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ABSTRACT OF THE DISSERTATION 

 

Engineering a programmable RNA editing toolset for correction of point 

mutations in vivo 

 

by 

Dhruva Katrekar 

Doctor of Philosophy in Bioengineering 

University of California San Diego, 2021 

Professor Prashant Mali, Chair 

While human genetic diseases can be caused by point mutations, insertions/deletions, 

chromosomal translocations or copy number variations, point mutations account for 58% of the 

pathogenic genetic variants causing disease. Programmable nucleases such as CRISPR-Cas are 

powerful tools but their use for the correction of point mutations in vivo poses some major 

challenges, namely, their reliance on the inefficient process of homologous recombination, threat 

of introducing permanent off-target mutations in the genome and immunogenicity due to their 



 xxi 

prokaryotic origin. In this dissertation, we develop and characterize an RNA editing toolset of 

human origin for correction of guanosine-to-adenosine mutations and premature stop codons. We 

engineer guide RNA to recruit exogenously expressed human adenosine deaminase acting on 

RNA (ADAR) enzymes to target transcripts and catalyze adenosine-to-inosine (guanosine) 

modifications. In a proof-of-concept study, we repair disease-causing premature stop codons and 

splice-site mutations in mouse models of Duchenne muscular dystrophy (DMD) and ornithine 

transcarbamylase (OTC) deficiency respectively, via exogenously delivered ADARs and 

associated guide RNA. However, exogenous delivery of ADARs leads to transcriptome-wide off-

targeting, and additionally, enzymatic activity on certain RNA motifs, such as adenosines flanked 

by a 5’ guanosine is very low, thus limiting their utility as a transcriptome engineering toolset. To 

solve these issues, we develop a split-ADAR system with highly improved specificity profiles and 

also carry out a high throughput mutagenesis screen, identifying ADAR variants with enhanced 

activity at adenosines flanked by a 5’ guanosine. From a gene therapy perspective, recruitment 

of endogenous ADAR enzymes for editing a desired transcript creates minimal perturbation for 

the target cells as compared to exogenously delivered ADARs. Thus, we go on to engineer novel 

circular guide RNAs to recruit endogenous ADAR enzymes. We demonstrate its therapeutic 

potential by correcting a premature stop codon in a mouse model of Hurler syndrome via delivery 

of only circular guide RNA. Since immunogenicity against the delivery vehicle also limits efficacy 

of gene therapies, we develop a programmable adeno-associated virus (AAV) for gene delivery 

while also modifying it to evade neutralization by pre-existing antibodies in the serum.  
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Chapter 1: Gene therapy for correction of point mutations 

1.1 Gene therapy 

The human genome comprises about 3 billion bases of DNA, encoding about 20000 

protein-coding genes. Aberrations in one or more of these protein-coding genes can lead to 

genetic disorders. These are widely prevalent with about 1 in 17 individuals affected by a genetic 

disorder1.  

Table 1.1: Classification of genetic disorders 

Types of genetic 
disorders 

Cause Examples 

Monogenic Aberrant function of a single gene Sickle cell anemia, Duchenne 
muscular dystrophy 

Multifactorial Combination of genetic and 
environmental factors 

Colon cancer, diabetes 

Chromosomal Alterations in parts of or entire 
chromosomes 

Down syndrome, Turner syndrome 

 

Gene therapy involves introduction, removal or alteration of a person’s genetic material to 

reverse a diseased phenotypic state. It has been over 50 years since scientists envisioned genetic 

modification via exogenous DNA as a potential treatment for inherited human genetic diseases2. 

However, this approach has had a long arduous journey to the clinic and it was not until the last 

decade that the first gene therapy was approved by the Food and Drug Administration (FDA). 

Since then, the FDA has gone on to approve over 20 gene therapies. Moreover, the FDA also 

expects a large number of gene therapies to be approved in the near future with over 1000 

different gene therapies currently in clinical trials. This makes it an exciting time for the gene 

therapy community which is striving hard to define a path to the clinic for several novel 

therapeutics, providing a ray of hope to individuals suffering from various genetic disorders. 
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Table 1.2: Types of gene therapies 

Types of gene 
therapies 

Description 

 

Examples 

Gene addition Insertion of a new copy of the entire gene or 
portion of the gene into cells to produce a 

functional protein 

Congenital blindness, 
hemophilia, spinal muscular 

atrophy 

Gene correction or 
repair 

Modification of the aberrant gene to produce 
the wild-type protein or a functional variant 

Huntington’s disease, 
Duchenne muscular 

dystrophy 

Gene regulation Silencing or enhanced expression of a target 
gene 

Transthyretin-mediated 
amyloidosis 

Reprogramming Addition of one or more genes to alter the 
characteristics of certain cell types 

Type I diabetes 

Cell elimination Strategies to selectively destroy certain cell 
populations 

Cancers 

Gene therapies typically can be carried out in two formats: in vivo which involves local or 

systemic administration of a therapeutic agent or ex vivo which relies on isolation of cells from the 

human body and application of the therapeutic agent on the isolated cells, followed by re-

transplantation of these cells back into the body. Carrying out in vivo gene therapy is less 

cumbersome than ex vivo gene therapy which involves handling of patient cells in highly 

specialized facilities until re-transplantation, leading to exceedingly high costs. Additionally, ex 

vivo gene therapy can be applied only to a few disorders. Thus, focusing on in vivo gene therapy 

would potentially make these gene therapies easier to administer and also bring down the 

associated cost.    

1.2 Tools for correction of point mutations 

Point mutations or single nucleotide polymorphisms (SNPs) are the most frequent variants 

in our genome with at least 11 million SNPs estimated in the human genome. While human 

genetic diseases can be caused by point mutations, insertions/deletions, chromosomal 

translocations or copy number variations, point mutations account for 58% of the pathogenic 
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genetic variants causing disease3. Programmable nucleases such as zinc finger nucleases 

(ZFNs), transcription activator-like effector nucleases (TALENs),  and CRISPR-Cas are enabling 

powerful capabilities to perturb genomes for deciphering function, programming novel function, 

and repairing aberrant function4–9. However, their use for the correction of point mutations in vivo 

poses some challenges. Firstly, the efficiency of homologous recombination (HR) versus non-

homologous end joining (NHEJ) is typically low, particularly in post-mitotic cells that comprise the 

vast majority of the adult body10,11. The development of CRISPR-Cas DNA base editors has 

solved the problem of reliance on HR for correction of point mutations12–15. However, these 

approaches still pose the threat of introducing permanent off-target mutations in the genome, thus 

presenting formidable challenges in both engineering exquisite targeting specificity without 

compromising activity, as well as in tight regulation of the activity and duration in target cells16,17. 

Finally, prevalent programmable nucleases are of prokaryotic origin raising a significant risk of 

immunogenicity for in vivo therapeutic applications18,19. While the ability of the Cas proteins to 

melt DNA and make it single stranded is essential for base editing in DNA, RNA is already single 

stranded and could purely be accessed via RNA-RNA hybridization20. Thus, RNA base editing via 

RNA-guided adenosine deaminases of human origin could be an attractive approach for in vivo 

correction of disease-causing point mutations that can be reverted by an A-to-G change or the 

repair of premature stop codons.  

 

 

 

 

 



 

 4 

Table 1.3: A comparison of approaches for the correction of point mutations  

Method 
Ability to 

correct point 
mutations 

Advantages Disadvantages References 

Transcription 
activator-like 

effector nucleases 
(TALENs) 

Challenging due 
to reliance on 

HR 

Edits DNA 

Permanent on-
target editing 

Prokaryotic origin 

Difficult to program 

Double stranded breaks 

Permanent off-targets 

5,21 

Zinc finger 
nucleases (ZFNs) 

Challenging due 
to reliance on 

HR 

Edits DNA 

Eukaryotic origin 

Permanent on-
target editing 

Difficult to program 

Double stranded breaks 

Permanent off-targets 

6,7,22 

CRISPR-Cas 

Challenging due 
to reliance on 

HR 

Edits DNA 

Easily 
programmable 

Permanent on-
target editing 

Prokaryotic origin 

Double stranded breaks 

Permanent off-targets 

4,8,9 

CRISPR-Cas base 
editors 

Easy 

Edits DNA 

Easily 
programmable 

Permanent on-
target editing 

Prokaryotic origin 

Permanent off-targets 
13,14,23,24 

RNA-guided 
adenosine 

deaminases 

Easy 

Edits RNA 

Easily 
programmable 

Eukaryotic origin 

Transient off-
target editing 

Transient on-target 
editing 

25–28 
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1.3 In vivo gene delivery 

Delivery of any therapeutic reagent is an important challenge in gene therapy. Efficient 

correction of point mutations in vivo entails development of not only of a robust tool but also an 

equally appropriate delivery method. While the tool must correct the mutation in disease-relevant 

DNA or mRNA, the delivery strategy must also efficiently and specifically deliver all components 

of the toolset to the target tissue or organ. Common viral delivery vehicles include adeno-

associated viruses (AAV), lentiviruses and adenoviruses while non-viral delivery methods include 

lipid-mediated delivery, exosomes and electroporation. 
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Table 1.4: A comparison of delivery approaches for gene therapy 

Delivery 
Method Cargo Advantages Disadvantages Refer-

ences 

Adeno-
associated 
Virus (AAV) 

ssDNA 

Infects dividing and non-dividing cells 

Potential long-term expression  

Low pathogenicity and immunogenicity 

Serotypes with diverse tissue tropism 

Small packaging size 
(4.7kb) 

Some integration 

Low transduction for 
many tissues 

29–35 

Lentivirus RNA 

Stable long-term expression 

Infects dividing and non-dividing cells 

High transduction efficiency 

Large packaging size (8-10kb) 

Random integration 

Pathogenic 

Risk of competent 
virus development 

31,36–

38 

Adenovirus dsDNA 

Infects dividing and non-dividing cells 

No integration 

Very high transduction efficiency 

Large packaging size (up to 36kb) 

Highly immunogenic 
and pathogenic 

39–42 

Liposome/ 
nanopartic-

les 

DNA, 
RNA, 
RNP 

Very low immunogenicity 

Transient expression (hours to weeks) 

Easy production, low cost 

Large capacity 

Low serum stability 

Low tissue specificity 

Some cytotoxicity 

43–53 

Exosomes 
DNA, 
RNA, 
RNP 

Long circulating life 

Intrinsic tissue/cell specificity 

Low toxicity or immunogenicity 

Can cross BBB 

Avoid endosomal pathway and lysosomal 
degradation 

Poor purification 
techniques 

High production cost 

Not localized to 
nucleus 

Heterogenicity of 
content 

54–56 

Electropor-
ation 

DNA, 
RNA, 
RNP 

Very high efficiency for many cell types 

Transient presence (hours to weeks) 

Poor cell viability 

Limited applicability in 
vivo 

57–60 
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Adeno-associated viruses (AAVs) have been regarded as one of the most suitable delivery 

vehicles due to their ability to infect a variety of cell types, low immunogenicity and stable 

transgene expression. Unlike synthetic liposomes, AAVs have multiple variants which exhibit 

natural tropisms towards certain tissues, which allows efficient delivery to a broad range of 

organs, especially the liver, muscle, eye and heart33. Previously, numerous studies have 

demonstrated the use of AAVs as delivery vehicles for genome engineering tools such as 

CRISPR-Cas961,62 and base editors63. While AAVs present multiple advantages as gene delivery 

vehicles, their use is limited by issues such as existing immunity, immunogenicity and potential 

for integration. Recent efforts have broadened the scope of tissue tropism29,31,35 and engineered 

immune stealth34 through viral surface modifications but only with moderate success. Engineering 

such surface modifications is challenging as insertion of large peptides or biomolecules into AAV 

capsid proteins generally results in significant loss of titer or functionality64–67. Thus, development 

of a versatile AAV that could be programmed for immune stealth would thus be hugely beneficial 

for enabling efficient in vivo gene transfer.  
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Chapter 1 in part is a reprint of the material Chen, G.*, Katrekar, D.* & Mali, P. RNA-

Guided Adenosine Deaminases: Advances and Challenges for Therapeutic RNA Editing. 

Biochemistry 58, 1947-1957 (2019). The dissertation author was one of the two primary authors 

of the study.  
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Chapter 2: Development and characterization of an adenosine deaminase 

based programmable RNA editing toolset for in vivo applications 

2.1 Abstract 

Adenosine to inosine (A-to-I) RNA editing, a common post-transcriptional RNA 

modification, is catalyzed by Adenosine Deaminases acting on RNA (ADAR) enzymes68 (Figure 

2.1.a). Inosine is a deaminated form of adenosine that is biochemically recognized as guanine. 

Recently, multiple studies have demonstrated ADAR mediated targeted RNA editing25,27,28,69–75. 

Building on these studies, we focus on engineering a system for sequence-specific, RNA base 

editing of point mutations via Adenosine Deaminases acting on RNA (ADAR) enzymes with 

associated ADAR guide RNAs (adRNAs). These adRNAs comprise a programmable antisense 

region that is complementary to a target RNA sequence, and one or more ADAR-recruiting 

domains, engineered either from the naturally occurring ADAR substrate GluR2 pre-mRNA 

(Figure 2.1.b) or from MS2 RNA hairpins (Figure 2.1.c). We also go on to benchmark the activity 

and specificity of these RNA-guided adenosine deaminases both in vitro versus CRISPR-Cas13b, 

and in vivo versus CRISPR-Cas9. Additionally, by delivering this system in vivo via adeno-

associated viruses (AAVs) in adult mice, we repair a nonsense mutation in the dystrophin mRNA 

of the mdx mouse model of Duchenne muscular dystrophy (DMD), and a point mutation in 

ornithine transcarbamylase (OTC) mRNA of the spfash mouse model of a urea cycle disorder.  
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Figure 2.1: Schematic of RNA editing via adenosine deaminases  

(a) Adenosine to inosine hydrolytic deamination reaction catalyzed by ADARs. (b) Schematics of RNA 
editing via constructs utilizing the full length ADAR2 and an engineered adRNA derived from the GluR2 
transcript or (c) MS2 Coat Protein (MCP) fusions to the ADAR1/2 deaminase domains and the 
corresponding MS2 hairpin bearing adRNA. 

 
2.2 Introduction 

Adenosine to Inosine (A-to-I) editing is a common post-transcriptional modification in RNA 

that occurs in a large variety of organisms including humans. Inosine, being structurally similar to 

guanosine, functions as a guanosine in the cellular processes of translation and splicing. 

Adenosine Deaminases acting on RNA (ADARs) are enzymes that catalyze the conversion of A-

to-I68,76. The ADAR family of enzymes are highly conserved among members of the animal 

kingdom. Three ADAR genes have been identified in vertebrates, ADAR1, 2 and 3 each of which 

have one or more double stranded RNA binding domains (dsRBDs) and a C-terminal deaminase 

domain. While ADAR1 is ubiquitously expressed across several tissues, ADAR2 is highly 

expressed in the cerebellum, lung and urinary bladder. Both ADAR1 and ADAR2 are known to 

create thousands of A-to-I edits in the transcriptome77. Naturally edited substrates of ADARs 

include Alu repeat elements, several miRNA as well mRNA78. ADARs are known to play important 

roles in brain development, defense mechanisms against viruses and other human diseases 

including cancers. Complete knockouts of both ADAR1 and 2 enzymes have been shown to be 

deleterious in mice79–81.  

The idea of using ADARs for programmable RNA editing as an approach for gene therapy 

was first put forth by Woolf and co-workers in 199525. However, in the past 20-odd years, while 
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significant progress has been made toward understanding the biology of RNA editing via ADARs 

as well as its prevalence in the transcriptome78–95, the progress towards use for therapeutic 

applications has been limited. In addition, there have been no demonstrations of the use of this 

strategy for the correction of point mutations in vivo. Thus, we focus on the development of an 

RNA editing toolset that would enable in vitro and in vivo therapeutic applications. 

2.3 Materials and methods 

2.3.1 Vector design and construction 

One or two copies of the adRNAs were cloned into an AAV vector containing a human U6 

and mouse U6 promoter along with a CMV promoter driving the expression of the enzyme. To 

construct the GFP reporters – GFP-Amber, GFP-Ochre and GFP-Opal, three gene blocks were 

synthesized with ‘TAG’, ‘TAA’ and ‘TGA’ respectively replacing the Y39 residue of the wild type 

GFP and were cloned downstream of a CAG promoter. To construct the OTC and DMD reporters, 

200 bp fragments of the spfash OTC and mdx DMD transcript bearing the target adenosine(s) to 

be edited were cloned downstream of the CAG promoter.  

2.3.2 Mammalian cell culture and transfection 

All HEK 293T cells were grown in Dulbecco’s Modified Eagle Medium supplemented with 

10% FBS and 1% Antibiotic-Antimycotic (Thermo Fisher) in an incubator at 37 °C and 5% CO2 

atmosphere. All in vitro transfection experiments were carried out in HEK 293T cells using the 

commercial transfection reagent Lipofectamine 2000 (Thermo Fisher). All in vitro RNA editing 

experiments involving a reporter were carried out in 24 well plates using 400 ng of reporter 

plasmid and 800ng of the adRNA+enzyme plasmid. All in vitro RNA editing experiments targeting 

an endogenous transcript were carried out in 24 well plates using 800ng of the adRNA+enzyme 

plasmid. dCas13b-ADAR2DDE488Q based RNA editing experiments were carried out using 800ng 

of the enzyme plasmid (Addgene #103864) as well 800 ng of the gRNA plasmid. Cells were 
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transfected at 25-30% confluence and harvested 60 hours post transfection for quantification of 

editing.  

2.3.3 Production of AAV vectors 

AAV8 particles were produced using HEK 293T cells via the triple transfection method 

and purified via an iodixanol gradient. Confluency at transfection was about 80%. Two hours prior 

to transfection, DMEM supplemented with 10% FBS was added to the HEK 293T cells. Each virus 

was produced in 5 x 15 cm plates, where each plate was transfected with 7.5 ug of pXR-8, 7.5 of 

ug recombinant transfer vector, 7.5 ug of pHelper vector using PEI (1ug/uL linear PEI in 1xDPBS 

pH 4.5, using HCl) at a PEI:DNA mass ratio of 4:1. The mixture was incubated for 10 minutes at 

RT and then applied dropwise onto the cell media. The virus was harvested after 72 hours and 

purified using an iodixanol density gradient ultracentrifugation method. The virus was then 

dialyzed with 1 x PBS (pH 7.2) supplemented with 50 mM NaCl and 0.0001% of Pluronic F68 

(Thermo Fisher) using 50kDA filters (Millipore), to a final volume of ~1 mL and quantified by qPCR 

using primers specific to the ITR region, against a standard (ATCC VR-1616). 

AAV-ITR-F: 5’-CGGCCTCAGTGAGCGA-3’ and 

AAV-ITR-R: 5’-GGAACCCCTAGTGATGGAGTT-3’. 

2.3.4 RNA isolation and Next Generation Sequencing library preparation 

RNA from animal tissue was extracted using the RNeasy Plus Universal Mini Kit (Qiagen), 

according to the manufacturer’s protocol. RNA from cells was extracted using the RNeasy Mini 

Kit (Qiagen). cDNA was synthesized from 500ng RNA using the Protoscript II First Strand cDNA 

synthesis Kit (NEB). Next generation sequencing libraries were prepared as follows. Briefly, 1ul 

of cDNA prepared above was amplified by PCR with primers that amplify about 150 bp 

surrounding the sites of interest using KAPA Hifi HotStart PCR Mix (Kapa Biosystems). PCR 
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products were purified (Qiagen PCR Purification Kit/ Gel Extraction Kit) to eliminate byproducts. 

Libraries were constructed with NEBNext Multiplex Oligos for Illumina kit (NEB). 10 ng of input 

DNA was amplified with indexing primers. Samples were then pooled and loaded on an Illumina 

Miseq (150bp single-end run) or Hiseq (100bp paired-end run). Data analysis was performed 

using CRISPResso96. A minimum of 100,000 reads were analyzed for all in vivo experiments. 

RNA-seq libraries were prepared from 300ng of RNA, using the NEBNext Poly(A) mRNA 

magnetic isolation module and NEBNext Ultra RNA Library Prep Kit for Illumina. Samples were 

pooled and loaded on an Illumina Hiseq (100bp paired-end run). 

2.3.5 Quantification of OTC mRNA editing yields in the spfash mice  

The spfash mice bear three forms of OTC RNA: the pre-mRNA, the correctly spliced mRNA 

and an incorrectly spliced, elongated mRNA formed due to the use of a cryptic splice site 48 base 

pairs into intron 497. Let the total number of the correctly spliced mRNA be X, incorrectly spliced 

variant be Y and the pre-mRNA be Z. Xe, Ye and Ze denote the A->G edited mRNA in the three 

forms. The mRNA editing yield ideally would be calculated as (Xe+Ye+Ze)/(X+Y+Z). However, 

since it is not possible to amplify the spliced and pre-mRNA variants using the same primers, we 

report the fraction of edited transcripts in the correctly spliced mRNA (Xe/X) which will in turn be 

translated to produce the OTC protein. In addition, we also report the fraction of edited transcripts 

in the pre-mRNA (Ze/Z). This fraction, upon correct splicing will contribute to formation of OTC 

protein. Finally, the incorrectly spliced mRNA results in the production of a protein elongated by 

16 amino acids which is selectively degraded. We have not quantified the edited transcripts in 

this fraction of mRNA since these edited transcripts cannot be used to produce a functional 

protein.  
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2.3.6 Animal experiments 

All animal procedures were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) of the University of California, San Diego. 

All mice were acquired from Jackson labs. AAVs were injected into the gastrocnemius or TA 

muscle of mdx mice (C57BL/10ScSn-Dmdmdx/J) using 2E+12 vg/muscle. AAVs were injected into 

spfash mice (B6EiC3Sn a/A-Otcspf-ash/J) via retro-orbital injections using 2.5E+12 vg/mouse. Mice 

that appeared to have a rough hair coat, moved slowly and appeared slightly hunched were 

termed as sick mice and euthanized. 

2.3.7 Immunofluorescence 

Harvested gastrocnemius or TA muscles were placed in molds containing OCT compound 

(VWR) and flash frozen in liquid nitrogen. 10 μm sections were cut onto pre-treated histological 

slides. Slides were fixed using 4% Paraformaldehyde. Dystrophin and nNOS were detected with 

rabbit polyclonal antibodies against the C-terminal domain of dystrophin (1:200, Abcam 15277) 

and N-terminal domain of nNOS (1:100, Immunostar 24431) respectively, followed by a donkey 

anti-rabbit Alexa 546 secondary antibody (1:400, Thermo Fisher).   

2.3.8 Western Blots 

Muscle biopsies from mdx mice and liver biopsies from spfash mice were fragmented in 

RIPA buffer (Sigma) with a proteinase inhibitor cocktail (Roche) and incubated for 1 hour on ice 

with intermittent vortexing. Samples were centrifuged at 15500xg for 30 min at 4°C and the 

supernatant was isolated and quantified with a Pierce Coomassie Plus (Bradford) assay kit 

(Thermo Fisher). Protein isolate was mixed with 4x Laemmli Loading buffer (Biorad) and 2-

Mercaptoethanol (Biorad) and boiled at 100°C for 10 min. 100 μg total protein from muscle 

biopsies or 60 ug from liver biopsies was loaded into each well of a4-15% Mini Protean TGX gel 

(Biorad) with Tris-Glycine-SDS buffer (Biorad) and electrophoresed for 60 min at 100 V. Protein 
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from muscle biopsies was transferred to nitrocellulose membranes overnight at 34V while that 

from liver biopsies was transferred at 65V for 1hour 30 minutes in a 1X tris-glycine transfer buffer 

containing 10% methanol and 0.1% SDS at 4°C. The blot was blocked for 1 hour in 5% milk-

TBST. Blots were probed with rabbit anti-dystrophin (1:200, Abcam 15277), rabbit anti-GAPDH 

(1:4000, Cell Signaling 2118S), rabbit anti-OTC (1:800, Abcam 203859) and mouse anti-ADAR2 

(1:150, Santa Cruz Biotechnology 73409) overnight at 4°C in 5% milk-TBST. Blots were washed 

with TBST and then incubated with anti-rabbit or anti-mouse horseradish peroxidase-conjugated 

secondary antibodies (Cell Signaling) for 1 hour in 5% milk-TBST. After washing with TBST, blots 

were visualized using SuperSignal West Femto Chemiluminescent Substyeild (Thermo Fisher) 

and X-Ray films. 

2.3.9 Statistics and Reproducibility  

In vitro experiments: All in vitro experiments were carried out once with a minimum of 3 

independent replicates. 

In vivo experiments: For the mdx mouse model, ADAR2 and MCP-ADAR1 (E1008Q) NLS 

based experiments were carried out twice. Both rounds of experiments yielded consistent RNA 

editing efficiencies, dystrophin immunofluorescence and dystrophin restoration as seen by 

western blots. ADAR2 (E488Q) and CRISPR-Cas9 based experiments were carried out once. 

For the spfash mouse model, all experiments were carried out twice, based on the availability of 

mice. RNA editing efficiencies of the OTC transcript, both the spliced and pre-mRNA were 

consistent in both rounds of experiments. RT-PCR and Western blots were carried out on all 

animals in experimental set 1. 

2.3.10 Quantification of RNA A-to-G editing 

RNA-seq read alignment 
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RNA-seq read pairs with 100 bases per read mate were aligned to the GRCh38 reference 

genome using STAR aligner version 2.6.0c98. The genome index was built using primary 

assembly annotations from GENCODE release 28 (GRCh38.p12). Default parameters were used 

to run STAR, except for the following relevant settings: readMapNumber=-1, 

alignSJoverhangMin=5, alignSJDBoverhangMin=1, alignEndsType=EndToEnd, 

outFilterMismatchNmax=10, outFilterMultimapNmax=1, outSAMunmapped=None, 

outSAMmultNmax=1. The reads of the resulting uniquely aligned pairs were sorted by genomic 

coordinate using samtools sort99. Duplicated read pairs were marked using samtools markdup 

and were removed from subsequent analysis.  

