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The emergence of clustered regularly interspaced short palindromic repeat
(CRISPR) nucleases has transformed biotechnology by providing an easy, efficient,
and versatile platform for editing DNA. However, traditional CRISPR-based
technologies initiate editing by activating DNA double-strand break (DSB) repair
pathways, which can cause adverse effects in cells and restrict certain therapeutic
applications of the technology. To this end, several new CRISPR-based modalities
have been developed that are capable of catalyzing editing without the requirement
for a DSB. Here, we review three of these technologies: base editors, prime editors,
and RNA-targeting CRISPR-associated protein (Cas)13 effectors. We discuss their
strengths compared to traditional gene-modifying systems, we highlight their
emerging therapeutic applications, and we examine challenges facing their safe
and effective clinical implementation.

Next-Generation CRISPR Technologies: the Need to Move Beyond the DNA DSB
for Therapeutic Gene Editing

The rise of programmable and sequence-specific technologies capable of correcting, replacing,
and deleting specific DNA sequences in cells has transformed modern biology, making the
creation of designer cell lines and whole organisms a largely routine endeavor, and providing a
highly efficient means for implementing therapeutic gene correction. The core technology behind
these advances are targeted nucleases [1], which stimulate the process of gene-editing by intro-
ducing a targeted DNA double-strand break (DSB, see Glossary) that then activates cellular
DNA repair pathways [2-4] which, in turn, can be harnessed to modify the targeted genomic
site. Although several platforms have been developed to facilitate this process, including zinc-
finger nucleases [5] and transcription activator-like effector nucleases [6], technologies derived
from naturally occurring CRISPR systems have emerged as the method of choice for most
genome engineers [7—11], as CRISPR systems are versatile, efficient and easy to use.

Traditional CRISPR technologies typically consist of two components: a Cas protein that cleaves
nucleic acids and a single guide RNA (sgRNA) that binds to the Cas protein and directs it to a
specific nucleic acid sequence — always adjacent to a conserved and compatible protospacer
adjacent motif (PAM) or protospacer flanking site (PFS) — for its cleavage [9]. Because of
the general efficiency and the overall specificity with which they carry out this process, CRISPR
technologies have emerged as promising therapeutic modalities. In fact, within only 6 years of
the first reports demonstrating their ability to edit DNA in mammalian cells [8,10,11], CRISPR
systems were used to successfully edit immune cells which were then safely transplanted to
cancer patients [12,13]. Clinical trials aimed at evaluating the ability of CRISPR nucleases to safely
correct sickle cell disease (ClinicalTrials.gov Identifier: NCT03745287) and [3-thalassemia
(NCT03655678), two inherited blood disorders, as well as Leber congenital amaurosis type 10
(NCT03872479), an inherited retinal disorder, have also been initiated, which further demon-
strates the therapeutic potential of the technology. However, despite the immense promise that
CRISPR nucleases hold for treating a number of diseases, their reliance on DNA breaks to
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stimulate the gene-editing process could undermine their safety and, in some cases, their efficacy
(Box 1). For example, it is appreciated that DSBs induced by CRISPR nucleases have the poten-
tial to induce adverse effects in cells. These outcomes can include chromosomal translocations
[14-16], genomic deletions [15,17], reduced fitness [18], cell cycle dysfunction [19], and the
activation of the tumor suppressor protein TP53 [20,21]. Additionally, homology-directed repair
(HDR), the DNA repair pathway most often used by CRISPR nucleases to faithfully introduce
a specific change to a DNA sequence, is often limited by its efficiency in certain cell types
[22-24]. For instance, HDR, which functions by incorporating genetic material from a
co-delivered donor template into the target site, is typically only capable of achieving therapeutic
rates of modification in dividing cells, which can prevent its implementation for therapeutic gene
correction in postmitotic cells [25]. Importantly, HDR can be further limited by its competition
with nonhomologous end joining (NHEJ), an error-prone DNA repair pathway that can create
mutagenic base insertions and deletions (indels) at the target site [26,27]. Recently however,
several new technologies have emerged that hold the potential to overcome many of these
fundamental limitations. These tools in particular possess the programmability and flexibility
characteristic of CRISPR nucleases but carry expanded functional capabilities that enable editing
without the traditional requirement of a DSB. Here, we review three of these modalities: base ed-
itors, prime editors, and Cas13 effectors. We discuss the individual strengths of these technol-
ogies compared to traditional gene-editing systems, and we examine their emerging applications
for gene and cell therapy.

Base Editors as a Therapeutic Gene-Editing Modality: Early Preclinical
Successes and Future Challenges

Mechanisms for DNA Editing

CRISPR base editors are a technology that can facilitate the introduction of targeted point muta-
tionsin DNA, but without the requirement for a DSB. Most broadly, base editors consist of fusions
of a Cas9 nickase (nCas9), a variant of the Cas9 nuclease that creates a single-strand rather
than a DSB, with a nucleobase deaminase enzyme that initiates base editing by catalyzing a
targeted deamination reaction. To date, several different base editors have been developed for
use in mammalian cells (Figure 1A,B), including cytosine base editors (CBEs), which can
catalyze the deamination of a target cytosine to facilitate its conversion to a thymine [28,29],
adenosine base editors (ABEs), which can deaminate a target adenosine to facilitate its transition
to a guanosine [30] and, most recently, guanosine base editors (GBEs), which can create C > G
transversions in certain settings [31].

