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ABSTRACT

RNA therapeutics have had a tremendous impact on medicine, recently exemplified by the rapid
development and deployment of mMRNA vaccines to combat the COVID-19 pandemic. In
addition, RNA-targeting drugs have been developed for diseases with significant unmet medical
needs through selective mMRNA knockdown or modulation of pre-mRNA splicing. Recently,
RNA editing, particularly antisense RNA-guided Adenosine Deaminase Acting on RNA
(ADAR) based programmable A-to-I editing, has emerged as a powerful tool to manipulate RNA
to enable correction of disease-causing mutations and modulate gene expression and protein
function. Beyond correcting pathogenic mutations, the technology is particularly well suited for
therapeutic applications that require a transient pharmacodynamic effect, such as the treatment of
acute pain, obesity, viral infection, and inflammation, where it would be undesirable to introduce
permanent alterations to the genome. Furthermore, transient modulation of protein function, such
as altering the active sites of enzymes or the interface of protein-protein interactions, opens the
door to therapeutic avenues ranging from regenerative medicine to oncology. These emerging
RNA editing-based toolsets are poised to broadly impact biotechnology and therapeutic
applications. Here, we review the emerging field of therapeutic RNA editing, highlight recent

laboratory advancements, and discuss the key challenges on the path to clinical development.
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INTRODUCTION

Large-scale genome sequencing has progressively revealed the causal genetic variation
underlying many human diseases.® ? This information has driven significant innovation in
biotechnology and ushered in the modern era of DNA and RNA therapeutics. While DNA
targeting can result in durable and potentially permanent cures, RNA targeting modalities enable
tunability and reversibility. The lack of permanent off-targets offers unique advantages in
specific therapeutic settings. Here we focus on recently emerging precision RNA editing
approaches, especially those based on Adenosine Deaminases Acting on RNA (ADARs) that are
enabling programmable endogenous RNA modulation beyond RNA knockdown or

overexpression.

ADARs represent a family of enzymes that deaminates RNA adenosines (A) into inosines (1)
within double stranded RNA (dsRNA). Inosine is functionally recognized by the cellular
machineries as guanosine (G), thereby allowing the enzyme to modulate translation, splicing, or
any regulatory mechanism reliant upon an adenosine containing motif. A-to-1 RNA editing was
discovered in the late 1980s> # and a proposal to leverage ADARs for therapeutic purposes was
first proposed in 1995.% Over the past decade, there has been a renewed interest in the
development of this RNA targeting modality, with numerous groups demonstrating the
redirection of endogenous ADAR activity for site-specific A>G editing using guide RNASs
(JRNA) antisense to a target messenger RNA of interest in human cells and in vivo animal

models,®* as well delivery of exogenous ADARS to enable targeted RNA editing.t> 16
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Notably, G-to-A missense and nonsense mutations account for twenty-eight percent of
pathogenic single nucleotide variants (SNVs) reported on ClinVar

(https://www.ncbi.nlm.nih.gov/clinvar/ accessed on April 13, 2022) and can be targeted for

ADAR-mediated restoration of the wild-type sequence. More broadly, adenosines are critical for
many functional sites within RNA, such as translation initiation sites (T1S), splice acceptor and
donor sites, microRNA binding sites, and polyadenylation signals (PAS). This further expands
the therapeutic potential for RNA editing to regulate protein expression levels and splicing and
may be additive with current approaches that utilize ASOs for masking TIS, splice sites, or
polyadenylation signals. Furthermore, A-to-G changes can result in 17 different amino acid
substitutions, enabling the modulation of protein function and protein-protein interactions.
Indeed, natural ADAR function has been shown to modulate proteins with 55 editing sites
identified in coding regions,*” many of which are conserved across species.'® Nonsense
mutations (UAG, UGA, UAA) can be recoded to a tryptophan (UGG), which may be tolerable to
a protein, depending on the exact position of the nonsense mutation.'® 2° Altogether, RNA
editing opens a wide range of opportunities for therapeutic and protective benefits to patients.
Correspondingly there is a growing interest in clinical translation, with many academic labs and
biotechnology companies now focused on refining and tuning this technology with a goal of

enabling human therapeutic applications.

Several challenges, however, must be overcome to bring the therapeutic potential of RNA
editing to patients. ADAR is inherently promiscuous and has the potential to deaminate any

adenosine within a dsRNA structure. Thus, gRNA-directed RNA editing has the potential for
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bystander and off-target editing, as well as possible unintended impact on splicing and
translation. Furthermore, ADAR has natural sequence preferences that may not align with a
chosen therapeutically relevant adenosine. These challenges highlight the need for exquisite
gRNA engineering that enables highly efficient and specific RNA editing. Additionally, non-
clinical and clinical assays to quantify editing efficiency and transcriptome integrity are

necessary to establish safety metrics to support clinical development.

Beyond RNA editing-specific challenges, issues of delivery and manufacturing that broadly
impact the fields of gene therapy and antisense oligonucleotide therapy must also be addressed.
For example, while delivering payloads with an Adeno-associated virus (AAV) vector has
significant clinical precedent, issues persist related to manufacturing, quality control, and safety,
while the possibility for immunogenicity and transgene silencing may hinder efficacy.
Furthermore, the narrow tropism of wild-type AAVs and biodistribution of ASOs limits delivery
to the liver, muscle, and direct injection into the central nervous system (CNS), while ASOs are
also readily absorbed in the kidney?!. Solutions to each of these stated challenges are in
development as the field of RNA editing advances towards the clinic. We will first review the
underlying biology of ADAR-mediated RNA editing and how it can inform its therapeutic

application.

FACTORS THAT AFFECT ENDOGENOUS RNA EDITING

Since the discovery of ADAR in 1987,% # much progress has been made in understanding the
natural biological functions of this enzyme group. Understanding fundamental ADAR biology,
including various isoforms and structures, expression and regulation, and cellular and subcellular

localization, is critical to unlocking the therapeutic potential of RNA editing. Thus, we begin by

5
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reviewing key aspects of ADAR biology that can inform drug design, development, and translation

to the clinical. Key variables that impact A-to-I RNA editing are also depicted in Figure 1.

ADAR isoforms and structure

The ADAR family is composed of three genes that encode five different protein isoforms:
ADAR1p110, ADAR1p150, ADAR2a, ADAR2b, and ADARS3. Each isoform contains N-
terminal double stranded RNA binding domains (dsRBDs) followed by a C-terminal deaminase
domain. All isoforms possess a nuclear localization signal (NLS), while ADARp150 also has a
nuclear export signal (NES) that promotes cytosolic localization. ADAR?2 is spliced in several
isoforms, with only ADAR2a and ADAR2D being translated into proteins. ADAR2Db contains an
Alu insertion in the deaminase domain, which may explain the 50% reduction in activity
compared to ADAR2a.?2 ADAR3 lacks deaminase activity but may play a role in regulating
RNA editing through competitive antagonism with ADAR1 and ADAR2.2%% The structural
differences between ADAR isoforms are responsible for subtle differences in their substrate
preferences that must be taken into consideration during the gRNA design process to ensure
efficient and selective editing depending on the isoform present in the tissue and cell type of

interest.

The substrate preferences of ADAR can be mechanistically traced back to its structure. The
dsRBDs engage a 12 - 14 bp stretch of dSRNA with specificity to the A-form helix and ribose 2'
hydroxyl groups that distinguish it from dsDNA.2® The shallow minor groove of the A-form
helix provides access to the bases and allows for sequence-specific contacts, which can explain
how dsRBDs from various proteins have unique binding preferences. Indeed, ADAR dsRBD
binding selectivity has been shown to influence editing selectivity,?’ and replacing the dsRBDs

6
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of ADAR1 with PKR significantly alters the editing activity.?® One of the most well-studied
ADAR substrates is the GRIA2 R/G site, which forms an evolutionarily conserved hairpin
structure driven by hybridization of exon 13 to the downstream intron and contains three
mismatches within the RNA duplex that are key to efficient and selective editing.?® The solution
structure of the dsRBDs of ADAR2 bound to the GRIA2 R/G substrate reveals sequence-specific
contacts at one of the mismatches and within the hairpin loop.%° This leaves open the possibility
of designing gRNAs that form dsRNA structures that are preferentially bound to ADAR1 and/or

ADAR?2 dsRBD:s.

