prime edit permanent.

PE1 can mediate single-base substitutions, small insertion and
small deletion edits in human cells, but the efficiency of this first-
generation system is modest; typically <5% of targeted alleles are
converted to the desired sequence™. To improve editing efficiency,
Liu and co-workers introduced five mutations to MMLV RT known to
enhanceitsthermostability, its processivity and its binding to template-
primer complexes, yielding a second-generation PE2 editor™ (Fig. 2,
Table1). These additions resultedinal.6-to 5.1-fold increase in editing
efficiency compared to PE1in human cells.

Despite this improvement, PE2 still relies on endogenous repair
processes to copy the edit from the newly synthesized DNA strand
to the complementary strand. To bias cellular replacement of the
non-edited strand, Liu and co-workers engineered third-generation
prime editing systems (PE3), which use an additional single-guide
RNA (sgRNA) to direct the prime editor enzyme to nick the non-edited
strand* (Fig. 2). Nicking the complementary strand 40-100 base pairs
(bp) downstream of the pegRNA-directed nick site further improved
editing efficiencies by 1.5- to 4.2-fold over PE2 in HEK293T cells. How-
ever, PE3 also induced modest indel formation, presumably from the
occasional presence of simultaneous nicks on both DNA strands, which
canlead to DSBs. Although the frequency of the desired edit from PE3
is still substantially higher than the frequency of indels in most cases,
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Fig. 2| Original prime editing systems. Prime editor 1 (PE1) editing systems use
afusion of Streptococcus pyogenes Cas9 (SpCas9) nickase and Moloney murine
leukaemia virus reverse transcriptase (MMLV RT) in complex withaprime editing
guide RNA (pegRNA) to nick the non-complementary genomic strand and template
the synthesis of an edited DNA flap*>. The PE2 prime editor uses an engineered
MMLV RT withimproved efficiency and stability*’. The edited 3’ flap is processed

by endogenous cellular pathways to permanently copy the edited sequence to
the non-edited strand. PE3 editing systems use an additional single-guide RNA
(sgRNA) to direct the PE2 enzyme to nick the non-edited strand and stimulate
replacement of the non-edited strand, which enhances permanent incorporation
of the edited sequence™.

theseindel byproducts could be virtually eliminated without compro-
mising editing efficiency using the PE3b system, in which the comple-
mentary-strand nick is specific for the edited sequence to minimize
coincident nicks on both genomic strands*”. Together, PE3 and PE3b
support highly versatile targeted substitutions, insertions and dele-
tions inmultiple human cell types, including in primary, non-dividing
mouse cortical neurons™,

Capabilities and advantages of prime editing
Comparedto Casnucleases and base editors, prime editors offer aunique
set of advantages for genome editing. Because the desired edit is pro-
grammed within the pegRNA template (Fig. 2), a large diversity of edit
types canbeinstalled with high precision®. These include all twelve types
of single-base substitution, multiple base substitution, smallinsertions
(uptodozensof nucleotides for the original PE3 system), small deletions
(up tohundreds of nucleotides for the original PE3 system), and combi-
nationsthereof. Inaddition, prime editing can change bases far (at least
33 bp) from the site of the initial PE-mediated nick®?. As a result, prime
editingislessrestricted than base editing or Cas nuclease-mediated HDR
by the requirement of a PAM sequence near the site of the desired edit.
Forapplications that require high editing precision, prime editing
with the PE2 system, which does not nick both DNA strands, can medi-
ate efficient editing and very rarely generates indel byproducts (typi-
cally <0.5% of editing outcomes) (Fig. 2). As noted above, PE3 typically
achieves higher levels of gene editing by nicking the non-edited strand,
which may create DNA intermediates with nicks on both strands. Despite
the possibility of forming DSBs, the frequency of PE3 indel byproductsiis

generally muchlower compared to those generated with Cas nucleases.
Optimizing the position of the complementary-strand nick or the use
of the PE3b strategy can also reduce prime editing indel byproducts®.
Lastly, prime editing rarely induces DNA changes at off-target
genomic loci. Unlike Cas nucleases and base editors, prime editing
requires three checkpoints of complementary base pairing for pro-
ductive editing. First, the prime editor binds and nicks the on-target
locus thatis complementary to the pegRNA spacer (Fig. 2). Second, the
primer binding site (PBS) of the pegRNA must hybridize to the nicked
3’end of the target DNA to prime reverse transcription. Finally, the
reverse-transcribed 3'DNA flapis required to hybridize with the down-
stream genomic sequence to enable incorporation into the genome.
In addition, in the PE3 system, the nicking sgRNA guides the prime
editor to nick the non-edited strand at the sequence complementary
tothe spacer. The requirement for these multiple base-pairing events
results in unusually high prime editing specificity compared to other
gene-editing technologies. Indeed, prime editing has been found to
induce very few detected off-target genomic changes in mammalian
cells®®, mammalian organoids®-*?, mouse embryos® ¢ and plants®’.

Prime editing limitations and improvements
Enhanced prime editor effector proteins

Successful prime editing occurs through many concerted steps. To
engage the target DNA, the prime editor must first be expressed,
transported into the nucleus, and then forma complex withapegRNA
(Fig. 3a). Next, the prime editor must efficiently find the target site,
nick the exposed DNA strand, and prime reverse transcription of the
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Table 1| Prime editor and pegRNA architectures

Construct Architecture Description Refs.
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Table 1 (continued) | Prime editor and pegRNA architectures

Construct Architecture Description Refs.
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aa, amino acids; Cj, Campylobacter jejuni; crRNA, CRISPR RNA; dn, dominant negative; Fn, Francisella novicida; MCP, MS2 coat protein; MMLV, Moloney murine leukaemia virus; nCas9, nickase
Cas9; NLS, nuclear localization signal; PAM, protospacer adjacent motif; PBS, primer-binding site. PE, prime editor; pegRNA, prime editing guide RNA; petRNA, prime editing template RNA;
Pol-11l, RNA polymerase Ill; sgRNA, single-guide RNA; RT, reverse transcriptase; Sa, Staphylococcus aureus; Sauri, Staphylococcus auricularis; Sp, Streptococcus pyogenes; xrRNA,

exoribonuclease-resistant RNA.

pegRNA. The resulting edited DNA strand must then be copied onto
thenon-edited strand through cellular DNArepair processes, making the
edit permanent. Efforts to improve prime editing performance have
therefore focused on enhancing the efficiency of these steps.

The originally reported PE2 prime editor protein contains N-and
C-terminal bipartite SV40 nuclear localization signals (NLS) and a flex-
ible, 32-amino-acid peptide linking the SpCas9 H840A and engineered
MMLV RT domains™. Xue, Liu and co-workers independently identi-
fied poor nuclear localization as a limiting factor for prime editing
efficacy and engineered enhanced PE2 architectures, PE2* and PEmax,
by adding additional NLS tags®>*® (Fig. 3a, Table 1). PEmax also contains
an engineered MMLV RT domain that has been codon optimized for
human expression, as well as SpCas9 mutations previously shown to
enhance Cas9 nuclease activity®. In cultured mammalian cells, PEmax
improves editing efficiency over PE2 by up to threefold on average.
Sherwood and co-workers alsoincreased cellular PE2 expression upon
tethering peptides to PE27°, Using a high-throughput approach called
PepSEqtoidentify candidate peptide fusions, they designed an IN-PE2
editor construct that shows improvement in mouse and human cell
types (Fig. 3a, Table1).

