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RNA exon editing is a therapeutic strategy for correcting dis-
ease-causing mutations by inducing trans-splicing between a
synthetic RNA molecule and an endogenous pre-mRNA target,
resulting in functionally restored mRNA and protein. This
approach enables the replacement of exons at the kilobase scale,
addresses multiple mutations with a single therapy, and main-
tains native gene expression without changes to DNA. For
genes larger than 5 kb, RNA exon editors can be delivered in
a single vector despite AAV capacity limitations because only
mutated exons need to be replaced. While correcting mutations
by trans-splicing has been previously demonstrated, prior at-
tempts were hampered by low efficiency or lack of translation
in preclinical models. Advances in synthetic biology, next-gen-
eration sequencing, and bioinformatics, with a deeper under-
standing of mechanisms controlling RNA splicing, have trig-
gered a re-emergence of trans-splicing and the development
of new RNA exon editing molecules for treating human disease,
including the first application in a clinical trial (this study was
registered at ClinicalTrials.gov [NCT06467344]). Here, we pro-
vide an overview of RNA splicing, the history of trans-splicing,
previously reported therapeutic applications, and how modern
advances are enabling the discovery of RNA exon editing mol-
ecules for genetic targets unable to be addressed by conven-
tional gene therapy and gene editing approaches.

INTRODUCTION TO RNA SPLICING IN CIS AND TRANS

RNA splicing is a ubiquitous process in the post-transcriptional
modification of pre-mRNA in eukaryotic cells that enables the
removal of introns, joining of exons, and formation of mature
mRNA. The major spliceosome complex that controls most RNA
splicing is a dynamic ribonucleoprotein (RNP) complex comprising
five small nuclear RNAs (U1, U2, U4, U5, and U6 snRNAs) and
numerous associated proteins, collectively forming small nuclear
RNPs (snRNPs) that assemble in a highly coordinated process onto
pre-mRNA." In brief, following transcription, assembly of the spliceo-
some begins with the Ul snRNP binding to the 5 splice site of the
intron (GU sequence) and the U2 snRNP binding to the branchpoint
sequence (BPS) (usually an adenine nucleotide located within the
intron) located upstream of the 3’ splice site (AG sequence). Next,
a preassembled U4/U6-U5 tri-snRNP complex joins the spliceosome,
creating what is referred to as the B complex. Several RNA-RNA and
protein rearrangements occur, displacing U1 and U4 snRNP, forming
the catalytically active C complex. The catalytic processing first in-

volves a transesterification reaction, where the 2'-OH of the branch
site nucleotide attacks the 5’ splice site, forming a lariat structure.
The second transesterification reaction involves the 3'-OH of the up-
stream exon attacking the 3’ splice site, thereby joining the exons and
releasing the intron lariat. After this splicing event, the spliceosome
disassembles, and the RNA and protein components can be recycled
and used for additional splicing reactions. While this is a basic sum-
mary of RNA splicing, several review articles provide more detail into
structural and molecular mechanisms of the spliceosome complex
and role in gene regulation and proteomic diversity.'

Splicing in trans is another naturally occurring process where exons
from two separate pre-mRNA molecules are joined together by the
spliceosome complex, resulting in a chimeric mRNA (Figure 1).
The first report of RNA trans-splicing occurring in mammalian cells
came in 1995 based on experimental observation of a novel small T
antigen transcript.* Since then, multiple examples of natural trans-
splicing in several vertebrates have been observed.” Moreover, syn-
thetic trans-splicing constructs (which we call RNA exon editors)
can be designed to potentially treat human diseases by editing pre-
mRNA.*® RNA exon editing corrects genetic diseases by replacing
exons containing the relevant variants with functional ones from an
introduced synthetic RNA exon editor. In addition, RNA exon editing
can be used to introduce toxic genes selectively into cancers cells,
leading to targeted cell death. Additional applications of RNA exon
editing are described further below.