To catalyze a single-base modification, base editors, as directed by the sgRNA, first bind to a
specific genomic target. Following the formation of a nCas9-sgRNA-DNA ternary complex that
denatures the local target DNA sequence, the deaminase enzyme binds to its cognate bases,
typically within a narrow stretch or window of nucleotides in the exposed DNA strand, and
then catalyzes a deamination reaction that, in the case of a CBE, results in the transition of cyto-
sine to uracil, a nucleobase which is recognized by cells as thymidine. The resulting U-G base
mismatch is then resolved into the target T-A pair via cellular DNA replication or repair mecha-
nisms that are activated in part by nCas9-induced nicking of the nonedited strand. Importantly,
the enzymatic machinery and the mechanisms underlying this process vary by the base editor.

Box 1. Editing DNA with nickases

Similar to DSBs, single-stranded breaks in DNA, known as nicks, can stimulate HDR. To this end, nickase enzymes,
including Cas9 nickases, can be used to create targeted DNA nicks that can facilitate the integration of DNA but without
a DSB [110-112]. However, this approach relies on HDR to mediate editing and thus remains restricted to dividing cells.

¢? CellPress

Glossary

Base editors: a class of gene-editing
proteins that can create certain single-
base substitutions without creating a
DSB. Base editors typically consist of a
nCas9 variant fused to either a cytosine
deaminase for C > T editing or an
engineered adenosine deaminase for

A > G editing.

Cas9 nickase (nCas9): a Cas9 variant
that carries a mutation within one of its
two catalytic domains that inactivates its
ability to cleave both strands of DNA,
thereby resulting in the cutting of only
one strand. The D10A mutation
inactivates the RuvC domain whereas
the H840A mutation inactivates the HNH
domain. Base editors typically consist of
the nCas9-D10A variant, while prime
editors have thus far relied on the
nCas9-H840A variant.

Double-strand break (DSB): a type of
DNA damage that results when both
strands of a DNA duplex are cut.
Traditional Cas nucleases stimulate DNA
editing by inducing a targeted DSB,
which in turn activates cellular repair
pathways that can modify the targeted
sequence.

Editing window: a stretch of
sequence, typically 5-8 nucleotides in
length, in the sgRNA binding site that is
particularly favorable for deamination by
a base editor. The size and location of
this window can vary depending on the
nCas9 variant, the linker composition,
and deaminase domain.

Indel byproducts: a typically
undesirable outcome usually resulting
from the inadvertent activation of the
nonhomologous end-joining repair
pathway and its subsequent generation
of small insertion and deletion mutations
at the target site.

On-target editing: the desired editing
outcome at the targeted base. An
optimal editing platform will generate
high rates of on-target editing and avoid
forming nontarget bystander and indel
byproducts.

Prime editing guide RNA (pegRNA):
a modified sgRNA that directs the prime
editor to a specific genomic site to initiate
editing but also carries the edit-
containing template for the reverse
transcriptase domain that is part of the
prime editor.

Prime editor: a gene-editing protein
consisting of a nCas9 fused to a reverse
transcriptase domain that creates edits
within a target sequence using a
pegRNA. Prime editors can in theory be
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For example, the most efficient ABEs rely on an engineered tRNA adenosine deaminase (TadA)
enzyme that deaminates a target adenosine in an exposed DNA strand to yield an inosine
intermediate, which is then recognized as guanosine during repair. However, unlike with HDR,
the repair mechanisms underlying these processes appear to be sufficiently active in both dividing
and nondividing cells [32], which suggests that base editors could serve as a broadly applicable
therapeutic modality.

Therapeutic Applications of Base Editing

Given their considerable strengths and their potential to enable new opportunities for thera-
peutic editing, base editors have been rapidly deployed in vivo to treat a number of disorders
(Table 1). Among the first successful examples demonstrating their potential was the finding
that ABEs could be delivered to skeletal muscle to restore dystrophin expression in a
mouse model of Duchenne muscular dystrophy (DMD) [33]; a genetic disorder characterized
by progressive muscle degeneration and weakness due to mutations in the dystrophin protein.
Specifically, an ABE was used to revert a premature stop codon in a mutant dystrophin gene via A
> G editing, which resulted in restored dystrophin expression. However, since most base editor
proteins exceed the carrying capacity of a single adeno-associated virus (AAV) vector (Table 2),
a particularly promising in vivo gene delivery vehicle [34], two AAV particles were needed to
deliver the ABE. In this particular case, the base editor transgene was split in two halves and
delivered across two AAV vectors that were subsequently joined together by a recombination
reaction between the inverted terminal repeat (ITR) sequences present in each vector [35,36]
(Figure 2A).