Crystal structures of the deaminase domain of ADAR2 have also revealed many characteristics
that explain the nuances of ADAR editing. Before the availability of structural data, many deep
sequencing studies of A-to-1 editing demonstrated that ADARSs have certain motif preferences,
with the “UAG” sequence motif being favored and a 5' G being disfavored. Like the dsRBDs,
the deaminase domain crystal structure detailed dsSRNA specific engagement via 5" and 3'
binding loops with contacts stretching from 10 bp upstream to 8 bp downstream of the target
adenosine.®! 32 The structure also revealed a disordered 5' binding loop that becomes ordered
upon binding to a dsRNA substrate.®! Interestingly, the ADAR2 5' binding loop is highly
conserved across species, yet differs significantly when compared with the ADAR1 5' binding
loop which may explain differences in their substrate specificities.3* Additionally, the crystal
structure revealed that ADAR2 acts through a common base flipping mechanism,®? in which the
edited adenosine is flipped out of the duplex and the vacant position is occupied by residue
E488, which directly contacts the orphan base. Base flipping allows exposure of the adenosine to

the active site to drive deamination.
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Initial observations indicated that a hyperactive ADAR2 E488Q mutant gained activity through
improved base flipping, not improved binding affinity.3* The crystal structure revealed hydrogen
bonding between E488 and the orphan cytidine, and the pH independence of E488Q may explain
the improved base flipping. The crystal structure also provided an explanation for ADAR2
disfavoring of a 5' G neighbor, as a 5' G or C could result in a steric clash with ADAR2 G489.3!
Interestingly, a recent crystal structure revealed that a 5' G-G mismatch adopts a non-canonical
Gsyn:Ganti hydrogen bonding that alleviates the steric clash and enhances editing of a 5' G
adenosine,® as had been previously reported.®® These insights into base flipping and deamination
in turn impact gRNA design (which we discuss in more depth in the gRNA design section of this
review). More recently, the first crystal structure of the deaminase domain and dsRBD2 engaged
to a substrate revealed an asymmetric dimerization via the deaminase domain, and the authors
showed many substrates are dimerization dependent.” This highlighted a surprising and novel
mode of engagement, as previous data provided evidence of dimerization through the dsRBDs.*®
Further work is required to better understand the more complex quaternary structures formed

through the deaminase domain and/or the dsRBDs, and how they could inform gRNA design.

ADAR Expression and Regulation

ADAR1p110 is ubiquitously expressed. A-to-I editing has been detected at millions of sites
within the transcriptome and is present in all tissues and cell types.3* %°. A-to-1 editing of self-
dsRNA mediated by ADAR1 can prevent activation of the cytoplasmic immune sensor, MDA-
5.41 As such, ADAR1 expression is essential for maintaining homeostasis and regulating innate
immunity, as evidenced by the severe phenotype of patients with partial loss of function ADAR1
mutations leading to Aicardi Goutiéres syndrome (AGS).*>*® Full loss of function mutations to

8
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the deaminase domain have not been identified yet in humans, suggesting that such mutations
would be lethal. Indeed, ADAR1 knockout in mice is embryonic lethal.**4* Conversely, ADAR1
overexpression is associated with certain cancers,* “® highlighting a potential risk of introducing

exogenous ADAR to promote therapeutic RNA editing.

ADAR1p150 expression is transcriptionally controlled by an interferon responsive element in the
promoter region*” and possesses an N-terminal Z-DNA binding domain as well as an NES. As
such, interferon stimulation induces ADAR1p150 expression and localization to the cytoplasm,
where it can edit cytosolic dsRNA substrates and alter the RNA editome,* playing a key role in
viral immunity.* Interferon stimulation in vitro has been used to improve RNA editing
efficiency® and the possibility of transient ADAR1p150 induction in vivo, for instance, due to
innate immune responses to viral infection or drug delivery systems, should be considered when

evaluating the specificity of therapeutic RNA editing.

ADAR?2 protein and enzymatic activity are limited to select tissues, such as the brain and
heart>® 5!, ADAR2 plays a key role in site-specific editing for the recoding of amino acids.
Murine ADAR2 knockout leads to death several weeks after birth,>? while the lethal
phenotype is rescued by encoding a key RNA editing site within the GRIA2 gene at the

genomic level, highlighting the importance of ADAR?2 for site-specific editing.

In contrast to ADAR1 and 2, ADARS is exclusively expressed in the brain and lacks deaminase
activity.?® > ADAR3 expression negatively correlates with editing and is believed to repress A-

to-1 editing by competitive antagonism of ADAR1 and ADAR2. This mechanism has been
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further characterized in glioblastomas, where ADAR3 competes against ADAR?2 for the binding
of GRIA2 transcripts and negatively modulates its editing.?* ADAR3 knockout mice displayed
impaired learning and memory; however, RNA editing at most sites within the transcriptome was
unaffected by ADARS3 knockout, with only ten sites showing a statistical difference from wild

type, suggesting the regulation of editing may be substrate specific.>*

ADAR subcellular localization and transport influence enzyme accessibility to dsSRNA substrates
and subsequent A-to-I editing. ADARp110- and ADAR2-mediated RNA editing happen co-
transcriptionally, and enzyme localization is reported in the nucleus and nucleolus.>> %
Alternatively, ADARp150 localizes to the cytosol upon interferon stimulation, where it can
access and edit cytosolic dsSRNA substrates.®’ It should be noted that this distinction of
ADARp110 as a nuclear protein and ADARp150 as a cytosolic protein is an oversimplification
as both isoforms are known to shuttle between nucleus and cytoplasm. Nuclear import is
mediated by transportin-1 (Trnl), which interacts with an atypical NLS sequence found in the
third dsRBD of ADARL isoforms.®® The third dsRBD cannot bind dsRNA and Trnl
simultaneously, which makes ADAR1 nuclear import dependent on dsRNA cytoplasmic content.
On the other hand, nuclear export of ADAR1p110 and p150 are regulated differently, with
ADAR1p110 exported by exportin-5 (XPO5), while the p150 isoform is bound by exportin-1
(XPO1) on its NES. Overall, dsSRNA content and accessibility in the cytoplasm or nuclear
compartment play an important role in sub-cellular localization and subsequent A-to-1 editing.
Unlike cytoplasmic antisense approaches using RNAi- or RNase H-mediated knockdown,

gRNAs that rely on ADARp110- or ADAR2-mediated RNA editing must localize to the nucleus.

10
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Beyond the ADAR1/2/3 dsRBD proteins, the human genome encodes for more than 1000 RNA
binding proteins (RBPs), sixteen of which contain dsRBDs that may directly compete with
ADAR binding: ADAD1/2, CDKN2AIP, DGCR8, DHX9, DICER, DROSHA, ILF3, MRLP44,
PKR, PRKRA, SON, STAU1/2, STRBP, TARBP2. Not surprisingly, these double stranded
RBPs (dsRBPs) are found to be in the same interactome®®: % and share roles in various RNA-
related biological processes, such as innate immune response, micro-RNA processing, apoptosis,
and cell cycle. They can act with ADAR either synergistically or antagonistically depending on
the cellular context.®* Beyond the biological functions, the crosstalk between different dsRBPs
and ADAR highlight the importance of RBP landscape in A-to-I editing. The interaction
landscape can be modulated by the cellular context, such as viral infections, UV light, cell cycle,
and tissue expression. Thus, the expression levels of dsSRBPs are a contributing factor to RNA
editing,*® emphasizing the importance of assaying RNA editing within model systems that reflect

the dsRBP expression profile of the therapeutically-relevant target cell.