The process of RNA exon editing by trans-splicing follows a mecha-
nism similar to cis-splicing (Figure 2), allowing for molecular insights
related to cis-splicing to be applied to the design of RNA exon editors.
In cis-splicing, the step I catalytic reaction mediated by the spliceoso-
mal C complex occurs by the 2'-OH group of a bulged nucleotide at
the BPS initiating a nucleophilic attack on the 5 phosphate of the 5’
splice site, leading to the formation of the free 5" exon and the lariat
intermediate. This is followed by the catalytically active step II spli-
ceosomal C* complex, where exon ligation occurs via the nucleophilic
attack by the 3’-OH group of the free 5" exon onto the 5" phosphate of
the 3’ exon. This reaction generates a ligated exon product and the
intron lariat that is subject to debranching and degradation. The
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5" trans-splicing reaction involves a 5 exon editor that contains a 5’
mRNA replacement coding sequence (CDS) and a binding domain
that base pairs with an endogenous intron of the target pre-mRNA.
In the catalytically active step I spliceosomal C complex, the 2’-OH
group of the branchpoint nucleotide in the pre-mRNA attacks the
5’ phosphate of the 5 splice site in the exon editor, leading to the for-
mation of the free 5 replacement CDS and the Y-branch intermedi-
ate. This is followed by the catalytically active step II spliceosomal C*
complex, where exon ligation occurs via the nucleophilic attack by the
3’-OH group of the free 5’ replacement CDS onto the 5" phosphate of
the 3’ exon. This reaction generates a ligated exon product that is a
fusion of the exon editor CDS with the native exon. The released
Y-branch intermediate is subject to debranching and degradation.
For 3’ trans-splicing, a 3’ exon editor that contains a binding domain
that base pairs with an endogenous intron of the target pre-mRNA
and a 3’ replacement CDS is introduced. In the catalytically active
step I spliceosomal C complex, the 2’-OH group of the branchpoint
adenosine in the exon editor attacks the 5" phosphate of the 5 splice
site in the upstream native exon, leading to the formation of the free 5’
exon and the Y-branch intermediate. In the catalytically active step II
spliceosomal C* complex, exon ligation occurs via the nucleophilic
attack by the 3’-OH group of the free 5 exon onto the 5’ phosphate
of the 3’ replacement CDS. This reaction generates a ligated exon
product that is a fusion of the native exon with the exon editor
CDS. The released Y-branch intermediate is subject to debranching
and degradation.

Before reviewing potential therapeutic applications of RNA exon ed-
iting explored to date, we provide a brief overview of the discovery of
RNA trans-splicing in nature.

DISCOVERY OF RNA TRANS-SPLICING

The discovery of RNA trans-splicing was a groundbreaking event in
the field of molecular biology. The first observations occurred in the
early 1980s, when researchers studying a group of parasitic protozoa
called trypanosomes noticed the presence of a common 5’ spliced
leader (SL) sequence present in the mRNA that was not present in
the genomic sequence of the same gene.” " Further analysis revealed
that this 1.3-kb “mini-exon” sequence is tandemly repeated about 200
times throughout the trypanosome genome. This discovery was sig-
nificant because it showed that exons from different pre-mRNA mol-
ecules could be joined together, unlike the previously known cis-
splicing, where only exons from the same pre-mRNA were spliced
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Figure 1. Spliceosome-mediated RNA trans-splicing
Simple illustration depicting trans-splicing between two
pre-mRNA transcripts mediated by the spliceosome.

mRNA

together. While SL trans-splicing is absent in
vertebrates,'” SL RNAs can be accurately trans-
spliced in mammalian cells iz vivo and in vitro."

Around the same time as the discovery of SL

trans-splicing, Sharp and colleagues provided
some of the first in vitro experimental evidence elucidating the basic
molecular and chemical processes governing RNA trans-splicing."*
Radiolabeled RNA substrates derived from adenovirus 2 were pre-
pared by in vitro transcription, with constructs containing additional
short 38-nt complementary sequences at the 3’ and 5’ ends. The RNA
substrates were then annealed, and the association of the two RNAs
was assayed by electrophoresis on non-denaturing gels before and af-
ter incubation in nuclear extracts. The authors concluded that the two
substrate RNAs in the trans-splicing reaction are associated by base
pairing of complementary sequences and are not joined by ligation
prior to splicing. During these studies, it was also observed that
trans-splicing of two RNA molecules with no significant complemen-
tarity can occur (albeit at a much lower efficiency), and it was sug-
gested that secondary structures, not sequence complementary within
intervening sequences, may affect splicing reactions.

In the years to come, RNA trans-splicing was observed in chloro-
plasts'® and nematodes.'® Vandenberghe et al. first reported the dis-
covery of SL trans-splicing in chordates in the early 2000s in the
ascidian Ciona intestinalis.'” As ascidians are the closest relatives to
vertebrates, this observation supported an ancestral origin of trans-
splicing and hinted that different types of RNA trans-splicing may
naturally occur in high-order species.” Moreover, computational
analysis by Dandekar and Sibbald in 1990 predicted trans-splicing
to be a potentially widespread phenomenon, including in verte-
brates.'® Indeed, work from Sullivan and colleagues identified that
alternative processing of androgen-binding protein RNA transcripts
in fetal rat liver was the result of trans-splicing."” A cDNA transcript
containing the ABP-SHBG gene (exons 1-5) and the histidine decar-
boxylase gene, localized to rat chromosomes 10 and 3, respectively,
were joined at the splice junctions from the separate transcripts. A
few years later Eul et al. identified the occurrence of trans-splicing
between two SV40 transcripts, utilizing a cryptic 5" splice donor
site in the second exon and an upstream small T antigen 3’ splice
acceptor site, to generate the T1 mRNA molecule.* Currently, several
studies and high-throughput RNA analyses continue to expand the
number of known trans-splicing event in vertebrates,”>*' and the
field continues to investigate these events with respect to underlying
mechanisms.