Selection of reference sites for quantification of editing yields 

The assessment of sites with significant changes in A-to-G editing yields (see below) is 

sensitive to the number of uniquely aligned reads available for each sample. To minimize potential 

biases when comparing different samples in terms of significantly edited sites, the uniquely 

aligned reads for each HEK293T sample were down-sampled using samtools view with option -

s. These fractions were calculated by dividing the smallest number of uniquely aligned reads 

among all samples by the number of uniquely aligned reads available for the sample being down-

sampled. Down-sampling was not performed on the reads of the control sample. The down-

sampled reads where then processed using samtools mpileup. The output of this tool was parsed 

to extract the counts of each base found in the aligned reads at each A-site and T-site in the 

GRCh38 reference genome sequence. Insertions and deletions were ignored. Reference sites 

with read coverage less than 10 were omitted from downstream analysis. The number of 

remaining reference A- and T-sites with read coverage of at least 10 varied by ~15% across the 

samples. Without down-sampling, such number was found to vary by ~50%. From the reference 

A- and T-sites with read coverage of at least 10, a final list of total sites (A-sites and T-sites) was 
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selected by choosing those sites that were common to all samples and for which at least one G 

or C was observed at a reference A- or T-site, respectively, in the aligned reads of at least one 

sample. The other sites, those not common to all samples or with zero observed editing events in 

all samples, were discarded.  

Assessment of significant changes in A-to-G editing yields 

To uncover significant changes in A-to-G editing yields, several pairs of control and 

treatment samples were considered. For each pair of compared samples, and for each reference 

A-site selected as described above, a Fisher exact test was carried out using a 2x2 contingency 

matrix C with entries defined as follows: C1,1 = count of bases other than G observed in the control 

sample, C2,1 = count of G bases observed in the control sample, C1,2 = count of bases other than 

G observed in the test sample, C2,2 = count of G bases observed in the test sample. A similar 

contigency matrix was used for each selected reference T-site, except that G was replaced with 

C in the above definitions. The p-values calculated for all selected reference sites and for a given 

comparison of samples were adjusted for multiple testing using the Benjamini-Hochberg method. 

A-sites and T-sites with adjusted p-values less than a false discovery rate (FDR) of 1% and with 

a fold change of at least 1.1 in editing yield were deemed to have a significant change in A-to-G 

editing yield on forward and reverse transcripts, respectively. The counts of these sites for each 

comparison of samples are shown as Nsig in the RNA seq plots. The total number of reference 

sites with a significant change in A-to-G editing yield was computed. The editing yields at these 

sites were used to construct the distributions shown in Figure 1. The on-target A-to-G editing 

yields were estimated for each sample as C2,2 / (C1,2 + C2,2) using counts observed at the intended 

target A-site in the RAB7A transcript. The 1-based genomic coordinate of the intended target A-

site was found to be chr3:128814202 by submitting the following sequence to BLAT after selecting 

reference assembly hg38: 
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AGCGGCAGTATTCTGTACAGTAGACACAAGAATTATGTACGCCTTTTATCA. 

 

2.4 Results 

2.4.1 Engineering RNA-guided adenosine deaminases for A-to-G RNA editing in vitro 

We began by cloning the GluR2-adRNA sequences into an AAV vector bearing the 

ADAR2 enzyme (Figure 2.2.a). Next, we tested the RNA editing efficiencies in a GFP reporter 

bearing a premature stop codon in vitro. We observed low levels of GFP positive cells especially 

with the GFP-ochre reporter. We hypothesized that the addition of a second copy of an adRNA 

would boost editing levels and upon the addition of a second copy, observed a significant increase 

in the GFP positive cells (Figure 2.2.b). Further, we created a reverse adRNA (radRNA) and 

observed no significant difference between the editing efficiencies of the adRNA and radRNA 

(Figure 2.2.c). Finally, we observed that efficient correction of the ochre stop codon was possible 

only with the adRNA designed against the ochre stop codon and not with the adRNA targeting 

the amber stop codon (Figure 2.2.d).  
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Figure 2.2: ADAR2 mediated correction of premature stop codons 

(a) Schematic of the AAV vectors utilized for in vivo delivery of adRNA and ADAR2 (b) In vitro optimization 
of RNA editing of amber and ochre stop codons in the presence of one or two copies of the adRNA, 
delivered via an AAV vector (p=0.0003, p=0.0001, p=0.0015 respectively, unpaired t-test, two-tailed). 
Values represent mean +/- SEM (n=3 for reporters, n=6 for all other conditions). (c) Schematic of RNA 
editing utilizing the full length ADAR2 along with an engineered adRNA or a reverse oriented adRNA 
(radRNA); (ii) RNA editing efficiencies of amber and ochre stop codons, in one-step and two-steps. 
Experiments were carried out in HEK293T cells. Values represent mean +/- SEM (n=3). (d) RNA editing of 
ochre codons requires two cytosine mismatches in the antisense RNA targeting domains of adRNA or 
radRNA to restore GFP expression. Values represent mean +/- SEM (n=3). All experiments were carried 
out in HEK293T cells. 

 

The adRNAs comprise a programmable antisense region that is complementary to the 

target RNA sequence with a mismatched cytidine opposite the target adenosine. Additionally, 

each adRNA bears one or two ADAR-recruiting domains, engineered either from the naturally 

occurring ADAR substrate GluR2 pre-mRNA or from MS2 hairpins. The GluR2-adRNA version 

was used to recruit ADAR2 or the hyper-active ADAR2 mutant (E488Q), and was systematically 

optimized in vitro by evaluating multiple scaffold variants69,70, including mutagenized scaffolds 
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based on G-C versus A-U pairing, addition of editing inducer elements89, and antisense domain 

modifications (Figure 2.3). The MS2 adRNAs were used to recruit the deaminase domains (DD) 

of ADAR1 or ADAR2 fused to the MS2 Coat Protein (MCP). Systematic optimization of the MS2-

adRNA was carried out by testing out a variety of antisense domains (Figure 2.4.a). To ascertain 

that editing seen via the MCP based constructs was indeed due to recruitment via the MS2 

domain, we evaluated the editing efficiency of the MCP-ADAR2 DD-NLS with a co-expressed 

native adRNA and observed no on-target editing. Conversely, we also confirmed that ADAR2 was 

not recruited via the MS2-adRNAs (Figure 2.4.b). Together, these experiments confirmed the 

orthogonality of these two toolsets, and also that editing is indeed guided by the adRNAs through 

recruitment of the ADARs via their corresponding RNA binding domains i.e. GluR2 domain on the 

GluR2-adRNA to recruit the full length ADAR2, and the MS2 aptamer domain on the MS2-adRNA 

to recruit the MCP-ADAR2-DD fusion protein.   
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Figure 2.3: Optimization of adRNA for recruitment of full-length ADAR2 

(a) Sequence information of adRNA scaffolds: ADAR recruiting domain, antisense RNA targeting domain 
and the cytosine mismatch highlighted. Base pairs mutated to create stabilized scaffolds are numbered and 
highlighted in red, and the editing inducer element motif is shown in green. Quantification of editing 
efficiency of thus generated scaffolds for the OTC reporter transcript quantified by Sanger sequencing is 
shown. Values represent mean +/- SEM (n=3). (b) Optimization of adRNA antisense region using adRNA 
scaffold 2: length and distance from the ADAR2 recruiting region were systematically varied. Values 
represent mean +/- SEM (n=3). All experiments were carried out in HEK293T cells. 
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Figure 2.4: Optimization of MS2-adRNA for recruitment of MCP-ADARs 

(a) Systematic evaluation of antisense RNA targeting domain of the MS2 adRNA. Values represent mean 
+/- SEM (n=3). (b) On-target RNA editing by MCP-ADAR2 DD-NLS requires co-expression of the MS2 
adRNA. Values represent mean +/- SEM (n=3). All experiments were carried out in HEK293T cells. 

 

Additionally, we also explored hyper-active versions of the deaminase domains, and 

versions bearing nuclear localization (NLS) or export (NES) benchmarked the activity of these 

constructs with the recently developed RNA editing system based on Cas13b27 (Figures 2.5.a, 

2.5.b). In these in vitro experiments we observed: 1) the engineered constructs were active in 

their ability to effect targeted RNA editing with yields comparable to the Cas13b based system; 

2) the constructs based on the MS2 adRNAs and corresponding MCP-ADAR1/2 fusions showed 

the highest and most robust activity, including across a large panel of endogenous genes chosen 

across a spectrum of different expression levels (Figure 2.5.c); and 3) use of a NES and/or hyper-

active deaminase domains consistently yielded higher RNA editing yields at the target adenosine, 
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but also led to a higher propensity of editing at non-targeted adenosines in the flanking sequences 

(Figure 2.5.a). We also confirmed, across multiple loci, that a similar promiscuity ensued from 

creation of the hyperactive mutant in the wild type ADAR2 as well as deletion of the native NLS 

domain in ADAR2 (∆1-138)100 (Figure 2.6).  
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Figure 2.5: Benchmarking of various ADAR based RNA editing approaches 

(a) Comparison of RNA editing efficiency of the endogenous RAB7A transcript by GluR2 adRNA and MS2 
adRNA-guided RNA editing constructs as well as the Cas13b based REPAIR construct. Values represent 
mean +/- SEM (n=3). Heatmap depicting on target RNA editing and editing in flanking adenosines of the 
RAB7A transcript by GluR2 adRNA and MS2 adRNA-guided RNA editing constructs as well as the Cas13b 
based REPAIR construct. Mean (n=3) editing yields are depicted. (b) Comparison of RNA editing efficiency 
of the OTC reporter transcript by GluR2 adRNA and MS2 adRNA-guided RNA editing constructs as well as 
the Cas13b based REPAIR construct. Values represent mean +/- SEM (n=6 for reporter and Cas13b based 
constructs, n=3 for all other constructs). (c) Analysis of RNA editing yields across a spectrum of 
endogenous targets chosen to cover a range of expression levels. Values represent mean +/- SEM (n=3). 
All experiments were carried out in HEK293T cells. 
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Figure 2.6: Comparison of RNA editing efficiencies of ADAR2 mutants 

(a) ADAR2 (E488Q) exhibits higher efficiency than the ADAR2 in the in vitro editing of the spfash OTC 
reporter transcript (p=0.037, unpaired t-test, two-tailed); values represent mean +/- SEM (n=3), and (b) mdx 
DMD reporter transcript (p=0.048, p=0.012 respectively, unpaired t-test, two-tailed); values represent mean 
+/- SEM (n=3). (c) Comparison of the editing efficiency and specificity profiles of the ADAR2, ADAR2 
(E488Q) and the ADAR2 (∆1-138) for the OTC reporter transcript (upper panel) and endogenous RAB7A 
transcript (lower panel). Heatmap indicates the A-to-G edits in the vicinity of the target (red arrow). Values 
represent mean +/- SEM (n=3). All experiments were carried out in HEK293T cells and editing efficiency 
was calculated as a ratio of Sanger peak heights G/(A+G). 

 

Having demonstrated robust activity of this toolset, we next investigated its specificity 

profiles via analysis of the transcriptome-wide off-target A-to-G editing effected by this system 

(Figure 2.7). To this end, HEK293T cells were transfected with each construct and analyzed by 
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RNA-seq. Untransfected cells were included as controls. From each sample, we collected ~40 

million uniquely aligned sequencing reads. We then used Fisher’s exact test to quantify significant 

changes in A-to-G editing yields, relative to untransfected cells, at each reference adenosine site 

having sufficient read coverage. The number of sites with at least one A-to-G editing event 

detected in any of the samples was computed. Of these, the number of sites with statistically 

significant A-to-G edits, at a false discovery rate (FDR) of 1%, and with fold change of at least 

1.1, was found to vary over a wide range, from lowest for the MCP-ADAR2 DD-NLS construct, to 

highest for the MCP-ADAR1 DD (E1008Q)-NES. To investigate the distribution of editing yields, 

we generated violin plots considering the A-sites whose editing yields changed significantly in at 

least one sample. Taken together, our RNA-seq experiments revealed that transcriptome-wide 

off-target edits arising due to the overexpression of MCP based constructs were: 1) less prevalent 

in constructs with NLS than constructs with NES; 2) less prevalent in ADAR2 constructs than 

ADAR1 constructs; 3) primarily associated with the overexpression of the ADAR enzyme, 

independent of adRNA overexpression; and 4) less prevalent in the wild-type ADAR constructs 

than the E>Q hyperactive mutants. 
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Figure 2.7: Specificity analysis of various ADAR based RNA editing approaches 

(a) Violin plots representing distributions of A-to-G editing yields observed at reference sites where at least 
one treatment sample was found to have a significant change (Fisher’s exact test, FDR = 1%) in editing 
yield relative to the control sample. Blue circles indicate editing yields at the target A-site within the RAB7A 
transcript. Black dots represent median off-target editing yields. To better visualize the shapes of the 
distributions, their maximum extent along the y-axis was equalized across all plots and were truncated at 
60% yield. (b) Each point in the box plots corresponds to the fraction of edited sites for one of the MCP-
ADAR constructs listed in (a). The fraction of edited sites for each construct was calculated by dividing the 
number of reference sites with significant changes in A-to-G editing yield by the total number 8,729,464 of 
reference sites considered. Construct features indicated on the horizontal axes were compared using the 
Mann-Whitney U test, yielding p-values of 0.16 for NLS vs. NES, 0.0070 for ADAR1 vs. ADAR2, 0.72 for “- 
adRNA” vs. “+ adRNA”, and 0.038 for “ADAR WT” vs. “ADAR E>Q” (n=8 for all conditions). (c) A-to-G 
editing yield quantification from aligned RNA-seq reads. 
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2.4.2 Utilizing RNA-guided adenosine deaminases to repair a point mutation in the mdx 

mouse model of Duchenne muscular dystrophy  

Following these in vitro studies, we next evaluated our system in in vivo RNA targeting for 

gene therapy applications, utilizing the adRNA cum exogenous ADAR expression construct 

versions, as those consistently enabled the highest in vitro RNA editing yields. We focused first 

on the mdx mouse model for Duchenne muscular dystrophy (DMD) which bears an ochre stop 

site in exon 23 of the dystrophin gene (Figure 2.8.a). This choice was additionally motivated by 

the fact that nonsense mutations in general are responsible for nearly 11% of all described gene 

lesions causing inheritable human disease, and close to 20% of disease-associated single base 

substitutions that affect the coding regions of genes101. Thus, validation of an RNA editing strategy 

here would have broad therapeutic application. Towards this, we first optimized RNA editing of 

the mdx dystrophin mRNA in vitro (Figure 2.8.b). We next packaged our constructs into AAV8, 

and injected 2E+12 vector genomes (vg)/muscle into the tibialis anterior (TA) or gastrocnemius 

of mdx mice. To further benchmark our approach, we concurrently also targeted the mdx mice via 

CRISPR-Cas9 based excision of exon 23102–104. Four or eight weeks post injection, TA and 

gastrocnemius muscles were collected from mdx mice, wild type mice, mice treated with adRNA 

targeting and non-targeting controls, and CRISPR-Cas9. RNA editing yields (TAA-to-

TGG/TAG/TGA) of up to 3.6%, and TAA-to-TGG up to 2.4% were observed in treated mice 

(Figures 2.8.c, 2.8.d). Immunofluorescence staining revealed clear restoration of dystrophin 

expression via targeted RNA editing (Figure 2.8.e). In addition, nNOS activity was also restored 

at the sarcolemma. Western blots of the treated muscles confirmed the immunofluorescence 

observations, demonstrating 1-2.5% protein restoration. (Figures 2.8.f). Stable ADAR2 

expression was at both 4 weeks and 8 weeks post injections (Figure 2.8.g). As benchmark, 

muscles injected with vectors bearing CRISPR-Cas9 also expectedly led to restoration of 
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dystrophin expression in a subset of the muscle cells (Figure 2.8.d), with Western blots of the 

treated muscles confirming up to 10% protein restoration. (Figure 2.8.h).  
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Figure 2.8: RNA editing in the mdx mouse model of Duchenne muscular dystrophy 

(a) Schematic of the DNA and RNA targeting approaches to restore dystrophin expression in the mdx 
mouse model of Duchenne Muscular Dystrophy: (i) a dual gRNA-CRISPR based approach leading to in 
frame excision of exon 23 and (ii) ADAR2 and MCP-ADAR1 based editing of the ochre codon. (b) 
Representative Sanger sequencing plot showing editing of the ochre stop codon (TAA-to-TGG) in the mdx 
DMD reporter transcript (quantified by NGS). Experiments were carried out in HEK293T cells (n=3). (c) In 
vivo TAA-to-TGG/TAG/TGA RNA editing efficiencies in corresponding treated adult mdx mice. Values 
represent mean +/- SEM (n=4, 3, 7, 3, 3, 10, 3, 4 independent TA muscles respectively). (d) Representative 
example of in vivo RNA editing analyses of treated mdx mice (quantified using NGS). (e) 
Immunofluorescence staining for dystrophin in the TA muscle shows partial restoration of expression in 
treated samples (intra-muscular injections of AAV8-ADAR2, AAV8-ADAR2 (E488Q), and AAV8-CRISPR). 
Partial restoration of nNOS localization is also seen in treated samples (scale bar: 250μm). (f) Western 
blots showing partial recovery of dystrophin expression (1-2.5%) in TA muscles of mdx mice injected with 
both components of the editing machinery, the enzyme and adRNA, and (g) stable ADAR2 expression in 
injected TA muscles up to 8 weeks post injections. (h) Western blot showing partial restoration of dystrophin 
expression (10%) using AAV8-CRISPR. 
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2.4.3 Utilizing RNA-guided adenosine deaminases to correct a point mutation in the spfash 

mouse model of ornithine transcarbamylase deficiency 

To further confirm the efficacy of this approach, we next evaluated ADAR mediated RNA 

editing in an independent mouse model of human disease, the male sparse fur ash (spfash) mouse 

model of ornithine transcarbamylase (OTC) deficiency. The spfash mice harbor a G-to-A point 

mutation in the last nucleotide of the fourth exon of the OTC gene, which leads to OTC mRNA 

deficiency and production of a mutant protein97 (Figure 2.9.a). Recent studies have demonstrated 

the use of CRISPR-Cas9 and homologous recombination based strategies for robust correction 

of this mutation in neonatal mice105. To test the effectiveness of our system in editing the point 

mutation in spfash OTC mRNA, we initially evaluated our constructs in vitro (Figure 2.9.b). We 

next packaged our constructs into AAV8, which has high liver tropism105, and injected 2.5E+12 

vg/mouse in 10-12 week old spfash mice. Three to four weeks post injection, we collected liver 

samples from spfash mice, wild-type litter mates, and spfash mice treated with the ADAR2 targeting 

and non-targeting vectors and evaluated corresponding editing efficiency via NGS. Notably, upon 

delivery of the adRNA and the ADAR2, we observed 0.8-4.7% edited mRNA amongst the 

correctly spliced OTC mRNA, and interestingly adRNA alone resulted in low but significant RNA 

editing yields (Figures 2.9.c, 2.9.d). Moreover, upon the delivery of the hyper-active ADAR2 

mutant (E488Q), we observed a high edited fraction (4.6-33.8%) in the correctly spliced OTC 

mRNA (Figures 2.9.c, 2.9.d), 4.6-8.2% in the OTC pre-mRNA (Figure 2.9.e), and confirmed a 

reduction in the incorrectly spliced product (Figure 2.9.f). Western blots of the treated liver 

samples confirmed partial (2.5-5%) restoration of OTC protein (Figure 2.9.g). 
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Figure 2.9: RNA editing in the spfash mouse model of Ornithine Transcarbamylase deficiency 

(a) Schematic of the OTC locus in the spfash mouse model of Ornithine Transcarbamylase deficiency which 
have a G-to-A point mutation at a donor splice site in the last nucleotide of exon 4, and approach for 
correction of mutant OTC mRNA via ADAR2 mediated RNA editing. (b) Representative Sanger sequencing 
plot showing correction of the point mutation in the spfash OTC reporter transcript (quantified using NGS). 
Experiments were carried out in HEK293T cells (n=3). (c) In vivo RNA correction efficiencies in the correctly 
spliced OTC mRNA in the livers of treated adult spfash mice (retro-orbital injections of AAV8-ADAR2 and 
AAV8-ADAR2 (E488Q)). Values represent mean +/- SEM (n=4, 4, 3, 3, 4, 5 independent animals 
respectively). (d) Representative example of in vivo RNA editing analyses of treated spfash mice showing 
correction of the point mutation in the correctly spliced OTC mRNA (quantified using NGS. (e) In vivo RNA 
correction efficiencies in the OTC pre-mRNA in the livers of treated adult spfash mice (retro-orbital injections 
of AAV8-ADAR2 and AAV8-ADAR2 (E488Q). Values represent mean +/- SEM (n=4, 4, 3, 3, 4, 5 
independent animals respectively). (f) PCR products showing the correctly and incorrectly spliced OTC 
mRNA. The incorrectly spliced mRNA is elongated by 48 base pairs. Fraction of incorrectly spliced mRNA 
is reduced in mice treated with adRNA+ADAR2 (E488Q).  (g) Western blot for OTC shows partial 
restoration (2.5%-5%) of expression in treated adult spfash mice and stable ADAR2 (E488Q) expression 
three weeks post injections. 
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2.5 Discussion 

Here, we established the use of AAV delivered ADARs+adRNA for in vivo gene therapy 

by demonstrating their efficacy at repairing a premature stop codon in the mdx mouse model of 

Duchenne muscular dystrophy and correcting a splice-site mutation in the spfash mouse model of 

ornithine transcarbamylase deficiency. Although this RNA editing approach is promising, we 

observed a few limitations that could potentially hamper its widespread use for in vivo gene 

therapy. The in vitro RNA seq analysis showed the prevalence of a large number of off-targets, 

ranging from 3760 to 226634 off-targets, arising due to enzyme overexpression (Figure 2.7.c). In 

addition, we observed that systemic overexpression of the ADAR2 hyper-active mutant was 

deleterious to mouse health (Figure 2.10.a). To gain insight into potential causes here, we 

performed differential RNAseq studies of livers obtained from mice treated with the various RNA 

editing constructs. The number of differentially expressed genes across all samples was broadly 

similar, but we noted upregulation of pro-apoptotic genes such as Cdkn1a in the ADAR2(E488Q) 

samples. Albeit, it is hard for us to gauge if this is a cause or effect of the poorer mice health in 

these samples (Figure 2.10.b). Aggregating data from all our mouse studies, we noted that 

systemic overexpression of the full length hyper-active mutant was found to be deleterious to 

mouse health, but localized injections of the same into the muscle did not lead to similar toxicity. 

Additionally, overexpression of the wild-type ADAR2 did not lead to toxicity in both systemic and 

localized injection scenarios. Correspondingly, we hypothesize that off-target RNA editing due to 

the hyper-active mutants, in a cellular context dependent manner, might be responsible for the 

negative impact on mouse health. Since the majority of tissues express ADARs, engineering 

adRNA to efficiently recruit these endogenous ADARs might help provide exquisite specificity. 

For RNA editing in tissues that lack ADAR expression or editing of non-preferred RNA motifs, 

enzyme overexpression will be essential and further engineering of the RNA editing system such 
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as constitution of an active enzyme only at the target site, might help address the issue of off-

target editing.    

 
Figure 2.10: Summary of in vivo experiments and animal health 

(a) Summary of animal experiments documenting the route of AAV administration, construct delivered, and 
health of injected mice 3 weeks post injections. (b) Volcano plots showing changes in gene expression for 
spf ash mice treated with ADAR2 (E488Q) constructs relative to the control mouse. Genes with statistically 
significant changes in expression at FDR of 10% are indicated in red. Genes with a −log10(p-value) greater 
that 15 are shown at that value with triangles. 
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Chapter 3: Improving the efficiency, functionality and specificity of the RNA 

editing toolset 

3.1 Abstract 

Adenosine deaminases acting on RNA (ADARs) can be repurposed to enable 

programmable RNA editing, however their exogenous delivery leads to transcriptome-wide off-

targeting, and additionally, enzymatic activity on adenosines flanked by a 5’ guanosine is very 

low, thus limiting their utility as a transcriptome engineering toolset. To address this, we explored 

three approaches: First, we performed a novel deep mutational scan of the deaminase domain, 

experimentally measuring the impact of every amino acid substitution across 261 residues on 

RNA editing (Figure 2.1.a). This revealed intrinsic domain properties, and also several mutations 

that greatly enhanced RNA editing. Second, we performed a mutagenesis screen and identified 

a novel variant that greatly increased activity at 5’-GA-3’ motifs (Figure 2.1.b). Third, we 

engineered split deaminases which resulted in nearly 1000-fold more specific RNA editing as 

compared to full-length deaminase overexpression (Figure 2.1.c). We anticipate this 

comprehensive engineering will enable broader utility of the ADAR toolset for RNA biotechnology 

and therapeutic applications. 

 

 



 

 41 

 

Figure 3.1: Schematics of various ADAR2 protein engineering approaches 

(a) Schematic of the deep mutational scan, (b) mutagenesis screen for identifying ADAR2 variants with 
increased activity at 5’-GAC-3’ motifs and (c) split-ADAR2 approach for improved transcriptome wide 
specificity. 

 
3.2 Introduction 

Adenosine to inosine (A-to-I) editing is a common post-transcriptional modification in RNA 

that occurs in a variety of organisms, including humans. This A-to-I deamination of specific 

adenosines in double-stranded RNA is catalyzed by enzymes called adenosine deaminases 

acting on RNA (ADARs)76,78,84,88,106–113. Since inosine is structurally similar to guanosine, it is 

interpreted as a guanosine during the cellular processes of translation and splicing, thereby 

making ADARs powerful systems for altering protein sequences.  

Correspondingly, adenosine deaminases have been repurposed for site-specific RNA 

editing by recruiting them to target RNA sequences using engineered ADAR-recruiting RNAs 

(adRNAs)25. Recently, several studies have demonstrated the potential of both genetically 

encodable and chemically modified RNA-guided adenosine deaminases for the correction of point 

mutations and the repair of premature stop codons both in vitro27,28,72,114–119 and in vivo120,121. 

These studies have primarily relied on exogenous ADARs which introduce a significant number 

of transcriptome wide off-target A-to-I edits27,71,75,120. One solution to this problem is the 

engineering of adRNAs to enable the recruitment of endogenous ADARs. In this regard, we 
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recently showed that using simple long antisense RNA (>60bp) can suffice to recruit endogenous 

ADARs and these adRNAs are both genetically encodable and chemically synthesizable120; and 

Merkle and colleagues showed that using engineered chemically synthesized antisense 

oligonucleotides116 could also lead to robust RNA editing via endogenous ADAR recruitment. 