A comprehensive picture of the A-to-I editing landscape in human tissues was captured by
profiling A-to-I editing in over 50 organs from 8,551 samples of the Genotype-Tissue Expression
(GTEX) consortium.*® ADAR1 and ADAR2 are the only A-to- mRNA editors known in

humans, yet their MRNA expression shows only a moderate correlation with A-to-I editing,
depending on the tissue (R? = 0.2-0.25 across all tissues with a higher correlation in the of 0.55

in the brain). This suggests that additional factors regulate editing. A-to-I regulation can arise
from various factors such as RNA splicing, RNA expression levels, and the RBP landscape,
which can restrict accessibility to the targeted adenosines. Despite similar editing activity in most

tissues, outliers were detected including the cerebellum and arteries with the highest editing

11
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levels (potentially explained by high co-expression of ADAR1 and ADAR2) and skeletal
muscles demonstrating the lowest editing levels and low expression of ADARL. Additionally,
the authors identified a trans-regulatory mechanism in skeletal muscle via aminoacyl tRNA
synthetase complex interacting multifunctional protein 2 (AIMP2), which negatively impacts the
stability of both ADAR1 and ADAR2 and may further explain the low editing levels detected in
skeletal muscle.*® Additionally, 3,710 tissue-specific edited sites were identified, and it is widely
documented that ADAR1 and ADAR2 have overlapping but unique editing profiles,3* 62
highlighting the need to engineer and screen gRNAs within disease-relevant models to best

reflect the in vivo editing environment.

The ubiquitous expression and activity of ADAR in all human tissues opens the door to many
therapeutic applications; however, more work is needed to assess the feasibility of endogenous
ADAR recruitment in various tissues. Furthermore, the editing environment within human cell
lines is often less active than in the corresponding tissues in vivo,® and certain models may have

limited utility for assessing in vivo activity of therapeutic gRNAs.

CONSIDERATIONS FOR gRNA DESIGN AND OPTIMIZATION

As detailed in the preceding section, the underlying biology and structure of ADAR are crucial to
developing an RNA editing therapeutic. At the cellular level, a detailed understanding of the
expressed ADAR isoforms and trans-regulators is needed to select model systems that reflect the
in vivo editing environment, while structural knowledge can be leveraged to inform the

optimization of gRNA efficiency and specificity. The application of this knowledge and how it
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can be leveraged to inform gRNA design and engineering will be described in this section and is

outlined in Figure 2.

Broadly speaking, two main delivery approaches for ADAR-recruiting gRNAs have been
described: ASOs, which include in vitro transcribed or chemically synthesized gRNAs that are
delivered directly to the cell; or DNA-encoded gRNAs that are delivered with viral or non-viral
technologies, where the gRNA is transcribed upon entry of the exogenous DNA template into the
nucleus. Each approach has a set of considerations and ultimately, the delivery modality is
influenced by the disease, tissue, and cell type of interest. gRNA design parameters are
dependent upon the chosen delivery method and will be discussed independently in the following
sections. Regardless of the delivery method, engineering gRNA efficiency and specificity is
perhaps the most important element of developing an RNA editing therapeutic and is

complicated by the promiscuous activity and innate sequence preferences of the ADAR enzyme.

Delivery of a DNA-encoded gRNA relies on endogenous cellular transcription to produce the
functional gRNA molecule. This drives persistent, durable expression of the gRNA in a natural
RNA state. Importantly, a gRNA transcribed from a DNA payload is not limited by the same size
constraints as a chemically synthesized ASO, enabling a larger design space to create the ideal
target-specific ADAR substrate. Additionally, DNA payloads are amenable to the use of
promoters, regulatory elements, and RNA structural modifiers that can be used to tune gRNA
expression, persistence, and sub-cellular localization. RBP sequence motifs can also be used to
recruit and promote protein interactions that enhance RNA editing (see discussion of RBPs

above). Since many human diseases affect terminally differentiated cell populations (e.qg.,
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neurons, muscle cells, etc.), delivery of a DNA-encoded gRNA carries the promise of long-term,
durable treatment with a single administration of drug. However, like traditional gene therapy,
DNA payloads cannot be simply “turned-off” if an adverse event is experienced, highlighting the
need for exquisite specificity and robust non-clinical development data. Depending on the exact
delivery method (e.g., AAV, non-viral particles, etc.), immunogenicity and triggering of DNA
sensing pathways may limit the overall delivery efficiency and safety. These aspects are not

unique to RNA editing and must be considered by the entire gene therapy field.

As an alternative to DNA-encoded gRNAs, ASOs can be used to recruit ADAR for RNA editing.
ASOs can be chemically synthesized with chemical modifications or in vitro transcribed from a
DNA template. In the case of chemical synthesis, ASOs may be limited by size because of
synthesis capabilities and there exists a delicate trade-off between chemical toxicity and drug
efficacy. However, numerous advancements in ASO chemistry can improve stability, specificity,
and efficiency. With direct administration of these molecules, re-dosing is necessary due to their
relatively short half-life, but with certain chemical modifications, molecules may persist for
weeks to months.®* In some contexts, this transient aspect may be an added feature — for
example, in the transient modification of a pain receptor. Additionally, ASOs follow more
traditional drug pharmacokinetic and pharmacodynamic (PK/PD) profiles and dosing can be

stopped if an adverse event is observed.

For both DNA-encoded gRNAs and ASOs, delivery of the drug to the target tissue and cell type
remains a key challenge. Thus, regardless of gRNA design, continued innovation of delivery

technologies is required to maximize the therapeutic potential of RNA editing.
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DNA-ENCODED APPROACHES

Recruitment of Endogenous ADAR

Programmable RNA editing systems typically consist of two components: the ADAR enzyme
and a gRNA that hybridizes to a target mMRNA of interest, thereby creating the dSRNA ADAR
substrate. Initial efforts in the field of RNA editing relied on overexpression of exogenous
ADAR or chimeric enzymes composed of the deaminase domain fused to RNA binding proteins
with engineered gRNAS to recruit the enzyme to the target.® 1* 5% Initially, the gRNA designs
typically consisted of two domains, an antisense domain, typically 20-40 nucleotides in length
bearing a C-mismatch opposite the target adenosine, and a recruitment domain that brought the
ADAR enzyme to the mRNA of interest via a protein-RNA interaction. DNA-encoded gRNAs
consisted of a variety of recruitment domains, ranging from a portion of the naturally occurring
GRIA2 pre-mRNA hairpin or crRNA:tracrRNA to BoxB and MS2 stem loops, and were utilized
to recruit either the wild-type ADAR?2 or fusions of the catalytic domains of ADAR to Cas13,
AN-peptide and MS2 coat proteins, respectively.® ¢ ¢7-68 proof-of-concept studies demonstrated
the use of AAV-delivered adenosine deaminases in mouse models of Duchenne muscular
dystrophy, ornithine transcarbamylase deficiency, and Rett syndrome.® 7 While ADAR
overexpression based approaches demonstrated the therapeutic potential of RNA editing, the
promiscuous nature of ADAR led to transcriptome-wide off-target A-to-I editing® > * with
potentially toxic effects seen in mice.® To overcome this problem, it is important to restrict the
catalytic activity of the overexpressed enzyme only to the target mRNA. By splitting the ADAR2

deaminase domain into two catalytically inactive fragments that are brought together by a
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chimeric gRNA at the given target mRNA to transiently form a functional enzyme, we

achieved >100-fold more specific RNA editing as compared to full-length deaminase
overexpression.’2 This novel strategy resulted in greatly improved transcriptomic specificity, and
the split-ADAR2 system was functional with RNA binding proteins of human origin to limit
immunogenicity concerns. Further improvements to the enzymatic activity of the split-ADAR2
system or additional protein engineering strategies that enhance specificity may improve its

therapeutic potential.