Although trans-splicing has been established in mammals, the
underlying mechanisms that induce trans-splicing remain to be eluci-
dated. A seminal finding related to chromosomal translocation in


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

A
5’ splice site 3’ splice site 5’ splice site 3’ splice site

BPS @ Ab..... N Debranching &
A'P"T it degradation

3 spllce site D

O _.'_ Cis-spliced
A'PPT'.' exons

HHAHHH > blboeiioen

B
3’ splice site 3’ splice site 3’ splice site
{ A PPT Debranching &
'._.' A'PF’T" ’ degradation
Binding B ’
‘ ‘._ Trans-spliced
A A exons
5’ splice site 5’ splice site
e 101000110011
con Eator J@IQQI|
C
5 splice site 3’ splice site 5’ splice site 3’ splice site \
teb 1 o XN
A PPT LRy S .
T g K o y Debranching &
domain } Py degradation
> ¥ >

_'h Trans-spliced
exons

A A , A
3’ splice site 3’ splice site 3’ splice site

o=

SO
3E Edit
BOHIORN  Exon s

Figure 2. Mechanism of cis- and trans-splicing

(A) RNA cis-splicing involves the splicing and removal of introns to generate a mRNA transcript, involving two steps of transesterification reactions to form a lariat intermediate
and the ligated exon product. The exons are indicated as gray ovals, and the intron is depicted as a gray line. (B) &' trans-splicing involves a 5" exon editor that contains 5’
replacement CDS (teal ovals) and a binding domain that base-pairs with the endogenous intron of the target pre-mRNA (gray). Transesterification reaction between the
branchpoint nucleotide in the pre-mRNA and the 5’ splice site in the exon editor, followed by a second transesterification reaction generates the Y-branch intermediate and a
ligated exon product that is a fusion of the exon editor CDS with native exon. (C) 3 trans-splicing involves a 3’ exon editor that contains a binding domain that base-pairs with
the endogenous intron of the target pre-mRNA and 3’ replacement CDS (teal ovals). Transesterification between the branchpoint nucleotide in the exon editor and the 5’
splice site in the upstream native exon, followed by a second transesterification reaction generates the Y-branch intermediate and a ligated exon product that is a fusion of the

native exon with the exon editor CDS.
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cancer identified rearrangements that led to premature transcrip-
tional termination, resulting in early terminated RNA molecules
with an unsaturated splice donor site that can trans-splice and give
rise to chimeric fusion RNAs. For example, using nested PCR exper-
iments in combination with cloning and sequencing, Kowarz et al.
were able to demonstrate a predominant intergenic trans-splicing
product of transcripts deriving from an early terminated MLL gene
with the AF4 gene in healthy individuals (in-frame fusion of MLL
exon 9 with the AF4 exon 4).*> Whether chimeric trans-spliced
RNAs serve a functional purpose or are part of the random noise of
molecular machinery found in nature is yet to be determined.

THERAPEUTIC APPLICATIONS OF RNA EXON EDITING
Recently several RNA editing technologies such as adenosine deami-
nase acting on RNA(ADAR)-based RNA editing, ribozyme-mediated
trans-splicing, or Cas-mediated mRNA trans-splicing have pro-
gressed toward the clinic, but here, we describe RNA trans-splicing
and its therapeutic applications, focusing specifically on spliceo-
some-mediated trans-splicing (Table 1). As illustrated in Figure 2,
RNA exon editing allows for the replacement of large stretches of
exons. RNA exon editors can be designed to rewrite multiple contig-
uous exons, enabling the treatment of diseases that have high muta-
tional variance in the target gene with a single therapeutic construct.
In contrast, using a base editing approach to treat such diseases would
require developing a different therapeutic for each mutation. In addi-
tion, the technology allows for the control of precise endogenous gene
expression levels by interacting specifically with pre-mRNA, an
advantage for the treatment of diseases that involve narrow gene
dosage indices. Stated differently, the expression levels of the pre-
mRNA target serve as a maximum setpoint for the expression of
any trans-spliced mRNA product generated, thereby limiting any
complications due to overexpression. When expressed via an ad-
eno-associated virus (AAV) vector, RNA exon editors provide the
durability of a one-time gene therapy treatment, without the use of
foreign enzymes, avoiding the risks associated with direct DNA edit-
ing or gene replacement therapies. Moreover, RNA exon editors can
be designed for expression by a single AAV, providing an important
advantage over many DNA editing technologies, which require dual
vectors for in vivo delivery.

RNA exon editing has been considered a potential therapeutic option
for many years, with reviews detailing the history of progress in terms
of on-target efficiencies.” Table 1 provides a comprehensive overview
of preclinical therapeutic applications of RNA trans-splicing to date.
However, comparing the reported efficiency numbers of these studies
is difficult due to their varying experimental designs and data ana-
lyses. A more reliable way to track the history of the field and its prog-
ress to date is examining specific case studies.