Many groups have optimized the prime editor architecture by
inserting DNA- or RNA-interacting proteins between the Cas9 and
RT domains.K.Kim, H.Kim, and their respective co-workers engineered

PEs with an additional high-mobility group peptide (CMP-PE-V1)®*
or hRad51DNA binding domain (hyPE2)” within the linker, which shows
modest improvements over PE2 in mammalian cell culture (Fig. 3a,
Table1). Gao and co-workers similarly constructed an engineered plant
prime editor (ePPE) by removing the RNaseH domain from MMLV RT
and inserting a viral nucleocapsid protein between the Cas9 and
RT domains, which together increases editing by 5.8-fold on average in
rice protoplasts’ (Fig.3a, Table 1). Interestingly, Yang and co-workers
foundthataflipped MMLV RT-SpCas9 H840A architecture (PE-P3) can
outperformPE2in rice but notin human cells” (Table 1). Future efforts
to characterize the structure of the PE-pegRNA-DNA target complex
may inform the design of more active prime editor architectures or
suggest tailored prime editor variants that are optimized for cell types
or target sites of interest.

Improved pegRNAs for prime editing

The 3’extension of a pegRNA is critical for priming reverse transcrip-
tion and templating the desired prime edit, but may be exposed to
ribonucleases within the PE-pegRNA complex. Degradation of the
3’extension can result in defective PE-pegRNA ribonucleoproteins
(RNPs) that compete with competent PE-pegRNAs for binding to tar-
get DNA and thus weaken prime editing efficiency (Fig. 3a). Liu and
co-workers addressed this issue by adding RNA structural motifs,
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evopreQ, or mpknot, tothe3’end of apegRNA that protect the 3’exten-
sion from exonucleases®*. These engineered pegRNAs (epegRNAs)
enhance editing efficiency by 1.5- to fourfold compared to canonical
pegRNAs, particularly for non-synthetic pegRNAs that do not carry
nuclease-resistant chemical modifications (Fig. 3a, Table 1). In similar
independent studies, other groups have added a Zikavirus exoribo-
nuclease-resistant RNA motif (xr-pegRNA), a G-quadruplex (G-PE),
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localization and/or DNA targeting of the prime editor complex. PEmax*
improves nicking of the genomic DNA strand. ePPE assists pegRNA-primer
annealing’. The engineered MMLV RT in PE2*? strongly enhances DNA flap
synthesis. b, Strategies that promote permanent incorporation of the edited

non-edited

orastem-loop aptamer (sPE) to the pegRNA 3’extension and have shown
comparable improvements to prime editing in mammalian cell cul-
ture™7® (Fig. 3a, Table 1). Furthermore, Wang and co-workers designed
extended pegRNAs containing a3’Csy4 recognition motifhairpin, which
are likely to enhance prime editing through the same mechanism”. In
their enhanced prime editing system (ePE), these extended pegRNAs
arealso fusedtoanicking sgRNA and co-delivered with Csy4 nuclease,
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which cancleave the Csy4 recognition site and separate the two guide
RNAs within the target cell (Table 1). Collectively, these studies stress
the importance of protecting the pegRNA 3’extension for prime edit-
ing. Moreover, because self-complementarity between the pegRNA
spacer and extension can reduce editing efficiency”’, it is tempting
to speculate whether these 3’structured RNA elements may reduce
pegRNA self-annealing.

Improving pegRNA transcription or stability can also enhance
prime editing efficiency. Multiple groups have reported modestly
higher editing with pegRNA CRISPR RNA (crRNA) scaffold sequences
that interrupt a putative RNA polymerase Ill terminator (4 consecu-
tive Us) with a U-A-to-C-G base pair flip or with a U-A-to-A-U flip and
extension of the crRNA tetraloop®*’””® (Fig. 3a, Table 1). Alternatively,
expressing pegRNAs with RNA polymerase Il also removes the need to
avoid poly(U) termination signals’. In addition, Chenand co-workers
showed higher prime editing efficiency with apegRNAs that stabilize
the secondary structure of the second stem-loop within the pegRNA
scaffold® (Table1). However, other pegRNA scaffold variants with even
lower folding energies did notimprove prime editing®’, suggesting that
the sequence determinants of pegRNA efficiency are complex. Addi-
tional exploration of pegRNA scaffold variants may therefore provide
anopportunity for further prime editing improvement.

Althoughlinking the spacer and template sequences withinasin-
gle pegRNA ensures their proximity during prime editing, separating
these components can also support prime editing. Sontheimer and
co-workersdesignedasplit pegRNA system composed ofanormalsgRNA
thattargetsthe PEandalinear or circular prime editing template RNA
(petRNA) that contains the PBS and RT template® (Table1). Importantly,
the petRNA also harbours an MS2 hairpin that facilitates its recruit-
mentto the RT by binding afused MS2 coat protein. Maand co-workers
independently established a similar strategy, called Split pegRNA
prime editors (SnPEs)”. Both studies showed that prime editing with
aseparate sgRNA and template RNA is possible, but usually results in
lower efficiency than prime editing with a canonical pegRNA"**',

Prime editing byproducts and improved DNA repair

After PEs synthesize an edited 3’'DNA flap at a target site, endogenous
cellular pathways process this intermediate to either reject the edit,
incorporate the edit into the genome, or generate unwanted indel
outcomes. PE2 and PE3b editing systems, which do not concurrently
nick both DNA strands at the target site, rarely produce indel bypro-
ducts™. By contrast, PE3 generates a modest frequency of undesired
indels, which often include deletions or tandem duplications of the
sequence between the pegRNA- and sgRNA-programmed nicks>*,
Notably, pegRNA and sgRNA pairs with inward-facing PAMs (PAM-in
orientation) tend toresultin deletion byproducts, whereas pairs with
outward-facing PAMs (PAM-out orientation) have a propensity to form
tandem duplication byproducts®®,

Using CRISPRinterference screens that reveal the impact of many
individual gene knockdowns on prime editing outcomes, Liu and
co-workers discovered that the DNA mismatch repair (MMR) pathway
strongly antagonizes prime editing and stimulatesindel byproducts™.
Loizou and co-workers also reported that knocking out MMR increases
prime editing efficiency and fidelity*’. Together, these findings support
amodelinwhich MMR reverts the nicked heteroduplex formed when
the edited 3'DNA flap anneals to the genome (Fig. 3b). Consistent with
this model, MMR impedes only prime edits that form mismatches
known to be repaired by MMR, including single-base substitutions
and insertions or deletions of less than 13 nt*. G+C-to-C+G edits or

substitutions of multiple contiguous bases evade MMR activity and
are therefore installed with higher efficiency with PEs.