Although this modality allows for highly specific editing, its applicability is restricted to editing 

adenosines in certain RNA motifs preferred by the native ADARs, and in tissues with high 

endogenous ADAR activity. Additionally, it cannot be utilized for novel functionalities such as 

deamination of cytosine to uracil (C-to-U) editing which requires exogenous delivery of ADAR2 

variants122. Thus, engineering a genetically encodable RNA-editing tool that efficiently edits RNA 

with high specificity and activity is essential for enabling broader use of this toolset for 

biotechnology and therapeutic applications. 

In this regard, the crystal structure of the ADAR2 deaminase domain (ADAR2-DD)87,123,124 

and several pioneering biochemical and computational studies89,125–133 have laid the foundation 

for understanding its catalytic mechanism and target preferences, but we still lack comprehensive 

knowledge of how mutations and fragmentation affect the ability of the ADAR2-DD to edit RNA. 

To address this, we first carried out a quantitative deep mutational scan (DMS) of the ADAR2-

DD, measuring the effect of every possible point mutation on enzyme function. We utilized the 

sequence-function map thus generated, to identify novel enhanced variants for A-to-I editing. 

Additionally, combining information from these sequence-function maps with existing knowledge 

of the structure and residue conservation scores, we also engineered a genetically encodable 

split-ADAR2 system that enabled efficient and highly specific RNA editing. 
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3.3 Materials and methods 

3.3.1 Deep mutational scan and screen 

3.3.1.1 Oligonucleotide pools: To create the library of single amino acid substitutions in the 

ADAR2 deaminase domain, we ordered an oligonucleotide chip (CustomArray) consisting of 6 

oligonucleotide pools (each 168 bp in length). These pools, in combination, spanned residues 

340-600 of the ADAR2 deaminase domain. Each of these pools was amplified in a 50 μl PCR 

reaction using Kapa HiFi HotStart PCR Mix (Kapa Biosystems), 40 ng of synthesized 

oligonucleotide as template and pool-specific primers. The 6 PCR products were purified using 

the QIAquick PCR Purification Kit (Qiagen) to eliminate byproducts. 

3.3.1.2 Creation of vectors for cloning oligonucleotide pools: We ordered a gene block (IDT) for 

MCP-ADAR2-DD-NES and used mutagenesis PCR to create the MCP-ADAR2-DD(E488Q)-NES. 

These fragments were then used as templates to generate 6 PCR fragments from which deletions 

of the MCP-ADAR2-DD-NES and the MCP-ADAR2-DD(E488Q)-NES were created. The deleted 

regions corresponded to the sequence covered by each of the 6 oligonucleotide pools and was 

replaced instead with an Esp3I digestion site. To create the plasmid library, we began by mutating 

the two Esp3I digestion sites in the LentiCRISPR v2 plasmid (gift from Feng Zhang, Addgene 

#52961)134 using PCR mutagenesis followed by Gibson Assembly. Next, we created 6 cloning 

vectors for the MCP-ADAR2-DD-NES and MCP-ADAR2-DD(E488Q)-NES, cloning the PCR 

fragments generated above into the LentiCRISPR v2 vector digested with BamHI and XbaI using 

Gibson Assembly. All PCRs in this section were carried out using Kapa HiFi HotStart PCR Mix 

(Kapa Biosystems), 20 ng template and appropriate primers in 20 μl reactions. All digestions in 

this section were carried out in 50 μl reactions for 3 hours at 37 oC using 2 μg of plasmid and 10 

units of enzyme(s). All Gibson Assembly reactions in this section were carried out using 50 ng 
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backbone and 30 ng of insert in a 10 μl volume and incubated at 50 oC for 1 hour. Digestions and 

PCRs were purified using the QIAquick PCR Purification Kit (Qiagen). 

3.3.2.3 Creation of plasmid library: Once we had 6 cloning vectors corresponding to the MCP-

ADAR2-DD-NES ready, we digested these with Esp3I. These digestions were carried out in 50 μl 

reactions for 6 hours at 37 oC using 2 μg of plasmid and 10 units of enzyme followed by heat 

inactivation at 65 oC for 20 minutes. The digestion reaction was then purified using the QIAquick 

PCR Purification Kit (Qiagen). This was followed by cloning of the 6 oligonucleotide pools into 

their respective cloning vectors via Gibson Assembly using 50 ng of the digested backbone and 

10 ng of the purified oligonucleotide PCR products in a 10 μl reaction, incubated at 50 oC for 80 

minutes. The Gibson Assembly reaction was purified by dialysis and used to electroporate 

ElectroMAX Stbl4 cells (ThermoFisher) as per the manufacturer’s instructions. A small fraction 

(1–10 µl) of cultures was spread on carbenicillin LB plates to calculate the library coverage, and 

the rest of the cultures were amplified overnight in 150 ml LB medium containing carbenicillin. A 

library coverage of at least 400x was ensured before proceeding. Plasmid libraries were 

sequenced using the MiSeq (300 bp PE run). 

3.3.1.4 Creation of MS2-adRNA vectors: We began by replacing the Cas9-P2A-Puromycin from 

the LentiCRISPR v2 with a mCherry-P2A-Hygromycin by digesting the backbone with XbaI and 

PmeI. We used fusion PCRs to create the mCherry-P2A-Hygromycin-WPRE-3’LTR(Delta U3) 

insert which was then cloned into the digested backbone via Gibson Assembly. We used PCRs 

to create a MS2-adRNA-mU6-MS2-adRNA cassette which was cloned into the Esp3I digested 

backbone via Gibson Assembly. 4 vectors with 2x MS2-adRNAs were created targeting 5’ and 3’ 

TAG and GAC.  All PCRs in this section were carried out using Kapa HiFi HotStart PCR Mix (Kapa 

Biosystems) in 20 μl reactions. All digestions in the section were carried out in 50 μl reactions for 

3 hours at 37 oC using 2 μg of plasmid and 10 units of enzymes. All Gibson Assembly reactions 
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in this section were carried out using 50 ng backbone and 20-40 ng of insert in a 10 μl volume 

and incubated at 50 oC for 1 hour. Digestions and PCRs were purified using the QIAquick PCR 

Purification Kit (Qiagen). 

3.3.1.5 Lentivirus production: HEK293FT cells were maintained in DMEM supplemented with 10% 

FBS (Thermo Fisher) and 1% Antibiotic-Antimycotic (Thermo Fisher) in an incubator at 37 °C and 

5% CO2 atmosphere. To produce lentivirus particles, HEK293FT cells were seeded in 15-cm 

tissue culture dishes 1 day before transfection and were 60% confluent at the time of transfection. 

Before transfection, the culture medium was changed to prewarmed DMEM supplemented with 

10% FBS. For each 15-cm dish, 36 µl of Lipofectamine 2000 (Thermo Fisher) was diluted in 1.2 

ml OptiMEM (Thermo Fisher). Separately, 3 µg pMD2.G (gift from Didier Trono, Addgene 

#12259), 12 µg of pCMV delta R8.2 (gift from Didier Trono, Addgene #12263) and 9 µg of lentiviral 

vector were diluted in 1.2 ml OptiMEM. After incubation for 5 min, the Lipofectamine 2000 mixture 

and DNA mixture were combined and incubated at room temperature for 30 minutes. The mixture 

was then added dropwise to HEK293FT cells. Viral particles were harvested 48 h and 72 h after 

transfection, further concentrated to a final volume of 500-1000 µl using 100 kDA filters (Millipore), 

divided into aliquots and frozen at −80 °C. Lentivirus was produced individually for all MS2-adRNA 

vectors and in a pooled format for the libraries. While producing lentivirus, libraries were grouped 

together as 1+2, 3, 4, 5+6 so as to facilitate sequencing using the NovaSeq 6000 (250 bp PE 

run). 

3.3.1.6 Creation of a clonal cell line with MS2-adRNA: HEK293FT cells grown in a 6-well plate 

were transduced with lentiviruses (high MOI) carrying 2x MS2-adRNA targeting 5’ and 3’ TAG 

and GAC to create 4 different cell lines. For transductions, the lentivirus was mixed with DMEM 

supplemented with 10% FBS (Thermo Fisher) and Polybrene Transfection reagent (Millipore) at 

a concentration of 5 µg/ml and added to HEK293FT cells at 40-50% confluency. Hygromycin 
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(Thermo Fisher) was added to the media at a concentration of 100 µg/ml, 48 hours post 

transduction. Top 1% of mCherry expressing cells for each line were then sorted into a 96 well 

plate. 3 clones of each of the 4 cell lines were then frozen down. 

3.3.1.7 Screen: Lentiviral libraries 1+2 and 3 were used to transduce clones with the 5’ TAG and 

GAC MS2-adRNA and libraries 4 and 5+6 were used to transduce clones with the 3’ TAG and 

GAC MS2-adRNA stably integrated. Transductions were carried out in duplicates. The lentiviral 

libraries were mixed with DMEM supplemented with 10% FBS (Thermo Fisher), Hygromycin 

(Thermo Fisher) at 100 µg/ml, Polybrene Transfection reagent (Millipore) at a concentration of 5 

µg/ml and added to the stable clones harboring the MS2-adRNA in a 15 cm dish at 40-50% 

confluency. To ensure most cells received 0 or 1 ADAR2 variant, cells were transduced at a low 

MOI of 0.2-0.4. 24 hours post transfections, cells were passaged 1:4 into a new 15 cm dish and 

grown in DMEM supplemented with 10% FBS (Thermo Fisher) and Hygromycin (Thermo Fisher) 

at 100 µg/ml. 48 hours post transductions, the growth medium was changed to DMEM 

supplemented with 10% FBS (Thermo Fisher) and Puromycin (Thermo Fisher) at 3 µg/ml. 72 

hours post transduction, fresh growth medium with Puromycin was added to the cells. 96 hours 

post transductions, the growth media was taken off and cells were washed with PBS and then 

harvested. Cell pellets were stored at -80 oC until RNA extraction. At least 1000x coverage was 

maintained at all steps of the screen. 

3.3.1.8 RNA, cDNA, amplifications, indexing: RNA was extracted using the RNeasy mini kit 

(Qiagen) as per the manufacturer’s instructions. cDNA was synthesized from RNA using the 

Protoscript II First Strand cDNA synthesis Kit (NEB). To ensure library coverage of 500x, 5 ng of 

RNA was converted to cDNA per library element in every sample of the screen. The volume of 

each cDNA reaction was 90 µl with 4.5 µg RNA, 45 µl of the Reaction mix, 9 µl Random primers 

and 9 µl Enzyme. Samples were incubated in a thermocycler at 25 °C for 5 min; 42 °C for 80 min; 
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80 °C for 5 min. The entire volume of the cDNA reaction was used to set up PCR reactions. The 

volume of each PCR reaction was 100 µl with 44 µl cDNA, 6 µl primers (10 µM) and 50 µl Q5 high 

fidelity master mix (NEB). The thermocycling parameters were: 98 °C for 30 s; 24-28 cycles of 98 

°C for 10 s, 62 °C for 15 s, and 72 °C for 35 s; and 72 °C for 2 min. The numbers of cycles were 

tested to ensure that they fell within the linear phase of amplification. The amplicons were 440-

570 bp in length and purified using the QIAquick PCR Purification Kit (Qiagen). To continue 

maintaining at least 500x coverage, at minimum 0.15 ng of the PCR product per library element 

was used to set up a second PCR adding indices onto the libraries. This was done in 50 µl 

reactions using 3 µl dual index primers (NEB), 135 ng purified PCR product from the previous 

reaction and 25 µl Q5 high fidelity master mix (NEB). The thermocycling parameters were: 98 °C 

for 30 s; 5-8 cycles of 98 °C for 10 s, 65 °C for 20 s, 72 °C for 35 s; and 72 °C for 2 min. The 

numbers of cycles were tested to ensure that they fell within the linear phase of amplification. 

Amplicons were purified with Agencourt AMPure XP beads (Beckman Coulter) at a 0.8 ratio. The 

libraries were quantified using the Qubit dsDNA HS assay kit (Thermo Fisher) and pooled together 

at a concentration of 10 nM for sequencing on a 250 bp PE run on the NovaSeq 6000. 

3.3.1.9 Sequencing analysis: Raw fastq reads were aligned to the ADAR2 reference sequence 

using minimap2135 in short-read mode with default parameters. For libraries with overlapping 

paired end reads, the reads were first combined using FLASH136. The aligned reads were then 

classified into library members using strict filtering, i.e. reads were only included if they perfectly 

matched exactly one library member, aside from the target ADAR editing site. The editing rate at 

this target site was then quantified for each library member and averaged across two replicates 

with weights for differential coverage. To analyze the degree to which each library member 

differed in editing rate from the wild-type, we performed a two-proportion Z-test using a pooled 

sample proportion to calculate the standard error of the sampling distribution, and a two-tailed 

procedure to calculate p-values. Note that the wild-type rate was restricted to the rate measured 
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within each library, such that each library member was compared only to the wild-type rate 

measured in the same biological context. Z-scores were calculated as follows, where x is the RNA 

editing rate, and n is the number of counts: 

𝑥 =
𝑥!"𝑛!" + 𝑥#𝑛#
𝑛!" + 𝑛#

 

𝑆𝐸 = '𝑥(1 − 𝑥+,-
1
𝑛#
. + -

1
𝑛!"

./ 

𝑍# =	
𝑥# − 𝑥!"
𝑆𝐸

 

The library classification and editing quantification procedures were carried out using a custom 

python package. Heatmap plotting was done with modified code from Enrich2 

(https://github.com/FowlerLab/Enrich2)137. 

3.3.1.10. Cloning individual mutants: We began by creating a cloning vector with the MCP inserted 

into the LentiCRISPR v2 vector digested with BamHI and XbaI using Gibson Assembly. This 

vector was then digested with BamHI to clone the DD mutants. All mutants were created using 

mutagenesis PCR followed by Gibson Assembly. All PCRs in this section were carried out using 

Q5 PCR Mix (NEB), 5 ng template and appropriate primers in 20 μl reactions. All digestions in 

this section were carried out in 50 μl reactions for 3 hours at 37 oC using 3 μg of plasmid and 20 

units of enzyme(s). All Gibson Assembly reactions in this section were carried out using 30 ng 

backbone and 15 ng of insert in a 6 μl volume and incubated at 50 oC for 1 hour. Digestions and 

PCRs were purified using the QIAquick PCR Purification Kit (Qiagen).  

3.3.1.11 Luciferase assay: All HEK 293FT cells were grown in DMEM supplemented with 10% 

FBS and 1% Antibiotic-Antimycotic (Thermo Fisher) in an incubator at 37 °C and 5% CO2 

atmosphere. All in vitro luciferase experiments for DMS validations were carried out in HEK 293FT 
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cells seeded in 96 well plates, at 25-30% confluency, using 250 ng total plasmid and 0.5 μl of 

commercial transfection reagent Lipofectamine 2000 (Thermo Fisher). Specifically, every well 

received 100 ng of the Cluc-W85X(TAG) or Cluc-W85X(TGA) reporters, 50ng of MCP-ADAR2-

DD mutants and 100ng of the MS2-adRNA plasmids. In cases where less than 3 plasmids were 

needed, a balancing plasmid was added to keep the total amount per well as 250 ng. 48 hours 

post transfections, 20 μl of supernatant from cells was added to a Costar black 96 well plate 

(Corning). For the readout, 50 μl of Cypridina Assay buffer was mixed with 0.5 μl Vargulin 

substrate (Thermo Fisher) respectively and added to the 96 well plate in the dark.  The 

luminescence was read within 10 minutes on Spectramax i3x or iD3 plate readers (Molecular 

Devices) with the following settings: 5 s mix before read, 5 s integration time, 1 mm read height. 

3.3.1.12 RNA editing: RNA editing experiments for targeting 5’-GA-3’ were carried out in HEK 

293FT cells seeded in 24 well plates using 1000ng total plasmid and 2ul of commercial 

transfection reagent Lipofectamine 2000 (Thermo Fisher). Specifically, every well received 500 

ng each MCP-ADAR2-DD fragments and the adRNA plasmids. Cells were transfected at 25-30% 

confluence and harvested 48 hours post transfection for quantification of editing. RNA from cells 

was extracted using the RNeasy Mini Kit (Qiagen). cDNA was synthesized from 500ng RNA using 

the Protoscript II First Strand cDNA synthesis Kit (NEB). 1ul of cDNA was amplified by PCR with 

primers that amplify about 200 bp surrounding the sites of interest using OneTaq PCR Mix (NEB). 

The numbers of cycles were tested to ensure that they fell within the linear phase of amplification. 

PCR products were purified using a PCR Purification Kit (Qiagen) and sent out for Sanger 

sequencing. The RNA editing efficiency was quantified using the ratio of peak heights G/(A+G). 

3.3.2 Split-ADAR2 

3.3.2.1 Vector design and construction: We began by digesting the pAAV_hU6_mU6_CMV_GFP 

with AflII to clone the NES-FLAG-MCP-linker and linker-4xλN-HA-NES downstream of the CMV 

promoter which were amplified from the MCP-ADAR2-DD-NLS and 4x-λN-cdADAR2 respectively. 
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AvrII digestion sites were included downstream of the NES-FLAG-MCP-linker and upstream of 

the linker-4xλN-HA-NES to facilitate cloning of the split fragments. All split fragments were 

amplified from the MCP-ADAR2-DD-NLS or MCP-ADAR2-DD(E488Q)-NLS. For each split-

ADAR2 pair, the N-terminal DD fragment was cloned downstream of the NES-FLAG-MCP-linker 

and the C-terminal DD fragment was cloned upstream of the linker-4xλN-HA-NES using Gibson 

Assembly. MS2-MS2, MS2-BoxB, BoxB-MS2 and BoxB-BoxB adRNA were created by annealing 

primers and cloned downstream of the hU6 promoter into the AgeI+NheI digested 

pAAV_hU6_mU6_CMV_GFP using Gibson Assembly. All PCRs in this section were carried out 

using Kapa HiFi HotStart PCR Mix (Kapa Biosystems) in 20 μl reactions. All digestions in this 

section were carried out in 50 μl reactions for 3 hours at 37 oC using 3 μg of plasmid and 20 units 

of enzyme(s). All Gibson Assembly reactions in this section were carried out using 40 ng 

backbone and 5-20 ng of insert in a 10 μl volume and incubated at 50 oC for 1 hour. Digestions 

and PCRs were purified using the QIAquick PCR Purification Kit (Qiagen).   

3.3.2.2 Luciferase assay: All HEK 293FT cells were grown in DMEM supplemented with 10% FBS 

and 1% Antibiotic-Antimycotic (Thermo Fisher) in an incubator at 37 °C and 5% CO2 atmosphere. 

All in vitro luciferase experiments for the split-ADAR2 were carried out in HEK 293FT cells seeded 

in 96 well plates, at 25-30% confluency, using 400 ng total plasmid and 0.6 μl of commercial 

transfection reagent Lipofectamine 2000 (Thermo Fisher). Specifically, every well received 100 

ng each of the Cluc-W85X(TAG) reporter, N- and C-terminal ADAR2 fragments and the adRNA 

plasmids. In cases where less than 4 plasmids were needed, a balancing plasmid was added to 

keep the total amount per well as 400 ng. 48 hours post transfections, 20 μl of supernatant from 

cells was added to a Costar black 96 well plate (Corning). For the readout, 50 μl of Cypridina 

Glow Assay buffer was mixed with 0.5 μl Vargulin substrate (Thermo Fisher) and added to the 96 

well plate in the dark.  The luminescence was read within 10 minutes on Spectramax i3x or iD3 
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plate readers (Molecular Devices) with the following settings: 5 s mix before read, 5 s integration 

time, 1 mm read height. 

3.3.2.3 RNA editing: All in vitro RNA editing experiments were carried out in HEK 293FT cells 

seeded in 24 well plates using 1500ng total plasmid and 2ul of commercial transfection reagent 

Lipofectamine 2000 (Thermo Fisher). Specifically, every well received 500 ng each of the N- and 

C-terminal ADAR2 fragments and the adRNA plasmids. In cases where less than 3 plasmids were 

needed, a balancing plasmid was added to keep the total amount per well as 1500 ng. Cells were 

transfected at 25-30% confluence and harvested 48 hours post transfection for quantification of 

editing. RNA from cells was extracted using the RNeasy Mini Kit (Qiagen). cDNA was synthesized 

from 500ng RNA using the Protoscript II First Strand cDNA synthesis Kit (NEB). 1ul of cDNA was 

amplified by PCR with primers that amplify about 200 bp surrounding the sites of interest using 

OneTaq PCR Mix (NEB). The numbers of cycles were tested to ensure that they fell within the 

linear phase of amplification. PCR products were purified using a PCR Purification Kit (Qiagen) 

and sent out for Sanger sequencing. The RNA editing efficiency was quantified using the ratio of 

peak heights G/(A+G). RNA-seq libraries were prepared from 250ng of RNA, using the NEBNext 

Poly(A) mRNA magnetic isolation module and NEBNext Ultra RNA Library Prep Kit for Illumina. 

Samples were pooled and loaded on an Illumina Novaseq 6000 (100 bp paired-end run) to obtain 

40-45 million reads per sample. 

3.3.2.4 Quantification of RNA-seq A-to-G editing: RNA-seq analysis for quantification of 

transcriptome-wide A-to-G editing was carried out as described in. 
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3.4 Results 

3.4.1 Deep mutational scanning of the ADAR2 deaminase domain 

To gain comprehensive insight into how mutations affect the ADAR2 deaminase domain 

(ADAR2-DD), we used deep mutational scanning (DMS), a technique that enables simultaneous 

assessment of the activities of thousands of protein variants138,139. Typically, this approach relies 

on phenotypic selection methods such as cell fitness or fluorescent reporters that result in an 

enrichment of beneficial variants and a depletion of deleterious variants. However, as RNA editing 

yields are not precisely quantifiable using surrogate readouts, we focused on directly measuring 

enzymatic activity in the screens. To do so, we linked genotype to phenotype by placing the RNA 

editing site on the same transcript encoding the deaminase variant, and ensuring every cell in the 

pooled screen received a single library element. This novel approach enabled us to perform a 

quantitative deep mutational scan of the core 261 amino acids (residues 340-600) of the ADAR2-

deaminase domain via 4959 (261x19) single amino acid variants, measuring the effect of each 

mutation on adenosine to inosine (A-to-I) editing yields (Figure 3.2.a). 

Given the large size of the deaminase domain at >750bp, the library was created using 6 

tiling oligonucleotide pools (Figure 3.2.b). These pools were cloned into a lentiviral vector 

containing the MS2 coat protein (MCP) and the remainder of the deaminase domain and a 

puromycin resistance gene (Figure 3.2.a, Figure 3.2.c). Editing sites were chosen within the 

deaminase domain, outside of the mutated residues, such that an A-to-I change would result in a 

synonymous mutation. To ensure read length coverage in next generation sequencing, members 

of the first three library pools were assayed for editing at the 5’ end while the remaining members 

were assayed at the 3’ end of the deaminase domain (Figure 3.2.b). Towards this, two HEK293FT 

clonal cell lines were created with MS2-adRNAs targeting 5’ and 3’ UAG sites integrated into 

them. The scan was carried out in cell lines harboring these MS2-adRNAs by transducing them 
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with the corresponding libraries at a low MOI (0.2-0.4). Following lentiviral transduction and 

puromycin selection, RNA was extracted from the harvested cells and reverse transcribed. 

Relevant regions of the deaminase domain were amplified from the cDNA and sequenced (Figure 

3.2.d). 4958 of the 4959 possible variants were successfully detected. The deaminase domain 

transcripts for each variant also contained the associated A-to-I editing yields, which were then 

quantified for both replicates of the DMS. 
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Figure 3.2: Overview of the ADAR2 deep mutational scan  

(a) Schematic of the deep mutational scanning approach. HEK293FT cells were transduced with the MS2-
adRNA lentiviruses at a high MOI and a single clone was selected based on mCherry expression. These 
cells bearing the MS2-adRNA were then transduced with the lentiviral library of MCP-ADAR2-DD-NES 
variants at a low MOI to ensure delivery of a single variant per cell. Upon translation in the cell, each MCP-
ADAR2-DD variant, in combination with the MS2-adRNA, edited its own transcript creating a synonymous 
change. These transcripts were then sequenced to quantify the editing efficiency associated with each 
variant. (b) Schematic of the ADAR2-DD showing oligonucleotide pools used to create the DMS library 
along with editing sites and primer binding sites. Oligonucleotide libraries 1, 2 and 3 were assayed for 
editing at the sites located at the 5’ end while libraries 4, 5 and 6 were assayed for editing at the 3’ end. 
Libraries 1 and 2 were amplified using primers 5’ seq F and 5’ seq R2, library 3 with 5’ seq F and 5’ seq R, 
library 4 with 3’ seq F and 3’ seq R and libraries 5 and 6 with 3’ seq F2 and 3’ seq R. (c) Library coverage 
of the ADAR2-DD DMS plasmids. (d) Histogram of variant counts from the DMS. 4958 of the 4959 variants 
were detected. 
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Figure 3.3: ADAR2 deep mutational scan 

(a) Heatmaps illustrating impact of single amino acid substitutions in residues 340-600 on the ability of the 
ADAR2-DD to edit a UAG motif. Rectangles are colored according to the scale bar on the right depicting 
the Z-score for editing a UAG motif as compared to the ADAR2-DD. Diagonal bars indicate standard error. 
The amino acids in the wild-type ADAR2-DD are indicated in the heatmap with a ∙. Amino acids are indicated 
on the left and grouped based on type of amino acid: positively charged, negatively charged, polar-neutral, 
non-polar, aromatic and unique. The heatmap bars at the top represent amino acid conservation score and 
surface exposure respectively. (b) Structure of the ADAR2-DD bound to its substrate (PDB 5HP3) with the 
degree of mutability of each residue as measured by the DMS highlighted. Residues that are highly 
intolerant to mutations are colored red while residues that are highly mutable are colored yellow. Residues 
not assayed in this DMS are colored white. (c) List of mutants from the pooled DMS screens were 
individually validated in an arrayed luciferase assay using a cluc reporter bearing a UAG stop codon. The 
plots represent fold change as compared to the wild-type ADAR2 for (i) the DMS screen and (ii) the arrayed 
luciferase assay. Values represent mean +/- SEM for the luciferase assay (n>2) and mean for the DMS 
(n=2). 
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The scans revealed both intrinsic domain properties, and also several mutations that 

enhanced RNA editing (Figure 3.3). Specifically: 1) As expected, most mutations in conserved 

regions 442-460 and 469-495 that bind the RNA duplex near the editing site led to a significant 

decrease in editing efficiency of the enzyme87; 2) However, mutating the negatively charged E488 

residue, which recognizes the cytosine opposite the flipped adenosine by donating hydrogen 

bonds, to a positively charged or most polar-neutral amino acids resulted in an improvement in 

editing efficiency. This is consistent with the previously discovered E488Q mutation which has 

been shown to improve the catalytic activity of the enzyme94; 3) Furthermore, most mutations to 

residues that contact the flipped adenosine (V351, T375, K376, E396, C451, R455) were 

observed to be detrimental to enzyme function87; 4) Similarly, the residues of the ADAR2-DD that 

interact with the zinc ion in the active site and the inositol hexakisphosphate (R400, R401, K519, 

R522, S531, W523, D392, K483, C451, C516, H394 and E396) were all also extremely intolerant 

to mutations123. 5) Additionally, as expected, surface exposed residues in general readily tolerated 

mutations as compared to buried residues87.  