One representative example of RNA exon editing in a monogenic dis-
ease comes from the work of Dooley et al. on the CEP290 gene as it
relates to mutations causing Leber congenital amaurosis type 10
(LCA10).”° In this disease, mutations can be found throughout the
CEP290 gene, which is 7.4 kb and therefore too large for traditional
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gene augmentation therapy using AAV. In this study, the authors uti-
lized a model in which a mutation in CEP290 intron 26 introduces a
cryptic splice donor site leading to the inclusion of an intronic region
as an exon (exon X). This creates a premature stop codon, and the
gene is effectively knocked down. The authors used a pre-mRNA
trans-splicing molecule targeting intron 26 downstream of exon X
to replace the upstream exons with wild-type exon sequences that re-
move the unintended exon, thereby restoring the full-length CEP290
transcript. The optimal targeting site in the intron was determined by
performing a binding domain screen using a GFP mini-gene reporter
system. The 5 half of the GFP CDS was cloned into the reporter
trans-splicing molecule, while the remaining 3" GFP CDS was in-
serted downstream of the CEP290 target intron in a custom mini-
gene plasmid, allowing for the reconstitution of the GFP open reading
frame and the detection of GFP fluorescence signal upon successful
trans-splicing. A series of trans-splicing molecules with different
binding domains were co-transfected into HEK293T cells with the
CEP290 mini-gene, and the optimal target region for further testing
was identified based on the percentage of GFP™ cells. Using transient
transfection of the top-performing trans-splicing molecule into
HEK293T cells, the authors tested editing of endogenous CEP290
transcripts by specifically measuring the trans-spliced RNA product
using a qPCR-based assay that detects the codon-optimized CDS pre-
sent in the trans-spliced edited RNA. Next, the trans-splicing mole-
cule was packaged into AAV2.7m8 and tested in an engineered mouse
model by performing subretinal injections at 15 days old. gPCR
analyzing the edited trans-spliced junction from RNA in the mouse
retina 30 days after treatment showed a population of the correct
trans-spliced product. However, protein detection probing an epitope
tag on the expected trans-spliced product was not observed. Despite
the various challenges associated with both non-spliced editor and de-
livery to mice retina, it is clear in this paper that editing the CEP290
transcript using trans-splicing is possible both in vitro and in vivo.
This example also demonstrates some advantages of the technology:
trans-splicing corrects the native transcript rather than simply regu-
lating its expression and can cover both alleles for diseases like
LCA10, where mutations are often compound heterozygous.

Therapeutic applications of trans-splicing have been described in
contexts beyond monogenic disorders. An early study by Garcia-
Blanco and colleagues demonstrated the applicability of RNA exon
editing targeting highly abundant transcripts to express a therapeutic
protein of interest.”* The authors developed 3’ exon editors that target
the highly expressed albumin pre-mRNA and contain the CDS of
therapeutic proteins of interest (human apoA-I protein, HPV-E7-
specific single-chain monoclonal antibody, or factor VIII). Successful
trans-splicing would produce an edited mRNA containing the ATG
start codon and signal peptide from the albumin locus fused to the
CDS provided by the exon editor. In mouse studies, the authors
demonstrated the production of trans-spliced RNA and functional
protein in vivo. Importantly, treatment of hemophilia A mice with
an exon editor that targets the albumin pre-mRNA and encodes fac-
tor VIII demonstrated the expression of functional protein resulting
from edited pre-mRNA and phenotypic correction in the treated
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Table 1. Summary of published therapeutic applications of RNA trans-splicing