Even with enhanced specificity of engineered exogenous proteins, this approach will still be
challenged by packaging limits of the delivery modalities (e.g., AAVS) and immunogenicity
concerns. Therefore, recruitment of endogenous ADAR to perform targeted RNA editing is the
preferred approach. We recently demonstrated the use of DNA-encoded gRNAs for the
recruitment of endogenous ADAR to mediate RNA editing.® While gRNAs with antisense
domains as short as 20 nucleotides sufficed to recruit overexpressed ADAR, increasing the
length, for example, to 60 nucleotides or greater, enabled recruitment of endogenous ADARs.®
This was an important advancement of the technology as it opened the door to potential
therapeutic applications.

gRNA Expression, Stability, and Localization

DNA-encoded gRNAs can be further optimized by focusing on expression, stability, and
localization. gRNAs are typically transcribed from pol I11 promoters (e.g., U6) and lack a 5’ cap
and a 3’ poly-A tail, leaving them vulnerable to 5" and 3' exonucleases, thereby reducing their
half-lives. Given that RNA editing is a transient event that dilutes out with mRNA turnover, it is

important to improve expression and stability of the U6 transcribed gRNA. Circularization of
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RNA is one strategy to prevent exonuclease digestion and increase RNA half-life. Towards this
end, we created DNA-encoded circular gRNAs by flanking long antisense domains with twister
ribozymes.® ® Upon transcription, the twister ribozymes self-cleave, leaving specific overhangs
that are recognized and ligated by the ubiquitously expressed RtcB RNA ligase to form a circular
gRNA.” The use of circular gRNA greatly improved the persistence of RNA editing over linear
gRNASs both in vitro and in vivo. While no editing of the PCSK9 3'UTR in mice livers was
detectable via AAV-delivered linear gRNA, 11% editing was detectable via AAV-delivered
circular gRNA. By packaging two copies of the U6 promoter and circular gRNA within an AAV,
RNA editing levels increased to 53% at eight weeks post injection.”* Additionally, AAV-
delivered circular gRNAs were utilized to repair a premature stop codon (W392X) in the alpha-
L-iduronidase mRNA in the liver of a mouse model of Hurler syndrome, via recruitment of
endogenous ADAR enzymes, resulting in 12% RNA editing and partial restoration of enzyme
activity.3* Although short-term studies showed no toxicity in mice with RNA editing levels
being maintained up to 8 weeks post injections, longer studies are needed to assess the safety and

durability of AAV-delivered circular gRNAs.

An alternate strategy to improve gRNA stability is the use of natural exonuclease-resistant
structures at the 5' and/or 3' ends of the gRNA.”>"" Advances in the field of siRNA and CRISPR
gRNAs have demonstrated the utility of this approach in enhancing the stability of U6
transcribed RNA.”® 7 These learnings from the fields of CRISPR gRNAs and antisense RNAs
can be applied to enhance the performance of the ADAR-recruiting gRNAs. Furthermore,
focused efforts need to be made to engineer spatio-temporal regulation of RNA editing. The use

of tissue-specific enhancer elements will allow for modulation of RNA editing activity in space

17



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

while engineering small molecule-based regulation of gRNA activity could enable temporal

control 80 81

gRNA Structure and Interaction with mRNA

While gRNA abundance is an important factor contributing to the efficiency of RNA editing,
intrinsic characteristics of the gRNA, such as intramolecular secondary structure and nucleotide
composition, also play a major role in influencing the activity of a gRNA. Most transcribed
gRNAs are relatively long (greater than 40 bp) and can have complex secondary structures. The
secondary structure of a gRNA affects its ability to bind its target and the use of computational
tools to predict intramolecular secondary structure can improve gRNA designs. Additionally, the
editing of adenosines on the gRNA itself could impact editing of the target adenosine. RNA
editing via ADARs can occur on both strands of an RNA duplex, thereby altering the sequence
of the gRNA itself. This could, in turn, impact the ability to effect ADAR-mediated editing of
additional target transcripts.82 Conversely, the secondary structure of the target pre-mRNA and
position of the editing site within the transcript, such as the untranslated (UTR) versus coding
(CDS) regions, may also impact editing. As observed in the ASO and RNAI fields, many regions
within an mRNA are amenable or refractory to knockdown due to accessibility. However, these
knockdown strategies have the luxury of tiling across the mRNA to identify the optimal location
for knockdown. RNA editing may prove challenging if a target adenosine lies within a highly
structured or inaccessible region of an mMRNA, making it difficult to edit. It remains to be
determined whether longer gRNAs or gRNAs that employ two or more discontinuous
hybridization regions could modulate the target RNA structure to help access adenosines located
in such regions.” A more systematic approach comparing the accessibility of ASOs and gRNA-
mediated RNA editing would help to better understand the limitations imposed by the target
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MRNA structure. Further, the entire dsSRNA stretch formed between the gRNA and target mMRNA
becomes a substrate for the ADAR enzyme. Thus, further engineering of the gRNA is essential

to achieve specific editing of the target adenosine.

Engineering Specificity

The ability to recruit endogenous ADAR limits the issue of transcriptome-wide off-target
editing; however, bystander editing of non-target adenosines within the gRNA-target complex is
commonly observed. As discussed, ADAR enzymes have promiscuous editing activity as
evidenced by their role in regulating innate immune responses to dSRNAs and the millions of
identified editing sites within the transcriptome.>® 83 84 Despite the promiscuous nature of
ADAR, many natural substrates have been identified that are edited with high selectivity and
efficiency for the purpose of modulating protein function by recoding at the amino acid level or
altering pre-mRNA splicing.8%7 It is hypothesized that secondary structural features within the
dsRNA can drive efficient and selective editing of these substrates. Secondary structural features
downstream of the edited adenosine within the GRIA2 R/G substrate have been shown to
increase editing efficiency,?® while the addition of secondary structures was shown to limit the
promiscuous nature of ADAR activity within a dsRNA substrate.® Mutagenesis and high-
throughput screening of natural substrates within NEIL1, TTYH2, and AJUBA pre-mRNA have
demonstrated the impact that secondary structure can have on editing efficiency.® In addition,
high-throughput screening of secondary structures within long dsRNA substrates mapped ADAR
activity 30 nucleotides upstream of secondary structure disruptions and displayed a periodicity to
editing.®2 Furthermore, co-immunoprecipitation and RNAseq showed a periodicity to ADAR
engagement to natural substrates occurring in 50 nucleotide increments.®® These observations
may be leveraged to engineer gRNAs with improved specificity required for therapeutic
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applications. However, these features are observed within a cis RNA interaction, and it remains

to be seen how easily they will port into the trans interaction of a gRNA and target RNA.

We recently used secondary structural features to address the issue of bystander editing. We first
demonstrated that a perfect complementary gRNA containing a C mismatch across the target
adenosine mediates numerous bystander editing events driven by endogenous ADAR. Others
have shown that incorporation of a G mismatch positioned at bystander adenosines can reduce
off-target ADAR activity, but the RNA editing efficiency of the target adenosine may be
negatively impacted.® As an alternative approach, we incorporated internal loops in specific
positions along the entire length of the gRNA. This eliminated promiscuous RNA editing
without affecting the efficiency of the target adenosine,® and a similar approach using
discontinuous stretches of hybridization also improved specificity.” Another approach
demonstrated that precise nucleotide deletions across bystander adenosines can lead to improved
specificity of circular and linear gRNAs.1! We anticipate that additional refinements to gRNA

design will further reduce bystander editing and boost target editing efficiency.