To independently validate the results from the DMS, we individually examined 33 mutants 

from the DMS whose editing efficiencies ranged from very low to very high as compared to the 

wild-type ADAR2-DD. The mutants were assayed for their ability to repair a premature amber stop 

codon (UAG) in the cypridina luciferase (cluc) transcript140. We observed that a majority of the 

mutants (85%) followed the same trend in our arrayed validations as seen in the pooled screens 

(Figure 3.3.c). Additionally, we compared the efficiency of variants in our ADAR2-DD DMS at 

editing UAG triplets, to published mutants87,94,124 and again observed similar agreement in the 

activity of a majority of the variants (75%), together confirming the efficacy of the deep mutational 

scan. 
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3.4.2 Enhancing functionality of the ADAR2 deaminase domain 

Building on this platform (Figure 3.2.a), we next screened for domain variants that 

expanded its functionality, in particular focusing on mining mutants that improved editing at 

refractory RNA motifs such as adenosines flanked by a 5’ guanosine75,94. Towards this, two 

HEK293FT clonal cell lines were created with MS2-adRNAs targeting 5’ and 3’ GAC sites 

integrated into them. A screen was carried out in cell lines harboring these MS2-adRNAs by 

transducing them with the corresponding MCP-ADAR2-DD(E488Q) libraries at a low MOI (0.2-

0.4), evaluating the potential of 3287 mutants to edit a GAC motif. Similar to above, following 

lentiviral transduction and selection, RNA was extracted, reverse transcribed, and relevant 

regions of the deaminase domain amplified, sequenced and analyzed (Figure 3.4.a). Via this, we 

discovered a novel mutant N496F that enhanced editing at a 5’-GA-3’ motif. Interestingly, in the 

ADAR2-DD crystal structure, the N496 residue is in close proximity to the adenosine on the 

unedited strand that base pairs with the 5’ uracil flanking the target adenosine (Figure 3.4.b)87. 

We validated this mutant using a cluc luciferase reporter bearing a premature opal stop codon 

(UGA) and confirmed that the N496F, E488Q double mutant was 3-fold better at restoring 

luciferase activity as compared to E488Q alone (Figure 3.4.c). To further confirm that the N496F, 

E488Q double mutant could be used to efficiently edit adenosines flanked by a 5’ guanosine, we 

tested the ability of this mutant to edit a GAC and GAG motif in the 3’ UTR and CDS of the 

endogenous RAB7A and KRAS transcripts respectively. We observed that the double mutant 

N496F, E488Q was 2.5-fold more efficient at editing the GAC motif and 1.5-fold more efficient at 

editing a GAG motif than the E488Q (Figures 3.4.c, 3.4.d), together confirming the ability of this 

novel screening format to discover variants that expand the deaminase domain functionality. 
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Figure 3.4: 5’-GAC-3’ editing enhancer screen 

(a) Using the library chassis of the DMS, a screen of deaminase domain mutants (in an E488Q background) 
was performed to mine variants with improved activity against 5’-GA-3’ RNA motifs. (b) Structure of the 
ADAR2-DD(E488Q) bound to its substrate (PDB 5ED1) with the N496 residue highlighted in red, the E488Q 
residue in cyan, the target adenosine in green, the orphaned cytosine in magenta and the adenosine on 
the unedited strand that base pairs with the 5’ uracil flanking the target adenosine in orange. (c) (i) The 
N496F, E488Q mutant was validated in a luciferase assay using a cluc reporter bearing a UGA stop codon. 
The plot represents fold change as compared to the ADAR2-DD(E488Q). Values represent mean +/- SEM 
(n=6). (ii) Editing of a GAC motif in the 3’UTR of the RAB7A transcript, and (iii) a GAG motif in the CDS of 
the KRAS transcript. Values represent mean +/- SEM (n=3). P-values were computed using a two-tailed 
unpaired t-test. All experiments were carried out in HEK293FT cells. (d) Heatmap depicting hyper-editing 
observed with the N496F, E488Q double mutant corresponding to the RAB7A plot in Figure 2e. The red 
arrow indicates the target. 
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3.4.3 Improving specificity via splitting of the ADAR2 deaminase domain 

In addition to increasing the on-target activity of ADARs at editing adenosines in non-

preferred motifs, another challenge towards unlocking their utility as a RNA editing toolset is that 

of improving specificity. Due to their intrinsic dsRNA binding activity, overexpression of ADARs 

leads to promiscuous transcriptome wide off-targeting, and thus, when relying on exogenous 

ADARs, it is important to engineer restriction of the catalytic activity of the overexpressed enzyme 

only to the target mRNA. We hypothesized that it might be possible to achieve this by splitting the 

deaminase domain into two catalytically inactive fragments that come together to form a 

catalytically active enzyme only at the intended target (Figure 3.5.a). Since we and others have 

utilized the MS2 Coat Protein (MCP) and Lambda N (λN) systems to efficiently recruit ADARs, we 

first decided to utilize these systems to recruit the two split halves, i.e. the N- and C-terminal 

fragments of the ADAR2-DD28,120. Specifically, constructs were created with cloning sites for N-

terminal fragments located downstream of the MCP while those for the C-terminal fragments 

located upstream of the λN. Chimeric adRNAs were designed to bear a BoxB and a MS2 stem 

loop along with an antisense domain complementary to the target. Studying the sequence-

function map of the ADAR2-DD generated from the DMS (Figure 3.2.a) as well as its crystal 

structure we identified 18 putative regions for splitting the protein (Figure 3.5.b)87,141. The resulting 

18 different split-ADAR2 pairs were assayed for their ability to repair a premature amber stop 

codon (UAG) in the cypridina luciferase (cluc) transcript in the presence of the recruiting adRNA 

bearing BoxB and MS2 stem loops (Figure 3.5.c). Of these pairs 9-12 showed the best editing 

efficiency, and notably were all located within residues 465-468 which have low conservation 

scores across species87. Interestingly, this region is flanked by highly conserved amino acids 

(442-460 and 469-495). The split-ADAR2 pair 12 is hereon referred to as ADAR2-DDN and 

ADAR2-DDC. 
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Figure 3.5: Overview of the split-ADAR2 screen 

(a) Schematic of the split-ADAR2 engineering approach. (b) Sequence of the ADAR2-DD. The protein was 
split between residues labelled in red, and a total of 18 pairs were evaluated. (c) The ability of each split 
pair from (b) to correct a premature stop codon when transfected with a chimeric BoxB-MS2 adRNA was 
assayed via a luciferase assay. The pairs 1-18 correspond to the residues in red in (b) in the order in which 
they appear. The residues in (b) in bold red correspond to pairs 9-12. Values represent mean (n=2). 

We also confirmed that every component of the split-ADAR2 system was essential for 

RNA editing. Specifically, we assayed all components and pairs of components for their ability to 

restore luciferase activity. The MCP-ADAR2-DD was included as a control. We observed 

restoration of luciferase activity only when every component of the split-ADAR2 system was 

delivered, confirming that the individual components lacked enzymatic activity (Figure 3.6.a). 

Additionally, we also confirmed the importance of fragment orientation for the formation of a 
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functional enzyme. Towards this, we swapped the positions of the N- and C-terminal fragments 

and created ADAR2-DDN-MCP and λN-ADAR2-DDC in addition to the working MCP-ADAR2-DDN 

and ADAR2-DDC-λN pair.  We then tested each pair of N- and C-terminal fragments and observed 

functionality only for the MCP-ADAR2-DDN paired with ADAR2-DDC-λN (Figure 3.6.b). 

 

Figure 3.6: Optimization of the split-ADAR2 

(a) All components of the split-ADAR2 system were tested for their ability to edit RNA via the luciferase 
assay. Restoration of luciferase activity is observed only when every component is delivered. Values 
represent mean (n=2). (b) The importance of orientation of the N- and C-terminal fragments in forming a 
functional ADAR2-DD is assayed via the luciferase assay. Chimeric and non-chimeric adRNA are used to 
recruit the split-ADAR2 pairs. Values represent mean (n=2). 
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Finally, we investigated the specificity profiles via analysis of the transcriptome-wide off-

target A-to-G editing effected by this system (Figures 3.7.a, 3.7.b, 3.7.c, 3.8, 3.9). Each condition 

from Figure 3.7.a (where the endogenous RAB7A transcript was targeted) was analyzed by RNA-

seq. From each sample, we collected 25 million uniquely aligned sequencing read pairs. We then 

used Fisher’s exact test to quantify significant changes in A-to-G editing yields, relative to 

untransfected cells, at each reference adenosine site having sufficient read coverage. Notably, 

utilizing the split-ADAR2 system observed a 900-1200 fold reduction in the number of off-targets 

as compared to the MCP-ADAR2 system. Excitingly, the specificity profiles of the split-ADAR2 

system were comparable to those seen when using endogenous recruitment of ADARs via long 

antisense RNA120. 

To confirm generalizability of the results, we also tested the split-ADAR2 at two additional 

endogenous loci: an adenosine in the 3’UTR of CKB and an adenosine in the CDS of KRAS, and 

observed robust editing efficiency of the split-ADAR2 system (Figures 3.7.a, 3.7.d). To enable 

convenient delivery of the split-ADAR2 system we also created an all-in-one vector bearing a 

bicistronic ADAR2-DDC-λN-P2A-MCP-ADAR2-DDN which also enabled higher editing efficiencies 

across all three loci tested (Figures 3.7.a, 3.7.d). We also confirmed that transcriptome-wide 

specificity of targeting using the all-in-one vector (Figure 3.9). The entire split-ADAR2 system 

consisting of CMV promoter driven ADAR2-DDC-λN-P2A-MCP-ADAR2-DDN and a human U6 

promoter driven BoxB-MS2 adRNA is ~3500 bp in size and can easily be packaged into a single 

adeno-associated virus (AAV).  
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Figure 3.7: Characterization of the split-ADAR2 and specificity profiles 

(a) The components of the split-ADAR2 system based on pair 12 were tested for their ability to edit the 
RAB7A transcript. Editing was observed only when every component was delivered. Values represent 
mean +/- SEM (n=3). (b) Heatmap depicting hyper-editing observed with the split-ADAR2 system 
corresponding to the plot in Figure 4a. The red arrow indicates the target adenosine. (c) 2D histograms 
comparing the transcriptome-wide A-to-G editing yields observed with each construct (y-axis) to the yields 
observed with the control sample (x-axis). Each histogram represents the same set of reference sites, 
where read coverage was at least 10 and at least one putative editing event was detected in at least one 
sample. Bins highlighted in red contain sites with significant changes in A-to-G editing yields when 
comparing treatment to control sample. Red crosses in each plot indicate the 100 sites with the smallest 
adjusted P values. Blue circles indicate the intended target A site within the RAB7A transcript. All 
experiments were carried out in HEK293FT cells. (d) The split-ADAR2 system was assayed for editing the 
KRAS and CKB transcripts. Values represent mean +/- SEM (n=3). 
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Figure 3.8: Specificity profiles of full-length and split-ADAR2 

2D histograms comparing the transcriptome-wide A-to-G editing yields observed with each construct from 
Figure 4a (y-axis) to the yields observed with the control sample (x-axis). Each histogram represents the 
same set of 25753 reference sites, where read coverage was at least 10 and at least one putative editing 
event was detected in at least one sample. Bins highlighted in red contain sites with significant changes in 
A-to-G editing yields when comparing treatment to control sample. Red crosses in each plot indicate the 
100 sites with the smallest adjusted p-values. Blue circles indicate the intended target A-site within the 
RAB7A transcript. Large counts in bins near the lower-left corner likely correspond not only to low editing 
yields in both test and control samples, but also to sequencing errors and alignment errors. Large counts 
in bins near the upper-right corner of each plot likely correspond to homozygous single nucleotide 
polymorphisms (SNPs), as well as other differences between the reference genome and the genome of the 
HEK293FT cell line used in the experiments. 
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Figure 3.8: Specificity profiles of full-length and split-ADAR2 (continued) 
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To test if the split-ADAR2 chassis could be expanded to enable new functionalities, 

specifically C-to-U editing, we used it create a split-RESCUE system and confirmed comparable 

C-to-U RNA editing of the endogenous RAB7A transcript as the full-length MCP-RESCUE122 

(Figure 3.10.a). Since MCP and λN are proteins of viral origin we next replaced these with the 

human TAR Binding Protein (TBP) and the Stem Loop Binding Protein (SLBP) respectively to 

create a humanized split-ADAR2 system with improved translational relevance142. In the presence 

of a chimeric adRNA containing a histone stem loop and a TAR stem loop, we observed 

restoration of luciferase activity (Figure 3.10.b). This also confirmed that the split-ADAR2 could 

indeed be recruited for RNA editing using two independent sets of protein-RNA binding systems. 

 

Figure 3.9: Split-ADAR variants for C-U editing and humanized variants 

(a) A split-RESCUE was engineered based on split-ADAR2 pair 12 and assayed for C-to-U editing of the 
RAB7A transcript. Values represent mean +/- SEM (n=3). (b) Engineering of humanized split-ADAR2 
variant based on pair 12 and assayed of its ability to correct a stop codon in the cluc transcript. Values 
represent mean (n=2). All experiments were carried out in HEK293FT cells. 
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3.5 Discussion 

Towards addressing two of the fundamental challenges in using ADARs for programmable 

RNA editing, specifically, one, exogenous delivery leading to massive transcriptome-wide off-

targeting27,71,75,120, and two, poor enzymatic activity on certain RNA motifs such as those flanked 

by a 5’ guanosine75,94, we have explored in this study comprehensive ADAR2 deaminase protein 

engineering via three distinct approaches. First, we performed a novel deep mutational scan, 

comprehensively assaying all possible single amino acid substitutions of 261 residues of the 

deaminase domain for their impact on RNA editing yields. We created a sequence-function map 

of the deaminase domain that complements existing knowledge derived from prior structure and 

biochemistry-based studies and improves our understanding of the enzyme and can serve as a 

map for engineering novel ADAR2 variants with tailored activity for specific applications. Second, 

we used this novel screening chassis to also expand deaminase functionality by performing a 

domain-wide mutagenesis screen to identify variants that increased activity at 5’-GA-3’ motifs, 

and discovered novel variants that enabled robust RNA editing such as ADAR2-DD(N496F, 

E488Q). Specifically, this mutant was 1.5-2.5 fold more efficient at editing adenosines with a 5’ 

guanosine than the classic hyperactive ADAR2-DD(E488Q). Finally, third, we engineered the 

deaminase domain at the fragment level to create split deaminases each of which was inactive 

by itself but together formed a functional enzyme upon combining at the target site. Due to this 

requirement of the split-domains to assemble, the efficiency of this system was ~50-70% 

compared to full-length domain overexpression, but the split-ADAR2 tool was highly transcript 

specific (~1000 fold compared to full-length domain over expression), and notably with off-target 

profiles similar to those seen via recruitment of endogenous ADARs120. We believe that creation 

of the split-ADAR2 tool paves the way for the use of ADAR2 deaminase domain variants with 

enhanced activity discovered in our deep mutational scans towards enabling broader utility of the 



 

 71 

ADAR toolset for biotechnology and therapeutic applications. Additionally, these approaches 

could also be applied to the study and engineering of other RNA modifying enzymes143,144. 

3.6 Acknowledgements 

We thank members of the Mali lab for discussions, advice and help with experiments. This 

work was generously supported by UCSD Institutional Funds and NIH grants (R01HG009285, 

RO1CA222826, RO1GM123313, 1K01DK119687). This publication includes data generated at 

the UC San Diego IGM Genomics Center utilizing an Illumina NovaSeq 6000 that was purchased 

with funding from a National Institutes of Health SIG grant (#S10 OD026929). 

Chapter 3 in part is a reprint of the material Katrekar, D., Palmer, N., Xiang, Y., Saha, A., 

Meluzzi, D., & Mali, P. Comprehensive interrogation of the ADAR2 deaminase domain for 

engineering enhanced RNA base-editing activity, functionality and specificity. bioRxiv (2020), 

currently under peer review. The dissertation author is the primary author of the study. 

  



 

 72 

Chapter 4: Engineering adRNA for recruitment of endogenous ADARs 

4.1 Abstract 

Akin to short-hairpin RNAs and antisense oligonucleotides which efficaciously recruit 

endogenous cellular machinery such as Argonaute and RNase H to enable targeted RNA 

knockdown, we show long antisense guide RNAs can recruit endogenous adenosine deaminases 

acting on RNA (ADARs) to enable programmable A-to-I RNA editing, without requiring co-delivery 

of any exogenous proteins. This approach is highly specific, however the efficiency is typically 

lower than seen with enzyme overexpression. Conjecturing this was due in part to the short half-

life and residence times of guide RNAs, we further engineer highly stable circular ADAR recruiting 

guide RNAs (cadRNAs) that vastly improve the efficiency and durability of RNA editing. We 

demonstrate that targeting via these is highly specific at the transcriptome-wide level, and via 

further engineering to reduce bystander editing, also highly specific at the transcript level. 

Furthermore, we show these can be delivered genetically encoded via DNA, and as well via in 

vitro transcribed RNA at a fraction of the cost of chemically synthesized versions, enabling robust 

RNA editing across multiple sites and cell lines, and in both untranslated and coding regions of 

mRNAs. Additionally, in vivo delivery of cadRNAs via adeno-associated viruses (AAVs) enabled 

robust 38% RNA editing of the Pcsk9 transcript in C57BL/6J mice livers, and 12% UAG-to-UGG 

RNA correction of the amber nonsense mutation in the IDUA-W392X mouse model of 

mucopolysaccharidosis type I-Hurler (MPS I-H) syndrome. Taken together, cadRNAs enable 

highly efficacious programmable RNA editing with application across diverse protein modulation 

and gene therapeutic settings. 
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Figure 4.1: Schematic of RNA editing via endogenous ADARs 

4.2 Introduction 

Adenosine to inosine (A-to-I) RNA editing is a common post-transcriptional modification 

catalyzed by adenosine deaminases acting on RNA (ADAR) enzymes. ADARs edit double 

stranded RNA (dsRNA) predominantly in non-coding regions such as Alu repetitive elements, 

while also editing a handful of sites in coding regions76,78,84,88,106–113. The structural similarity 

between inosine and guanosine results in the translation and splicing machinery recognizing the 

edited base as guanosine, thereby making ADARs attractive tools for altering protein 

sequences25. To this end, several studies have recently repurposed the ADAR system for 

programmable RNA editing both in vitro27,28,72,114–119 and in vivo120,121 by engineering recruitment 

of ADARs to a target RNA sequence using ADAR recruiting guide RNAs (adRNAs). Although 

ADARs, and in particular ADAR1, are widely expressed throughout the body, most of these 

studies relied on exogenously delivered ADAR enzymes and their variants to achieve robust RNA 

editing efficiencies. However, as ADAR-dsRNA interactions are structure versus sequence 

dependent, a major limitation of relying on enzyme overexpression is the propensity to introduce 

a large number of off-target A-to-I edits across the transcriptome27,71,75,120. Additionally, as ADARs 
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are native to and thus not orthogonal to most mammalian systems, their overexpression can result 

in altered protein interactions that might also impact cellular physiology. Furthermore, as this 

approach relies on two components, a guide RNA and the ADAR protein, it can limit delivery 

modalities, in particular for in vivo applications. 

 
A solution to this is to engineer adRNAs to enable recruitment of endogenous ADARs. 

Towards this, we observe that it is possible to recruit endogenous ADARs using simple long 

antisense RNA of length >60 bp122. This strategy is exciting since akin to short-hairpin RNAs 

(shRNAs) and antisense oligonucleotides (ASOs) which efficaciously recruit endogenous cellular 

machinery such as Argonaute145 and RNase H146,147 to enable targeted RNA knockdown, just 

delivery of guide RNAs alone can now enable programmable A-to-I RNA editing without requiring 

co-delivery of any exogenous proteins. However, the efficiency of RNA editing via this approach 

is typically lower than seen with enzyme overexpression, thus limiting their utility in biotechnology 

and therapeutic applications. Conjecturing this was due in part to the short half-life and residence 

times of guide RNAs, we engineer highly stable circular ADAR recruiting guide RNAs (cadRNAs). 

These vastly improve the efficiency and durability of RNA editing. We demonstrate too that 

targeting via these is highly specific at the transcriptome-wide level, and via further engineering 

to reduce bystander editing, also highly specific at the transcript level. Furthermore, we show 

these can be delivered genetically encoded via DNA, and as well via in vitro transcribed RNA at 

a fraction of the cost of chemically synthesized versions. Additionally, these enable highly robust 

RNA editing in both untranslated and coding regions of mRNAs, and across multiple RNA targets 

and cell lines. Importantly, using cadRNAs, we also demonstrate for the first time robust in vivo 

RNA editing via endogenous ADAR recruitment, including in the IDUA-W392X mouse model of 

mucopolysaccharidosis type I-Hurler (MPS I-H) syndrome. 
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4.3 Materials and Methods 

4.3.1 Transfections 

Unless otherwise stated, experiments were carried out in HEK293FT cells which were 

grown in DMEM supplemented with 10% FBS and 1% Antibiotic-Antimycotic (Thermo Fisher) in 

an incubator at 37 °C and 5% CO2 atmosphere. HEK293FT cells were seeded in 24 well plates 

using 1000 ng adRNA plasmid or 48 pmol of IVT RNA and 2ul of commercial transfection reagent 

Lipofectamine 2000 (Thermo Fisher). Cells were transfected at 25-30% confluence. Plasmid 

transfection experiments were harvested 48 hours post transfections while IVT RNA experiments 

were harvested 24 hours post transfections. For 96 hour long experiments, cells were passaged 

at a 1:4 ratio, 48 hours post transfections. Chemically synthesized adRNA (Synthego or IDT) were 

transfected using Lipofectamine 3000 (Thermo Fisher) at an amount of 20 pmol/well in a 24 well 

plate. 

4.3.2 Electroporation 

K562 cells were grown in RPMI supplemented with 10% FBS and 1% Antibiotic-

Antimycotic (Thermo Fisher) in an incubator at 37 °C and 5% CO2 atmosphere. 200,000 cells 

were electroporated with 1000 ng adRNA plasmid or 48 pmol of IVT RNA using the Amaxa SF 

cell Line 4D-Nucleofector X kit (Lonza) as per the manufacturer’s instructions. 

4.3.3 In vitro transcription 

Sense RNA fragments and and circular adRNA were made by in vitro transcription using 

the HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB) as per the manufacturer's protocol. 

DNA templates for the IVT reaction carried the T7 promoter sequence at the 5’ end and were 

created by PCR amplification of the desired sequence from plasmids or cDNA. PCR products 

were purified using a PCR Purification Kit (Qiagen) and then used for IVT.  
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4.3.4 Luciferase assay  

HEK293FT cells were grown in DMEM supplemented with 10% FBS and 1% Antibiotic-

Antimycotic (Thermo Fisher) in an incubator at 37 °C and 5% CO2 atmosphere. All in vitro 

luciferase experiments were carried out in HEK293FT cells seeded in 96 well plates, at 25-30% 

confluency, using 200 ng total plasmid and 0.4 μl of commercial transfection reagent 

Lipofectamine 2000 (Thermo Fisher). Specifically, every well received 100 ng each of the Cluc-

W85X(TAG) reporter and the adRNA plasmids. At the same time, every well also received 25 

pmol siRNA. 48 hours post transfections, 20 μl of supernatant from cells was added to a Costar 

black 96 well plate (Corning). For the readout, 50 μl of Cypridina Glow Assay buffer was mixed 

with 0.5 μl Vargulin substrate (Thermo Fisher) and added to the 96 well plate in the dark.  The 

luminescence was read within 10 minutes on Spectramax i3x or iD3 plate readers (Molecular 

Devices) with the following settings: 5 s mix before read, 5 s integration time, 1 mm read height. 

4.3.5 Production of AAV vectors  

AAV8 particles were produced using HEK293FT cells via the triple-transfection method 

and purified via an iodixanol gradient. Confluency at transfection was about 50%. Two hours 

before transfection, cell media was exchanged with Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum and 100X Antibiotic-Antimycotic (Gibco). All viruses 

were produced in 5×15 cm plates, where each plate was transfected with 10 μg of pXR-8, 10 μg 

of recombinant transfer vector and 10 μg of pHelper vector using polyethylenimine (PEI) (1 μg/μl 

linear PEI in ultrapure water, pH 7, using hydrochloric acid) at a PEI:DNA mass ratio of 4:1. The 

mixture was incubated for 10 minutes at room temperature and subsequently applied dropwise 

onto the cell media. The virus was harvested after 72 hours and purified using an iodixanol density 

gradient ultracentrifugation method. The virus was then dialyzed with 1× phosphate buffered 

saline (pH 7.2) supplemented with 50 mM sodium chloride and 0.0001% Pluronic F68 (Thermo 

Fisher) using 50 kDA filters (Millipore), to a final volume of ~1 ml, and quantified by quantitative 
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PCR using primers specific to the ITR region, against a standard (ATCC VR-1616): AAV-ITR-F, 

5′-CGGCCTCAGTGAGCGA-3′; AAV-ITR-R, 5′-GGAACCCCTAGTGATGGAGTT-3′. 