As an alternative to vector-mediated recombination, intein-mediated protein trans-splicing, an
approach that harnesses self-splicing intein domains to catalyze the ligation of two separately
expressed polypeptides into a single protein chain, has also been used to reassemble two
base editor halves into the full-length protein [37-39] (Figure 2B). The potential of intein-
mediated trans-splicing for in vivo gene correction was in fact first demonstrated in a mouse
model of phenylketonuria, a recessive liver disease that is caused by mutations in the phenylala-
nine hydroxylase (PAH) gene. In this particular case, dual vector delivery to the liver of an intein-
containing split CBE led to the correction of up to 25% of mutant PAH alleles [40]. Similar
intein-mediated trans-splicing approaches have been used to deliver base editors to the brain
to correct loss-of-function point mutations in the Npc7 gene, which gives rise to the lysosomal
storage disorder Niemann—Pick disease type C [41] and to the inner ear to correct a mutation
in the TMC1 gene in a neonatal mouse model of hereditary deafness, which resulted in partially
restored auditory function [42]. Additionally, intein-mediated trans-splicing has been utilized to
create an in-frame start codon in the fumarylacetoacetate hydrolase (Fah) gene to restore its
expression and mitigate a pathogenic phenotype in a murine model of hereditary tyrosinemia
type | (HTI) [43], further solidifying the potential of dual vector delivery for enabling therapeutic
base editing. Notably, nonviral approaches (Table 2) involving lipid nanoparticles (LNPs) have
also been used to deliver base-editor-encoding mRNA and have enabled correction in a
mouse model of HTI [44,45]. Importantly, LNP-delivered mRNA is only transiently maintained,
which can reduce the risk for accumulating off-target effects from persistently expressing a
base editor protein in cells from a viral vector.

In addition to correcting loss-of-function mutations, base editors can also be used to silence gene
expression in a manner that overcomes a key limitation underlying the use of CRISPR-Cas9
nucleases for the same application, namely their reliance on NHEJ. Nuclease-induced NHEJ, in
particular, carries a risk for creating in-frame mutations in the target gene that could lead to the
production of unique mutant protein isoforms, which can not only diminish the therapeutic
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used to correct all types of point
mutations and introduce a number of
small insertions and deletions in a target
sequence.

Protospacer adjacent motif (PAM):
a short but essential DNA motif adjacent
to the sgRNA binding site that is required
by Cas proteins to cleave DNA.
Protospacer flanking site (PFS): a
single nucleotide motif that is analogous
to the PAM and required by many Cas13
proteins to engage with a target RNA.
Single-guide RNA (sgRNA): an
engineered RNA molecule that, via base
complementarity, directs Cas proteins to
bind to and cleave a specific DNA
sequence.
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Figure 1. Overview of Next-Generation DNA-Editing Technologies. (A) Fourth-generation CBEs (BE4) consist of fusions of nCas9 with a cytosine deaminase
domain (APOBEC1) that catalyzes the deamination of cytosine and two UGI domains, which can prevent the unwanted excision of uracil by endogenous uracil
N-glycosylase enzymes. To catalyze base editing, CBEs are directed to a specific DNA sequence via an sgRNA. Then, following nCas9 binding and denaturation of the
target DNA sequence, the APOBEC1 enzyme binds to cytosines within a stretch of sequence in the exposed DNA strand and catalyzes a deamination reaction that
results in the conversion of cytosine to uracil, which is recognized by cells as thymine during replication and/or repair. (B) ABE7.10 catalyzes A > G transitions and
consists of a tandem fusion of a wild-type TadA and an evolved TadA domain, engineered to accept DNA as a substrate, fused with nCas9. Deamination of adenosine
yields inosine, which is recognized by cells as guanosine. (C) Therapeutic outcomes of base editing include: () the correction of single point mutations that encode for
pathogenic proteins; (i) the introduction of premature stop codons to eliminate pathogenic transcripts via the NMD surveillance pathway; and (i) regulation of mMRNA
splicing by editing splicing motifs — SA and SD - to induce exon skipping. (D) Prime editors consist of a pegRNA, which both specifies the target sequence and
encodes the desired edits, and nCas9 fused to a reverse transcriptase (RT) domain, which promotes the incorporation of the edit encoded in the pegRNA template
into the target DNA sequence. The RT fusion provides high levels of design versatility for achieving a range of editing outcomes. (E) Examples of therapeutic prime
editing outcomes include: (i) the correction of single or multiple mutations that result in pathogenic proteins; and (i) the insertion or deletion of pathogenic sequences.
Abbreviations: APOBECT, cytosine deaminase domain; CBE, cytosine base editor; nCas9, CRISPR-associated protein 9 nickase; NMD, nonsense-mediated decay;
pegRNA, prime editing guide RNA; SA, splice acceptor site; SD, splice donor site; sgRNA, single-guide RNA; TadA, tRNA adenosine deaminase; UGI, uracil DNA

glycosylase inhibitor.