5" or 3/ In vitro/
Target Disease Year design Delivery method in vivo Reference
AFP HCC or HPV-16 2018 5,3 transfection in vitro Poddar et al.”*
Apoli tei y
A1130 ipoprotein hemophilia A 2009 3 injected minicircle in vivo Wang et al.**
2017 5 transfection, lentivirus in vitro . .
B-globin sickle cell disease, B-thalassemia _ Uchida et al.”’; Kierlin-Duncan et al.**
2007 5 transfection in vitro
in vitro, . .
B hCG6 cancer 1999 3’ transfection, electroporation lAn W, i Puttaraju et al.®
P in vivo )
2015 3 transfection of polypeptide in vitro,
CD22 pediatric B lineage ALL nanoparticles in vivo Uckun et al.””>**
2015 3 transfection in vitro
X-linked i defici ith in vitro, 29
CD40L inked immunodehiciency wi 2004 3 transfection, lentivirus l,n w‘ i Tahara et al.*’
HIGM1 in vivo
in vitro,
CEP290 LCA10 2018 5 AAV tmvitro Dooley et al.*’
in vivo
2011 IER transfection in vitro .
COL17A1 EB _ Koller et al.’!; Dallinger et al.”~
2003 3 transfection in vitro
2023 3 minicircle in liposome in vitro
2022 5 retrovirus in vitro
in vitro,
2017 3 lentivirus in vitro
ex vivo
2016 IER retrovirus in vitro Koller et al.*% Liemberger et al.*
- — Mayr et al.”*; Peking et al.’*";
L7A1 EB 2016 3 ’ £
coL7 ﬂ 3 retrovirus in vitro Huttner et al.*®; Tockner et al.”;
. t , 40,41
2016 5’ transfection, minicircle gene gun l,n W, ™ Murauer et al.
in vivo
2015 3 transfection In vitro
2013 3 retrovirus In vitro
2011 3 retrovirus In vitro
in vitro, 4
Ct-OATP1B3 cancer 2018 3’ transfection, retrovirus 1471 Vl, o Sun et al.*?
in vivo
2009 segmental transfection, AAV in vitro
2005 3 AAV in vitro
2003 5 transfection in vitro Liu et al.*’; Mansfield et al.***;
CFTR tic fibrosi - 16, 1 1 W ’
cystic brosis in vitro Song et al. 1 Liu et al.”’
2002 3 recombinant adenovirus T
in vivo
2000 3 transfection in vitro
DNA-PKcs SCID 2007 3 nucleofection in vitro Zayed et al.**
DMPK DM1 2009 3 transfection in vitro Chen et al.*”’
Aut | dominant cent 1 in vitro, 5
DNM2 ttosomat domunant ceifronucieal 016 5, 3 transfection, AAV fmvitro Trochet et al.”
myopathy in vivo
in vitro,
2015 3 lentivirus, AAV fmvitro
in vivo . .
DYSF Dysferlinopathies —_— — Philippi et al.”'; Monjaret et al.””
2014 3 transfection, AAV l,n W,tm’
in vivo
in vitro,
2013 3 transfection, lentivirus, AAV lAn WA i e
Dystrophin DMD nvivo Lorain et al.”>**
2010 IER transfection in vitro
i t > 55
FVIII hemophilia A 2003 3’ transfection, AAV l: :I Z) Chao et al.”
in viv

(Continued on next page)
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Table 1. Continued

5 or 3 In vitro/
Target Disease Year design Delivery method in vivo Reference
GNE GNE myopathy 2014 3 transfection, AAV in vitro Tal-Goldberg et al.™
HIV HIV 2017 5,3 transfection in vitro Ingemarsdotter et al.”’
2017 5 transfection, lentivirus in vitro e
HTT HD — Rindt et al.”**
2012 5 transfection, lentivirus in vitro
1gG 2015 segmental  transfection in vitro Shang et al.*
2019 5 retrovirus ex vivo
Liemb t al.**; Pekis t al.bl;
KRT14 EB simplex 2018 5 transfection in vitro e erger(g 2 exing €
N Wally et al.
2010 5 transfection in vitro
in vitro, - 3
LMNA L-CMD 2018 5 transfection, AAV l,n V{ i Azibani et al.®
in vivo
2018 3 lentivirus in vivo
2017 3 lentivirus in vitro i
I Avale et al.%%; Espindola et al.”;
in vitro, . o6 . .
MAPT Tauopathies 2013 3 lentivirus o Lacovich et al.°; Rodriguez-Martin
n vivo 67,68
- et al.””
2009 3 transfection in vitro
2005 3 transfection in vitro
MMP9 EB-SCC 2011 3 transfection in vitro Gruber e al.*’
2017 5,3 AAV in vitro
Mybpc3 HCM in vit Prondzynski et al.”’; Mearini et al.”'
2013 5 AAV e,
in vivo
PLEC1 EB simplex with muscular dystrophy 2008 5 transfection, retrovirus in vitro Wally et al.”?
in vitro,
2015 3’ transfection, adenovirus l,n W, i
in vivo St
p53 cancer —_— He et al.””’
in vitro,
2015 3 transfection, adenovirus I,n Vf o
in vivo
RET e
2001 3 transfection in vitro Kikumori et al.””
protooncogene
t 1d i t retiniti i itro, 7
RHO a%l osomal dominant retinitis 2015 3’ transfection, AAV l,n W, ™ Berger et al.”®
pigmentosa in vivo
. in vitro, 77
STX1A1 cancer 2005 segmental  adenovirus in vivo Nakayama et al.
SLCO1B3 EB-SCC 2013 3/ transfection, retrovirus in vitro Gruber et al.”®
in vitro,
011 3 transfection o
in vivo
2011 3 transfection in vivo
- — Coady et al.”>**®'; Shababi and
SMN SMA 2010 3 transfection in vivo LOI’SO}II’ISZ; Shababi et al.*®
in vitro,
2008 3’ transfection tmvitro
in vivo
2007 3 transfection, AAV in vitro
in vitro, . 3
SYN1 2018 3’ transfection, lentivirus, AAV t'n w, i Davidsson et al.**
in vivo
L. . , . in vitro, . 50
TTN titinopathies 2014 3 transfection, AAV in vivo Monjaret et al.