4.3.6 Animal experiments  

All animal procedures were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee of the University of California, San Diego. All mice 

were acquired from Jackson Labs. AAVs were injected retro-orbitally into both C57BL/6J mice 

and IDUA-W392X mice (B6.129S-Iduatm1.1Kmke/J), 6-8 weeks of age, at a dose of 1.0E13 

vector genomes per mouse. 

4.3.7 GAG assay 

The GAG assay was performed as described in 148. Briefly, harvested mouse tissues were 

homogenized in 1 ml PBS with a syringe and 16 gauge (1.6 mm) needle. Tissue homogenates 

were then incubated on ice for 20 min with Triton X-100 added to a final concentration of 1%. 

Protein concentration in the supernatant clarified via centrifugation was estimated using the 

Bradford assay. Supernatants were digested in 1 mg/ml Proteinase K (Qiagen) for 12 h at 55 oC 

then boiled for 10 min to inactivate the enzyme. Nucleic acids were digested using Benzonase 

nuclease (Sigma) at 37 oC for 1 h followed by 10 min boiling to inactivate the enzyme. Total 

amount of GAG in each sample was measured using the Blyscan GAG assay kit (Biocolor).   

4.3.7 RNA extraction and quantification of editing 

RNA from cells was extracted using the RNeasy Mini Kit (Qiagen) while extraction from 

tissues was carried out using QIAzol Lysis Reagent and purified using Rneasy Plus Universal 

Mini Kit (Qiagen), according to the manufacturer’s protocol. 500-1000 ng RNA was incubated with 

1 μl of 5 μM of a target specific sense RNA (synthesized via IVT) at 95 oC for 3 minutes followed 

by 4 oC for 5 minutes. cDNA was then synthesized using the Protoscript II First Strand cDNA 

synthesis Kit (NEB). 1 μl of cDNA was amplified by PCR with primers that amplify about 300-600 

bp surrounding the sites of interest (outside the length of the antisense domain) using OneTaq 
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PCR Mix (NEB). The numbers of cycles were tested to ensure that they fell within the linear phase 

of amplification. PCR products were purified using a PCR Purification Kit (Qiagen) and sent out 

for Sanger sequencing. The RNA editing efficiency was quantified using the ratio of peak heights 

G/(A+G). RNA-seq libraries were prepared from 250 ng of RNA, using the NEBNext Poly(A) 

mRNA magnetic isolation module and NEBNext Ultra Directional RNA Library Prep Kit for 

Illumina. Samples were pooled and loaded on an Illumina Novaseq 6000 (100 bp paired-end run) 

to obtain 45-50 million reads per sample.  

4.3.8 Mapping of RNA-seq reads  

Sequence read pairs from stranded RNA-seq libraries were mapped to the reference 

human genome hg38 by running STAR aligner version 2.7.3a98 with the following command line 

options: --clip3pAdapterSeq AGATCGGAAGAGCACACGTCTGAACTCCAGTCA 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT (to trim Illumina adapter sequences from 

the 3′ ends of the reads in each pair), --quantMode GeneCounts (to collect read counts for each 

gene), --alignSJDBoverhangMin 1 (following ENCODE standard practice), --

peOverlapNbasesMin=10 --peOverlapMMp=0.05 (to correctly align pairs of overlapping reads), -

-outSAMmultNmax 1 (to limit output of multimapping reads), --alignEndsType EndToEnd (to avoid 

soft-clipping of reads), --outFilterMismatchNmax -1 --outFilterMismatchNoverReadLmax 0.2 --

outFilterMultimapNmax 1 (to increase the likelihood of successful alignment for reads containing 

A-to-I editing events). The genome index for STAR aligner was built using transcript annotations 

from Gencode release 32149. Each aligned read was retained for downstream analysis even when 

the corresponding mate in the pair could not be successfully aligned. Samtools version 1.1099 

was used to sort the aligned reads by genomic coordinate and to mark duplicated single or paired 

reads. The file ReadsPerGene.out.tab generated by STAR aligner contains three types of read 

counts for each gene: counts collected without considering read strands, counts based on the first 

strand of each read pair, and counts based on the second strand. The counts based on the first 
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strand were found to be zero for most genes, while the counts based on the second strand were 

comparable to the unstranded counts, thus confirming that the sequence of first (second) read in 

each pair of the stranded RNA-seq libraries had the same orientation as the first (second) cDNA 

strand, as expected from the NEBNext Ultra II Directional RNA Library Prep Kit. 

4.3.9 Quantification of changes in RNA editing  

To quantify significant changes in RNA editing, the BAM files containing reads aligned to 

the reference genome were processed as follows. Reads marked as duplicates were ignored. To 

minimize the bias of library size on statistical comparisons between different samples, the 

remaining reads from each sample were down-sampled, using samtools view with option -s, to 

the smallest number of such reads available for any sample. The down-sampling fraction used 

for each sample was calculated by dividing the smallest number of uniquely aligned reads among 

all samples by the number of uniquely aligned reads available for the sample being down-

sampled. However, reads for the control sample, which was used for all comparisons, were not 

down-sampled. 

The first step to quantify A-to-I editing events is to count the actual bases occurring on 

RNA transcripts at positions that, according to the reference genome, are expected to harbor an 

adenine base. Thus, for transcripts oriented as the forward (reverse) reference strand, base 

counts must be collected at reference A-sites (T-sites). As noted above, the first (second) read in 

each pair of the stranded RNA-seq libraries has the same orientation as the first (second) cDNA 

strand, i.e., the opposite (same) orientation as the transcript from which each cDNA molecule is 

synthesized. Also, the Illumina sequencing technology yields a pair of reads from opposite strands 

of the sequenced DNA molecule. Therefore, to handle transcripts oriented as the forward 

reference strand, base counts were collected at reference A-sites using the second (first) read in 

a pair, if that read was mapped to the forward (reverse) reference strand. Conversely, to handle 

transcripts oriented as the reverse reference strand, base counts were collected at reference T-
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sites using the first (second) read in a pair, if that read was mapped to the forward (reverse) 

reference strand. 

The C library htslib (github.com/samtools/htslib) was used to enumerate the aligned reads 

that overlapped each base position in the reference genome. Reference sites covered by less 

than ten reads were ignored. The value of the SAM tag MD, “String for mismatching positions”, 

recorded by STAR aligner in each alignment record, was used to determine the reference base 

at each position of an aligned sequence read. Base deletions and insertions relative to the 

reference genome were ignored. Sequenced bases with a Phred quality score less than 13 were 

ignored. For each sample, an initial list of base counts from reads overlapping each selected 

reference A- and T-site was generated. 

The initial lists of base counts from all samples were then used to generate a final list of 

reference A- and T-sites where such base counts were available for all samples, and where at 

least one sample had a non-zero count of G (C) at reference A-sites (T-sites). 

At each selected reference site in the final list, a pairwise comparison between the base 

counts for each treatment sample and those for the control sample was carried out using Fisher’s 

exact test, as implemented in R function fisher.test, with a 2-by-2 contingency table containing 

the counts of G (C) at reference A-sites (T-sites) in the first row, the counts of all other bases at 

those sites in the second row, the base counts for the control sample in the first column, and the 

base counts for the compared treatment sample in the second column. The resulting p-values 

were adjusted for multiple comparisons using the method of Benjamini and Hochberg150, as 

implemented in R function p.adjust. The proportion of the number of G (C) bases relative to the 

number all bases was also calculated at each A-site (T-site). Reference A-sites (T-sites) with a 

significant change in such base proportion for at least one comparison between a treatment 

sample and the control sample were selected by requiring an adjusted p-value less than 0.01 and 
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a fold change greater than 1.1 in either direction. To visually compare each treatment sample with 

the control sample, 2D histograms of the observed base proportions at all reference A- and T-

sites in the final list were generated using ggplot2151. The highlighted point in these histograms 

corresponds to the base proportions calculated, as described above, for the reference A-site at 

chr3:128814202 (1-based hg38 coordinate). 

4.4 Results 

4.4.1 Engineering long antisense adRNA for recruitment of endogenous ADARs  

To recruit endogenous ADAR enzymes, we began by systematically increasing the length 

of the antisense domain of the adRNA as the ADAR enzymes are known to have high affinity for 

long double stranded RNA120. After confirming that ADARs are indeed expressed in HEK293T 

cells, we transfected cells with long adRNA with antisense lengths upto 100 bp and we observed 

5-15% on-target editing at the RAB7A locus via delivery of only the long adRNA with antisense 

lengths of >60 bp (Figure 4.2.a). Interestingly we also observed that long antisense adRNA were 

capable of efficiently recruiting ADARs even in the absence of GluR2 domains. Further, we 

observed that delivery of long adRNA along with ADAR2 led to a significant increase in on-target 

editing along with a corresponding increase in the bystander editing at flanking adenosines 

(Figure 4.2.b). We next sought to evaluate the transcriptome-wide specificity profile of the long 

adRNAs. A 2xGluR2 100,50 sample, a 2xGluR2 100,50 with ADAR2 overexpressed and an 

untransfected HEK293FT sample were analyzed by deep RNA-seq. RNA-seq analysis showed 

the long GluR2-adRNA to be highly specific in the absence of ADAR2 overexpression with 2 

orders of magnitude lower off-targets (Figure 4.2.c). 

To confirm generalizability of this approach, long adRNAs with antisense length 100 bases 

were then tested out against 3 endogenous loci with robust editing efficiencies of 10-20% 

observed across all loci, in the absence of ADAR2 overexpression (Figure 4.3.a). However, 
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qPCRs carried out against the target mRNA showed a significant decrease in the mRNA levels 

at one of the three loci (Figure 4.3.b). We also tested out chemically synthesized adRNAs and 

once again observed endogenous recruitment of ADARs in the case of adRNAs with long 

antisense domains (Figure 4.3.c). Although the use of long antisense adRNA demonstrated that 

it was possible to recruit endogenous ADARs, its efficiency was much lower than that observed 

via enzyme overexpression and thus we sought to further engineer the adRNA. 
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Figure 4.2: Long antisense adRNA for recruitment of endogenous ADARs 

(a) U6 promoter transcribed adRNAs with progressively longer antisense domain lengths, in combination 
with zero, one or two GluR2 domains were evaluated for their ability to induce targeted RNA editing with or 
without exogenous ADAR2 expression. Values represent mean +/- SEM (n=3). Experiments were carried 
out in HEK293T cells. (b) Heatmap depicting on target RNA editing and editing in flanking adenosines of 
the RAB7A transcript by GluR2 adRNA. Mean (n=3) editing yields are depicted. (c) 2D histograms 
comparing the transcriptome-wide A-to-G editing yields observed with each construct (y-axis) to the yields 
observed with the control sample (x-axis). Each histogram represents the same set of reference sites, 
where read coverage was at least 10 and at least one putative editing event was detected in at least one 
sample. Bins highlighted in red contain sites with significant changes in A-to-G editing yields when 
comparing treatment to control sample. Red crosses in each plot indicate the 100 sites with the smallest 
adjusted P values. Blue circles indicate the intended target A site within the RAB7A transcript. Experiments 
were carried out in HEK293T cells. 
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Figure 4.3: U6 transcribed and chemically synthesized long antisense RNA 

(a) U6 transcribed long adRNAs with none or two GluR2 domains were also evaluated against multiple 
endogenous mRNA targets with or without exogenous ADAR2 expression. Editing is observed at all tested 
loci even in the absence of exogenous ADAR2 expression. Values represent mean +/- SEM (n=3). (b) The 
impact of U6 transcribed long adRNAs on target mRNA expression level was evaluated against multiple 
endogenous mRNA targets (p=0.7431, p=0.1015, p=0.3671, p=0.2086, p=0.0026, p=0.0676, unpaired t-
test, two-tailed); values represent mean +/- SEM (n=3/4). (c) Chemically synthesized adRNAs versions 
were tested against a panel of mRNAs with or without exogenous ADAR2 expression. The exact chemical 
modifications are stated in the figure along with the source of adRNA. Values represent mean +/- SEM 
(n=3). All experiments were carried out in HEK293T cells. 

 
4.4.2 Engineering circular adRNA for efficient recruitment of endogenous ADARs  

Using the long antisense guide RNA design that can recruit endogenous ADARs as the 

base format, we explored two adRNA engineering strategies to further enhance RNA editing 

efficiencies (Figure 4.4.a): one, we coupled recruiting domains that are derived from native RNAs 
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sites known to be heavily edited by ADARs; and two, we coupled domains that stabilize and confer 

increased half-life of the adRNAs. 

Towards the former we evaluated recruiting domains from the naturally occurring ADAR2 

substrate GluR2 pre-messenger RNA69,70, and Alu elements which are known substrates for 

ADAR192. The Alu adRNAs were created by positioning the antisense domain within the Alu 

consensus sequence. We screened these modified guide RNAs by assaying editing at an 

adenosine in the 3’UTR of the RAB7A transcript in HEK293FT cells. Consistent with our previous 

observations120, the GluR2 domain coupled to a short antisense of length 20bp (1xGluR2 20,6) 

was unable to recruit endogenous ADARs resulting in no detectable RNA editing, while, the long 

antisense RNAs (antisense 100,50) alone resulted in modest ~10% RNA editing. Coupling the 

GluR2 domains to the long antisense version (2xGluR2 100,50) did not enhance RNA editing 

yields, but we observed the addition of Alu domains (Alu 100,50) marginally enhanced the 

efficiency of RNA editing (1.5-fold). While significant, these designs had only modest improvement 

over the simple long antisense versions.  

We focused next on improving the persistence of the adRNAs. as this in turn could also 

impact target RNA search as well as their net target residence times. In particular, genetically 

encoded adRNAs are typically expressed via the polymerase III promoter, and thus transcribed 

guides lack a 5’ cap and a 3’ poly A tail and correspondingly have very short half-lives.  

Specifically, to improve half-lives we evaluated increasing the length of the guide RNAs (antisense 

200,100), coupling the U6+27 cassette (U6+27 100,50) which has been shown to improve stability 

of siRNA152, and engineering circularized versions of the guide RNAs (circular 100,50 and circular 

200,100) as these would be intrinsically resistant to cellular exonucleases. Specifically, leveraging 

an elegant methodology recently developed by Litke and colleagues153, we engineered circular 

ADAR recruiting guide RNAs (cadRNAs) by flanking the linear adRNAs by twister ribozymes, 
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which upon autocatalytic cleavage leave termini that are ligated by the ubiquitous endogenous 

RNA ligase RtcB to yield circularized guide RNAs. Notably, both increasing the length and the 

addition of U6+27 to the long antisense adRNA led to a 1.5-fold and 2-fold respective 

improvement in editing of the RAB7A transcript over the antisense 100,50 designs (Figure 4.4.a). 

Using circular adRNA with antisense lengths 100 bp and 200 bp (circular 100,50 and circular 

200,100), we observed a 3.5-fold improvement in efficiency over the antisense 100,50 designs 

as well as a 2-fold improvement over Alu 100,50 and U6+27 100,50 designs (Figure 4.4.a). 

Excitingly, we observed persistence of significant levels in RNA editing at both 48 hours and 96 

hours post transfection, while editing via linear guide RNAs was almost non-existent by the 96 

hour time point (Figure 4.4.b). We confirmed covalent circularization of the cadRNAs in 

HEK293FT cells via RT-PCR by designing outward facing primers that selectively amplified only 

the circularized structure (Figure 4.4.c). Finally, we confirmed that RNA editing via the circular 

guide RNAs, similar to the linear guide RNAs, was mediated by endogenous ADAR1 recruitment. 

Towards this, we performed a luciferase based reporter assay, where we assayed the guide 

RNAs for their ability to repair a premature stop codon (UAG) in the cypridina luciferase (cluc) 

transcript27 in the presence of scrambled and ADAR1 specific siRNAs. We observed a significant 

drop in luciferase activity in the presence of ADAR1 siRNA, confirming that RNA editing via long 

antisense adRNAs and circular adRNAs was dependent on endogenous ADAR1 levels (Figure 

4.4.d).  
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Figure 4.4: Engineering circular ADAR recruiting guide RNAs (cadRNAs)  

(a) A comparison of the RNA editing efficiencies in the 3’ UTR of the RAB7A transcript via various adRNA 
designs. Values represent mean +/- SEM (n=3; with respect to the antisense 100,50, left-to-right, p=0.7289, 
p=0.0226, p=0.0019, p=0.0055, p=0.0027, and p=0.0006; unpaired t-test, two-tailed). In the schematics, 
the pink strand represents the antisense domain of the adRNA while the target mRNA is in blue. The bulge 
indicates the A-C mismatch between the target mRNA and adRNA. (b) RNA editing efficiencies achieved 
48 hours and 96 hours post transfection of various adRNA designs. Values represent mean +/- SEM (n=3; 
left-to-right, p=0.0019, p=0.0027, p=0.0006 and p=0.8488, p=0.0014, p=0.0077; unpaired t-test, two-tailed). 
The 48 hour panel data is reproduced from Figure 1a. (c) RT-PCR based confirmation of adRNA 
circularization in cells. (d) The ability of adRNAs to effect RNA editing of the cluc transcript was assessed 
in the presence of an siRNA targeting ADAR1. Values represent mean +/- SEM (n=3; left-to-right, p=0.0002, 
p=0.0216 and p=0.0001; unpaired t-test, two-tailed). All experiments were carried out in HEK293FT cells. 
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We next sought to evaluate the specificity profile of cadRNAs at both the transcriptome 

wide and target transcript levels. Towards the former a circular 100,50 and a circular 200,100 

sample along with an untransfected HEK293FT sample were analyzed by deep RNA-seq. 

Notably, in contrast with enzyme overexpression where we routinely observe 103-104 

transcriptome wide off-targets120, we noted 2-3 orders of magnitude lower off-target editing via 

the cadRNAs and at levels similar to the linear long antisense guide RNAs: specifically, 11 and 

38 sites respectively with the circular 100,50 and circular 200,100 designs (Figure 4.5.a). At the 

transcript level, however, we do observe bystander editing at flanking adenosines (Figure 4.5.b). 

This is to be expected due the long dsRNA stretch created upon adRNA-target binding. By 

creating a G mismatch opposite all non-target adenosines154 we could completely eliminate this 

bystander editing, but it also led to a significant drop in the on-target editing efficiency to about 

35% of the unmodified circular 200,100 version. To address this, we thus decided to more closely 

mimic dsRNA structures of natural ADAR substrates. Specifically, we engineered 8 bp bulge loops 

positioned 6 bp upstream and 30 bp downstream of the target155. This novel design led to a 

significant reduction in bystander editing with the on-target editing being double of that achieved 

with the opposing G mismatches above (Figure 4.5.b). Next, we confirmed the robustness and 

generalizability of the cadRNA format via their ability of to successfully edit adenosines in the 

coding sequence (CDS) of three additional transcripts – GAPDH, ALDOA and DAXX in 

HEK293FT cells (Figure 4.5.c). Furthermore, in addition to delivery via a genetically encoded 

format in plasmids, we also explored if in vitro transcribed (IVT) circular adRNA would be similarly 

functional. Towards this, IVT cadRNAs were engineered by delivering to cells the twister ribozyme 

flanked adRNAs in a linear form which then underwent in situ circularization in the cells (Figure 

4.5.d). 24hrs post transfection, we observed robust editing of the RAB7A and GAPDH transcripts 

using IVT adRNAs in HEK293FTs (Figure 4.5.d) and also confirmed circularization of the IVT 

adRNAs via qPCR. Additionally, the plasmid and IVT adRNAs based editing of RAB7A in K562 
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cells using electroporation was similarly robust at 90% and 70% RNA editing yields respectively 

(Figures 4.5.c, 4.5.d). Additionally, for a majority of the tested loci we did not observe significant 

knockdown of the targeted transcripts (Figure 4.5.c). 
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Figure 4.5: In vitro efficacy of cadRNAs 

(a) (left-panel) 2D histograms comparing the transcriptome-wide A-to-G editing yields observed with a 
circular adRNA construct (y-axis) to the yields observed with the control sample (x-axis). Each histogram 
represents the same set of reference sites, where read coverage was at least 10 and at least one putative 
editing event was detected in at least one sample. Nsig is the number of sites with significant changes in 
editing yield. Points corresponding to such sites are shown with red crosses. (right-panel) A comparison of 
the number of off-targets induced by delivery of circular adRNAs, linear adRNAs, and linear adRNAs with 
co-delivered ADAR2120. All experiments were carried out in HEK293FT cells. (b) Engineered cadRNA 
designs for reducing bystander editing, and associated heatmaps of percent editing within a 60bp window 
around the target adenosine in the GAPDH and RAB7A transcripts. The positions of adenosines relative to 
the target adenosine (0) are listed below the heatmap. The strand in pink represents the antisense domain 
while the target mRNA is in blue. The target adenosine is highlighted in green while the mismatch opposite 
it is in red. Design 1: Unmodified circular 200,100 antisense. Design 2: Antisense bulges created by 
positioning guanosines opposite bystander adenosines. Design 3: Loops of size 8bp created at position -6 
and +30 relative to the target adenosine. Values represent mean % editing (n=3 for GAPDH and n=2 for 
RAB7A). All experiments were carried out in HEK293FT cells. (c) Plasmid delivered in situ cadRNA 
generation: RNA editing efficiencies across various transcripts observed in HEK293FT and K562 cells via 
plasmid delivered circular adRNA is shown. Values represent mean +/- SEM (n=3). Associated changes in 
expression levels of target transcripts as compared to levels seen in untransfected controls is also shown 
(p=0.2599, p=0.0135, p=0.1982, p=0.7871, p=5145; unpaired t-test, two-tailed). (d) In vitro transcribed 
(IVT) circular adRNA generation: Linear forms of twister ribozyme flanked circular adRNAs were transcribed 
in vitro using a T7 polymerase, purified using LiCl and transfected into cells, where they circularize in situ 
by the endogenous RNA ligase RtcB. RNA editing efficiencies across various transcripts observed in 
HEK293FT and K562 cells via IVT circular adRNA is shown. Values represent mean +/- SEM (n=3). 
Associated levels of IVT and plasmid delivered circular 200,100 adRNA targeting RAB7A measured in 
transfected HEK293FT cells is also shown. Values represent mean +/- SEM (n=3). 
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4.4.3 In vivo RNA editing via delivery of circular adRNA in C57BL6/J mice and the IDUA-

W392X mouse model of Hurler syndrome 

Given the vastly improved efficiency and durability of RNA editing via cadRNAs, we 

wondered if these could enable in vivo RNA editing. Since no co-delivery of proteins is required, 

successful demonstration here could enable a transformative gene therapeutic format, as one 

could leverage for cadRNAs, the already established delivery modalities and accruing knowledge 

from the field of shRNAs and ASOs that similarly only require delivery of nucleic acids to target 

tissues. Towards this, we first targeted an adenosine in the 3’ UTR of the mPCSK9 transcript via 

AAV8 mediated delivery of adRNAs to the mouse liver. We systematically compared RNA editing 

yields via linear U6+27 100,50, one copy of circular 200,100, and two copies of circular 200,100 

guide RNAs (Figure 4.7.a). 2 weeks post injections, we harvested mice livers and did not detect 

any editing in the PBS injected mice and the mice injected with linear U6+27 100,50 guide RNAs 

(Figure 4.7.b). Excitingly, we observed highly efficient 11% and 38% on-target editing via the 

single copy and two copy circular 200,100 guide RNAs respectively. We performed qPCR to 

confirm expression of the circular adRNA and observed that addition of a second copy of the 

circular 200,100 led to a 3-fold increase in expression levels of the guide RNAs (Figure 4.7.c). 

Importantly, we also confirmed that AAV delivered linear and circular long antisense adRNAs did 

not alter the expression levels of the mPCSK9 transcript in mice livers (Figure 4.7.d). 
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Figure 4.6: Optimization of in vivo RNA editing via endogenous ADARs in C57BL6/J mice 

(a) (i) AAV vectors used for adRNA delivery. (ii) Schematic of the in vivo experiment. (b) In vivo RNA editing 
efficiencies of the PCSK9 transcript in mice livers via systemic delivery of linear and circular adRNA 
packaged into AAV8 (p=0.0002). Values represent mean +/- SEM (n=3). (c) Relative expression levels of 
circular adRNA (p=0.0305). Values represent mean +/- SEM (n=3). (d) PCSK9 transcript levels relative to 
GAPDH (p=0.6179, p=0.6125, p=0.9323). Values represent mean +/- SEM (n=3).  
 

Building on this, we next targeted a mouse model of Hurler syndrome. Hurler syndrome is 

a form of mucopolysaccharidosis type 1 (MPS1), a rare genetic disorder which results in the 

buildup of large sugar molecules called glycosaminoglycans (GAGs) in lysosomes. This occurs 

due to a lack of the enzyme alpha-L-iduronidase which is encoded by the IDUA gene. W402X is 

a commonly occurring mutation in the IDUA gene in Hurler syndrome patients and there exists a 

corresponding mouse model bearing the IDUA-W392X mutation156,157 (Figure 4.8.a). With a goal 

to repair the IDUA-W392X premature stop codon, we packaged 2 copies of circular 200,100 guide 
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RNA into AAV8 and injected them into IDUA-W392X mice systemically. Two weeks post 

injections, we harvested mice livers and observed robust 7-17% correction of the premature stop 

codon in these mice (Figure 4.8.b). Further, we confirmed that expression of the circular.200.100 

adRNA did not alter the expression levels of the IDUA transcript (Figure 4.8.c). We also measured 

GAG levels in these mice and confirmed that GAG levels in the treated mice were about 50% that 

of the PBS injected mice, indicating partial restoration of alpha-L-iduronidase functionality (Figure 

4.8.d). 