efficacy of this approach but, in some cases, also potentially cause adverse effects [46-48]. In
contrast, by catalyzing targeted C > T transitions at CGA, CAG, CAA and TGG triplets, CBEs
can create premature stop codons that can result in the more uniform degradation of the target
MRNA by nonsense-mediated decay (NMD) [49,50], a surveillance mechanism used by cells to
prevent the formation of truncated proteins (Figure 1C). Along similar lines, ABEs can be used
to prevent gene expression by altering the ATG start codon [51].
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Table 1. Preclinical Gene and Cell Therapy Applications of Next-Generation CRISPR Technologies®
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Disorder Strategy Delivery Therapeutic outcomes Refs
DMD Base-editor-mediated In vivo via dual AAV vectors Restored dystrophin expression in myofibers in an adult DMD [33]
correction of nonsense mouse model
mutation
PKU Base-editor-mediated In vivo via dual AAV vectors Restored physiological blood L-Phe levels, enhanced PAH enzyme  [40]
correction of nonsense activity, and reversed a light fur phenotype in PAH™2 adlult mice
mutation
Niemann-Pick  Base-editor-mediated In vivo via dual AAV vectors  Slowed neurodegeneration and increased lifespan in Npc1'1%6™T  [41]
disease type C correction of loss of function homozygous mice
mutation
Deafness Base-editor-mediated In vivo via dual AAV vectors Restored inner hair cell sensory transduction and hair cell [42]
correction of loss of function morphology and transiently rescued low-frequency hearing in
mutation neonatal mice carrying a loss-of-function point mutation in TMC1
Coronary heart Base-editor-mediated In vivo via an adenoviral Reduced plasma PCSK9 protein levels and reduced plasma [53]
disease gene silencing vector cholesterol levels in adult mice
Base-editor-mediated In utero via an adenoviral Reduced plasma PCSK9 protein levels and reduced plasma [52]
gene silencing vector cholesterol levels in mouse fetuses
Base-editor-mediated In vivo via functionalized Reduced postnatal serum PCSK9 protein levels in mice [113]
gene silencing lipid-like nanoparticles
ALS Base-editor-mediated In vivo via dual AAV vectors Reduced the rate of muscle atrophy and muscle denervation, [64]
gene silencing improved neuromuscular function, and slowed disease
progression in the G93A-SOD1 mouse model of ALS
HTI Base-editor-mediated In utero via an adenoviral Rescue of the lethal phenotype of HTI, as indicated by weight [62]
gene silencing vector gain and prolonged survival in Fah™~ mice, a model of HTI
Base-editor-mediated splice In vivo via hydrodynamic Partially restored splicing, rapid expansion of Fah™ hepatocytes [45]
site correction injection of plasmid DNA in the liver and rescued weight loss in adult Fah™ ™" mice
In vivo via lipid nanoparticle Edited hepatocytes in adult Fah™"™ mice
delivery
Base-editor-mediated In vivo via lipid nanoparticle Rescued weight loss and restored Fah expression in liver tissue [44]
correction of mutation delivery of mice carrying a mutant version of Fah
Base-editor-mediated In vivo via dual AAV vectors Restored Fah expression and halted weight loss in an HTI [43]
generation of de novo in frame mouse model
start codon
[-Thalassemia Base editor-mediated Ex vivo via electroporation Engraftment of edited HSCs in NBSGW mice resulted in HbF [66]
and SCD modification of transcription of RNP induction
factor binding sites
Pancreatic Cas13-mediated transcript In vivo via an AAV vector Slowed tumor growth and reduced tumor cell proliferation in [98]
cancer knockdown mice bearing subcutaneous AsPC-1 xenografts
Retinal injury Cas13-mediated transcript In vivo via an AAV vector Induced the conversion of glia cells into retinal ganglion cells, [99]
knockdown which resulted in partially restored visual responses in a
drug-induced retinal injury mouse model
PD Cas13-mediated transcript In vivo via an AAV vector Induced the conversion of glia cells into dopaminergic neurons, [99]

knockdown

which resulted in reduced motor dysfunction in a PD mouse
model created by inducing lesions with 6-OHDA

#Abbreviations: 6-OHDA, 6-hydroxydopamine; ALS, Amyotrophic lateral sclerosis; DMD, Duchenne muscular dystrophy; Fah, fumarylacetoacetate hydrolase; HbF, fetal
hemoglobin; HSCs, hematopoietic stem cells; HTI, hereditary tyrosinemia type I; PAH, phenylalanine hydroxylase; PCSK9, proprotein convertase subtilisin/kexin type 9;
PD, Parkinson’s disease; PKU, phenylketonuria; RNP, ribonucleoprotein; SCD, sickle cell disease; SOD1, superoxide dismutase 1; TMC1, transmembrane channel-like 1.