AAV, adeno-associated virus; AFP, a-fetoprotein; ALL, acute lymphoblastic leukemia; 3 hCG6, B-subunit of human chorionic gonadotropin gene 6; CD40L, CD40 ligand; CFTR, cystic
fibrosis transmembrane conductance regulator; COL17A1, collagen 17A1; COL7AL, type VII collagen; Ct-OATP1B3, cancer-type organic anion transporting polypeptide 1B3; DM1,
dystrophia myotonica type 1; DMD, Duchenne muscular dystrophy; DMPK, dystrophia myotonica protein kinase; DNA-PKcs, DNA protein kinase catalytic subunit; DNM2, dynamin
2; DYSEF, dysferlin; EB-SCC, epidermolysis bullosa-associated squamous cell carcinoma; FVIIL, factor VIII; HCC, hepatocellular carcinoma; GNE, UDP-N-acetylglucosamine 2-epim-
erase/N-acetyl-mannosamine kinase; HCM, hypertrophic cardiomyopathy; HD, Huntington disease; HIGM1, hyper-immunoglobulin M1; HPV-16, human papillomavirus type 16;
HTT, Huntingtin; IgG, immunoglobulin G; IER, internal exon replacement; KRT14, keratin 14; LCA10, Leber congenital amaurosis type 10; L-CMD, LMNA-related congenital
muscular dystrophy; LMNA, lamin; MAPT, microtubule-associated protein; MMP9, matrix metalloproteinase-9; PLECI, plectin; RHO, rhodopsin; SCID, severe combined immune

deficiency; SMA, spinal muscular atrophy; SMN, survival motor neuron; STX1Al1, shigatoxinlAl; SYN1, synapsin 1; TTN, titin.
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mice. This strategy of targeting highly abundant transcripts can pro-
vide beneficial levels of therapeutic protein even with modest levels of
trans-splicing efficiency while providing cell- and tissue-specific
expression.

RNA exon editing approaches have also been proposed in the context
of suicide gene therapy to induce cell death in tumor cells. Cancer cell-
specific induction of cell death can be achieved by RNA exon editors
that encode a cytotoxic gene and target tumor-specific pre-mRNAs.
By utilizing the intrinsic ability of RNA exon editing to provide
gene specificity, successful trans-splicing would result in cancer
cell-specific expression of the cytotoxic protein and reduce unwanted
side effects associated with suicide gene therapy. An example of such
an approach has been described utilizing the herpes simplex virus 1
thymidine kinase (HSV-tk)-ganciclovir suicide gene system, in which
the HSV-tk protein phosphorylates and leads to the eventual cyto-
toxic activity of the prodrug ganciclovir.*>
a 3/ exon editor that targets the cancer-type organic anion transport-
ing polypeptide 1B3 (Ct-OATP1B3) pre-mRNA, a transcript that is
expressed in a highly cancer-specific manner."” The authors demon-
strated that RNA exon editor expression results in the generation of
Ct-OATP1B3/HSV-tk edited RNA and its subsequent translation to
a fusion protein that renders cells susceptible to ganciclovir treatment
in colorectal cancer cell lines and in vivo in a xenograft mouse model.
This approach to using RNA exon editing to induce cancer cell-spe-
cific cell death shows promise in targeting and eliminating tumor cells
if challenges in delivering RNA exon editors to tumor cells can be
overcome in vivo. Taken together, such studies highlight the potential
for RNA exon editor approaches that are broadly applicable to not
only monogenic disorders but also inflammatory, infectious disease
or oncologic conditions.””

9 .
7% Sun et al. engineered

WHY NOW?

Despite being experimentally confirmed for multiple decades, only
recently has RNA trans-splicing been considered a viable therapeutic
modality. This is largely due to technological progress enabling effi-
cient screening both experimentally and computationally, along
with a deeper understanding of underlying spliceosome biology.
Together, these advances may provide powerful clinical benefits to
patients. Here, we discuss various improvements that have opened
the door to identifying more potent RNA exon editors.