Delivery of DNA-Encoded gRNAs

Currently, there is a limited clinically validated toolset for the delivery of DNA payloads; thus,
despite challenges, the gene therapy field relies heavily on adenoviruses and AAVSs. Preclinical
in vivo proof-of-concept studies for ADAR-based RNA editing have used AAVs to deliver
DNA-encoded gRNAs to mice livers. The natural tropism of many AAV serotypes lends itself to
targeting disorders of the liver, muscle, CNS, and eye. However, ADARs are ubiquitously
expressed ,and ongoing efforts to expand the tropism and specificity of AAV serotypes is an
active area of research that might enable the delivery of gRNA to additional tissue types®. For
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example, efficient delivery of AAV to the CNS requires invasive techniques such as direct
injection into the brain parenchyma. Delivery vectors with the ability to efficiently cross the
blood brain barrier and transduce the CNS would increase safety and simplify the design and
execution of preclinical and clinical studies. However, systemic injection of AAV results in high
transduction of the liver. Thus, reducing liver uptake while increasing transduction of the target
organ may improve safety and efficacy. In addition to viral delivery, non-viral approaches, such
as lipid nanoparticles (LNPs), can be used to deliver DNA payloads but, as with AAV, primary
uptake is in the liver. As delivery technologies improve, new therapeutic opportunities will

emerge for RNA editing.

ANTISENSE OLIGONUCLEOTIDES FOR RNA EDITING

ASOQOs are another widely used approach for therapeutic RNA editing that builds on decades of
work in the oligonucleotide chemistry field. ASOs have progressively undergone three major
improvements: the introduction of phosphorothioate backbone chemistry, the use of sugar
modifications such as 2'-O-methyl, and the use of nucleic acid analogs, such as locked nucleic
acids (LNA).®” In combination, these improvements have enhanced stability, efficiency,
biodistribution, cell penetrance, and safety resulting in enormous growth in oligonucleotide-
based therapeutics in the last two decades. Currently, there are greater than fifteen ASO-based
therapies that have reached late-stage clinical testing or received FDA approval.®® % Importantly,
lessons learned from the ASO field can be leveraged for the design and clinical application of

chemically-synthesized gRNAs for therapeutic RNA editing.

Many of the challenges shared broadly by the ASO field, including delivery, biodistribution, cell

penetrance, and safety, are similarly applicable to RNA editing. Additionally, a few challenges
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unique to RNA editing exist and include gRNA length, potentially distinct interactions of the
ADAR enzyme with ASO chemistry, and nuclear delivery and localization. In the contexts of
RNase H-mediated degradation or exon skipping and siRNAs for RNAi-mediated knockdown,
short oligos of ~ 20 nucleotides are effective. However, ASOs to mediate RNA editing will
likely require at least 30 nucleotides® ** and the use of recruitment domains could further
increase the length to 60 - 90 nucleotides.® In addition to length, ideal gRNA structures that
balance stability while promoting ADAR binding and enzymatic activity will be key to
maximize RNA editing efficiency and specificity. Similarly, ASO stability was optimized with
“gapmers” that modified structural features while still retaining RNase H-directed activity.%
Lastly, while RNase-H activity can occur in the nucleus or cytoplasm,®* and RNAi-mediated
knockdown occurs in the cytoplasm,%?> most RNA editing occurs co-transcriptionally in the
nucleus.'® Thus, nuclear delivery and localization of the chemically-modified gRNA are

important parameters to achieve efficient RNA editing.

Key Advancements for ASOs and RNA Editing

Many key ASO advancements have been adopted by the field of RNA editing and numerous labs

have used ASOs to recruit endogenous ADAR to edit target adenosines in vitro and in vivo.104-10

An early application was demonstrated using an exogenous ADAR deaminase domain covalently

linked to an ASO that directed the deaminase domain to a target mMRNA.®® Building on this early
work, recruitment of endogenous ADAR was achieved using chemically-modified ASOs with an
antisense domain attached to a portion of the GRIA2 R/G hairpin.® This method demonstrated
RNA editing across multiple mRNA targets in cell lines and primary cells. Chemical
modifications included 2'OMe groups throughout much of the ASO, aside from the three-
nucleotide motif across from the target and select locations within the GRIA2 R/G hairpin;
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phosphorothioates at the 5' and 3' ends, and LNAs at the 3' end. The use of chemical
modifications was crucial for the recruitment of endogenous ADAR, as an unmodified ASO
resulted in no detectable editing unless the cells were treated with IFN-alpha to induce ADAR
p150 expression. Editing of two therapeutically relevant targets was also demonstrated:
introduction of T701C in STAT1 to prevent phosphorylation and downstream signaling of thee
JAK-STAT pathway,'°” and correction of the PiZZ mutation (E342K) in SERPINAL, the most
common cause of o1-antitrypsin deficiency (AATD).1% 21% editing of STAT1 and 10-18%
editing of the E342K codon within a SERPINA1 cDNA minigene was achieved using
chemically-modified ASOs. Interestingly, the optimal ASO design was 91 nucleotides in length,
which included a 38-nucleotide antisense domain and 53-nucleotide hairpin structure. This is far
longer than the ~20 nucleotide ASOs used for RNase H-mediated knockdown and exon skipping,
and longer designs may complicate delivery, manufacturing, and safety. It is also important to
note that bystander editing was observed at the neighboring 3' adenosine of the SERPINA1
target. The introduction of a 2’0OMe group on the paired uracil within the ASO was able to
reduce this bystander editing, albeit with a concurrent reduction of editing at the target
adenosine. A similar tradeoff was observed with the use of A-G mismatches to reduce bystander
editing for DNA-encoded gRNAs.'° Further work is needed to understand the basic design
principles to optimize both efficiency and selectivity of editing. An alternative strategy used a
much longer ASO of 100 nucleotides and utilized 2’OMe modifications on the 5" and 3' ends.
Using this design to target the PPIB transcript yielded 20% editing in human T cells, while the
unmodified ASO failed to produce detectable editing.'® These studies clearly demonstrated the
potential of ASOs in eliciting efficient and specific RNA editing using the endogenous human

ADAR enzyme.

23



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

Given the known structural details of the ADAR footprint and the size of many natural substrates
that result in recoding of amino acids, which often contain less than 30 base pairs of dSRNA, it is
not surprising that recent publications have significantly shortened the length of ASOs. One
recent publication demonstrated the use of a 30 nucleotide stereopure ASO with
phosphorothioate backbone.'? The footprint of the design matches the canonical asymmetric
footprint of ADAR, with approximately 5 base pairs on the 5' side of the target to accommodate
the 5' binding loop of the deaminase domain, and approximately 25 base pairs on the 3' side of
the target to accommaodate the 3' binding loop of the deaminase domain, along with the dsRBDs.
Additionally, their ASO design contained extensive use of 2'-fluoro modifications on the 5' end,
2'-O-methyl on the 3' end, and deoxyribonucleotides across from the edit site, indicating ADAR
is tolerate of these modifications in their respective locations. The stereopure ASOs achieved
robust editing in tissue culture and in vivo. A liver-targeting GalNac-ASO conjugate was
intravenously administered to non-human primates (NHP) and achieved up to 50% editing for a
non-clinical target in the 3' UTR of the endogenous ACTB transcript. While the target adenosine
lies in an ADAR-favored UAG motif, this data in NHPs supports the translatability of RNA
editing. A single dose showed persistent RNA editing 50 days post-injection, further highlighting
the therapeutic potential of GalNac-ASO conjugates. In the context of a disease-relevant target,
stereopure ASOs achieved ~75% editing of the SERPINA1 E342K mutation in vitro. Shortening
the gRNA to 30 nucleotides simplified the manufacturing, and the lack of a hairpin recruitment
structure means the ASO engagement with ADAR is dependent on target hybridization and is
less likely to perturb natural ADAR function. Furthermore, shorter length reduces the risk of

chemical toxicity that appears to be a class effect with high-dose, chemically modified ASOs.%°