These insights inspired two approaches to improve prime edit-
ing outcomes. First, a dominant negative variant of an MMR protein,
MLH1dn, was engineered to transiently inhibit MMR and enhance
prime editing efficiency® (Fig. 3b, Table 1). Co-expression of MLH1dn
with prime editing agents yielded fourth- and fifth-generation systems
(PE4 =PE2 + MLH1dn, PE5 = PE3 + MLH1dn), which respectively enhance
editing by sevenfold over PE2 and twofold over PE3. PES5 also reduces
indel byproducts by twofold compared to PE3, particularly for large
indel byproducts. Similarly, MLH1 knockdown with small interfering
RNAs (siRNAs) or chemically inducible degradation of MLH1 within
cell lines carrying a degron-tagged MLH1 can also transiently inhibit
MMR and improve prime editing®**’ (Fig. 3b). Although evidence sug-
gests that transientinhibition of MMR may not strongly affect genome
stability®>”’, the off-target consequences of DNA repair modulation
need to be more thoroughly characterized for clinical applications.

Second, programming additional silent mutations near the
intended edit can create a heteroduplex intermediate with more
mismatches that evades MMR recognition, increasing prime editing
efficiency without globally perturbing MMR activity** (Fig. 3b). Yang,
Chen, and their respective co-workers similarly report thatintroducing
multiple substitutions enhances prime editing efficiency’*°. However,
identifying the ideal set of silent mutations to evade MMR requires intu-
itionand experimental optimization, and is not currently predictable.
Independent of their effect on DNA repair, installing additional silent
mutations may also improve the folding or stability of the pegRNA.

Recent studies have also found that transient inhibition of p53
canimprove prime editing efficiency in human embryonic stem cells
(hESCs), although the mechanism of this improvement has not been
fully characterized”. Notably, p53 inhibition has also beenreported to
enhance the efficiency of Cas nuclease in human pluripotent stemcells
(hPSCs)*. Investigating the basis of thisimprovement and evaluating
the safety of perturbing the p53 DNA damage response are required to
assess the potential applicability of this approach.

Prime editing can also generate an additional type of by-productin
whichapegRNA scaffold sequence isincorporated into the genome™.
Althoughinfrequent, these outcomes arise from reverse transcription
of the pegRNA RT template into the crRNA scaffold to generate an
extended 3'DNA flap. Liuand co-workers found that recoding the 3'end
ofthe pegRNA scaffold to reduce sequence homology with the genomic
target canreduce theincidence of this by-product®. Alternatively, PE2
or PE4 systems, which do not nick the non-edited strand, generate very
few editing outcomes with scaffold sequence incorporation compared
toPE3 or PE5®.

Chromatin accessibility

Successful prime editing requires that the genomic target site is suf-
ficiently accessible for engagement by a PE-pegRNA complex. Kim
and co-workers showed that a PE variant with chromatin modulat-
ing peptides (CMP-PE-V1) can open the local chromatin at the target
locus and improve prime editing inmammalian cells®® (Fig. 3a, Table 1).
They also found that targeting PE to bind nearby the edit site via trun-
cated, dead sgRNAs also increased chromatin accessibility and edit-
ing efficiency. Consistent with these results, chemical inhibition of
HDAC7 to promote an open chromatin state was observed to enhance
the frequency of prime editing insertions and deletions®*. Collectively,
these findings suggest that chromatin remodelling caninfluence prime
editing.
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Prime editor variants

Although prime editing does not require a precisely positioned PAM
atthetargetsite, editing nucleotides far fromthe PE target site (>40 nt
away) can still pose a challenge. Prime editing a distant base requires
the creation of along pegRNA, the synthesis of along 3’DNA flap con-
taining the edit, and the incorporation of this flap into the genome. As
aresult, it may be difficult to edit DNA far from the NGG PAM sequence
preference of canonical PE enzymes.

To expand the range of sequences that can be efficiently prime
edited, researchers have constructed PEs that utilize other Cas9 vari-
ants withnon-NGG PAMs or alternative nuclease cut sites. The discovery
and development of these Cas9 variants and orthologues has been
reviewed extensively elsewhere®. Kim and co-workers described a set
of PEs with engineered PAM variants of SpCas9, including PE2-VQR,
PE2-VRQR, PE2-VRER, PE2-NG, PE2-SpG and PE2-SpRY® (Table 1).
Multiple groups have also developed other PEs that use smaller Cas9
variants, such as SaCas9, SaCas9KKH, SauriCas9 and CjCas9, which
each have unique PAM preferences®***% (Table 1). In addition, prime
editors show activity with FnCas9, which recognizes an NGG PAM
but nicks the target DNA strand farther upstream of the PAM com-
pared to SpCas9, resulting in a shifted window of editable bases®
(Table 1). Circular permutant SpCas9 variants have also been tested
in prime editors, but these variants edited much less efficiently
than the canonical PE2 effector®. Although this collection of PE variants
widens the scope of target DNA that can be edited by PEs, future work
is needed to improve their activity. PEs that use other Cas9 variants
typically exhibit reduced editing efficiency, suggesting that prime
editing is highly sensitive to Cas9-pegRNA complexing, DNA target
engagement or DNA nicking kinetics. Further underscoring theimpor-
tance of improving Cas domain compatibility with PEs, using smaller
Cas proteins may also facilitate viral packaging or delivery of PEs using
methods that prefer or require smaller cargos.

In addition to exchanging the Cas9 domain, PE variants that uti-
lize alternative RTs have also been established. Multiple groups have
observed that the RNaseH domain of the engineered MMLV RT in PE2 s
dispensable and canbe removed without affecting editing levels’5¢55%,
Researchers have also constructed PEs using the CaMV RT from cauli-
flower mosaicvirus, aretron-derived RT from E. coli BL21, the Eubacte-
riumrectale maturase RT (MarathonRT) and GsI-1IC RT (TGIRT I11)$"%°,
Althoughthese RT variants support measurable levels of prime editing,
they exhibit substantially weaker activity than the engineered MMLV RT
used in PE2. Nevertheless, identifying or engineering novel RTs and
RT variants with improved processivity, efficiency and substrate
engagement has the potential to enhance prime editing potency.
Smaller RT variants may also yield smaller PEs that are easier to deliver.

Predicting pegRNA design and efficiency

Optimization of pegRNAs is critical for maximizing prime editing,
because editing efficiency varies widely across pegRNAs with different
PBS and RT template lengths*’. Depending on the desired edit, research-
ers often screen pegRNAs with PBS and RT templates of 8-15 nt and
10-74 ntinlength, respectively®. Given the expense and time required
for these optimizations, multiple groups have developed programs for
designing pegRNAs’* %%, However, only some of these tools can accu-
rately predict well performing pegRNA PBS and RT template lengths
foragiventarget site and edit. Gao and co-workers observed that the
optimal melting temperature between PBS and genomic DNA strand
is 30 °C in plants®, but this guideline may not apply to mammalian
cells cultured at 37 °C. To this end, Kim and co-workers performed

pooled pegRNA-target site library screens in human cells to train a
deep learning model, DeepPE, that predicts optimal pegRNA PBS and
RT template lengths'®. Although DeepPE optimizes pegRNAs only
for one type of edit (a G+C-to-C+G change of a PAM nucleotide), they
identified sequence determinants of prime editing efficiency, such
as Cas9 nuclease efficiency and GC content of the PBS. Cheng and
co-workers also used the dataset from Kim and co-workers to train their
owndeep learning model, Easy-Prime”. These computational tools, as
wellasmodels for other types of prime edits that may be developedin
the future, have the potential to simplify the successful use of prime
editing and broadeniits applicability.