 

 

Figure 4.7: RNA editing via endogenous ADARs in the IDUA-W392X mouse model of Hurler 
syndrome 

(a) Schematic of the IDUA-W392X mRNA and RNA editing experiment. (b) In vivo UAG-to-UGG RNA 
editing efficiencies of the IDUA transcript in mice livers via systemic delivery of linear and circular adRNA 
packaged into AAV8. Values represent mean +/- SEM (n=3). (c) IDUA transcript levels relative to GAPDH. 
Values represent mean +/- SEM (n=3; p=0.3815; unpaired t-test, two-tailed). (d) GAG content in mice livers 
of PBS injected and circular 200,100 injected IDUA-W392X mice. Wild type C57BL/6J mice were included 
as positive controls (p=0.0014). Values represent mean +/- SEM (n=3). 
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4.5 Discussion  

Use of endogenous ADARs for correction of G-to-A point mutations and premature stop 

codons carries immense therapeutic potential. However, the relatively short half-life of the 

adRNAs limits efficacy. In this study, we engineered circular guide RNAs for recruitment of 

endogenous ADARs that vastly improve the efficiency and durability of programmable RNA 

editing. This method is highly specific at the transcriptome-level, and engineering of bulge loops 

in the antisense domain also enabled high specificity at the transcript-level with significantly 

reduced bystander adenosine editing. Via AAV-delivered cadRNAs we also demonstrated for the 

first time robust in vivo RNA editing via endogenous ADAR recruitment, including in the IDUA-

W392X mouse model of mucopolysaccharidosis type I-Hurler (MPS I-H) syndrome. While an 

exciting format for RNA editing, there are several areas that merit further investigation and 

improvement, including: 1) Improving cadRNAs editing yields via coupling to additional ADAR 

recruitment domains; 2) Enhancing the ability of the antisense region to hybridize to target RNAs 

via structural pre-straining of the cadRNAs; 3) Assaying the innate immune response to circular 

adRNAs, generated both via genetically encoded vs. IVT formats, and those delivered via viral 

vs. non-viral modalities158. In particular, for the IVT formats, we anticipate introduction of modified 

RNA bases might be critical for enhancing adRNA efficacy; 4) Reducing bystander editing by 

cadRNAs while maintaining on-target editing. This could entail combining both generic as well as 

target specific approaches, for instance, integrating the loop designs and A-specific bulges; and 

5) Monitoring undesired RNAi effects. As noted both in this and our prior work (1), while a majority 

of targets maintained expression levels, for some targets clear RNAi effects were observed via 

both long-antisense adRNAs and cadRNAs, and correspondingly, modifying those guide designs 

will be critical to enable efficacious editing. Moving beyond, we anticipate circularization of guide 

RNAs might also have utility in other transcriptome and genome engineering modalities, such as 

RNAi, ASOs, and guide RNAs in CRISPR-Cas. In summary, as cadRNAs do not require the need 
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for co-delivery of any effector proteins, and as a targeting moiety also have enhanced persistence 

in cells, these have the potential for broad utility in targeted RNA editing mediated transient protein 

modulation, and correction of G-to-A point mutations and premature stop codons for therapeutic 

applications. 
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Chapter 5: Engineering a programmable adeno-associated virus (AAV) for 

gene delivery 

5.1 Abstract 

Recombinant adeno-associated viruses (AAVs) are among the most commonly used 

vehicles for in vivo gene delivery. However, their tropism is limited, and additionally their efficacy 

can be negatively affected by prevalence of neutralizing antibodies in sera. Methodologies to 

systematically engineer AAV capsid properties would thus be of great relevance. We develop an 

approach to incorporate unnatural amino acids (UAAs) on the AAV capsid that bear bio-

orthogonal chemical handles for site-specific effector tethering onto AAVs (Figure 5.1). We further 

expand this approach to enable surface programmable AAVs across multiple serotypes, 

selectively focusing on UAA incorporation without loss of AAV activity. We genetically encode 

chemical handles via these UAAs on to the capsid surface of AAV2 and AAV-DJ, which in turn 

can be used to covalently attach synthetic effector molecules, thereby imparting new features to 

the AAVs. We demonstrate robust conjugation of oligonucleotides onto the AAV capsid and 

additionally engineer viral shielding via lipid-based ‘cloaks’ that efficaciously protect the AAV 

particles from neutralizing serum.  

 
Figure 5.1: Schematic of a genetically encodable programmable AAV 

Overview of the approach for addition of an azide bearing UAA to the virus capsid and subsequent click-
chemistry based chemical linking of an effector to the UAA, further generating an immune stealth AAV. 
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5.2 Introduction 

Adeno associated viruses (AAVs) are ~4.7 kb single-stranded DNA viruses that infect 

humans and primates159. Belonging to the Parvoviridae family, the AAV classifies as a 

Dependoparvovirus genus, due to its dependence on helper viruses such as adenoviruses to 

complete its replicative cycle160. AAVs are among the most commonly used vectors for gene 

delivery, with a number of clinical trials showing promising results, including for Duchenne 

Muscular Dystrophy161, Lipoprotein Lipase (LPL) deficiency162,163 and Hemophilia B164–166 among 

others. Their lack of pathogenicity and ability to infect both dividing and non-dividing cells, while 

providing persistent levels of transgene expression makes them favorable systems for in vivo 

gene transfer. However, several challenges still need to be overcome to enable their widespread 

use as vectors for gene delivery, such as limited packaging capacity167, immunogenicity168–171, 

restricted tropism, and tissue specificity172. Furthermore, efficiency of delivery is limited by the fact 

that widespread exposure to AAVs has resulted in a significant portion of the human population 

harboring neutralizing antibodies against many of the natural AAV serotypes168–171. Engineering 

precise surface modifications on the AAVs, towards enabling tissue specific targeting and altering 

tropism or evasion of the immune system would thus be hugely beneficial for enabling efficient in 

vivo gene transfer. However, engineering such modifications is challenging as insertion of large 

peptides or biomolecules into AAV capsid proteins often results in significant loss of titer or 

functionality64–67. In this regard, chemical conjugation based approaches could be used to enable 

this aspect38,173. However, chemical conjugation based approaches for the modification of AAVs 

rely primarily on surface exposed arginine or lysine residues, and lack specificity and can impact 

viral stability174. Hence the development of a genetically encoded, chemical conjugation-based 

system for the creation of programmable AAVs would be immensely beneficial. Further, this 

programmable AAV could be harnessed for immune stealth. 
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5.3 Materials and Methods 

5.3.1 Vector design and construction 

Four gene blocks were synthesized with ‘TAG’ inserted in place of the nucleotides coding 

for the AAV2 capsid residues R447, S578, N587 and S662, and the AAV-DJ capsid residue N589 

and were inserted into the pAAV-RC2 and pAAV-DJ vectors (Cell Biolabs) respectively using 

Gibson assembly. For ETF1-E55D, the gene block encoding the protein sequence was 

synthesized and inserted downstream of a CAG promoter via Gibson assembly. 

5.3.2 Mammalian cell culture 

All HEK 293T cells were grown in Dulbecco’s Modified Eagle Medium (10%) 

supplemented with 10% FBS and 1% Antibiotic-Antimycotic (ThermoFisher Scientific) in an 

incubator at 37°C and 5% CO2 atmosphere. HEK293T cells were plated in 24-well plates for AAV 

transductions. 

5.3.3 Production of AAVs 

Large-scale production of UAA-AAVs: Virus was prepared using the protocol from the 

Gene Transfer, Targeting and Therapeutics (GT3) core at the Salk Institute of Biological Studies 

(La Jolla, CA). AAV2/DJ virus particles were produced using HEK 293T cells via the triple 

transfection method and purified via an iodixanol gradient175. The AAV2/DJ mutants were 

produced via 5 plasmid transfections. Confluency at transfection was between 80% and 90%. 

Two hours prior to transfection, DMEM supplemented with 10% FBS and 2mM N-epsilon-((2-

Azidoethoxy)carbonyl)-L-lysine was added to the HEK 293T cells. Each virus was produced in 5 

x 15 cm plates, where each plate was transfected with 7.5 μg of pXR-capsid (pAAV-RC2/DJ 

mutants), 7.5 of μg recombinant transfer vector, 22.5 μg of pAd5 helper vector, 7.5 μg of pCAG-

eTF1-E55D and 22.5 μg of pAcBac1.tR4-MbPyl (gift from Peter Schultz, Addgene #50832) 

containing the pyrrolysyl-tRNA and tRNA synthetase, using PEI (1 μg/uL linear PEI in 1xDPBS 
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pH 4.5, using HCl) at a PEI:DNA mass ratio of 4:1. The mixture was incubated for 10 minutes at 

RT and then applied dropwise onto the cells media. The virus was harvested after 72 hours and 

purified using an iodixanol density gradient ultracentrifugation method. The virus was then 

dialyzed with 1 x PBS (pH 7.2) supplemented with 50 mM NaCl and 0.0001% of Pluronic F68 

(Thermo Fisher) using 50 kDA filters (Millipore), to a final volume of ~1 mL and quantified by 

qPCR using primers specific to the ITR region, against a standard (ATCC VR-1616). 

AAV-ITR-F: 5’-CGGCCTCAGTGAGCGA-3’ and 

AAV-ITR-R: 5’-GGAACCCCTAGTGATGGAGTT-3’. 

To further quantify functional activity, flow cytometry analysis of HEK 293T cells 

transduced with UAA-AAVs delivering mCherry, was performed 48 hours post transduction using 

a FACScan Flow Cytometer and the Cell Quest software (both Becton Dickinson). 

Small-scale production: Small-scale AAV production was carried out in 6-well plates 

containing HEK 293T cells, which were co-transfected with 0.5 μg pAAV-RC2/DJ mutants, 0.5 μg 

recombinant transfer vector, and 1.5 μg pAd5 helper vector, 0.5 μg of pCAG-eTF1-E55D and 1.5 

μg of pAcBac1.tR4-MbPyl using PEI. The cells and supernatant were harvested after 72 hours, 

and the crude extract was utilized to transduce HEK 293T cells in 24 well plates. 

5.3.4 DNA extraction and Next Generation Sequencing library preparation 

gDNA from cells was extracted using DNeasy Blood and Tissue Kit (Qiagen), according 

to the manufacturer’s protocol. Next generation sequencing libraries were prepared as follows. 

Briefly, 4-10 μg of input gDNA was amplified by PCR with primers that amplify 150 bp surrounding 

the sites of interest (Supplementary Table 2b) using KAPA Hifi HotStart PCR Mix (Kapa 

Biosystems). PCR products were gel purified (Qiagen Gel Extraction kit), and further purified 

(Qiagen PCR Purification Kit) to eliminate byproducts. Library construction was done with 
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NEBNext Multiplex Oligos for Illumina kit (NEB). 10-25 ng of input DNA was amplified with 

indexing primers. Samples were then purified and quantified using a qPCR library quantification 

kit (Kapa Biosystems, KK4824). Samples were then pooled and loaded on an Illumina Miseq (150 

bp paired-end run or 150 single-end run) at 4 nM concentrations. Data analysis was performed 

using CRISPR Genome Analyzer176. 

5.3.5 AAV pseudotyping 

5.3.5.1 Alexa 594 DIBO alkyne tethering177: The AAV2/AAV-DJ wild-type and AAV2-

S578UAA/AAV-DJ-N589UAA were incubated with Alexa 594 DIBO alkyne in TBS (both 

ThermoFisher Scientific) for 1 hour at room temperature. The excess label was washed off with 

PBS. The virus particles were added to HEK 293T cells and the cells were imaged 2 hours post 

addition of the AAVs. 

5.3.5.2 Oligonucleotide tethering and DNA array: Oligos A’ and B’ (5 uM) were spotted on a 

streptavidin functionalized array (ArrayIt: SMSFM48) and incubated at room temperature for 30 

minutes178. Meanwhile, oligo A was linked to AAV2-N587UAA_mCherry/AAV-DJ-

N589UAA_mCherry via the process of click chemistry (Click-iT – ThermoFisher Scientific, 

C10276) and then washed with PBS. Next, the array was washed with PBS and the modified 

AAV2-N587UAA_mCherry/AAV-DJ-N589UAA_mCherry was added to each well, incubated at 

room temperature for 30 minutes and then washed with PBS. Finally, HEK293T cells were added 

to each well. Cells were imaged for mCherry expression 48 hours post transduction. 

5.3.5.3 Lipofectamine coat and neutralization: Oligo A was linked to AAV-DJ-N589UAA_mCherry/ 

AAV-DJ-N589UAA_gT2 NCas9/ AAV-DJ-N589UAA_CCas9 using the method mentioned above. 

The modified virus was then incubated at room temperature for 15 minutes with lipofectamine 

2000 (ThermoFisher Scientific) in OptiMEM. This was then subjected to neutralization using 

different dilutions of Pig Serum (Sigma: P9783) in a 50 μl volume made up with DMEM and 
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incubated at 37 0C for one hour. The entire volume after neutralization was added to one well of 

a 48 well plate with HEK293Ts. The cells were imaged for mCherry expression and flow cytometry 

analysis was performed 48 hours post transduction and 20,000 cells were analyzed using a 

FACScan Flow Cytometer and the Cell Quest software (both Becton Dickinson). For the editing 

experiment, 1E+5 vg/cell of each AAV-DJ-N58UAA9_gT2 NCas9 and AAV-DJ-N589UAA_CCas9 

was used. Cells were harvested 72 hours post transduction for analysis. For the experiment 

involving Triton X-100, the AAVs were incubated with 0.075% Triton X-100 for 10 minutes before 

addition onto HEK293T cells. The CCK8 viability assay was carried out 24 hours post transduction 

of HEK293T cells with AAV-DJ-N589UAA and AAV-DJ-N589UAA+oligo+lipofectamine. 

5.3.5.4 Electrophoric Mobility Shift Assay (EMSA) and Western blot: Oligo A was linked to 2E+11 

vg of AAV-DJ-N589UAA (AAV-DJ served as the negative control) via the process of click 

chemistry (Click-iT – ThermoFisher Scientific, C10276) and then washed with PBS. For EMSA, 

the samples were denatured and run on a 4-15% gel and stained with coomassie blue. For the 

western blot, the non-denatured samples were run on a 4-15% gel and transferred to a 

nitrocellulose membrane. The membrane was first probed with an OligoA’-Biotin conjugate, 

incubating it at room temperature for 1 hour, followed by 3 TBST washes and the addition of a 

streptavidin-HRP, incubating it for one hour. 

5.4 Results 

5.4.1 Engineering unnatural amino acid modified AAVs (UAA-AAVs) 

The AAV capsid is a self-assembled structure, made up of three capsid proteins - VP1, 

VP2 and VP3 in a 1:1:10 molar ratio, for a total of 60 subunits which are arranged in an icosahedral 

symmetry, with a triangulation number of 1179. These capsid proteins are transcribed from the cap 

gene and contain overlapping C-terminal residues. Leveraging the availability of the AAV2 crystal 

structure, we computationally identified accessible amino acid residues on the surface of the 
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AAV2 as potential candidates for UAA incorporation. Based on this, we focused on the residues 

R447, S578, N587 and S662 (VP1 numbering scheme) (Figure 5.2.a)179. Positions S578 and 

N587 are located in the basic cluster that the AAV uses to bind a key cellular receptor, Heparan 

Sulfate Proteoglycan (HSPG), while residues R447 and S662 are surface residues located in the 

putative loop regions of VP364–67. Since the use of orthogonal translation systems has made UAA 

incorporation possible at reassigned stop codons180,181, these capsid residues were individually 

replaced with the amber stop codon, TAG. Next, we co-translationally incorporated an UAA, 

specifically an azide modified pyrrolysine derivative - N-epsilon-((2-Azidoethoxy)carbonyl)-L-

lysine into the three capsid proteins VP1-3 at the amber stop codon, by utilizing the orthogonal 

pyrrolysyl-tRNA/aminoacyl-tRNA synthetase (tRNA/aaRS) pair182–184, after carrying out careful 

optimizations with a GFP-TAG reporter (Figure 5.3). The azide modified pyrrolysine derived UAA 

was chosen for incorporation to leverage the fact that it can undergo an azide-alkyne Huisgen 

cycloaddition (click chemistry) reaction with an alkyne conjugated effector185,186. Three days post 

transfection, the relative infective titers of the mutants carrying the mCherry transgene, both in 

the presence and absence of 2 mM UAA, were measured by the transduction of HEK293T cells 

and quantifying the mCherry positive cells. No infective AAV2 mutants were produced in the 

absence of the UAA (Figure 5.2.b).  

To facilitate a broader usage of the system, especially for in vivo applications requiring 

high viral titers, we next focused on engineering the AAV-DJ capsid. Created using the method 

of molecular evolution via DNA family shuffling, the AAV-DJ is a chimera of AAV serotypes 2, 8 

and 9, with 92% sequence homology to AAV2187,188. Compared to AAV2, AAV-DJ yields ~10 fold 

higher titers and it outperforms AAV2 in the transduction of multiple cell lines as well as in the 

livers of naïve mice188. Since we found the infectivity of the AAV2-N587UAA mutant to be similar 

to the wild-type AAV2, we created a corresponding AAV-DJ-N589UAA version. As anticipated, 

the AAV-DJ-N589UAA exhibited 5 to 15-fold higher titers than the AAV2-N587UAA (Figure 5.2.c). 
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Since the UAA incorporation machinery competes with the endogenous machinery for translation 

termination, we also co-transfected an Eukaryotic Translation Termination Factor 1 (eTF1) mutant 

(E55D) which resulted in a further 3 fold increase in AAV titers (Figure 5.2.d)183. Further, we 

confirmed that the incorporation of an UAA at the AAV2-N587 and AAV-DJ-N589 residues did not 

significantly alter AAV infectivity (Figure 5.2.e). 
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Figure 5.2: Incorporation of an unnatural amino acid (UAA) into the AAV capsid 

(a) Locations of the surface residues assayed for replacement with UAAs (VP1 residues numbered). (b) 
Relative infective titers of the AAV2 mutants in the presence and absence of 2 mM UAA, quantified via the 
transduction of HEK293T cells and subsequent mCherry exprssion (n=3 independent replicates, cells 
transduced with equal volumes of virus) (error bars are +/- SEM). (c) Comparison of the viral titers of AAV2-
N587UAA and AAV-DJ-N589UAA (error bars are +/- SEM). (d) In the presence of eTF1-E55D a 3-fold 
increase in UAA-AAV titers was observed for both AAV2 and AAV-DJ (Error bars are SEM). (e) 
Confirmation that UAA incorporation does not negatively affect AAV activity (n=3 independent replicates; 
experiments performed in HEK293Ts at varying vector genome containing particles (vg)/cell) (error bars 
are +/- SEM). 
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Figure 5.3: Optimization of unnatural amino acid incorporation via premature stop codons 

(a) UAA incorporation into a GFP reporter sequence bearing a TAG stop site at Y39: Fluorescence images 
of HEK293T cells 48 hours post transfection are depicted under different experimental conditions: negative 
control, wt-GFP transfection, and GFP-Y39TAG reporter cum tRNA and tRNA synthetase transfection in 
the absence or presence of 2mM UAA. UAA incorporation in the latter condition restores robust GFP 
expression. (b) Role of synthetase amount on UAA incorporation: optimization of the amount of tRNA and 
tRNA synthetase plasmid relative to the reporter plasmid (2mM UAA) was performed. A 5:1 mass ratio 
showed nearly 5-fold higher UAA incorporation as compared to a 1:1 mass ratio of tRNA and tRNA 
synthetase to the reporter plasmid (Error bars are SEM). (c) Optimization of UAA concentration on UAA 
incorporation: a range of UAA concentrations in the presence of 5:1 mass ratio of tRNA and tRNA 
synthetase to the reporter plasmid were evaluated. No significant difference in incorporation efficiencies 
was observed, although at high concentrations of UAA there was greater cell death observed in the cultures 
(Error bars are SEM). 

 
5.4.2 Conjugating oligonucleotides onto UAA-AAVs 

Next, to confirm UAA incorporation and engineer new functionality on the AAV-DJ capsid, 

both the wild-type AAV-DJ and the AAV-DJ-N589UAA were treated with an alkyne bearing 

oligonucleotide (10 kDa) in the presence of copper (Cu+2) and then resolved via SDS-PAGE, 

followed by Coomassie staining of the gel (Figures 5.4.a, 5.4.b). We observed a shift in band 
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size of all the three capsid proteins of AAV-DJ-N589UAA, but not wild-type AAV-DJ, confirming 

the presence of an azide moiety in all the three capsid proteins as well as the successful tethering 

of the oligonucleotide onto the capsid proteins. In addition, we also resolved the alkyne-

oligonucleotide treated wild-type AAV-DJ and AAV-DJ-N589UAA on a non-denaturing gel, 

transferred it to a nitrocellulose membrane and utilized a complementary oligonucleotide 

conjugated to biotin as a primary probe. Upon the addition of streptavidin-HRP, a band was 

obtained only in the case of the UAA modified AAV but not the wild-type AAV-DJ (Figure 5.4.c). 

Both these assays not only confirmed the incorporation of the UAA, N-epsilon-((2-

Azidoethoxy)carbonyl)-L-lysine, onto the AAV capsid but also confirmed successful 

oligonucleotide tethering. Next, we treated the wild-type AAV2 and the AAV2-S578UAA with a 

strained alkyne-fluorophore, Alexa 594 DIBO alkyne, and added the conjugated viruses to 

HEK293T cells. 2 hours post addition of the AAVs, fluorescence imaging confirmed accumulation 

of fluorescent particles on the HEK293T cells only for AAV2-S578UAA (Figure 5.4.d). This 

confirmed the azide moiety was exposed on the surface of the AAV particles and accessible for 

chemical modification. Furthermore, leveraging the ability of the DNA in the oligo-AAV to undergo 

sequence-specific hybridization, we tethered an alkyne-oligonucleotide (label-A) onto the AAV-

DJ-N589UAA delivering the mCherry transgene and added the oligonucleotide A pseudotyped 

AAV to a DNA array bearing complementary and non-complementary oligonucleotides label-A’ 

and label-B’ respectively, in a checkerboard arrangement. Indeed, we observed selective capture 

of the oligonucleotide A pseudotyped AAVs only on DNA array spots bearing complementary 

oligonucleotide A’, as visualized by the mCherry expression in HEK293T cells cultured on 

corresponding array spots (Figure 5.4.e). Together, these experiments confirmed the precise 

incorporation of UAAs with a functional azide group onto the surface of AAVs (hereafter referred 

to as UAA-AAVs), and the subsequent successful functional coupling of oligonucleotides via UAA 

mediated click chemistry to generate oligo-AAVs. 
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Figure 5.4: Characterization of the UAA-AAV 

(a) Coomassie stain of SDS-PAGE resolved capsid proteins of AAV-DJ and AAV-DJ-N589UAA. (b) 
Coomassie stain of SDS-PAGE resolved capsid proteins of AAV-DJ and AAV-DJ-N589UAA following 
treatment with an alkyne-oligonucleotide (10 kDa). (c) Coomassie stain and western blot of the non-
denatured AAV-DJ and AAV-DJ-N589UAA following treatment with an alkyne-oligonucleotide, and probed 
with a complementary oligonucleotide-biotin conjugate followed by streptavidin-HRP. (d) Fluorophore 
pseudotyping of AAVs via Alexa594 DIBO alkyne: successful linking onto the virus confirmed via 
fluorescence visualization of the virus 2 hours post addition of AAVs onto HEK293T cells (scale bars: 250 
μm). (e) Oligonucleotide pseudotyping of AAVs via alkyne-tagged oligonucleotide: selective capture on 
DNA spots (arrayed in a checkerboard fashion) of AAVs bearing corresponding complementary 
oligonucleotides, evidenced via specific viral transduction of HEK293T cells dispersed on those spots (scale 
bars: 250 μm). 

 
5.4.3 Engineering AAVs resistant to neutralizing antibodies 

As prevalence of AAV neutralizing antibodies in sera is a major obstacle to the effective 

use of AAVs as vectors for gene delivery in vivo, we next employed our system to engineer 

surface modifications that enable resistance to serum based antibodies (Figure 5.5.a). Towards 
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creating such a ‘cloaked AAV’, we utilized the UAA based chemical handles on the AAV surface 

to tether a host of alkyne conjugated small molecules and polymers189,190 and assayed their 

effectiveness in cloaking the AAVs from neutralizing antibodies present in pig serum191. 

Specifically, following click chemistry with a variety of moieties, the pseudotyped AAVs bearing a 

mCherry transgene, were incubated with pig serum prior to the transduction of HEK293T cells. 