The therapeutic potential of this approach has now been demonstrated in multiple studies.
Specifically, adenoviral vectors, which, unlike AAV, can accommodate the delivery of a full-
length base editor protein within a single viral particle (Table 2), have been used to deliver base
editors to the liver to silence PCSK9, a protein that can regulate LDL receptor degradation and
has emerged as a potential target for hypercholesterolemia, in both adult [52] and prenatal [53]
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Table 2. Delivery Strategies for CRISPR Technologies®

Viral methods
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Vector Integrating/ Pathogenicity ~ Packaging Duration of Cargo  Diameter  Primary setting for Refs

nonintegrating capacity expression genome editing
Lentivirus Integrating® Low to ~8 kb Long term RNA ~130 Ex vivo [114]

moderate nm
Adenovirus Nonintegrating Moderate to ~8 kb Long term DNA ~100 In vivo [114]
high nm

AAV Can integrate at Low ~4.7 kb Long term in quiescent DNA ~25 nm In vivo [114]

low frequencies cells

(0.1-1%)

Nonviral methods
System Composition Pathogenicity  Distribution Duration of Cargo Size Primary setting Refs
expression for genome-
editing

Lipid lonizable lipids, Low - Systemic Short term Protein, 150-200 nm In vivo [115]
nanoparticles cholesterol, administration DNA,

PEG, DOPE, (liver, lung)® RNA

supplemental - Local

cationic administration

components
Lipid-like TT derivatives, Low - Systemic Short term RNA ~100 nm In vivo [113,116,117]
nanoparticles PEG, DOPE administration

(liver and blood)

Gold Gold Low Local Short term Protein, ~500 nm In vivo [118]
nanoparticles nanoparticles administration DNA,

conjugated to RNA

thiol-modified

DNA
Electroporation Wave pulse Low Local Short term Protein, NA In vivo, ex vivo [119,120]

administration DNA,
(skin, retina) RNA

@Abbreviations: PEG, polyethylene glycol; DOPE, 1,2-dioleyl-sn-glycero-3-phosphoethanolamine; NA, not applicable; TT, N ,N® N°-tris(2-aminoethyl)benzene-

1,3,5-tricarboxamide.
®Integration-deficient lentiviruses also exist.
°Cationic component level dependent.

mice. Similarly, a prenatal strategy was undertaken in mice to silence the HPD gene to rescue HTI
[563], a metabolic disorder characterized by elevated blood levels of the amino acid tyrosine.
These studies altogether demonstrated the potential of base editors to not only silence gene
expression in vivo by introducing nonsense mutations, but also the potential of in utero gene
therapy for correcting inherited genetic disorders.

In addition to reprogramming metabolic flux in vivo, base editors can be used to silence the
expression of genes with toxic gain-of-function mutations. Specifically, dual AAV particle delivery
of a split-intein CBE engineered to disable a mutant gene causative for a form of amyotrophic
lateral sclerosis, a currently incurable disorder that involves the selective loss of motor neurons
in the spinal cord and brain, prolonged survival and slowed the deterioration of motor function
in a mouse model of the disease [54], further reinforcing the potential of dual vector delivery
approaches for achieving meaningful therapeutic effects in preclinical rodent models.

Similar to CRISPR nucleases, base editors also have the potential to advance cell therapy. For
instance, base editors have been used to simultaneously disable the expression of multiple
targets known to boost the potency of allogeneic CAR-T cells, including the TRAC locus, the
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Figure 2. Methods of Reconstituting Large Gene-Editing Proteins Delivered by Dual Adeno-associated Virus Vectors. (A) ITR recombination can mediate
the joining of two ITR-flanked viral genomes that each encode a portion of a base editor sequence. In the case of an adenosine base editor (ABE), the first vector encodes:
(i) an sgRNA driven by the U6 promoter; and (i) a promoter to drive expression of the NLS-tagged tandem TadA domains fused to the NT half of a split nCas9 transgene and
an SD sequence, while the second vector carries: (i) an SA signal sequence; (i) the CT half of the split nCas9 fused to an NLS tag and an HA epitope tag; and (jii) a bGH
polyA signal sequence. Once in the target cell, the two viral vectors are joined by a recombination reaction between the two ITRs and the full-length ABE pre-mRNA is
transcribed. pre-mRNA processing removes the intron and the intervening ITR, resulting in the translation of a full-length ABE protein. (B) Intein-mediated protein trans-splicing
of two separately expressed base editor halves can be used to assemble a full-length base editor protein. In the case of a CBE, the first vector encodes: (i) a promoter to
drive expression of the NT of the base editor; (i) a V5 epitope and NLS tag followed by the APOBEC1 domain fused to the NT fragment of the split nCas9 half and a connected
N-terminal intein domain; and (i) a bGH poly A signal sequence, while the second vector carries: () a promoter to drive the expression of the CT intein domain fused to the CT
half of nCas9 linked to two UGI domains, an NLS and an HA epitope tag; and (i) a polyA signal sequence. This vector also encodes an sgRNA expression cassette. Both
vectors are packaged and co-delivered in vivo, where, once internalized by the cells, the separate intein-split base editor protein halves are expressed. Following their
translation, the N and C intein fragments associate and catalyze a trans-splicing reaction that removes the intein moieties and results in the formation of the full-length
CBE. Abbreviations: ABE, adenosine base editor; APOBEC1, cytosine deaminase domain; bGH, bovine growth hormone; CBE, cytosine base editor; CT, C-terminal; ITR,
inverted terminal repeat; nCas9, CRISPR-associated protein 9 nickase; NLS, nuclear localization signal; NT, N-terminal; polyA, polyadenylation; SA, splice acceptor; SD, splice
donor; sgRNA, single-guide RNA; TadA, tRNA adenosine deaminase; UGI, uracil DNA glycosylase inhibitor.