Newer prime editing variants

Prime editing with paired pegRNAs

Compared to traditional prime editing systems that use a pegRNA
and an optional sgRNA (Fig. 2), using two pegRNAs to simultaneously
edit both DNA strands expands the size and type of genomic manipu-
lations possible with prime editing. Many prime editing approaches
that use two pegRNAs have been reported, including dual-pegRNA,
HOPE (homologous 3’ extension mediated prime editor), PRIME-Del,
PEDAR (PE-Cas9-based deletion and repair), twinPE, GRAND (genome
editing by RTTs partially aligned to each other but non-homologous to
target sequences within duo pegRNA), Bi-PE, bi-WT-PE and PETI (prime
editor nuclease-mediated translocation and inversion)>>79%1017103
(Fig. 4a). These approaches use pegRNA pairs in a PAM-in orientation
totemplate 3’flaps on opposite genomic strands, but differinthe design
of the synthesized flaps and in how they cut the target DNA.

The dual-pegRNA and HOPE systems can install substitutions,
smallinsertions and small deletions at modestly higher efficiency and
precision than traditional prime editing systems’”'®! (Fig. 4a). These
approaches usetwo pegRNAstargeted in close proximity (<50 bp from
oneanother) togenerate 3’flaps that each contain theintended edit and
some homology with downstream genomic sequence. The resulting
3’flaps can anneal to one another to form aduplex containing the edit.
Subsequent 5’ excision of the unedited genomic strands and ligation
of the nicks then results in permanent incorporation of the edit into
both strands of DNA (Fig. 4a). Each edited 3’ flap can also indepen-
dently anneal to the genome and lead to successful editing through a
traditional PE2 mechanism.

Large sequence deletions and insertions

Targeting pegRNA pairs at a much greater distance from one another
unlocks the potential to program much larger sequence changes with
prime editing. Developed by Shendure and co-workers, PRIME-Del
can mediate large deletions (<10 kb) with efficiencies of up to 25% at
endogenous genomic sites™ (Fig. 4a). PRIME-Del uses pegRNAs tar-
geted far apart thatare eachhomologous to the genomic sequence past
the opposing nick. As aresult, PRIME-Del deletes the entire sequence
between the pegRNA-directed nick sites. The pair of pegRNAs can
also optionally encode a short insertion (<30 bp) that is simultane-
ously installed at the deletion junction. Like dual-pegRNA and HOPE
systems, each 3’flap for PRIME-Del can independently facilitate the
programmed edit, suggesting that the 3’ flaps may not need to be
concurrently resolved for editing.

In a similar approach, Liu and co-workers developed twin prime
editing (twinPE), which can replace a long DNA sequence between
pegRNA-directed nicks witha desired insertionup to 113 bp inlength*
(Fig.4a). Unlike PRIME-Del, twinPE uses pegRNAs that template com-
plementary 3’ flaps, each with the desired sequence insertion but
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Fig. 4 | Prime editing variants. a, Prime editing with paired prime editing guide
RNAs (pegRNAs) that template two 3’ DNA flaps containing the edit>> 721017105,
DNA intermediates formed after prime editor (PE)-mediated nicking and flap
extension at the pegRNA target sites are shown on the left. Annealing of the
complementary flaps, excision of the original genomic duplex, and ligation

of the resulting nicks can efficiently mediate small edits or large insertions
and deletions. b, Prime editing with serine integrases enables the targeted
insertion of gene-sized (>1 kilobase) DNA segments. Twin prime editing or
PASTE first installs an attB site into the genome using prime editing, then uses
Bxb1recombinase to mediate integration of donor DNA into the site®*%,

¢, Prime editors containing Cas9 nuclease create double-strand breaks (DSBs)

withanedited 3’ overhang that can be incorporated into the genome but also
resultin frequent formation of insertion or deletion (indel) byproducts'®*1°*1%7,
Red DNA bases represent edited DNA with heterologous sequence. Blue and
orange DNA bases represent homologous sequence. A specifies DNA bases
deleted by the edit. Scissors denote sites of Cas9-induced DSBs. GRAND,
genome editing by RTTs partially aligned to each other but non-homologous
to target sequences within duo pegRNA; HOPE, homologous 3’ extension
mediated prime editor; PASTE, programmable addition via site-specific
targeting elements; PEDAR, PE-Cas9-based deletion and repair; PETI, prime
editor nuclease-mediated translocation and inversion; PRINS, primed insertions
strategy.

without designed homology to the genome. Importantly, because
the newly synthesized 3'flaps are typically dissimilar to the target site,
they hybridize to each other with minimal competition from genomic
sequence. These flaps also do not need to fully anneal to each other
and onlyrequire atleast 20 nt of overlap on their 3’ends. Annealing of
these 3’flaps, excision of the unedited homoduplex, and subsequent
ligation can then integrate the edited DNA strands into the genome.
TwinPE avoids multiple DNA repair steps that can reject the edit for
traditional prime editing, including 3’ flap annealing to the genome,
5’flap displacement, and heteroduplex resolution. By circumventing
these steps, twinPE can direct sequence replacement with efficiency as
high as 90% and with few indel byproducts®. Inanindependent study,
Yin and co-workers developed GRAND editing, which can simultane-
ously insert and delete large DNA sequences exactly as in twinPE'%?
(Fig.4a). GRAND editing was demonstrated to efficiently install 250-bp
DNA sequences with up to 27% conversion at endogenous loci and
in non-dividing cells. In other similar work, Yao and co-workers
established Bi-PE approaches which are equivalent to PRIME-Del and
twinPE'** (Fig. 4a).

In addition to replacement of DNA sequences, twinPE can also
mediate precise deletions of less than 1 kb with greater flexibility than
PRIME-Del. Specifically, single-anchor twinPE (SA-twinPE) fixes one
deletion junction at a pegRNA nick site, and hybrid-anchor twinPE
(HA-twinPE) allows flexibility for both deletion junctions®. The synthe-
sized 3’flaps for SA-twinPE and HA-twinPE are fully complementary to
oneanother, and are also homologous to the genomic sequence around
the deletion junctions. However, despite the greater flexibility for
programming large deletions, Sa-twinPE and HA-twinPE are typically
less efficient than PRIME-Del*.