24



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

Knowledge of ADAR structure and function can also be leveraged to better inform ASO design.
A clever "bump-hole™ design paired an engineered ADAR2 E488Y mutant with an ASO
containing an abasic site across from the target adenosine.®® Due to a steric clash, the ADAR2
E488Y mutant had low enzymatic activity; however, the abasic site resolved this clash and
restricted its activity to the ASO-target complex formed upon hybridization to the target mMRNA.
This strategy could enable the use of exogenous ADAR while minimizing off-target editing but
comes with the complication of delivering a non-human protein with the risk of an antidrug
response to the ADAR2 E488Y. More recently, the same group detailed the rational design of
ASOs for the recruitment of endogenous ADAR.! The ADAR2 E488Q mutation has been well
documented to improve editing through hydrogen bonding of Q488 to the orphan base in a pH-
independent manner.3% 119 Inspired by this observation, the researchers sought to improve
hydrogen bonding from the orphan base on the ASO with the wild-type ADAR2 E488. Indeed,
incorporation of the cytidine analog 2'-deoxy Benner’s base Z (dZ), which was hypothesized to
have a favorable hydrogen bond pattern with E488, improved the biochemical reaction rate
kinetics of both wild-type ADAR1 and ADAR?2 three-fold. When tested in human ARPE-19
cells, incorporation of dZ at the orphan position of the ASO improved editing of a y-secretase
cleavage site within the APP transcript from 6% to 19%. There is still much to be learned about
the principles behind chemical modifications and how they impact ADAR substrate engagement
and deamination, but these results highlight the potential of rational ASO design to augment the

interaction and enzyme kinetics of endogenous ADAR.
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These data indicate that ASOs are a viable and promising path for therapeutic RNA editing. In
the short-term, ASO delivery to the liver, muscle, kidney, or direct injection to the CNS are
viable options. Unlike the long-term persistence of DNA-encoded gRNAS resulting from AAV
delivery, ASO half-life allows for transient editing and redosing as needed, and the dose can be
optimized to fine-tune the desired amount of editing required for the therapeutic effect. Ongoing
work within the ASO field to address the challenges associated with delivery, biodistribution,
and cell penetrance will quickly be adopted and applied to RNA editing. Meanwhile, additional
work to optimize and standardize ASO designs for the recruitment of endogenous ADAR is

needed.

THERAPEUTIC OPPORTUNITIES

RNA editing provides many attractive therapeutic applications, the most logical being correction
of G-to-A missense and nonsense mutations, of which ~7,000 pathogenic G-to-A mutations are
reported in ClinVar (accessed on April 13, 2022). In support of therapeutic RNA editing, several
proof-of-concept in vivo studies using ADAR-mediated RNA editing to correct missense and
nonsense mutations have been described. In a mouse model of Hurler syndrome, endogenous
ADAR was recruited to correct a nonsense mutation in the IDUA transcript and restore protein
function.®!! In two mouse models of Rett syndrome, RNA editing using exogenous ADAR was
able to correct both nonsense (MECP2V1%4X) and missense (MECP2R1%Q) mutations.?% 7
Correction of a nonsense mutation in the mdx mouse model of Duchenne muscular dystrophy
was achieved with exogenous ADAR recruitment.® Additionally, RNA editing of a 5' splice site
missense mutation in the spf®" mouse model of ornithine transcarbamylase deficiency restored

correct splicing in vivo,® highlighting an ability of the technology to function at the pre-mRNA
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level. Lastly, significant attention has been directed on the SERPINA1 E342K mutation that
causes AATD and two independent groups have demonstrated >40% RNA editing of mutant

SERPINA1 within human cells using ASOs.% 12

Beyond correction of point mutations, targeting adenosine-containing motifs such as splice
acceptor sites, translation initiation sites, polyadenylation signals, and microRNA binding sites
can modulate mRNA and/or protein levels for therapeutic purposes. ADAR plays a natural role
in the regulation of splicing*'! and genomic editing of splice sites is able to modulate splicing,'*
114 strengthening the rationale for therapeutic splice site targeting. Furthermore, ASOs and DNA-
encoded antisense RNAs have been used to mask and block the function of splice sites,*
polyadenylation sites,*¢-118 T1Ss,1® upstream open reading frames (UORFs),*?° and microRNA
binding sites.?! Therefore, gRNAs designed to both mask and edit these regions may provide an
additive effect. Indeed, many of these motifs have been hardwired at the genomic level by DNA

editing'?2124 and have conferred the desired molecular effect.

Further applications for RNA editing can also be envisioned. The advent of monoclonal
antibodies!? created a new instrument to block protein function and signaling by binding to
soluble proteins and membrane proteins, such as TNF-alpha'?® and HER2'?’, respectively.
However, intracellular proteins are inaccessible to antibodies, and complex membrane proteins
pose a challenge to antibody discovery, such as ion channels and GPCRs. ADAR-mediated RNA
editing can introduce 17 different amino acid substitutions that can be used to modulate protein
function and abolish or enhance protein-protein interactions. This may be of particular interest

for proteins that are not amenable to antibody therapy. For example, RNA editing of the BACE
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cleavage site on APP was demonstrated in ARPE-19 cells,'® a potential target for the treatment
of Alzheimer’s disease.!?® Additionally, endogenous ADAR2 plays a central role in modulating
ion channel permeability,'?° and extending this function to therapeutic regulation of ion channels,

such as Nav1.7, is of great interest.'3* 31

The therapeutic targets mentioned above could also be corrected at the genomic level using DNA
editing technologies; therefore, one must consider the risk/benefit profile of DNA vs. RNA
editing when selecting a therapeutic approach for any given disease indication. First and
foremost, DNA-modifying enzymes create permanent changes that impact 100% of transcribed
RNAs at both on- and off-target sites. In contrast, RNA editing is transient in nature for the life
of the edited RNA molecule and can be tuned to the desired fraction of RNA molecules to be
edited within a cell. For therapeutic applications that require a transient pharmacodynamic effect,
such as the treatment of acute pain, obesity, viral infection, and inflammation, it would be
undesirable to introduce permanent alterations to the genome. Thus, the transient modulation of
protein expression or function by RNA editing is advantageous. Additionally, the tunability of
RNA editing can be exploited where partial knockdown or partial protein modulation is desired.
In fact, many endogenous ADAR dsRNA substrates that are edited for the purpose of recoding
show a significant range in editing efficiency, from single digit to 100%.'® Some organisms have
even evolved techniques to fine-tune RNA editing based on their environment,32-134
Mutagenesis studies have demonstrated that altering the secondary structure of natural substrates
can increase or decrease editing,®® highlighting once again the importance of gRNA design for

therapeutic application of RNA editing.
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RNA editing offers unique safety and delivery advantages over DNA editing. Despite the
potential and early clinical success of CRISPR/Cas DNA editing technologies,**® safety concerns
persist.’*® RNA editing does not cause permanent alterations at the genomic level, avoiding the
oncogenic risk associated with DNA editing and as discussed above, allowing for transient
treatment of acute conditions. Additionally, a single gRNA payload is sufficient to recruit
endogenous ADAR. This is in contrast to DNA editing systems that rely on the use bacterial
proteins or hyperactive enzymes that carry the risk of immunogenicity**” 1*® and present delivery
challenges due to their size. Because ADAR is ubiquitously expressed, its potential within any
organ or cell type is only limited by the delivery of the gRNA to the target cell. This includes
non-dividing cells, such as neurons in the CNS, where the lack of homology-directed repair
(HDR) pathways limit the use of certain DNA editing technologies. ADAR-mediated RNA
editing is limited to A-to-G changes, and efforts to utilize APOBEC1 for C-to-U RNA editing
are less advanced.™®® In contrast, improved DNA editing technologies, such as base editing and
prime editing, can introduce mutations not feasible with current RNA editing technologies, and
circumvent the need for HDR required by traditional CRISPR/Cas9 methods. The ability for
permanent genomic alterations also makes DNA editing particularly attractive in rapidly dividing
cells or progenitor cells and has been extensively used in ex vivo cell therapy applications.
Overall, given the many differentiators highlighted above, RNA editing has great potential as a
therapeutic modality across a wide range of challenging diseases and has become an important

part of the biotechnology molecular toolkit.