A key advantage for scientists seeking potent RNA exon editors today
is the ability to accurately screen large libraries to identify candidate
molecules and test component-specific improvements using modern
synthetic biology and computational tools. Products such as oligo
pools for large-scale cloning and droplet digital PCR for accurate and
benchmarked expression measurement have taken the screening pro-
cess from small scale and manual to large scale and automated.*> **
Larger screening libraries allow for a level of granularity in RNA di-
versity that has not been previously interrogated for trans-splicing
molecules. These advances have allowed RNA-based approaches to
start properly searching the vast nucleotide space for more efficient
molecules. High-throughput and cost-efficient screening aside, gener-

ating reliable readout for such efforts has also been improved dramat-
ically by advances in next-generation sequencing approaches such as
hybrid capture and long-read sequencing,”” > which give researchers
many options for assessing the efficiency of an RNA exon editor. Be-
ing able to detect trans-spliced product directly is simply more
achievable than ever before, and the same technological advances
that make direct detection possible also facilitate examination of
any potential off-target events, a key assessment for ensuring patient
safety and drug efficacy. Although delivery of molecules continues to
pose a significant challenge, efficiency improvements in the produc-
tion of research-grade AAV allow for direct screening of molecules
in their packaged forms, leading to identification of RNA exon editors
in more relevant cell types and tissues.

RNA secondary structure is still considered one of the most important
factors in RNA molecular design, and more advanced methods for
determining the secondary structure of molecules have been gaining
considerable traction, including selective 2'-hydroxyl acylation
analyzed by primer extension (SHAPE) and dimethyl sulfate muta-
tional profiling with sequencing (DMS-MaPseq).”” °° These methods
predict RNA structures with single-nucleotide resolution in vitro or
in-cell by the chemical probing of 2'-OH at conformationally flexible
RNA nucleotides for SHAPE, or methylation of unpaired adenines
and cytosines by DMS, followed by mutational profiling to identify
reactive positions in the RNA. It is important to note that computa-
tionally deducing the folding of the RNA is key to achieving a more
accurate and timely prediction of RNA secondary structure. Assessing
RNA exon editors and target pre-mRNA for functional structure is of
critical importance when designing and offers important insight into
the behavior of certain elements. Hence, access to methods that can
interrogate RNA secondary structures offers the potential for highly
efficient screening processes and may expand our ability to design
more efficient and specific molecules. Of note, the role of RNA struc-
ture of the target pre-mRNA and the structure-function relationship
of cis-splicing remains to be understood, and RNA structure-probing
methods should provide insights into both target pre-mRNA and
exon editor activity. Such computational approaches have improved
significantly over the last few decades to provide accurate understand-
ing and prediction of splice junctions within RNA molecules’” and
the secondary structure associated with those sequences.”® """ These
computational techniques reduce the screening of molecules with
high failure probability and provide insight into potential structural
mechanisms of various sequence elements.

In addition to technological advances, our biological understanding
of the cis-splicing process has guided the engineering of molecules
that might result in higher trans-splicing efficiencies. Important
work has been done in the area of group II intron splicing. These in-
trons are thought to be the ancestors of spliceosomal introns and self-
catalyze their excision, mirroring the spliceosome with a lariat forma-
tion.'*” Experiments performed to understand the dynamics of group
IT introns have shown that they exhibit many structural properties
similar to those of the spliceosomal machinery, including the interac-
tion of the 5 splice site with the branch helix and the recognition of
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the branchpoint.'>'** Understanding the chemistry of naturally
occurring splicing reactions has shed light on elements and strategies
that can increase the potency of exon editors by engineering their
interaction with the spliceosome.

These advances have enabled the development of RNA exon editors
that have the potential to treat patients with monogenic disorders
such as Stargardt disease.'’” Stargardt disease is an autosomal reces-
sive disorder that is caused by mutations in ABCA4, a gene too large to
package in AAV and within which disease-causing mutations occur
throughout all 50 exons of the gene. These two features mean that
Stargardt disease cannot be addressed by conventional gene therapies
or gene editing approaches. ACDN-01, an exon editor that can
replace multiple exons in ABCA4 at a time, has the potential to treat
up to 70% of the patients carrying ABCA4 mutations and is now in a
phase 1/2 trial (STELLAR; this trial was registered at ClinicalTrials.
gov [NCT06467344]), demonstrating the translational viability of
this therapeutic strategy.

FUTURE DIRECTIONS

Despite recent technology advances that have expanded the under-
standing of RNA biology, several improvements will help bring
RNA exon editing approaches to their full potential: the ability to
predict the function and efficacy of RNA molecules in silico, deeper
understanding of the dynamics of trans-splicing relative to the tran-
scription of the target gene, further understanding of how the spliceo-
some defines introns and exons, and correct subcellular localization of
RNA exon editors.

The ability to predict the function and efficacy of RNA molecules in
silico will improve steadily. Secondary structure prediction software
has been rapidly advancing with the rise of more complex machine
learning models.'**>'*
design could dramatically improve efficiencies and expand therapeu-
tic approaches, such as RNA switches or the design of binding sites

that take advantage of the unique structure of the target gene.