In an approach similar to twinPE, PEDAR was developed by Xue
and co-workers to install large sequence deletions (<10 kb) with a
short insertion (<60 bp) at the junction® (Fig. 4a). Although pegRNA
designisidentical inthe two approaches, PEDAR uses a Cas9 nuclease
instead of nCas9 in the prime editor effector. Consequently, PEDAR
pegRNAs direct Cas9-RT to make two DSBs with complementary
3’overhangs containing only the desired short insertion. MMEJ or
single-strand annealing pathways then process this intermediate,
leading to the intended sequence-replacement outcome. However,
although PEDAR can make these desired editing outcomes with up to
27% efficiency, they are typically outnumbered by indel byproducts.
In independent studies, Yao, Kim, and their respective co-workers
developed bi-directional WT-PE (bi-WT-PE) and PETI systems that
use a Cas9 nuclease prime editor similar to PEDAR'*'* (Fig. 4a). They
showed that templating flaps with some homology at the opposing
nick site (such as in PRIME-Del) can support the targeted deletion of
hundreds of bases and targeted inter-chromosomal translocations.
PETI can also program inversions using pegRNAs designed with flaps
homologous to the inverted sequence. Despite the complexity of
targeted genomic rearrangements possible with PEDAR, bi-WT-PE
and PET]I, these approaches suffer from low editing purity and have
off-target consequences caused by generating multiple DSBs.

Collectively, PRIME-Del, twinPE, GRAND, bi-PE, PEDAR, bi-WT-PE
and PETI can precisely delete large stretches of target DNA (<10 kb), or
replace themwith DNA inserts up to 250 bp at high efficiency. In their
current form, most of these approaches use pegRNA-directed nick sites
to define the junctions for deletion, which may restrict their flexibility
for precision edits. Future work is needed to assess these approaches
with paired pegRNAs that program shifted deletion windows or with
Cas9 PAM variants that increase pegRNA targeting scope.

Gene-sized manipulations with prime editing and integrases
Despite their versatility, traditional prime editing and paired pegRNA
prime editing systems are unable to efficiently install DNA cargo
larger than afew hundred base pairs. To enable the insertion of longer
sequences, Liu and co-workers combined twinPE with site-specific
serine integrases, which catalyse recombination between attB and
attP attachment sites in a directional manner® (Fig. 4b). Researchers
have previously used serine integrases, such as Bxbl, to insert plas-
mids containing an attsite into the complementary att site thatis pre-
installed within the genome. TwinPE caninsert 38-bp attB or 50-bp attP
sequences at specified target DNA sites in mammalian cells with high
efficiency, followed by Bxbl-mediated integration of a 5.6-kb plasmid
donor at thislanding pad site. These prime editing and integration steps
can be performed sequentially or as a single transfection to achieve
up to 6% knock-in of DNA cargo®. In addition, installing both attB and
attPsites with twinPE enables the deletion or inversion of very long
intervening genomic sequence with Bxbl. Liu and co-workers used
this approach to precisely invert 40 kb of DNA between the /DS and
IDS2 genes with 10% efficiency®.

Inanindependent study, Gootenberg, Abudayyeh, and co-workers
developed PASTE (programmable addition via site-specific targeting
elements), which similarly uses prime editing to insert landing pad
sites for Bxb1-catalysed knock-in of donor DNAs up to 10 kb in size™®
(Fig. 4b). The prime editing and integration steps in PASTE are per-
formed by asingle protein fusion of Cas9 nickase, RT and Bxbl recom-
binase. PASTE uses traditional PE3 editing (with a pegRNA and nicking
sgRNA) toinstall attB. As aresult, although PASTE is less efficient than
twinPE at inserting the attB sequence’®*, PASTE does not delete any
genomic sequence during the prime editing step and therefore only
leaves attL and attR sequence scars from Bxbl recombination during
donor knock-in (Fig. 4b). Taken together, twinPE and PASTE can make
targeted insertions, deletions and inversions of gene-sized (>5 kb)
DNA sequences, which substantially expands the capabilities of prime
editing and targeted gene integration in mammalian cells.

Prime editors with nucleases that make DSBs

Traditional prime editing systems such as PE2-PE5 rely on several DNA
repair processes to incorporate the edit, including 3’ flap annealing,
5’flap displacement, 5’ flap excision and heteroduplex resolution.
These steps present multiple opportunities to reject the edit. Creat-
ing a DSB instead of a DNA nick at the junction of flap synthesis may
circumvent these steps and engage other DNA repair pathways to
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resolve the intermediate towards the intended edit, albeit with the
undesired consequence of inducing more indel byproducts fromend-
joining processes. As discussed above, PEDAR, bi-WT-PE and PETI use
this approach to mediate large sequence deletions, inversions and
translocations™'°*1%,

To test traditional prime editing with a pegRNA-directed DSB,
multiple groups engineered a PE2-nuclease editor by reverting the
SpCas9 H840A mutation in PE2'°° (Fig. 4c). To prevent the formation
of multiple DSBs from pegRNAs and sgRNAs, these PE2-nuclease and
WT-PE systems only used pegRNAs. Compared to PE3 with the canonical
prime editor nickase, PE2-nuclease and WT-PE installed precise edits
at a similar frequency. However, as expected, these outcomes were
outnumbered by indels that predominantly contain partial tandem
duplications from insertion of the reverse-transcribed RT template,
consistent with NHEJ of the synthesized 3'overhang at the DSB junction.

Maresca and co-workers also constructed a PE2-nuclease editor,
termed PEn, and similarly observed many partial tandem duplication
outcomes from editing'”” (Fig. 4c). Disrupting NHEJ with a DNA protein
kinase (DNA-PK) inhibitor eliminated these partial tandem duplica-
tions, and knocking out POLQ, a mediator of alternative end-joining,
eliminated all other indel byproducts. To leverage NHE] for targeting
sequenceinsertions, Marescaand co-workers also developed the PRINS
(primed insertions strategy) system, which uses PEn and a pegRNA that
templates a3'DNA flap containing only the desired sequence insertion
without any homology to the genome (Fig. 4c). In cell culture, PRINS
caninsertsmall (<10 bp) sequences with10-50% efficiency with mod-
est indel byproducts, but imprecise insertions account for roughly
half of editing outcomes. In addition, PRINS exhibits the higher off-
target propensity of Cas9 nuclease and can only insert sequences at
the precise DSB junction programmed by the pegRNA. Despite these
limitations, PRINS may offer an editing approach that bypasses DNA
repair pathways, such as MMR, thatimpede traditional prime editing.