[3-2 microglobulin gene, and the programmed cell death 1 gene, which altogether resulted in not only
amore efficient CAR-T cell therapy but also higher quality cells, as measured by a reduction in DSB-
induced translocations compared to Cas9-edited cells [55]. Along similar lines, base editors have
been used to correct inherited blood disorders by ex vivo gene therapy. This was achieved by
electroporating purified ribonucleoproteins (RNPs) to cells, which, unlike base editors expressed
from viral vectors, exist in cells only transiently. In this case, C > T editing in blood progenitor cells
was used to activate fetal hemoglobin by mutating a key transcription factor binding site within the
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BCL11A enhancer, a repressor of fetal hemoglobin [56]. Thus, base editing technologies can be used
to tune gene expression by modifying functional elements within noncoding sequences.

Moving forward, the finding that base editors can modulate alternative splicing by modifying
conserved intronic motifs in genes [57,58], which can include both donor and acceptor signals,
should extend their use to therapeutic exon skipping, as demonstrated against the mutant
dystrophin gene in patient-derived induced pluripotent stem cells (iPSCs) [58] (Figure 1C).

Challenges for Therapeutic Base Editing

While the therapeutic potential for base editing has been demonstrated now in multiple studies,
the clinical implementation of the technology, like CRISPR-Cas9 nucleases and other gene-
editing modalities before them, must overcome a number of hurdles, particularly with respect
to safety and in vivo efficacy. In particular, it is now well appreciated that, in addition to both
Cas9:sgRNA-dependent [28,59-62] and -independent [63] off-target effects in DNA, base
editors can nonspecifically modify RNA [64]. Therefore, a number of protein engineering strategies
have been implemented to create base editor scaffolds with improved specificity, including variants
with not only decreased off-target DNA editing activity [62,65-69] but also reduced RNA targeting
capabilities [64,69-71]. Additionally, base editors can sometimes create an incorrect edit at the
target base or produce bystander mutations via their editing of nontarget bases within the targeted
sequence. As a result, base editor variants with improved on-target editing capabilities have
been developed. These proteins in fact have been reported to possess not only improved
on-target editing frequencies [72-77] but also lower rates of unwanted bystander mutations
[66,68,77,78] and fewer indel byproducts [73,75].

Additionally, as AAV vectors have emerged as a highly promising therapeutic gene delivery
vehicle [34], it will be important to evaluate the effectiveness and safety of dual vector strategies
for delivering split-intein-containing base editors in vivo, particularly within large animal models,
which can better mimic many aspects of human physiology relevant to vector delivery than rodent
models. Such models will also be important for studying the potential immunogenicity and long-
term safety of base editor proteins. Finally, considering recent observations indicating their
integration into the genome when delivering Cas9 [79,80], it will be important to determine at
what frequency base editor-encoding AAV vectors are also integrated into a host cells’ genome.

Prime Editors: A Newly Emerged Gene-Editing Technology with Broad
Therapeutic Potential

Though base editors have expanded the range of therapeutic applications possible for gene
editing, the technology remains limited in part by the functional capabilities of current deaminase
domains, which, while enabling transition mutations and C > G transversions, cannot currently
insert or delete DNA sequences. However, a recently reported alternative gene-editing technology
named ‘prime editing’ [81] holds the potential to overcome current functional limitations.

Prime editors consist of nCas9 tethered to a reverse transcriptase (RT) domain and a mod-
ified sgRNA, referred to as a prime editing guide RNA (pegRNA), that not only specifies the
target site for nCas9 but also serves as a template for the RT domain during DNA repair
(Figure 1D). To catalyze editing, prime editors, as directed by the pegRNA, first bind to a spe-
cific target DNA sequence, which then facilitates nCas9-induced nicking of the target strand
and hybridization of the nicked 3' DNA strand with a complementary primer binding site
encoded in the pegRNA. Following heteroduplexation, the RT domain then catalyzes the
synthesis of a new DNA strand, which encodes the edit, from the template specified by the
pegRNA. This new strand is then introduced into the target site following DNA repair.
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Currently the most efficient version of this system, termed PE3, consists of the prime editor
platform described above and a second sgRNA that facilitates nicking of the nonedited
strand, which can enhance the rate of editing.

Compared to base editors, prime editors offer increased targeting flexibility, since they do
not have as restricted an editing window, and the potential to generate all possible base tran-
sitions and transversions, thereby offering a means to correct a wide range of possible gene
mutations (Figure 1D), as evidenced by proof-of-principle studies demonstrating their ability
to correct mutations known to cause sickle cell disease and Tay—Sachs disease in cell culture
[81]. However, compared to similarly active CBEs and ABEs, PES, the prime editing system
currently found to be the most efficient for editing DNA, has been reported to generate
increased rates of indel byproducts [81]. Because high product purity and a relative lack of
indel mutations are both defining features of many single-base editing technologies, refining
prime editors to generate fewer collateral indels will be a high priority moving forward.
Additionally, streamlining the design of an optimal pegRNA configuration to minimize labora-
tory screening efforts is also likely a high priority, as recently demonstrated by two studies
[82,83]. Along these lines, machine-learning strategies, which have proven effective for not
only predicting Cas9-specific indel patterns [84,85] but also base-editor-mediated editing
outcomes [86-88], could be used to improve pegRNA design and enable more efficient
prime editing. Nonetheless, given their additional capacity for inserting and deleting new
DNA sequences, prime editing technologies hold potential therapeutic editing applications
beyond base correction.