These were then quantified for mCherry expression after 72 hours. We observed that although 

0.5 kDa and 4 kDa polyethylene glycol (PEG) molecules provided moderate shielding against the 

neutralizing antibodies, they however proved to be ineffective at higher concentrations of pig 

serum. Instead, lipofectamine coated oligo-AAVs demonstrated robust activity across the full 

range of pig serums. To create these lipid-coupled oligo-AAVs, oligonucleotides were first 

tethered onto the AAV-DJ-N589UAA via click-chemistry and the oligonucleotide-pseudotyped 

AAVs were then incubated with lipofectamine, a commercial lipid-based transfection reagent. The 

oligonucleotide pseudotyping was an essential step as it provided the net negative charge that 

enables lipofectamine complexing. This resulted in the formation of a ‘cloaked AAV’ that retained 

complete activity at pig serum concentrations, while the wild-type AAV-DJ, AAV-DJ-N589UAA 

and AAV-DJ-N589UAA+lipofectamine were completely neutralized (Figure 5.5.b). Incubation of 

the cloaked AAVs with 0.075% Triton X-100 led to a downward shift in the neutralization curve, 

indicating some degree of disruption of the lipofectamine shield in presence of the detergent 

(Figure 5.5.c). We also compared the transduction efficiencies of AAV-DJ-N589UAA and the 

‘cloaked AAV’ in a variety of cell lines and observed equal or moderately increased transduction 

efficiency across most tested cell lines (Figure 5.5.d) and no overt cytotoxicity in HEK293Ts 

(Figure 5.5.e). As AAVs are commonly utilized as gene delivery vehicles, we next also confirmed 

the ability of the UAA-AAVs, oligo-AAVs and ‘cloaked AAVs’ to deliver CRISPR effectors (Figure 

5.5.f). Towards this we packaged the split-SpCas9 system192,193 into the modified AAVs and tested 

them in vitro, by targeting the endogenous AAVS1 locus in HEK293Ts, and indeed achieved 
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robust editing rates (Figure 5.5.g). These experiments confirm that UAA incorporation does not 

compromise the ability of the modified AAVs to package large DNA payloads. Furthermore, the 

‘cloaked AAVs’ displayed nearly 4-fold higher AAVS1 editing rates than the UAA-AAVs. 
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Figure 5.5: Engineering the UAA-AAV to resist neutralizing antibodies 

(a) Representation of a ‘cloaked AAVs’ resistant to antibody neutralization. (b) Relative activity of AAVDJ 
and AAVDJ-N589UAA viruses tethered to a range of small molecule and polymer moieties post exposure 
to pig serum assayed via AAV-mCherry based transduction of HEK293T cells (n=4 independent replicates). 
(c) Relative activity of AAV-DJ, AAV-DJ-N589UAA and AAV-DJ-N589UAA+oligo+lipofectamine viruses 
post incubation with 0.075% Triton X-100 followed by pig serum assayed via AAV-mCherry based 
transduction of HEK293T cells (Error bars are SEM). (d) Transduction efficiency of the AAV-DJ-N589UAA 
and AAV-DJ-N589UAA+oligo+lipofectamine across a variety of cell lines (Error bars are SEM). (e) Cell 
viability of HEK293Ts measured via the CCK8 assay 24 hours post transduction with AAV-DJ-N589UAA 
and AAV-DJ-N589UAA+oligo+lipofectamine (the absorbance for the CCK8+Media control was 0.17 AU) 
(Error bars are SEM). (f) Schematic of a Cas9 packaged into a UAA-AAV. (g) AAVS1 editing rates (% NHEJ 
events) of AAV-DJ-N589UAA, AAV-DJ-N589UAA+oligo, and AAV-DJ-N589UAA+oligo+lipofectamine in 
HEK293T cells (1E+5 vg/cell). 
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5.5 Discussion 

Collectively, we believe that our oligo-AAV approach paves the way for programmable 

control of AAV surface properties, thereby enabling a systematic evaluation of effectors for 

engineering AAVs with novel surface properties. Specifically, we demonstrated the successful 

incorporation of an UAA on the surface of the AAV and used it to couple oligonucleotides, and 

notably further engineered ‘cloaked AAVs’ that are resistant to serum based neutralizing 

antibodies. We also incorporated a split-Cas9 system into the UAA-AAVs, oligo-AAVs, and 

‘cloaked AAVs’ and demonstrated robust editing of the endogenous AAVS1 locus. Future studies 

will focus on the lipid based shielding mechanism of the ‘cloaked AAVs’ to better understand the 

shielding mechanism. Furthermore, altered cellular entry, lipid based cytotoxicity, and its impact 

on AAV functionality will need to be systematically evaluated. In vivo studies to understand the 

stability and tropism of the ‘cloaked AAVs’ as well as their neutralization kinetics will also be critical 

in this regard. We recognize a potential limitation of our system, in that, we observe UAA based 

capsid modifications typically lead to 1.5–5 fold lower viral titers. With optimization of AAV 

production parameters we however anticipate these aspects will be progressively addressed. 

Taken together, we believe that this programmable system opens the door for the site-

specific addition of a spectrum of molecules that can be employed for modulation of AAV activity. 

Tethering of oligonucleotides will enable us to leverage properties of DNA aptamers which have 

a high affinity for molecules such as proteins, nucleotides, drugs, and other small molecules. 

These oligonucleotides could potentially be used towards overcoming the problem of the host 

immune response such as by enabling AAV shielding against neutralizing antibodies as 

demonstrated here. They could also be used to achieve tissue specific AAV targeting by taking 

cues from aptamer-nanoparticle or other aptamer-virus conjugates that have been used to 

selectively target specific cell types. As the UAA-AAV technology and oligonucleotide coupling 



 

 115 

combines the benefits of genetic and non-genetic capsid engineering approaches, and also the 

potential of leveraging DNA nanotechnology methodologies, we believe that this platform will find 

broad applications both in basic studies of AAV biology as well as in AAV engineering 

applications. 
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Chapter 6: Conclusions and outlook 

6.1 Clinical Applications 

G(C)-to-A(T) point mutations constitute 47% of the 33,000 pathogenic SNPs identified in 

the human genome3,13,194. These include missense and nonsense mutations in the coding region 

as well as mutations in non-coding regions affecting transcript stability, splicing and translation. 

Half of these disease-causing mutations can theoretically be corrected by A-to-I (A-to-G) editing 

of relevant transcripts. Compared to DNA editing195, editing RNA may present some advantages 

moving into the clinic. Whereas genomic changes are usually irreversible, RNA edits can be 

reversed simply by stopping the administration of editing constructs in case any toxicity or 

unwanted effects of the therapy are observed. Because no permanent genomic changes are 

made by RNA editing, it might be possible to reach a broader population of patients, since 

concerns over ethics and safety of genome editing persist. In addition, the A-to-I RNA editing 

enzymes, namely ADARs, are of human origin and a subset of RNA editing systems utilize only 

human proteins, circumventing concerns about immunogenicity towards the effector systems18,19. 

Furthermore, recruitment of endogenous ADARs with long antisense adRNAs for targeted RNA 

editing has great promise as it is likely to be completely non-immunogenic. 

The idea of programmable RNA editing for correction of point mutations in vivo was put 

forth by Woolf and co-workers over 20 years ago25. Since then, significant progress has been 

made toward understanding the biology of RNA editing via ADARs as well as its prevalence in 

the transcriptome78-95  but the use of RNA editing in therapeutics has been limited. However, since 

2013, RNA-guided adenosine deaminases have been applied for the correction of premature stop 

codons in CFTR and PINK1 reporter mRNA, which are responsible for causing cystic fibrosis and 

Parkinson’s disease respectively28,69. ADARs have also been used to correct the PiZZ mutation, 

which is the cause of α1-antitrypsin deficiency, in reporter mRNA116. AAV mediated delivery of 

RNA-guided adenosine deaminases has been shown to efficiently correct a point mutation in the 
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endogenous MECP2 transcript of primary neurons harvested from a mouse model of Rett 

syndrome196. In chapter 2, we took this a step further, demonstrating for the first time, the potential 

of AAV-delivered ADARs+adRNA for in vivo gene therapy. We repaired disease-causing 

premature stop codons and splice site mutations in mouse models of Duchenne muscular 

dystrophy (DMD) and ornithine transcarbamylase (OTC) deficiency respectively, leading to partial 

restoration of protein levels120. Additionally, in chapter 3, we corrected a premature stop codon in 

a mouse model of mucopolysaccharidosis type I-Hurler (MPS I-H) syndrome establishing for the 

first time, the potential of AAV-delivered adRNA for in vivo gene therapy, via recruitment of 

endogenous ADARs197. This work demonstrates the promise of the RNA editing technology for 

therapeutic correction of point mutations.  

6.2 Off-target Editing 

The most pressing problem associated with the safety of therapeutic RNA editing is off-

target editing. Editing of non-targeted transcripts will lead to undesired changes in the 

transcriptome, including changes of codons, splice sites as well as transcript stability. These could 

cause deficiency, overabundance or misfunction of proteins, as well as potential generation of 

immunogenic epitopes. Currently, robust RNA editing of disease-causing endogenous transcripts 

has been demonstrated using overexpressed ADARs. However, all these approaches result in 

off-target editing both within the adRNA-target-RNA duplex and across the transcriptome. In 

chapter 2, we observed that nuclear sequestration of the ADAR enzymes greatly reduces 

transcriptome wide off-targets. In chapter 4, we addressed the issue of transcriptome wide off-

target editing by engineering long antisense adRNA and their circular variants to efficiently recruit 

endogenous ADAR enzymes to target mRNA197. Making use of the endogenous ADAR enzymes 

creates minimum perturbation to the cells as it does not rely on enzyme overexpression and 

thereby is highly transcript specific. However, for enabling gene therapy in tissues with low ADAR 

activity or towards editing non-preferred motifs, overexpression of ADAR enzymes and their 
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variants will be essential. To address this issue, in chapter 3, we also created a split-ADAR2 

system, composed of two catalytically inactive fragments that come together at the intended 

target, enabling RNA editing with exquisite specificity198. 

6.3 Editing non-preferred motifs 

It is well known that the extent of editing at a particular adenosine depends on the 

sequence context. Human ADAR1 and ADAR2 enzymes have a 5’ neighbor preference of 

U>A>C>G and a 3’ neighbor preference of G>C=A>U and G>C>U=A respectively88. This makes 

it extremely difficult to edit 5’-GAN-3’ triplets. In chapter 3, we carried out a deep mutational scan 

of the ADAR2 deaminase domain to improve our understanding of enzyme activity and discovered 

several highly active enzyme variants. We discovered a mutant, ADAR2 (E488Q, N496F), that is 

highly efficient at editing 5’-GAN-3’ triplets198.  

6.4 In vivo Delivery 

Delivery is another issue which affects the efficiency and safety of therapeutic RNA 

editing. RNA editing is transient and re-administration of editing constructs is likely to be 

necessary due to the limited lifetime of both the edited transcripts and the RNA-guided adenosine 

deaminases. AAV delivery can potentially achieve long-term expression of the editing constructs 

and thereby minimize the frequency of administrations, but immunity acquired against AAVs might 

prevent efficient subsequent AAV administration. Furthermore, there have been reports of existing 

immunity against certain AAV serotypes in the population199, potentially rendering even the initial 

therapeutic administration ineffective for a large fraction of the patient population. Additionally, to 

enable systemic administration, AAV tropism must be restricted to certain tissue types. On the 

other hand, synthetic liposomes have very low immunogenicity, but are generally unstable in vivo. 

Coupled with low in vivo transfection efficiency for many tissues, lipid-mediated delivery may 
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require more frequent and higher doses, which may then magnify the cytotoxicity of the lipids, off-

target editing and targeting of undesired tissues.  

In chapter 5, we addressed some issues of AAV mediated delivery by developing a 

genetically encodable, programmable AAV. We engineered it to evade neutralization via pre-

existing antibodies in the serum. This programmable AAV could also be utilized for engineering 

tissue specific tropism29.  

6.5 Immunogenicity 

Immunogenicity could be problematic in terms of both in vivo efficiency and safety. ADARs 

have typically been recruited to their target by tethering them to proteins such as MCP, LN and 

Cas13 which are proteins of viral or bacterial origin. Given that re-administration of editing 

constructs is likely to be necessary due to the transient nature of RNA editing and limited 

persistence of the RNA editing tools, immunity against foreign proteins (in addition to any 

immunogenic delivery vehicle) may develop after the first administration and decrease the 

effectiveness of subsequent doses. Furthermore, the immune reaction towards foreign proteins 

can cause serious safety concerns200. In chapter 2, we demonstrated the utility of the full length 

human ADAR2 and its hyperactive variant at editing point mutations in mouse models of human 

disease. While effective, overexpression of full-length ADAR2 leads to significant transcriptome 

wide off-target editing. Thus, in chapter 3, we developed a fully humanized split-ADAR2 system 

by utilizing human protein-RNA interactions to recruit the ADAR2 fragments to the target mRNA 

while curbing the off-target editing198. In chapter 4, we also utilized long antisense RNA and their 

circular variants to recruit endogenous ADARs thereby circumventing the issue of immunogenicity 

due to enzyme overexpression197. In chapter 5, we also addressed the issue of immunogenicity 

against the AAV itself, by engineering an AAV that evades neutralization via pre-existing 

antibodies in the serum29.  
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6.6 Future scope 

Moving forward, the circular adRNAs for recruitment of endogenous ADARs, offer great 

promise for gene therapy. As ADAR1 is widely expressed across a variety of tissue types, the 

focus should be on further optimizing the circular adRNA designs to recruit ADAR1 for efficient 

and precise editing of disease-causing mutations across most tissues without the requirement for 

deaminase overexpression. In addition, in tissues such as the cerebellum and lung, where ADAR2 

is highly expressed, delivery of circular forms of GluR2-adRNAs could effect efficient RNA editing. 

Although chemically modified ASOs have shown great promise in giving rise to efficient editing in 

multiple cell types, the cost of manufacturing these chemically modified ASOs is immense. 

Additionally, RNA editing via these chemically modified ASOs is dependent on interferon 

stimulation to boost ADAR1 levels. Taken together, we believe that the utilization of genetically 

encodable circular adRNAs (delivered as DNA or RNA) to recruit endogenous ADARs would 

provide a safe, scalable and cost-effective therapeutic route for RNA editing technology201. In 

addition, several known cytidine deaminases such as APOBECs have natural mRNA 

substrates202. Theoretically, a similar programmable C-to-U RNA editing could be developed 

utilizing a guide RNA consisting of both a cytidine-deaminase-recruiting domain and a targeting 

domain. If successful, this will have the potential to expand the scope of point mutations 

correctable at the transcriptomic level. 
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Appendix 

DNA sequences from Chapter 2 

 

CMV promoter + Kozak sequence 

ATACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATG

GAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAAT

AATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTG

CCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCC

TGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTAC

CATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACC

CCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA

TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGC

CTGGAGACGCCATCCACGCTGTTTTGACCTCCATAGAAGACACCGGGACCGATCCAGCCTCCGGACTCTAGAGGATC

GAACCCTTAAGgccacc 

 

ADAR2 

ATGGATATAGAAGATGAAGAAAACATGAGTTCCAGCAGCACTGATGTGAAGGAAAACCGCAATCTGGACAACGTGTC

CCCCAAGGATGGCAGCACACCTGGGCCTGGCGAGGGCTCTCAGCTCTCCAATGGGGGTGGTGGTGGCCCCGGCAGAA

AGCGGCCCCTGGAGGAGGGCAGCAATGGCCACTCCAAGTACCGCCTGAAGAAAAGGAGGAAAACACCAGGGCCCGTC

CTCCCCAAGAACGCCCTGATGCAGCTGAATGAGATCAAGCCTGGTTTGCAGTACACACTCCTGTCCCAGACTGGGCC

CGTGCACGCGCCTTTGTTTGTCATGTCTGTGGAGGTGAATGGCCAGGTTTTTGAGGGCTCTGGTCCCACAAAGAAAA

AGGCAAAACTCCATGCTGCTGAGAAGGCCTTGAGGTCTTTCGTTCAGTTTCCTAATGCCTCTGAGGCCCACCTGGCC

ATGGGGAGGACCCTGTCTGTCAACACGGACTTCACATCTGACCAGGCCGACTTCCCTGACACGCTCTTCAATGGTTT

TGAAACTCCTGACAAGGCGGAGCCTCCCTTTTACGTGGGCTCCAATGGGGATGACTCCTTCAGTTCCAGCGGGGACC

TCAGCTTGTCTGCTTCCCCGGTGCCTGCCAGCCTAGCCCAGCCTCCTCTCCCTGTCTTACCACCATTCCCACCCCCG
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AGTGGGAAGAATCCCGTGATGATCTTGAACGAACTGCGCCCAGGACTCAAGTATGACTTCCTCTCCGAGAGCGGGGA

GAGCCATGCCAAGAGCTTCGTCATGTCTGTGGTCGTGGATGGTCAGTTCTTTGAAGGCTCGGGGAGAAACAAGAAGC

TTGCCAAGGCCCGGGCTGCGCAGTCTGCCCTGGCCGCCATTTTTAACTTGCACTTGGATCAGACGCCATCTCGCCAG

CCTATTCCCAGTGAGGGTCTTCAGCTGCATTTACCGCAGGTTTTAGCTGACGCTGTCTCACGCCTGGTCCTGGGTAA

GTTTGGTGACCTGACCGACAACTTCTCCTCCCCTCACGCTCGCAGAAAAGTGCTGGCTGGAGTCGTCATGACAACAG

GCACAGATGTTAAAGATGCCAAGGTGATAAGTGTTTCTACAGGAACAAAATGTATTAATGGTGAATACATGAGTGAT

CGTGGCCTTGCATTAAATGACTGCCATGCAGAAATAATATCTCGGAGATCCTTGCTCAGATTTCTTTATACACAACT

TGAGCTTTACTTAAATAACAAAGATGATCAAAAAAGATCCATCTTTCAGAAATCAGAGCGAGGGGGGTTTAGGCTGA

AGGAGAATGTCCAGTTTCATCTGTACATCAGCACCTCTCCCTGTGGAGATGCCAGAATCTTCTCACCACATGAGCCA

ATCCTGGAAGAACCAGCAGATAGACACCCAAATCGTAAAGCAAGAGGACAGCTACGGACCAAAATAGAGTCTGGTGA

GGGGACGATTCCAGTGCGCTCCAATGCGAGCATCCAAACGTGGGACGGGGTGCTGCAAGGGGAGCGGCTGCTCACCA

TGTCCTGCAGTGACAAGATTGCACGCTGGAACGTGGTGGGCATCCAGGGATCCCTGCTCAGCATTTTCGTGGAGCCC

ATTTACTTCTCGAGCATCATCCTGGGCAGCCTTTACCACGGGGACCACCTTTCCAGGGCCATGTACCAGCGGATCTC

CAACATAGAGGACCTGCCACCTCTCTACACCCTCAACAAGCCTTTGCTCAGTGGCATCAGCAATGCAGAAGCACGGC

AGCCAGGGAAGGCCCCCAACTTCAGTGTCAACTGGACGGTAGGCGACTCCGCTATTGAGGTCATCAACGCCACGACT

GGGAAGGATGAGCTGGGCCGCGCGTCCCGCCTGTGTAAGCACGCGTTGTACTGTCGCTGGATGCGTGTGCACGGCAA

GGTTCCCTCCCACTTACTACGCTCCAAGATTACCAAGCCCAACGTGTACCATGAGTCCAAGCTGGCGGCAAAGGAGT

ACCAGGCCGCCAAGGCGCGTCTGTTCACAGCCTTCATCAAGGCGGGGCTGGGGGCCTGGGTGGAGAAGCCCACCGAG

CAGGACCAGTTCTCACTCACGCCCTGA 

 

ADAR2(E488Q) 

ATGGATATAGAAGATGAAGAAAACATGAGTTCCAGCAGCACTGATGTGAAGGAAAACCGCAATCTGGACAACGTGTC

CCCCAAGGATGGCAGCACACCTGGGCCTGGCGAGGGCTCTCAGCTCTCCAATGGGGGTGGTGGTGGCCCCGGCAGAA

AGCGGCCCCTGGAGGAGGGCAGCAATGGCCACTCCAAGTACCGCCTGAAGAAAAGGAGGAAAACACCAGGGCCCGTC

CTCCCCAAGAACGCCCTGATGCAGCTGAATGAGATCAAGCCTGGTTTGCAGTACACACTCCTGTCCCAGACTGGGCC

CGTGCACGCGCCTTTGTTTGTCATGTCTGTGGAGGTGAATGGCCAGGTTTTTGAGGGCTCTGGTCCCACAAAGAAAA

AGGCAAAACTCCATGCTGCTGAGAAGGCCTTGAGGTCTTTCGTTCAGTTTCCTAATGCCTCTGAGGCCCACCTGGCC
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ATGGGGAGGACCCTGTCTGTCAACACGGACTTCACATCTGACCAGGCCGACTTCCCTGACACGCTCTTCAATGGTTT

TGAAACTCCTGACAAGGCGGAGCCTCCCTTTTACGTGGGCTCCAATGGGGATGACTCCTTCAGTTCCAGCGGGGACC

TCAGCTTGTCTGCTTCCCCGGTGCCTGCCAGCCTAGCCCAGCCTCCTCTCCCTGTCTTACCACCATTCCCACCCCCG

AGTGGGAAGAATCCCGTGATGATCTTGAACGAACTGCGCCCAGGACTCAAGTATGACTTCCTCTCCGAGAGCGGGGA

GAGCCATGCCAAGAGCTTCGTCATGTCTGTGGTCGTGGATGGTCAGTTCTTTGAAGGCTCGGGGAGAAACAAGAAGC

TTGCCAAGGCCCGGGCTGCGCAGTCTGCCCTGGCCGCCATTTTTAACTTGCACTTGGATCAGACGCCATCTCGCCAG

CCTATTCCCAGTGAGGGTCTTCAGCTGCATTTACCGCAGGTTTTAGCTGACGCTGTCTCACGCCTGGTCCTGGGTAA

GTTTGGTGACCTGACCGACAACTTCTCCTCCCCTCACGCTCGCAGAAAAGTGCTGGCTGGAGTCGTCATGACAACAG

GCACAGATGTTAAAGATGCCAAGGTGATAAGTGTTTCTACAGGAACAAAATGTATTAATGGTGAATACATGAGTGAT

CGTGGCCTTGCATTAAATGACTGCCATGCAGAAATAATATCTCGGAGATCCTTGCTCAGATTTCTTTATACACAACT

TGAGCTTTACTTAAATAACAAAGATGATCAAAAAAGATCCATCTTTCAGAAATCAGAGCGAGGGGGGTTTAGGCTGA

AGGAGAATGTCCAGTTTCATCTGTACATCAGCACCTCTCCCTGTGGAGATGCCAGAATCTTCTCACCACATGAGCCA

ATCCTGGAAGAACCAGCAGATAGACACCCAAATCGTAAAGCAAGAGGACAGCTACGGACCAAAATAGAGTCTGGTCA

GGGGACGATTCCAGTGCGCTCCAATGCGAGCATCCAAACGTGGGACGGGGTGCTGCAAGGGGAGCGGCTGCTCACCA

TGTCCTGCAGTGACAAGATTGCACGCTGGAACGTGGTGGGCATCCAGGGATCCCTGCTCAGCATTTTCGTGGAGCCC

ATTTACTTCTCGAGCATCATCCTGGGCAGCCTTTACCACGGGGACCACCTTTCCAGGGCCATGTACCAGCGGATCTC

CAACATAGAGGACCTGCCACCTCTCTACACCCTCAACAAGCCTTTGCTCAGTGGCATCAGCAATGCAGAAGCACGGC

AGCCAGGGAAGGCCCCCAACTTCAGTGTCAACTGGACGGTAGGCGACTCCGCTATTGAGGTCATCAACGCCACGACT

GGGAAGGATGAGCTGGGCCGCGCGTCCCGCCTGTGTAAGCACGCGTTGTACTGTCGCTGGATGCGTGTGCACGGCAA

GGTTCCCTCCCACTTACTACGCTCCAAGATTACCAAGCCCAACGTGTACCATGAGTCCAAGCTGGCGGCAAAGGAGT

ACCAGGCCGCCAAGGCGCGTCTGTTCACAGCCTTCATCAAGGCGGGGCTGGGGGCCTGGGTGGAGAAGCCCACCGAG

CAGGACCAGTTCTCACTCACGCCCTGA 

 

MCP-ADAR1 DD-NES 

ATGGCCTCAAACTTCACACAGTTCGTTCTGGTCGATAATGGCGGTACAGGGGACGTCACGGTGGCCCCATCAAACTT

TGCCAACGGTATTGCGGAGTGGATCTCTAGCAACTCACGATCCCAGGCGTATAAAGTAACTTGTAGCGTGAGACAAT

CATCAGCGCAAAACCGCAAATATACTATCAAAGTCGAGGTCCCCAAGGGGGCATGGAGGAGTTACCTGAATATGGAG
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CTTACGATACCGATATTTGCGACGAACTCTGATTGCGAGCTCATCGTAAAGGCCATGCAAGGTCTCTTGAAAGACGG

AAACCCGATACCTTCAGCCATTGCGGCGAATAGCGGGATTTACGGAGGCTCCGGGAGCGGCGCTGGCAGTGGCAGCC

CCGCAGGGGGAGGAGCCCCTGGATCCGGGGGCGGCTCAAAAGCGGAGCGGATGGGATTTACAGAAGTGACCCCGGTG

ACCGGAGCCAGCCTCCGACGCACCATGTTGCTTTTGTCTCGCAGTCCTGAGGCACAGCCCAAGACTCTGCCGCTTAC

TGGATCTACTTTTCACGACCAAATCGCCATGCTGTCCCACAGATGCTTTAACACACTGACGAACTCATTTCAGCCAT

CTTTGTTGGGGCGGAAGATTCTGGCGGCTATCATTATGAAGAAGGATTCCGAAGACATGGGTGTCGTCGTTAGTCTG

GGTACGGGTAACCGCTGTGTCAAGGGTGATAGTTTGTCACTCAAAGGCGAGACTGTGAACGATTGCCATGCGGAAAT

CATTAGCCGCAGAGGATTCATAAGGTTCTTGTACTCCGAATTGATGAAATACAATAGCCAAACGGCAAAGGATAGTA

TTTTTGAACCAGCGAAAGGCGGGGAAAAACTCCAGATAAAGAAAACTGTCAGCTTCCATCTGTACATTAGCACTGCC

CCCTGTGGTGACGGCGCACTTTTCGATAAGAGCTGTTCTGATAGGGCAATGGAATCAACTGAGTCTAGGCACTACCC

TGTCTTCGAAAACCCTAAACAAGGTAAACTGCGAACCAAAGTAGAGAATGGAGAGGGGACTATTCCTGTTGAGAGTT

CAGACATAGTTCCTACATGGGATGGGATCCGACTCGGAGAGAGGCTTCGCACTATGAGTTGTTCAGATAAGATACTG

AGATGGAATGTACTTGGGCTCCAGGGGGCTCTTCTGACACATTTCCTGCAGCCAATTTACCTTAAGTCCGTAACGTT

GGGGTATCTGTTTTCACAAGGTCACCTCACAAGGGCAATCTGCTGCCGAGTTACCCGAGATGGCTCCGCGTTTGAGG

ACGGCTTGAGGCATCCCTTTATCGTCAATCATCCTAAAGTTGGAAGAGTGTCTATATATGATTCTAAAAGACAATCT

GGAAAGACCAAGGAGACGTCTGTTAATTGGTGCCTTGCTGACGGGTATGATCTCGAGATTCTTGACGGAACTAGAGG

TACGGTTGATGGACCCCGCAACGAGCTTTCAAGAGTATCAAAAAAAAACATCTTTCTTCTGTTCAAAAAGCTGTGTT

CTTTTAGGTATAGACGCGACCTCTTGCGACTTAGCTACGGAGAAGCAAAAAAGGCGGCAAGAGATTACGAAACGGCC

AAAAATTATTTTAAGAAGGGACTTAAAGATATGGGTTATGGTAATTGGATCAGTAAGCCGCAGGAGGAGAAAAACTT

CTACTTGTGTCCGGTCGGGTCAGGCTCAGGGTCCCTGCCACCATTGGAAAGGCTTACGCTGTAA 

 