Delivery of prime editing components
DNA transfection and viral delivery
Efficient delivery or expression of PE protein and guide RNAs in the
target cell is required for productive prime editing. A common strat-
egyistodeliver DNA encoding prime editing componentsinto target
cells and exploit the cells’ endogenous transcription and translation
machinery to produce PERNPs. In many cultured mammalian cell lines,
transient lipid-mediated transfection or electroporation of prime
editor plasmids can mediate high editing efficiencies, and selection
for transfected cells can further improve editing performance®>*"",
Hydrodynamic tail-vein injection of plasmid DNA can also deliver PEs
into mouse hepatocytes in vivo* 5518819 These approaches induce
transient expression of prime editing agents in mammalian cells and
thereby limit undesired editing at off-target loci. Nevertheless, DNA
delivery carries therisk of exogenous DNA integrationinto the genome.
Some prime editing applications, such as pooled screening,
require stable cellular expression of PE froma genomically integrated
cassette. PiggyBac transposase and lentiviruses can stochastically
insert DNA encoding PEs and pegRNAs into the genome and mediate
high editing efficiencies in human cell lines, induced pluripotent stem
cells (iPSCs) and mouse cortical neurons®>*>1°"", Similarly, human iPSC
lines have been generated withinducible PE2 at the AAVS1safe harbour
locus by HDR-mediated integration®"*', Efficient editing (>20%) can
beinducedintheseiPSClines when transiently transfected with pegR-
NAs and sgRNAs. Last, single integration of pegRNAs with lentiviral
transduction has also been demonstrated to enable screening with

pooled pegRNA libraries®®”'9%'% Taken together, stable expression
of prime editor components may facilitate high-throughput genetic
perturbation and library experiments with prime editing.

Viruses offer many advantages for delivery, including efficient
transductionand tissue selectivity, making them an attractive mode of
delivering PEsin vivo. As discussed above, lentiviruses can genomically
integrate PEs, but caninduce oncogenesis from insertional mutagen-
esis and increase off-target editing from persistent expression'*.
Transient expression reduces these risks and is therefore favoured
for therapeutic applications. Among DNA viruses with a lower risk of
integration, adeno-associated virus (AAV), adenovirus and herpes sim-
plexvirus (HSV) have previously been used for transient transduction
withsuccess™.

Because of their low immunogenicity and broad tropism, AAVs
areapromising approach for prime editor delivery. However, AAV can
only package DNA cargo up to about 4.7 kbinlength, whichis substan-
tially smaller than the size of a prime editor and pegRNA (7 kb). As one
approachto circumvent this limitation, multiple groups have divided
the prime editor into two protein halves thatare each fused to half of a
trans-splicing intein®®5¢%%15_After co-infection with AAVs expressing
each PE-split-intein half, the full-length prime editor is reconstituted
by intrans protein splicing. In a separate approach to bypass the AAV
packaging limit, Kim and co-workers encoded each prime editor half
on a trans RNA-splicing AAV (tsAAV)'*®, Homologous recombination
between the inverted terminal repeats (ITR) sequences of the tsSAAVs
then generates the full-length transcript, leading to PE expression.
Lastly, Sontheimer and co-workers demonstrated that delivering
untethered nCas9 and RT (sPE) in two different AAVs can mediate
efficient prime editing®. Encouragingly, these strategies can induce
modest editing inthe mouse liver and retina, but attaining therapeutic
levels of invivo prime editing with AAV transduction (=20%) has posed
achallenge thus far.

Compared to AAV, adenovirus and HSV stimulate amuch stronger
inflammatory response in vivo, raising safety concerns with their use
in the clinic'*. However, adenovirus and HSV have larger packaging
capacities (8.5 kb and 40 kb, respectively) and can therefore fit the
prime editor and pegRNA into asingle vector for transduction. In addi-
tion, adenovirus can efficiently transduce most tissue types, whereas
HSV possesses strong tropism for neurons. Given these advantages
over AAV, Schwank and co-workers found that adenoviral delivery of
asingle PE construct outperforms dual AAV delivery and can mediate
up to 60% editing in the mouse liver®., Gongalves and co-workers also
demonstrated high levels of prime editing in cell culture with high-
capacity adenoviral vectors, which are devoid of viral coding elements
and have a30-kb packaging limit"°. Lastly, Berger and co-workers have
alsodelivered PEs, pegRNAs, and nicking sgRNAs inasingle baculovirus
vector to perform prime editing with many pegRNAs in mammalian
cell culture'”. Innate immune responses to baculovirus have thus far
limited the efficiency and potency of this approach in vivo. Although
several strategies show promise, optimizing viral vectors for transduc-
ing PEsin vivo will be critical for enabling therapeutic prime editing in
human patients.

mRNA delivery

Compared to DNA transfection and viral transduction, delivery of
PE-encoding messenger RNA (mRNA) eliminates the possibility of DNA
recombination into the genome and can reduce off-target editing by
narrowing the duration of PE expression. Co-electroporation of PE
mRNA and chemically modified or in-vitro-transcribed guide RNAs
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has been shown to mediate efficient prime editing in cultured cell
lines, primary human T cells and human stem cells, in most cases with
greater efficacy than with plasmid transfection®***°*1*18 1n addition,
enhanced PE4 and PES editing systems are particularly suited to delivery
by mRNA, which can limit the potential mutagenic consequences of
the MMR inhibitor, MLH1dn** (Fig. 3b). Multiple groups also demon-
strated that microinjection of PEmRNA can stimulate prime editingin
mouse embryos® ®, but may generate a high level of indel byproducts
when using PE3 in the absence of MMR inhibition'. RNA delivery of
PE is therefore an effective strategy for editing cell culture, embryos,
and haematopoietic cells ex vivo. Lipid nanoparticles (LNPs) are also
often used to encapsulate and deliver mRNAs encoding genome edit-
ing agents into mice and humans in vivo'?°, but using them to deliver
prime editors has not yet been reported.

RNP delivery

Delivery of a PE-pegRNA RNP can shorten the duration of exposure
of target cells to PE agents, minimizing off-target editing. Moreover,
endogenous transcription and translation machinery in the target cell is
notrequired to produce PEs whenthey are delivered by RNP. In the first
demonstration of prime editing with RNPs, Yeh and co-workers purified
PE2 protein complexed with pegRNAs and microinjected these RNPsinto
zebrafishembryos, whichyielded modest editing’®. These PERNPs were
alsoelectroporated into cultured celllines and primary human T cells,
buttheresulting prime editing efficiencies were substantially lower than
what has been previously observed from plasmid or mRNA delivery®.
Others have also observed similarly low editing efficiencies with PE
RNPs in immortalized cell lines and in human iPSCs®'. Thus, despite
the theoretical advantages offered by RNP delivery, current PE RNP
delivery methodslagin efficiency compared to DNA and mRNA delivery.

Applications of prime editing

Study and treatment of disease

The biomedical research community has shown strong interestin using
prime editing to model and potentially correct genetic mutations that
cause human illnesses. Approximately 90% of human pathogenic
genetic variants are single-base mutations or insertions and deletions
of fewer thana dozen base pairs'', which are types of DNA change that
are well within the capabilities of prime editing systems. In cultured cell
lines, PEs have been shown to directly correct the 4-base insertion in
HEXA that causes Tay-Sachs disease, the HBBE6V mutation responsible
for sickle cell disease, and a single-base deletion that leads to CDKL5
deficiency disorder*>**, PEs have also shown the ability to fix mutations
associated with DGAT1deficiency, Wilson’s disease and cystic fibrosis
in human organoid models®"2,

As a direct consequence of its versatility, prime editing can also
make precise genetic manipulations that indirectly ameliorate or
confer protection from disease. For example, Olson and co-workers
used PEs to insert 2 bp to restore the DMD reading frame in a human
iPSC model for Duchenne muscular dystrophy that contains an exon
51deletion'?. Liu and co-workers have analogously used twinPE to
completely excise this exon, which can partially rescue DMD function®®.
Prime editing has also been shown to rescue full-length SMN expres-
sion in a human iPSC model of spinal muscular atrophy by precisely
deleting the intronic splicing silencer within SMN'*. Multiple groups
have alsoapplied prime editing toinstall genetic alleles protective for
prion disease, HIV infection and cardiovascular disease®****% These
examples highlight that the therapeutic scope of prime editing extends
beyond the direct correction of pathogenic mutations.