However, while the versatility and the reported efficiency of prime editors makes them an
attractive platform for correcting potential disease-causing mutations, additional studies
are required to comprehensively interrogate their genome-wide specificities, although it is
likely that the combination of pegRNA-mediated targeting specificity and RT-based
templating requirements will ensure similar, if not greater, specificity than observed using
base editors. Nonetheless, the RT domain itself could induce off-target effects. Finally, sim-
ilar to base editor proteins, efficiently delivering prime editors via AAVs could prove challeng-
ing given their large size. However, established dual vector delivery strategies that rely on ITR
recombination [33] and intein-mediated protein trans-splicing [32,40,41,54,89] to reassem-
ble the full-length prime editor protein should be compatible with the technology and enable
its in vivo delivery for further preclinical study.

Targeting, Skipping, and Editing RNA Using CRISPR-Cas13 Effectors:
Expanding the CRISPR Toolbox Beyond DNA Editing

Although CRISPR technology is most commonly associated with DNA editing, the discovery of
Cas13 enzymes [90-95], which cleave a target RNA via an intrinsic RNase activity that is activated
by the binding of a CRISPR RNA (crRNA) guide molecule, has facilitated the creation of a flexible
and programmable toolbox capable of targeting RNA (Figure 3A).

From a therapeutic perspective, similar to antisense oligonucleotides (ASOs) and RNA|,
CRISPR-Cas13 effectors offer a means to suppress gene expression without the risk for
inducing DNA damage to cells, as Cas13 proteins have been demonstrated to generally lack
DNase activity [96]. Cas13 targeting is also, in theory, reversible. For example, because Cas13
engages with RNA, its expression could potentially be terminated by an engineered kill-switch,
which, if implemented, could return the cell’s transcriptome back to its original state. Cas13
proteins may also offer distinct targeting advantages to RNA|, a clinically promising platform capa-
ble of efficiently knocking down target gene expression. For example, side-by-side comparisons
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Figure 3. Overview of RNA-Targeting Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) Systems. (A, left) To catalyze RNA cleavage, a
crRNA molecule binds to Cas13 and directs it to a target RNA site, which stimulates the RNase catalytic activity of the HEPN domains of Cas13, triggering its cleavage.
Cas13 systems can also mediate targeted splicing utilizing dCas13 and a single or multiple crRNA molecules that bind to splice site motifs — SA and SD — and likely block
them from recognition by the splicing machinery. (A, right) Additionally, Cas13 effectors can serve as scaffolds to enable targeted RNA editing. RNA editors consist of
fusions of dCas13 to ADAR to stimulate A to | edits and cytidine deaminase domains to mediate C to U conversions. (B) Examples of therapeutic RNA targeting
outcomes include the use of Cas13 protein to cleave pathogenic transcripts to prevent the translation of mutated proteins and the use of dCas13 to bind splice donor
and acceptor sites to block spliceosome protein complexes from triggering exon inclusion that may encode for pathogenic isoforms. Additionally, RNA editing can be
used to correct single-point mutations in MRNA that encode for pathogenic proteins. Abbreviations: ADAR, adenosine deaminase acting on RNA; Cas13, CRISPR-
associated protein 13; crBNA, CRISPR RNA; E1, exon 1; E2, exon 2; E3, exon 3; SA, splice acceptor site; SD, splice donor site.

with spacer-matching short-hairpin RNAs (shRNAs) have revealed that Cas13d proteins induce
fewer off-target effects in cultured cells, indicating that they may have superior targeting abilities
[90,96,97], though additional studies comparing Cas13 to preclinically optimized gene-silencing
technologies will be needed to establish this.

Given these advantages, Cas13 proteins have been deployed in vivo to facilitate therapeutic
outcomes (Table 1). For instance, repeated injections of a Cas13 RNP designed to target a
mutant KRAS transcript that can trigger cancer development was demonstrated to shrink
the mass of a tumor xenograft [98]. Additionally, because of their compact size, certain
Cas13 effectors, such as the Cas13 protein from Ruminococcus flavefaciens (RfxCas13),
can be packaged into a single AAV vector particle to enable continuous in vivo targeting. In
fact, RfxCas13 has been delivered in vivo by AAV to knockdown PTBP1, a suppressor of
neuronal differentiation, to mediate the conversion of retinal glial cells into ganglion cells, a
type of neuron located in the retina, to restore visual responses in a retinal injury mouse
model [99]. A similar strategy was undertaken to induce the expression of dopaminergic neurons
in the brain to slow motor dysfunction in a mouse model of Parkinson’s disease [99]. In both cases,
Cas13 targeting was found to induce few off-target effects.