Structurally aware in silico RNA gene therapy

Furthermore, a deeper mechanistic understanding of trans-splicing
would guide the design and discovery of elements that could enhance
the efficiency of exon editors. For example, blocking of endogenous
splice sites in the target pre-mRNA by antisense oligonucleotides
(ASOs) or antisense RNAs has conferred improved trans-splicing
by favoring trans- over cis-splicing.”>’*>* For 3’ exon editing,
competitive inhibition of a downstream splice site in the target pre-
mRNA was shown to enhance trans-splicing efficiency in SMN2 tran-
scripts’”®* and in a minigene system for COL7A1 trans-splicing.”
For 5 exon editing, using a minigene reporter system for KRT14
trans-splicing, Liemberger et al. demonstrated that co-delivery of
ASOs that directly interfere with the competing 5" splice site or
ASOs that block the splicing of an upstream intron exhibit improved
trans-splicing efficiencies.’” These studies highlight that trans-
splicing reactions occur in direct competition with cis-splicing; how-
ever, the mechanisms by which the above-mentioned ASOs enhance
trans-splicing efficiencies or how trans-splicing competes with cis-
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splicing are not well understood. Key questions that remain include
understanding how the exon editor might be primed for interaction
with the spliceosome and elucidating at which spliceosome assembly
step the RNA exon editor intersects with the spliceosome assembly
dynamics of cis-splicing.

Understanding the dynamics of trans-splicing in relation to tran-
scription of the target gene could also provide insight into the feasi-
bility of trans-splicing into a given target or intron selection for a
target of interest. Mechanistic insight into how the transcriptional
rate of a gene, splicing rates of introns, and/or intron splicing order
might influence trans-splicing could guide designs of RNA exon ed-
itors. Several recent studies have highlighted the coordinated and
predetermined nature of intron splicing across multiple in-
trons,'”” """ where the intron splicing order influences splicing fi-
delity across long pre-mRNAs. There is accumulating evidence,
moreover, that splicing does not occur in the order of transcription,
and the defined order of splicing is conserved across cell types.'"”
The regulatory mechanism that defines the order of splicing is
not fully understood; however, spliceosomal components and
RNA secondary structure likely play a role in this process. These
regulatory mechanisms could be an important factor to consider
for RNA exon editor designs.

Further understanding how the spliceosome defines introns and
exons could inform future RNA exon editor designs. In organisms
that have short (<100 nt) introns, splicing predominantly occurs
through intron definition, where splice site pairing occurs across an
intron. In vertebrates that have an abundance of long introns and
short exons, introns are predominantly spliced through exon defini-
tion, where interactions across an exon define the splice sites (i.e., be-
tween the upstream 3’ splice site and the downstream 5’ splice site)
before reorganizing takes place to form interactions across the intron
and complete splicing.”''"''* Transcriptome-wide examination of
this mechanism proposed that there is a much stronger exon defini-
tion compared to intron definition in mammals.''> The orchestrated
nature of pre-mRNA splicing mediated by intron/exon definition
could, therefore, be used to advantage in the design of efficient
exon editors. For example, modifications that strengthen the exon
definition in 3’ exon editors could enhance the association of U2
snRNP with the branchpoint sequence, enabling the “activation” of
the trans-splicing reaction.

Ensuring correct subcellular localization is yet another consideration
that could lead to improved RNA exon editor performance. Recent
studies on nuclear speckles, which are ideal subcellular targeting loca-
tions for therapies that act on the pre-mRNA, are of significance in
this regard. Nuclear speckles are biomolecular condensates that are
enriched in splicing factors (reviewed by Ilik and Aktas''?), and
recent models propose splicing to occur at the phase-separated nu-
clear speckle interface. This model is supported by experimental evi-
dence, including spatial studies of active spliceosomal components
and the positioning of introns and exons of transcripts.''* Elucidation
of nuclear speckle function could guide improvements to molecular
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design whether that be via targeting, specific recruitment sequences,
or retention elements.

Finally, while outside the scope of this review, we are encouraged by
recent progress in the delivery of gene therapy in tissue-specific ways,
a major roadblock preventing many novel therapeutic payloads from
clinical translation.

CONCLUSION

RNA exon editing uses synthetic RNA molecules to replace defective
exons in a target pre-mRNA, leading to the production of functional
protein. This approach allows for kilobase-scale editing without the
need for exogenous enzymes, overcoming the limitations of other
gene therapy and gene editing approaches. RNA exon editing can
address multiple mutations in a single gene, enables precise control
of gene expression, and avoids the potential risks associated with
altering DNA directly. The therapeutic applications for RNA exon ed-
iting are vast, and initial preclinical and clinical efforts are primarily
focused on monogenic disease and targeting cancer cell death. The re-
maining challenges to the development of successful RNA exon edit-
ing technology include efficient delivery of the RNA editing molecule
to target cells, and maximizing both efficiency and specificity of the
trans-splicing reaction. Advancements in synthetic biology, computa-
tional technology, and our understanding of splicing mechanisms are
paving the way for this promising therapeutic approach to genetic
medicine, which has the potential to help patients in need, many
with no other options.
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