Growing evidence has emerged that many humanillnesses, such
as coronary artery disease, are polygenic diseases?*. Whereas most
genome editing tools lack the flexibility to simultaneously program
multiple precise DNA changes, prime editing can make several desired
edits using tandem arrays of pegRNAs""""'*, In addition, because PE3
and twinPE systems can edit a stretch of DNA at least 34 bp and 64 bp
long®>*, respectively, a single pegRNA or pegRNA pair could be used
to correct multiple different variants within a mutational hotspot of
a gene. The same PE treatment therefore has the potential to cure
heterogeneous patient populations with different mutations.

Early demonstrations of in vivo prime editing have shown promise
for correcting pathogenic mutations in animals. Multiple groups have
rescued disease phenotypes in postnatal mice by targeting the liver
and eye with PEs. Kim, Sontheimer, and their respective co-workers
corrected a Fah transversion mutation within amouse model of tyrosi-
naemiatypelusing AAV delivery and hydrodynamictail-veininjection
of PEs®"1°%, These treatments rescued weight loss in mice, despite a
modest 11.5% editing in the liver from AAV and 1.3% editing from hydro-
dynamic injection. Also targeting the liver, Schwank and co-workers
used PE adenoviruses to repair the causal Pah F263S mutationina
mouse model of phenylketonuria®. Correction of the mutation with
11% efficiency was sufficient to strongly reduce toxic build-up of phe-
nylalanine in the blood. Finally, Kim and co-workers injected PE AAVs
into mouse retina and retinal pigment epithelium to correct Leber
congenital amaurosis, a genetic eye disease'®. These prime editor
injectionsreversed the causal C-G-to-T-A mutationin RPE65 with 6.4%
efficiency and improved visual functionin these mice. Although these
demonstrations illustrate the potential of prime editing for correct-
ing genetic disorders in human patients, delivery into other organs,
such as the heart, muscle, lungs and central nervous system, remains
amajor challenge for therapeutic prime editing applications. Innovat-
ing delivery technologies and incorporating recentimprovements to
PE protein and pegRNA components described above will be critical
for maximizing the potency of prime editing in animals.

Generating animal models

Engineering the DNA of model organisms is useful for elucidating the
function of genesand their encoded biomolecules in complex systems.
To generate animal models with a desired genotype, genome edit-
ingis typically performed in early embryos or germ cells to minimize
the chance of mosaicism. Prime editing exhibits substantially higher
editing purity than HDR with CRISPR-Cas nucleases and greater edit
flexibility than base editing, making it well suited to creating transgenic
organisms with precise genomic changes.

Multiple groups have demonstrated efficient prime editing in
mouse embryos by microinjecting zygotes with PE2-encoding mRNA,
pegRNAs and sgRNAs®* *°, Although these studies have observed edit-
ing frequencies as high as 47%, Feng and co-workers reported that PE3
editing in mouse embryos resulted in substantial indel byproducts,
whereas PE2 (without a nicking sgRNA) preserves high editing purity’.
Other groups have also edited rabbit embryos by PE microinjection and
dogembryos through nuclear transfer of PE-corrected fibroblasts'*'?,

Prime editing is also capable of creating non-mammalian animal
models. Yeh and co-workers made zebrafish models carrying patho-
genic kras and tyr mutations with efficiencies up to 6.5% by injection
of PE2RNPs into zebrafish embryos’®. Interestingly, both PE2 and PE3
editing in these zebrafish experiments yielded similar frequencies of
indel byproducts, and PE3 did not improve editing efficiencies over
PE2, which suggests differences in the DNA repair of these embryos
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Glossary

Chromothripsis

A process in which tens to thousands of
chromosomal rearrangements occur in
asingle event.

Heteroduplex
Double-stranded DNA in which the
sequences of the strands are not
perfectly complementary.

Polygenic diseases
Diseases that are mediated by
numerous genetic variants that
each individually contribute small
effects.

Mosaicism

A condition in which an animal contains
multiple cell lineages with different
genotypes.

R loop

A three-stranded nucleic acid
structure that contains a DNA:RNA
hybrid and a displaced strand of
DNA.

Nickase Cas9

(nCas9). Cas9 that has either its HNH

or RuvC nuclease domain catalytically
inactivated, resulting in a Cas9 enzyme
that can only cut one strand of targeted

Single-guide RNA

(sgRNA). A single-guide RNA

molecule, composed of a CRISPR

RNA (crRNA) fused to its corresponding
trans-activating CRISPR RNA (tracrRNA)
scaffold sequence, that directs the
binding and nuclease activity of

Cas9 enzymes.

double-stranded DNA.

compared to cultured cells. Inaddition, Perrimon and co-workers gen-
erated prime edited Drosophila melanogaster by crossing transgenic
flies that express guide RNAs and PE2 protein in germ cells'*®, They
also injected fly embryos with plasmids encoding PE components to
produce transgenic flies.

Together, these studies demonstrate that prime editing can
facilitate the creation of transgenic animal models with high preci-
sion, although with modest editing efficiency in some cases. Efficient
embryo prime editing would facilitate multiplex editing for modelling
polygenic traits in animals, and could allow researchers to directly
phenotype edited animals without the need for outcrossing. Using
improved prime editing systems as discussed above and elucidating the
cellular determinants of embryo editing have the potential to enhance
primeediting performance and may enable some of these applications.

Functional screens of genetic variants

Introducing genetic perturbations and assessing their consequences
by functional characterization or enrichmentis a ubiquitous approach
toilluminating biological pathways and mechanisms. To this end, Cas
nucleases have been widely used for gene knockout in pooled and
arrayed screens™*"*°, However, for making precise genomic changes,
the inefficiency and low product purity of HDR with Cas nucleases in
many cell types restricts its applicability for screening. Base editors
have shown utility for tiling mutations across genes of interest™ %,
butare limited primarily to CsG-to-T*Aand A+T-to-G-Ctransition edits.
Owing to its precision and versatility, prime editing is therefore well
suited to making genetic mutations for functional screens.