In addition to knocking down a target mMRNA, Cas13 proteins can effectively modulate alter-
native splicing (Figure 3B). In particular, catalytically inactivated Cas13 protein variants
(dubbed dCas13) can be directed by a crBNA to bind to — and thus interfere with — positive
and negative splicing factors to mediate the inclusion or exclusion of specific exons [96,100].
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The therapeutic potential of this approach was demonstrated by multiplexed targeting of a
splice acceptor site and two putative exonic splice enhancer sites in MAPT pre-mRNA,
which facilitated correction of a mis-splicing event in a patient-derived neuronal model of de-
mentia [96], and the restoration of exon 7 splicing within the survival motor neuron 2 gene in
spinal muscular atrophy (SMA) patient fibroblasts [100].

Additionally, akin to current base editing technologies, Cas13 can also serve as a scaffold to
direct RNA editing in cells (Figure 3A). Specifically, dCas13 proteins have been fused to adeno-
sine deaminases acting on RNA (ADAR) domains to mediate A > | conversions in a target RNA
[97] and an evolved ADAR domain that instead acts as a cytidine deaminase to create C > U
edits [101]. Though the full therapeutic potential of Cas13-based RNA editing has yet to be
harnessed, RNA editing systems have been used to correct a point mutation in MECP2
mRNA, which enabled rescue of certain phenotypes associated with Rett syndrome in a
mouse model of the disease [102].

Moving forward however, the clinical implementation of Cas13 effectors could face several
obstacles. In particular, similar to ASOs and RNAI, Cas13 proteins must continuously engage
with a target RNA to sustain their therapeutic effect. Given the finding that many individuals
may have pre-existing antibodies and/or reactive T cells to CRISPR proteins [103,104], the per-
sistent expression of Cas13 proteins could pose arisk for stimulating a specific immune response
(although the surface of Cas13 proteins could be re-engineered to potentially evade common
neutralizing responses [105]). Cas13 proteins may carry additional risks owing to the fact that,
in certain situations, they have been reported to cleave nontarget RNAs after activation
[91,1086]. Thus, long-term study of the immunogenicity and targeting specificity of Cas13 proteins
will be important for determining their potential as a therapeutic.

Concluding Remarks and Future Perspectives

The past several years has seen a rapid rise in the number of technologies capable of editing DNA
and RNA with both high precision and with high frequency. Owing to their potential to correct
disease-causing mutations via repair mechanisms that are generally available in most cell
types, these technologies hold immense potential as therapeutics for a range of disorders. It
should be noted though that many of these platforms have overlapping capabilities. For instance,
both base editors and prime editors are capable of creating C > T and A > G transitions. Thus,
when identifying a target editor, multiple factors, including ontarget editing efficiency and nontarget
editing byproducts should all be considered and weighed appropriately. Additionally, despite the
rapid emergence of base editor scaffolds with improved targeting capabilities, it likely will be
necessary to thoroughly optimize individual base editor proteins for their specific therapeutic
targets in order to ensure maximally efficient formation of the ontarget product and to further
minimize potentially counterproductive nontarget editing outcomes.

In addition to developing methods to further refine the capabilities of these increasingly sophisti-
cated gene-editing machines, special attention must be paid to their delivery [107]. In particular,
large animal studies will be needed to determine the overall effectiveness for dual AAV-based
strategies for delivering base editors and potentially prime editors. Additionally, any optimization
of a gene-editing protein should go hand in hand with optimization of: (i) the viral capsid to ensure
efficient delivery to the most relevant cell populations; and (i) the promoter sequence to enable
efficient and also preferably cell type specific editing. Effectively implementing next-generation
CRISPR technologies will also require extensively assessing their immunogenicity. Specifically,
while DNA-editing technologies have, in theory, the capacity to self-inactivate their own expres-
sion, RNA-targeting technologies must be continuously expressed in order to sustain a
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Outstanding Questions

Can the expression of next-generation
CRISPR technologies be effectively
controlled in vivo to prevent adverse
effects?

Can base editing technologies be
engineered to possess the specificity
and efficiency needed to safely edit
DNA in vivo?

Will prime editing technology emerge
as an effective gene therapy agent?

Which delivery methods will prove
most effective for enabling in vivo
base editing and prime editing?

Will the long-term expression of Cas13
proteins cause adverse effects?
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therapeutic effect, which could increase their risk for eliciting an immune response. Studies in
large animal models will therefore be important for helping to establish whether continuously
expressing Cas13 or any other next-generation CRISPR technology causes long-term adverse
effects (see Outstanding Questions). Finally, in addition to the single-base DNA and RNA editing
technologies described here, targetable technologies for inserting large transgenes into DNA
through RNA-guided transposition mechanisms [108,109] are actively being developed and
could soon enable a new means of accomplishing therapeutic gene integration into safe-
harbor sites, among other possible applications.

In summary, next-generation DNA and RNA editing technologies have enormous potential to
advance gene and cell therapies.
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