The field of RNA editing will continue to gain traction from advances in delivery technology as

new AAV capsids and ASO modifications expand the tropism and penetrance of different
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tissues. Meanwhile, advances to gRNA discovery and design may open new opportunities.
Increased knowledge of ADAR and gRNA structure will allow for more sophisticated design,
such as the recoding of multiple codons within a transcript, as seen for natural substrates.®” The
limited cargo size of a gRNA expression cassette could easily allow for multiplexing and editing
of multiple transcripts. One could envision targeting multiple pathways or engineering both
interfaces of a protein-protein interaction. The potential for new modalities has also emerged.
RNA editing is being leveraged for RNA sensing, allowing expression of a payload to be gated
on the transcriptional stage of the target cell.}*%1%2 However, to make any of these possibilities a
reality, early proof-of-concept studies may need to be improved to translate the results into the

clinic.

TRANSLATION TO CLINIC

Increased understanding of the fundamental biology and control of RNA editing has advanced
this technology to the cusp of clinical application. Successful translation to the clinic requires
addressing remaining challenges. Several regulatory guidance documents are available that
broadly address many of the challenges facing sponsors during development of gene therapies
and regenerative medicines'#31% These guidance documents encompass novel platform
technologies such as RNA editing and represent current regulatory thinking on research
pharmacology, nonclinical safety, product manufacture/characterization, and clinical assessment.
While these guidance documents can generally be applied to RNA editing, there remain

technology-specific issues requiring careful consideration during development.

RNA editing must be exquisitely selective for the intended RNA target, with biologically

negligible off-target editing. This is required to achieve the intended pharmacological activity
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and minimize safety risks. Validated methods for screening on- and off-target editing are
required to determine the specificity profile of any given gRNA. Deep RNA sequencing can
characterize global alterations in the cellular transcriptome and establish the editing signature of
a gRNA.5L 154 Establishing this signature across the relevant cell and tissue types, influenced by
the expected biodistribution of a given delivery modality, will be critical to predicting clinical
safety risk. Previous murine studies that introduced exogenous ADAR or hyperactive forms of
ADAR showed a significant increase in off-target editing,® *> 2% 7 while recent publications that
redirect endogenous ADAR to the target of interest have minimal off-target editing.® ***2 Should
specific transcripts demonstrate elevated levels of off-target editing, further characterization to
understand any physiological or toxicological consequences may be required. In some instances,
off-target editing may not affect protein-level expression or function, such as in the case of an
edit leading to a synonymous codon change that does not alter the structure of the translated
protein. In other cases, off-target edits could be significantly disruptive, for example in the
introduction of a non-synonymous mutation leading to a gain or loss of function to the protein.
Given the spectrum of outcomes from potential off-target editing, it is important to consider the
impact of those edits on a case-by-case basis, particularly since different pathways will have
varying tolerance for perturbation. At a minimum, the relationship between off-target editing and
protein expression should be established and followed up by functional studies to investigate the
impact to known downstream pathways. The broader consequences of off-target editing at the
tissue and organism levels will be evaluated in the toxicology studies required by regulatory

agencies, but analyses in relevant human cells may aid in interpretation of findings.
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Similar to strategies used to assess DNA editing off-target events,*> deep sequencing methods
can also be used to determine whether there have been changes to the endogenous editome of the
cell as a result of preferential ADAR recruitment to gRNA-targeted sequences.®! Long-term
disruption of natural ADAR function could have immunological consequences and impact a
number of cellular pathways. It should be noted that the transcriptome has millions of A-to-I
editing sites® spread across thousands of dsRNA substrates.*®® It is unlikely that the addition of a
single substrate would perturb ADAR activity; however, gRNA designs that include a
recruitment domain® 7 are capable of binding ADAR independent of hybridization to the target.

This poses a greater risk of perturbing ADAR activity, especially if expressed at high levels.

Additionally, when assessing the potential for off-target effects it is important to consider the
relative contributions of ADAR1 and ADAR?2 towards therapeutic editing. Each enzyme is
capable of efficient and selective editing of natural substrates for recoding at the amino acid
level, yet subtle differences in their preferential editing based on sequence context and secondary
structure exist. 2% 52 For example, therapeutic editing in the liver would primarily rely on
ADAR1, while biodistribution to tissues with high ADAR2 expression (e.g., brain) *° may result
in altered editing efficiency or specificity of the target mMRNA. Ensuring the gRNA is selective
for the target adenosine in both an ADAR1 and ADAR2 environment is an important
consideration, especially when the delivery modalities may lack specificity for the target
tissue(s). Engineered cell lines that express ADAR1 and ADAR?2 in isolation can be a valuable
tool to assess the relative specificity of each enzyme for gRNA mediated editing of the target

MRNA.’
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Much attention is focused on quantifying RNA editing at the transcript level, but equally crucial
is ensuring this leads to a corresponding change in protein that imparts the desired phenotypic
outcome. It is often assumed that correction of a missense mutation will lead to a corresponding
level of corrected protein; however, this may not always be the case. Although inosine is
interpreted as guanosine, there is a small loss in fidelity that can vary based on sequence context,
and the presence of more than one inosine can stall translation.®>” Therefore, it is desirable to

quantify both RNA editing and protein restoration in preclinical safety and efficacy assessments.

gRNA delivery, whether through an ASO or DNA-encoded approach, is an important factor in
maximizing exposure and activity in the cells of interest and minimizing off-target exposure and
expression that could contribute to unwanted side effects. An optimal delivery approach should
enable efficient tropism, cellular uptake, and cell type-specific expression and function. The
method of delivery will impact nonclinical, manufacturing, clinical, and regulatory
considerations for RNA editing drug development. The gRNA itself is sufficiently compact to be
developed as a chemically-modified oligonucleotide, analogous in many ways to several
commercially-approved ASO examples.t®® This approach would likely involve repeated dosing
to achieve a persistent effect, and may be restricted in its therapeutic application based on the
natural pharmacokinetic and biodistribution properties of the ASO. Alternatively, viral vectors
such as AAV can be used to deliver DNA-encoded gRNAS; this offers the potential for persistent
gRNA expression with just a single dose. AAV vectors have shown promise for durable gene
expression across a range of indications in the clinic, with approved products in the United States
for inherited retinal dystrophy in 2017 and spinal muscular atrophy in 2019.1%° AAV capsids can

be engineered to drive tissue-specific tropism that would enable vectorized delivery of gRNAs
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with targeted biodistribution.'®® Translation of AAV-based drug products comes with well-
known challenges in manufacturing and safety that must be taken into consideration during
development.t61162 |n particular, the immune response to AAV vectors generally precludes
repeated administration in the same patient, and some high-dose clinical trials have led to severe
adverse events. However, there are several strategies currently being explored to circumvent or
lessen the impact of this immune response, including immunosuppression regimens, use of
immune orthogonal AAVSs, and capsid engineering to enable lower doses.'® 164 Achieving
maximum payload delivery to the target cells while minimizing exposure of non-target cells can
reduce drug manufacturing costs and patient dosing requirements, which could translate into

reduced toxicity risks.