In a proof of concept, Cohn and co-workers used prime editing
to assess the function of genetic variants of unknown significance
within NPCI, which underlieslysosomal storage disorder Niemann-Pick
disease type C1"*. They installed these variants with PEs, sorted the
resulting pool of edited cells by lysosomal expansion, and sequenced

the targeted NPCI loci following enrichment to quantify the pheno-
typiceffect of these variants. Inasimilar approach, Wei and co-workers
mutagenized OsACCI in rice plants with prime editing and identified
herbicide resistant variants after selection”. They used pegRNAs that
installrandom codons (NNN) toinduce site-specific mutagenesis, analo-
gous to the Random-PE strategy established by Yao and co-workers'*®.
However,inthese approaches, the DNA changes made by prime editors
wereidentified by sequencingthe edited locus, which limits the region
of mutagenesis to a single gene. Instead, sequencing the pegRNA can
alsorecover the identity of the programmed prime edits, but without
imposing restrictions onthe location of the edits. Continued advances
in prime editing systems will facilitate genetic screens of gene vari-
ants or even combinations of gene variants across multi-component
pathways.

Tagging endogenous genes

The ability to tag endogenous genes is broadly useful for selectively
detecting or manipulating proteinsin cells. The original PE3 prime edit-
ing systems canprogramtheinsertionof18-bp 6 x Histags or 24-bp FLAG
tags (DYKDDDDK) with frequencies as high as 70% in cell culture®***,
which suggests that other tags of comparable sizes, such as HiBiT
luciferase'”, GFP11*® or cellular localization signals, could be installed.
Inaddition, next-generation prime editing systems have been shown to
mediate the installation of larger tags. Using a protein linker sequence
compatible with the attR scar from Bxb1 recombination, PASTE was
demonstrated to make in-frame GFP fusions to ACTB, SRRM, NOLC1
and LMNBI*®. While these results establish the ability of prime editing
to install protein tags or peptide handles onto endogenous genes of
interest, improving the efficiency of longer insertions by PEs will unlock
additional gene-tagging applications.

Molecularrecording and lineage tracing

Recording cellular activity as permanent changes in the sequence of
genomic DNA enables non-destructive tracking of biological events
and represents a powerful approach tointerrogating complex systems.
Typically, cellular events or lineages are coupled to gene editing at a
target site that serves asarecord that can be decoded by sequencing.
In contrast to Cas9 nuclease-mediated end joining and base editing,
prime editing can efficiently insert DNA informationin a unidirectional
manner, making it uniquely capable of encoding the type, duration and
order of cellular signals over time.

In the first demonstration of a prime editing molecular recorder,
Shendure and co-workers developed a DNA Typewriter system that
sequentially writes information into a tandem array of truncated PE
target sites™. The target sites are designed such that only one site can
be edited at a time. To transcribe activity in a directional manner, short
PE-mediated insertions encode the cellular signal being recorded and
alsocomplete the protospacer sequence of the adjacent target site, which
converts the adjacent site into a viable prime editing target for the next
recording event. Shendure and co-workers used this systemto encode text
messages and toreconstruct cellular lineages, displaying the potential of
prime editingmolecular recorders for biotechnology and basicresearch.

Prime editingin agriculture

Gene editing is poised to have a major impact in agriculture. As
drought, salinity, nutrient deficiency and bacteria pose a challenge
for crop production, engineering plants tolerant to disease, herbi-
cide and growth conditions can dramatically improve crop yields.
Toward these aims, precision genome editing in plants can enable
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the generation of crops with desired properties with much greater
speed and ease than traditional plant-breeding techniques™®'*,
As such, CRISPR-Cas nucleases and base editors have been widely
used to study and engineer plants. However, the unique capabilities
of prime editing summarized above have motivated the application of
prime editing in plants.

In the first demonstrations of prime editing in monocot plants,
multiple groups showed that PEs can precisely edit the genomes of rice
protoplasts and wheat with modest efficiencies of typically less than
10%°°>1*_ Later work substantially improved upon these prime editing
efficiencies in rice by using a dual pegRNA approach or enhanced PE
and pegRNA architectures’>”>?***!%_Furthermore, multiplex prime
editingis possibleinrice using tandem arrays of pegRNAs and nicking
sgRNAs'>. Wei and co-workers also used PEs to make rice mutagenesis
libraries and identify plants with herbicide-resistant OsACCI alleles™,
establishing the potential of prime editing for crop engineering. Impor-
tantly, Gao and co-workers validated that prime editing in plants is
highly specific, with few DNA or RNA off-targets®’.

Prime editing has also shown activity in dicotyledonous plants,
which are more difficult to transform than monocotyledonous plants.
Zhu and co-workers found that a PE optimized for plant expression
can mediate up to 3% gene conversion in diploid tomatoes'*®. Nogué
and co-workers also demonstrated successful prime editing in the
tetraploid potatoes, albeit also with low efficiency'’. Prime editing
has also been demonstrated in legumes, such as peanuts, chickpeas
and cowpeas'*®. While even modest prime editing efficiencies in plants
canbesufficient to generate cultivars with the desired traits following
small-scale screening, achieving higher than 10% desired prime edit-
ingin plants has so far been achallenge, highlighting aneed for future
improvement. Inefficient transformation of constructs into plant cells
haslongrepresented a major bottleneck for agricultural gene editing
and likely limits the potency of prime editing in plants. Additionally, in
contrast to editinginmammalian cells, using acomplementary-strand
nick (PE3) has not been reported to reliably enhance prime editing in
plants. A deeper understanding of the cellular factors that influence
prime editing outcomes in plants may yield insights with which to
further expand the scope of prime editing in agriculture.

Conclusions and future perspectives

Theability tomanipulate genomesina precise and programmable man-
ner has transformed the life sciences. Compared to other gene-editing
technologies, prime editing offers much greater versatility, product purity
and target sequence specificity. The potential of prime editing has driven
muchinnovative researchtoincreaseits efficiency, expandits capabilities
and demonstrate its application for basic research and therapy.

Several remainingchallenges for prime editing present opportunities
forfurther development. Current prime editors typically struggle toinsert
or replace more than about 100 nt of DNA efficiently without the assis-
tance of a recombinase. Although more than 90% of known pathogenic
mutations aresmaller than30 bp (ref.*), extending the length of possible
sequenceinsertions or recoding with prime editing may enable gene-sized
integrations without the requirements of donor DNA or recombinase
enzymes. Investigating the cellular determinants of additional types of
prime edit, such as insertions, deletions and dual pegRNA approaches,
could reveal pathways that can be manipulated for further enhancement.
Improving the catalytic activity or DNA target engagement of serine
recombinases could alsoincrease the efficiency of large payload integra-
tion with twinPE or similar systems. Last, the delivery of PEs into target
celltypes and tissues remains amajor constraint forin vivo prime editing.

Improvingdeliverywillundoubtedlybecriticalfor realizing thefull potential
of prime editing for disease modelling and therapeutic correction.

Advancing the capabilities of prime editing may also enable
diverse applications that have not yet been fully explored. Highly
robust prime editing systems may eventually support pooled screens
in which genetic perturbations are identified by sequencing singly
integrated pegRNAs. Such ascreening platform couldintheory allow
the high-throughput characterization of genetic variants across path-
ways or the genome. Finally, extending the prime editing system to edit
the genomes of mitochondria and chloroplasts, or even to edit RNA
sequences directly using analogous strategies, would enable many
new types of applications.
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