Regardless of the delivery method selected, a comprehensive characterization of vector and
gRNA tissue biodistribution and expression profile in relevant nonclinical models is expected to
enable first-in-human dosing. Because the transcriptome differs across tissues, the biodistribution
data can highlight cells and tissues of particular interest when assessing efficacy and tolerability.
Biodistribution/expression data can be used in conjunction with on- and off-target editing data in
relevant model systems to project dosing requirements needed to achieve a therapeutic benefit
and a safety margin to derive an initial clinical dose and dose escalation strategy. In some cases,
this data may need to be extrapolated across multiple model systems. For example, healthy large
animal models typically used for nonclinical toxicology studies may not have the desired target
mutations that enable a readout of on-target RNA editing efficiency, but they can inform on dose
response and gRNA biodistribution. A dose response for editing could then be extrapolated from

a disease model that has a relevant on-target mutation, using biodistribution/expression data in
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the target tissue to connect the model system readouts. Therapeutic dosing strategies will thus be
highly dependent on indication and model systems available and will be a critical topic for

discussion with regulatory agencies during preclinical development.

Clinical Development

From a clinical perspective, each disease indication, target organ, and delivery modality will
influence the clinical development plan and ultimately the information that can be learned from
early-phase clinical trials. There is a desire to quantify both RNA editing and protein influence
from tissue biopsies to inform dose selection; however, the complexity of clinical biopsies differs
across tissues. For instance, biopsies of the liver come with risks and are less frequently done.
Similarly, biopsies from the CNS are generally not feasible. In the case of muscle, biopsies are
more routinely performed and may enable a comparative analysis of RNA editing, protein
correction or restoration, and phenotypic change in the clinical study. This information will be
key in dose escalation studies to identify the minimal dose required for a therapeutic impact. In
tissues where biopsies are not feasible, understanding the relationship between RNA editing,
protein modulation, and phenotypic outcome must be clearly established in preclinical studies,
and careful consideration is required when selecting the appropriate dose and readouts for human

studies.

Correction of missense and nonsense mutations is the most logical application for RNA editing.
Numerous groups have demonstrated preclinical data targeting a missense mutation in
SERPINAL1 leading to AATD® 12 (as reviewed above). The G-to-A SNV encoding the E342K

mutation affects > 100,000 people worldwide,'% creating a large unmet medical need. The
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mutation causes a toxic gain of function, and aggregated protein accumulates in hepatocytes.
Additionally, reduced AAT secretion from hepatocytes into the serum causes neutrophil elastase,
the AAT natural substrate, to accumulate in the lungs.%® Due to this combined gain and loss of
function in the liver and lungs, attempts at knockdown, gene replacement, or protein therapy
have fallen short, since they do not address both aspects of the disease. AATD is well suited for
therapeutic RNA editing. The liver is an ideal target organ for delivery of DNA or RNA
payloads, and correction of the SNV at the RNA level can retain endogenous expression levels
while reducing toxicity in the liver and increasing secretion to the serum. Lastly, a clear
benchmark of >11 uM AAT in the serum has been established to restore its function in the
lungs. This provides a great opportunity to establish RNA editing as a new therapeutic modality

and address a large, unmet medical need.

As RNA editing becomes established in the clinic, we anticipate refined use to treat indications
with smaller patient cohorts, eventually enabling truly personalized medicine, similar to recent
examples with ASOs. In one case study, deep sequencing of a pediatric patient suffering from
Batten’s Disease revealed a pathogenic splice variant in the MFSD8 gene leading to a premature
termination codon. An ASO was quickly designed to mask the cryptic splice acceptor site and
restore the use of the canonical splice acceptor site. Within one year of diagnosis, the drug was
designed, manufactured, and administered to a single patient, who displayed reduced symptoms
after treatment.2%® Current delivery technologies for DNA payloads are not yet amenable to
individualized treatment, but the ease of ASO synthesis may facilitate the small-scale

manufacturing needed for wider adoption of personalized medicine. As knowledge of gRNA
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design principles improves, we anticipate similar scenarios unfolding for patients with rare,

pathogenic G-to-A SNVs.

CONCLUSION

RNA therapeutics based on ASOs and RNA. that enable programmable RNA knockdown are
already having considerable impact on human medicine. The recent advent of ADAR-based
technologies that add programmable RNA editing to the molecular toolkit has created new
possibilities in transcriptome engineering. By enabling direct nucleotide-level modulation of
endogenous RNA transcripts and correspondingly, an ability to modulate RNA substrates or
translated proteins thereof at levels that match native stoichiometric levels, temporal dynamics,
and in situ spatial distributions, this modality is opening new avenues in precision therapeutics.
Additionally, the approach leverages the cells existing RNA editing machinery thereby
alleviating the need for exogenous and immunogenic proteins to drive editing. In addition to
enabling direct repair of G-to-A disease-causing mutations and nonsense mutations, targeted
RNA edits can also enable modulation of RNA stability and splicing. Furthermore, transiently
modulating protein function, such as the active sites of proteins or modulation of protein-protein
interaction interfaces, opens the door to therapeutic avenues ranging from regenerative medicine
to oncology. Combined with the intrinsic advantages that RNA-based therapeutics possess of
tunability and reversibility and that off targets are non-permanent, these emerging ADAR-based
toolsets, coupled with rapidly improving viral and non-viral delivery modalities, are poised to

broadly impact biotechnology and therapeutic applications.
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Figure 1: Factors affecting ADAR mediated RNA editing

Figure 2: Factors influencing gRNA efficiency and selectivity

Figure 3: Considerations to support the clinical development of RNA editing

63



ADAR isoform
expression
profile

ADAR post
translational
modifications/
ADAR interacting
proteins

Target RNA
abundance/
target site
accessibility

IFN induction of

ADAR1 p150 dsRNA secondary

structure and
sequence contex

P A\ A 77
M \,lll,, \.I’l,. \"’II

Atol
. ~ - gRNA design,
RNA Edltlng ’E A :: deIiVery,
A el IIIIII\\ Stabl“ty,
TR } and
IIIII IIIII [ANNRN} [NRNRN} N .
T TN localization
C -
N
Exogenous
ADAR

overexpression

dsRNA abundance/
expression of
competing dsRBDs



ADAR

(dsRBDs)

Target mRNA
Atol
Antisense Guide RNA

ADAR

(Deaminase)

Frereeereen

Recruitment
|
1
GRIA2 Domain
11
11

A

C
Antisense elongation

A

P

Structure & Composition
A

Abundance & Stability

) koff

C
Chemical modifications to
increase hybridization strength

kon(
[RERNNNNRRRN
,2-F

2'-OMe,
Chemical modifications

around non-target bases

Discontinuous clusters

Altering intramolecular
guide RNA structure
to allow target binding
Specificity

loops

Interspersed

Circularization
2'-OMe, 2'-F,PS
Chemical modifications

U deletions or G mismatch opposite bystander adenosines



Clinical Considerations:
* Percentage of on-target editing and bystander editing
n ¢ Transcriptome integrity (i.e., off-target editing, perturbations to
Molecular expression or splicing, alteration in natural editome)
e Fidelity of cellular machinery to interpret inosine as guanosine

¢ Cellular penetrance and fraction of target cells receiving a therapeutic dose

¢ Level of protein correction, knockdown, or modulation in target cells

¢ Impact of delivery modality on immune response and editing efficiency
(e.g., type | IFN induction of ADARp150)

Cellular

¢ Delivery modality of ASO or DNA encoded gRNA for optimal target
tissue penetrance
Tissue )=~ » Biomarkers to indicate restoration of organ health (e.g., glomerular
filtration rates, liver enzymes, etc.)

¢ Overall pharmacokinetics and biodistribution of the drug

¢ Adaptive or innate immune response to the payload or to
introduced mutationspayload or to introduced mutations

¢ Clinical endpoints (e.g., cognitive tests for Alzheimer’s Disease or
mobility tests for muscular dystrophy)

Organism



eTOC Synopsis

ADAR-based RNA editing has emerged as a powerful tool to engineer RNASs, enable
correction of disease-causing mutations, and modulate protein functions. We review the
emerging field of therapeutic RNA editing, highlight recent laboratory advancements, and
discuss the key challenges on the path to clinical development.