MCP-ADAR1 DD(E1008Q)-NES 

ATGGCCTCAAACTTCACACAGTTCGTTCTGGTCGATAATGGCGGTACAGGGGACGTCACGGTGGCCCCATCAAACTT

TGCCAACGGTATTGCGGAGTGGATCTCTAGCAACTCACGATCCCAGGCGTATAAAGTAACTTGTAGCGTGAGACAAT

CATCAGCGCAAAACCGCAAATATACTATCAAAGTCGAGGTCCCCAAGGGGGCATGGAGGAGTTACCTGAATATGGAG

CTTACGATACCGATATTTGCGACGAACTCTGATTGCGAGCTCATCGTAAAGGCCATGCAAGGTCTCTTGAAAGACGG

AAACCCGATACCTTCAGCCATTGCGGCGAATAGCGGGATTTACGGAGGCTCCGGGAGCGGCGCTGGCAGTGGCAGCC
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CCGCAGGGGGAGGAGCCCCTGGATCCGGGGGCGGCTCAAAAGCGGAGCGGATGGGATTTACAGAAGTGACCCCGGTG

ACCGGAGCCAGCCTCCGACGCACCATGTTGCTTTTGTCTCGCAGTCCTGAGGCACAGCCCAAGACTCTGCCGCTTAC

TGGATCTACTTTTCACGACCAAATCGCCATGCTGTCCCACAGATGCTTTAACACACTGACGAACTCATTTCAGCCAT

CTTTGTTGGGGCGGAAGATTCTGGCGGCTATCATTATGAAGAAGGATTCCGAAGACATGGGTGTCGTCGTTAGTCTG

GGTACGGGTAACCGCTGTGTCAAGGGTGATAGTTTGTCACTCAAAGGCGAGACTGTGAACGATTGCCATGCGGAAAT

CATTAGCCGCAGAGGATTCATAAGGTTCTTGTACTCCGAATTGATGAAATACAATAGCCAAACGGCAAAGGATAGTA

TTTTTGAACCAGCGAAAGGCGGGGAAAAACTCCAGATAAAGAAAACTGTCAGCTTCCATCTGTACATTAGCACTGCC

CCCTGTGGTGACGGCGCACTTTTCGATAAGAGCTGTTCTGATAGGGCAATGGAATCAACTGAGTCTAGGCACTACCC

TGTCTTCGAAAACCCTAAACAAGGTAAACTGCGAACCAAAGTAGAGAATGGACAGGGGACTATTCCTGTTGAGAGTT

CAGACATAGTTCCTACATGGGATGGGATCCGACTCGGAGAGAGGCTTCGCACTATGAGTTGTTCAGATAAGATACTG

AGATGGAATGTACTTGGGCTCCAGGGGGCTCTTCTGACACATTTCCTGCAGCCAATTTACCTTAAGTCCGTAACGTT

GGGGTATCTGTTTTCACAAGGTCACCTCACAAGGGCAATCTGCTGCCGAGTTACCCGAGATGGCTCCGCGTTTGAGG

ACGGCTTGAGGCATCCCTTTATCGTCAATCATCCTAAAGTTGGAAGAGTGTCTATATATGATTCTAAAAGACAATCT

GGAAAGACCAAGGAGACGTCTGTTAATTGGTGCCTTGCTGACGGGTATGATCTCGAGATTCTTGACGGAACTAGAGG

TACGGTTGATGGACCCCGCAACGAGCTTTCAAGAGTATCAAAAAAAAACATCTTTCTTCTGTTCAAAAAGCTGTGTT

CTTTTAGGTATAGACGCGACCTCTTGCGACTTAGCTACGGAGAAGCAAAAAAGGCGGCAAGAGATTACGAAACGGCC

AAAAATTATTTTAAGAAGGGACTTAAAGATATGGGTTATGGTAATTGGATCAGTAAGCCGCAGGAGGAGAAAAACTT

CTACTTGTGTCCGGTCGGGTCAGGCTCAGGGTCCCTGCCACCATTGGAAAGGCTTACGCTGTAA 

 

MCP-ADAR2 DD-NES 

ATGGCGTCCAATTTCACTCAGTTTGTGCTGGTTGACAACGGCGGGACCGGGGACGTTACGGTAGCCCCCTCAAACTT

TGCCAACGGTATAGCGGAGTGGATAAGCAGCAATTCTAGGAGTCAAGCATACAAAGTTACATGCAGCGTGCGCCAAT

CTAGCGCTCAGAATCGCAAGTACACCATTAAAGTAGAGGTCCCCAAGGGAGCCTGGAGAAGCTATCTTAACATGGAG

TTGACCATACCAATCTTCGCTACCAACTCTGACTGTGAACTCATTGTGAAAGCCATGCAAGGTCTGCTCAAGGATGG

TAACCCAATTCCGTCCGCTATCGCTGCCAACTCTGGGATTTACGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTC

CAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGTCTCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATCC

CGCCTTGTACTGGGCAAGTTTGGTGATCTTACTGACAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAGG
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CGTCGTCATGACGACCGGAACTGACGTGAAAGACGCCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAACG

GGGAGTACATGAGCGACCGGGGGCTGGCACTGAATGATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAGA

TTTCTCTACACTCAACTCGAATTGTACCTTAACAACAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAACG

CGGCGGATTTCGACTTAAGGAAAACGTTCAGTTCCACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATCT

TTTCCCCGCACGAGCCGATATTGGAGGAGCCCGCGGACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGACG

AAGATTGAAAGTGGCGAGGGTACTATCCCGGTGCGGTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAGG

TGAACGGCTGTTGACAATGAGCTGCTCAGACAAAATCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTGA

GCATATTCGTAGAACCCATATATTTCTCATCCATTATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGCT

ATGTACCAACGAATTTCTAATATCGAGGATCTTCCTCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATATC

AAACGCTGAGGCCCGCCAGCCAGGGAAAGCTCCTAACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAGG

TCATCAACGCCACGACAGGTAAGGATGAGCTCGGTAGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATGG

ATGAGAGTACATGGGAAGGTCCCATCTCACTTGCTCCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAAA

ACTCGCGGCTAAAGAATACCAGGCAGCCAAAGCTCGACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGGG

TCGAGAAGCCGACCGAGCAGGACCAATTCTCTCTGACGGGGAGCGGATCCGGCTCTCTGCCACCATTGGAAAGGCTT

ACGCTGTAA 

 

MCP-ADAR2(E488Q) DD-NES 

ATGGCGTCCAATTTCACTCAGTTTGTGCTGGTTGACAACGGCGGGACCGGGGACGTTACGGTAGCCCCCTCAAACTT

TGCCAACGGTATAGCGGAGTGGATAAGCAGCAATTCTAGGAGTCAAGCATACAAAGTTACATGCAGCGTGCGCCAAT

CTAGCGCTCAGAATCGCAAGTACACCATTAAAGTAGAGGTCCCCAAGGGAGCCTGGAGAAGCTATCTTAACATGGAG

TTGACCATACCAATCTTCGCTACCAACTCTGACTGTGAACTCATTGTGAAAGCCATGCAAGGTCTGCTCAAGGATGG

TAACCCAATTCCGTCCGCTATCGCTGCCAACTCTGGGATTTACGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTC

CAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGTCTCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATCC

CGCCTTGTACTGGGCAAGTTTGGTGATCTTACTGACAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAGG

CGTCGTCATGACGACCGGAACTGACGTGAAAGACGCCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAACG

GGGAGTACATGAGCGACCGGGGGCTGGCACTGAATGATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAGA

TTTCTCTACACTCAACTCGAATTGTACCTTAACAACAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAACG
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CGGCGGATTTCGACTTAAGGAAAACGTTCAGTTCCACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATCT

TTTCCCCGCACGAGCCGATATTGGAGGAGCCCGCGGACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGACG

AAGATTGAAAGTGGCCAGGGTACTATCCCGGTGCGGTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAGG

TGAACGGCTGTTGACAATGAGCTGCTCAGACAAAATCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTGA

GCATATTCGTAGAACCCATATATTTCTCATCCATTATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGCT

ATGTACCAACGAATTTCTAATATCGAGGATCTTCCTCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATATC

AAACGCTGAGGCCCGCCAGCCAGGGAAAGCTCCTAACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAGG

TCATCAACGCCACGACAGGTAAGGATGAGCTCGGTAGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATGG

ATGAGAGTACATGGGAAGGTCCCATCTCACTTGCTCCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAAA

ACTCGCGGCTAAAGAATACCAGGCAGCCAAAGCTCGACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGGG

TCGAGAAGCCGACCGAGCAGGACCAATTCTCTCTGACGGGGAGCGGATCCGGCTCTCTGCCACCATTGGAAAGGCTT

ACGCTGTAA 

 

Human U6 promoter 

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAATTAATTT

GACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAA

AATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTG

TGGAAAGGACGAAACACC 

 

Mouse U6 promoter 

GTACTGAGTCGCCCAGTCTCAGATAGATCCGACGCCGCCATCTCTAGGCCCGCGCCGGCCCCCTCGCACAGACTTGT

GGGAGAAGCTCGGCTACTCCCCTGCCCCGGTTAATTTGCATATAATATTTCCTAGTAACTATAGAGGCTTAATGTGC

GATAAAAGACAGATAATCTGTTCTTTTTAATACTAGCTACATTTTACATGATAGGCTTGGATTTCTATAAGAGATAC

AAATACTAAATTATTATTTTAAAAAACAGCACAAAAGGAAACTCACCCTAACTGTAAAGTAATTGTGTGTTTTGAGA

CTATAAATATCCCTTGGAGAAAAGCCTTGTTTG 
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GFP 

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA

CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG

GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGAC

CACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGA

CGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCA

TCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATG

GCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGC

CGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGT

CCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACT

CTCGGCATGGACGAGCTGTACAAGTACTCAGATCTCGAGCTCAAGTAG 

 

GFP-Y37X(TAG) 

atggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggcca

caagttcagcgtgtccggcgagggcgagggcgatgccaccTAGggcaagctgaccctgaagttcatctgcaccaccg

gcaagctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgac

cacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttcttcaagga

cgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggca

tcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctatatcatg

gccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcagctcgc

cgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccagt

ccgccctgagcaaagaccccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgccgccgggatcact

ctcggcatggacgagctgtacaagTAA 
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GluR2 adRNA 1,20,6 

GluR2 domain; antisense domain with mismatch highlighted; polyT 

GTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACNNNNNNNNNNNNNNNNNNNNTTTTTT 

 

MS2 adRNA 

MS2 domain; antisense domain with mismatch highlighted; polyT 

aACATGAGGATCACCCATGTcNNNNNNNNNNNNNNNNNNNNaACATGAGGATCACCCATGTcTTTTTT 

 

List of adRNA and gRNA antisense sequences 

Name adRNA/gRNA antisense sequence (5’ to 3’) 

mOTC† ACAAACCGAGCGGTGTCTGT 

mDMD† GCCATTCCATTGCTCTTTCA 

RAB7A (20,6) TGCCGCCAGCTGGATTTCCC 

CCNB1 (20,6) CTGTACCAGCCAGTCAATTA 

DAXX (20,6) CTTCTCCACAGCCCGAAGCA 

CKDN2 (20,6) CTCCTCCACCCGACCCCGGG 

GAPDH (20,6) GGGTGCCAAGCAGTTGGTGG 

ALDOA (20,6) CTTGTCCACCTTGATGCCCA 

ARHGAP8 (20,6) TTCATCCAATGGCTGGTTAT 

CKB (20,6) CAAGGCCAAGGGCTCGCCAG 

KRAS (20,6) TCCAACCACCACAAGTTTAT 

Cas13b_RAB7A TACAGAATACTGCCGCCAGCTGGATTTCCCAATTCTGAGTAACA
CTCTGC 

Cas13b_mOTC GAAAAGTTTTACAAACCGAGCGGTGTCTGTGAGACTTTCATTCA
CACCCA 

Cas9_mDMD_1 ATAATTTCTATTATATTACA 

Cas9_mDMD_2 ATTTCAGGTAAGCCGAGGTT 
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RAB7A (20,10) ATACTGCCGCCAGCTGGATT 

RAB7A (60,6) 
TGCCGCCAGCTGGATTTCCCAATTCTGAGTAACACTCTGCAATC

CAAACAGGGTTCAACC 

RAB7A (60,30) 
TCTTGTGTCTACTGTACAGAATACTGCCGCCAGCTGGATTTCCC

AATTCTGAGTAACACT 

RAB7A (100,6) 
TGCCGCCAGCTGGATTTCCCAATTCTGAGTAACACTCTGCAATC
CAAACAGGGTTCAACCCTCCACCTTACAGGCCTGCATTACAGGA

CTTAAACACATA 

RAB7A (100,50) 
TGATAAAAGGCGTACATAATTCTTGTGTCTACTGTACAGAATAC
TGCCGCCAGCTGGATTTCCCAATTCTGAGTAACACTCTGCAATC

CAAACAGGGTTC 

KRAS (100,50) 
TGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCACCAGC
TCCAACCACCACAAGTTTATATTCAGTCATTTTCAGCAGGCCTC

TCTCCCGCACCT 

CKB (100,50) 
ATCAAAAAAATAAACTCTACCAAGGGTGACGGAAGTCTCTACAG
CAAGGCCAAGGGCTCGCCAGACGGCGAACATCAGGGGTGCATGG

TGGGCACTGCCC 

†mOTC and mDMD refer to mouse mRNA targets. 

 

List of primers for next generation sequencing (NGS) analyses. 

Name Sequence (5’ to 3’) 

mDMD_NGS_F† CTCTCTGTACCTTATCTTAGTGTTACTGA 

mDMD_NGS_R† ATTTCTGGCATATTTCTGAAGGTG 

mOTC_NGS_F† ACCCTTCCTTTCTTACCACACA 

mOTC_spliced
_NGS_R† 

CAGGGTGTCCAGATCTGATTGTT 

mOTC_unsplic
ed_NGS_R† 

CTTCTCTTTTAAACTAACCCATCAGAGTT 

CCNB1_NGS_F CAAGCAGTCAGACCAAAATACCTACTG 

CCNB1_NGS_R TCTTAGCATGCTTCGATGTGGCATA 

DAXX_NGS_F CATCAACAAGCCAGGGCCTG 

DAXX_NGS_R GAAGAGGAAATGTCCGTCTCCAC 

RAB7A_NGS_F AGGCCTGTAAGGTGGAGGG 

RAB7A_NGS_R TGAAATAACGGCAATTTATCCATTGCACATAC 

CDKN2A_NGS_F GGGAGCAGCATGGAGCCTT 

CDKN2A_NGS_R TCCGACCGTAACTATTCGGTGC 

GAPDH_NGS_F TGGGTGTGAACCATGAGAAGTAT 

GAPDH_NGS_R TGGCATGGACTGTGGTCATG 
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CKB_NGS_F CCTAACTTATTGCCTGGGCAGTG 

CKB_NGS_R GCATCAGCAGTATCTTAGCCATCAA 

NGS_KRAS_F CAGAGGCTCAGCGGCTCC 

NGS_KRAS_R TAGCTGTATCGTCAAGGCACTC 

ARHGAP8_NGS_
F 

CACACCTGTCTGTGCACTTGTA 

ARHGAP8_NGS_
R 

CGGTCCACAGCTCAGGAACC 

ALDOA_NGS_F ACCAGAAGGCGGATGATGGG 

ALDOA_NGS_R CTCAGACAGCCCATCCAACC 

KRAS_NGS_R2 TACTACTTGCTTCCTGTAGGAATCCTC 

CKB_NGS_F2 AGCCCTGCTGCTTCCTAACTT 

CKB_NGS_R2 ACCCTAGTTTATTTCAGCATCAGCAG 

†mOTC and mDMD refer to mouse mRNA targets.
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DNA sequences from Chapter 3 

 

MCP-ADAR2-DD-NES (Deep mutational scan) 

ATGGCGTCCAATTTCACTCAGTTTGTGCTGGTTGACAACGGCGGGACCGGGGACGTTACGGTAGCCCCCTCAAACTT

TGCCAACGGTATAGCGGAGTGGATAAGCAGCAATTCTAGGAGTCAAGCATACAAAGTTACATGCAGCGTGCGCCAAT

CTAGCGCTCAGAATCGCAAGTACACCATTAAAGTAGAGGTCCCCAAGGGAGCCTGGAGAAGCTATCTTAACATGGAG

TTGACCATACCAATCTTCGCTACCAACTCTGACTGTGAACTCATTGTGAAAGCCATGCAAGGTCTGCTCAAGGATGG

TAACCCAATTCCGTCCGCTATCGCTGCCAACTCTGGGATTTACGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTC

CAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGTCTCAGCTCCATCTGCCGCAAGTTCTGGCTGATGCCGTGAGC

AGACTCGTGCTAGGCAAATTCGGCGACCTGACCGACAACTTCAGCAGCCCTCACGCCAGAAGAAAAGTCCTGGCCGG

CGTGGTCATGACAACCGGCACAGATGTGAAGGACGCCAAAGTGATCAGCGTGTCCACCGGCACCAAGTGCATCAACG

GCGAGTACATGAGCGACAGAGGACTGGCCCTGAACGATTGCCACGCCGAGATCATCAGCAGAAGAAGCCTGCTGCGG

TTCCTATACACCCAGCTGGAACTGTACCTGAACAACAAGGACGACCAGAAGCGGTCCATCTTCCAGAAGTCTGAGAG

AGGCGGCTTCCGGCTGAAAGAAAATGTGCAGTTTCACCTATACATCTCCACAAGCCCTTGCGGCGACGCTCGGATCT

TTAGCCCCCACGAGCCCATCCTGGAAGAACCTGCCGACAGACACCCCAACAGAAAGGCCCGGGGCCAGCTGAGAACA

AAGATCGAAAGCGGCGAAGGCACAATCCCCGTGCGGAGCAATGCCTCTATCCAAACATGGGACGGCGTGCTGCAAGG

CGAGAGACTGCTGACAATGAGCTGCAGCGACAAGATCGCCCGGTGGAATGTTGTGGGCATCCAGGGATCTCTGCTGA

GCATCTTCGTGGAACCCATCTACTTCTCGAGCATCATCCTGGGCAGCCTGTACCACGGCGATCACCTGAGCAGAGCC

ATGTACCAGCGGATCAGCAATATCGAGGACCTGCCTCCTCTGTATACCCTGAACAAGCCACTGCTGAGCGGCATCTC

CAATGCCGAAGCTAGACAGCCTGGCAAGGCCCCTAACTTCAGCGTGAACTGGACAGTGGGGGATAGCGCCATCGAAG

TGATCAATGCCACCACCGGCAAAGACGAACTAGGAAGAGCCAGCAGACTGTGCAAGCACGCCCTGTATTGCAGATGG

ATGAGAGTGCATGGGAAAGTGCCTTCTCATCTGCTGAGAAGCAAGATCACCAAGCCTAACGTGTACCACGAGAGCAA

GCTGGCCGCTAAAGAGTACCAGGCCGCCAAGGCCAGACTGTTCACCGCCTTTATTAAGGCCGGACTCGGCGCCTGGG

TCGAGAAGCCTACAGAGCAGGATCAGTTCAGCCTGACACCT 

5’ GAC site; 5’ TAG site; 3’ TAG site; 3’ GAC site 
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NES-MCP-ADAR2-DD 

ATGCTGCCACCATTGGAAAGGCTTACGCTGGGGAGCGACTACAAAGACGATGACGACAAGGGGAGCGGATCCGGCTC

TATGGCGTCCAATTTCACTCAGTTTGTGCTGGTTGACAACGGCGGGACCGGGGACGTTACGGTAGCCCCCTCAAACT

TTGCCAACGGTATAGCGGAGTGGATAAGCAGCAATTCTAGGAGTCAAGCATACAAAGTTACATGCAGCGTGCGCCAA

TCTAGCGCTCAGAATCGCAAGTACACCATTAAAGTAGAGGTCCCCAAGGGAGCCTGGAGAAGCTATCTTAACATGGA

GTTGACCATACCAATCTTCGCTACCAACTCTGACTGTGAACTCATTGTGAAAGCCATGCAAGGTCTGCTCAAGGATG

GTAACCCAATTCCGTCCGCTATCGCTGCCAACTCTGGGATTTACGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGT

CCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGTCTCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATC

CCGCCTTGTACTGGGCAAGTTTGGTGATCTTACTGACAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAG

GCGTCGTCATGACGACCGGAACTGACGTGAAAGACGCCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAAC

GGGGAGTACATGAGCGACCGGGGGCTGGCACTGAATGATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAG

ATTTCTCTACACTCAACTCGAATTGTACCTTAACAACAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAAC

GCGGCGGATTTCGACTTAAGGAAAACGTTCAGTTCCACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATC

TTTTCCCCGCACGAGCCGATATTGGAGGAGCCCGCGGACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGAC

GAAGATTGAAAGTGGCGAGGGTACTATCCCGGTGCGGTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAG

GTGAACGGCTGTTGACAATGAGCTGCTCAGACAAAATCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTG

AGCATATTCGTAGAACCCATATATTTCTCATCCATTATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGC

TATGTACCAACGAATTTCTAATATCGAGGATCTTCCTCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATAT

CAAACGCTGAGGCCCGCCAGCCAGGGAAAGCTCCTAACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAG

GTCATCAACGCCACGACAGGTAAGGATGAGCTCGGTAGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATG

GATGAGAGTACATGGGAAGGTCCCATCTCACTTGCTCCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAA

AACTCGCGGCTAAAGAATACCAGGCAGCCAAAGCTCGACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGG

GTCGAGAAGCCGACCGAGCAGGACCAATTCTCTCTGACGCCCTGA 

 

NES-MCP-ADAR2(E488Q)-DD 
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ATGCTGCCACCATTGGAAAGGCTTACGCTGGGGAGCGACTACAAAGACGATGACGACAAGGGGAGCGGATCCGGCTC

TATGGCGTCCAATTTCACTCAGTTTGTGCTGGTTGACAACGGCGGGACCGGGGACGTTACGGTAGCCCCCTCAAACT

TTGCCAACGGTATAGCGGAGTGGATAAGCAGCAATTCTAGGAGTCAAGCATACAAAGTTACATGCAGCGTGCGCCAA

TCTAGCGCTCAGAATCGCAAGTACACCATTAAAGTAGAGGTCCCCAAGGGAGCCTGGAGAAGCTATCTTAACATGGA

GTTGACCATACCAATCTTCGCTACCAACTCTGACTGTGAACTCATTGTGAAAGCCATGCAAGGTCTGCTCAAGGATG

GTAACCCAATTCCGTCCGCTATCGCTGCCAACTCTGGGATTTACGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGT

CCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGTCTCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATC

CCGCCTTGTACTGGGCAAGTTTGGTGATCTTACTGACAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAG

GCGTCGTCATGACGACCGGAACTGACGTGAAAGACGCCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAAC

GGGGAGTACATGAGCGACCGGGGGCTGGCACTGAATGATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAG

ATTTCTCTACACTCAACTCGAATTGTACCTTAACAACAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAAC

GCGGCGGATTTCGACTTAAGGAAAACGTTCAGTTCCACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATC

TTTTCCCCGCACGAGCCGATATTGGAGGAGCCCGCGGACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGAC

GAAGATTGAAAGTGGCCAGGGTACTATCCCGGTGCGGTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAG

GTGAACGGCTGTTGACAATGAGCTGCTCAGACAAAATCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTG

AGCATATTCGTAGAACCCATATATTTCTCATCCATTATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGC

TATGTACCAACGAATTTCTAATATCGAGGATCTTCCTCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATAT

CAAACGCTGAGGCCCGCCAGCCAGGGAAAGCTCCTAACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAG

GTCATCAACGCCACGACAGGTAAGGATGAGCTCGGTAGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATG

GATGAGAGTACATGGGAAGGTCCCATCTCACTTGCTCCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAA

AACTCGCGGCTAAAGAATACCAGGCAGCCAAAGCTCGACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGG

GTCGAGAAGCCGACCGAGCAGGACCAATTCTCTCTGACGCCCTGA 

 

ADAR2-λN-NES 

ATGCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATCCCGCCTTGTACTGGGCAAGTTTGGTGATCTTACTGA

CAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAGGCGTCGTCATGACGACCGGAACTGACGTGAAAGACG

CCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAACGGGGAGTACATGAGCGACCGGGGGCTGGCACTGAAT
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GATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAGATTTCTCTACACTCAACTCGAATTGTACCTTAACAA

CAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAACGCGGCGGATTTCGACTTAAGGAAAACGTTCAGTTCC

ACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATCTTTTCCCCGCACGAGCCGATATTGGAGGAGCCCGCG

GACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGACGAAGATTGAAAGTGGCGAGGGTACTATCCCGGTGCG

GTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAGGTGAACGGCTGTTGACAATGAGCTGCTCAGACAAAA

TCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTGAGCATATTCGTAGAACCCATATATTTCTCATCCATT

ATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGCTATGTACCAACGAATTTCTAATATCGAGGATCTTCC

TCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATATCAAACGCTGAGGCCCGCCAGCCAGGGAAAGCTCCTA

ACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAGGTCATCAACGCCACGACAGGTAAGGATGAGCTCGGT

AGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATGGATGAGAGTACATGGGAAGGTCCCATCTCACTTGCT

CCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAAAACTCGCGGCTAAAGAATACCAGGCAGCCAAAGCTC

GACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGGGTCGAGAAGCCGACCGAGCAGGACCAATTCTCTCTG

ACGGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTCCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGAGCAA

TGCGAGGACACGGCGACGAGAACGACGCGCTGAAAAGCAAGCGCAATGGAAAGCTGCAAACGGAGGTGGAGGATCTG

GCGGTGGAGGGTCAGGTGGCGGCGGTTCAAATGCTCGGACTCGGAGACGCGAGCGGAGAGCGGAGAAGCAGGCACAA

TGGAAAGCCGCTAATGGTGGCGGCGGGAGTGGGGGAGGCGGATCTGGAGGTGGCGGGTCCAACGCGAGAACCCGCCG

ACGAGAGCGCAGAGCGGAGAAACAAGCACAGTGGAAGGCGGCCAACGGGGGTGGGGGATCTGGCGGCGGGGGATCCG

GCGGAGGAGGGTCCAATGCCCGAACCCGACGAAGGGAAAGACGGGCTGAGAAACAGGCTCAATGGAAAGCGGCTAAT

gggagctacccatacgatgttccagattacgctggatccCTGCCACCATTGGAAAGGCTTACGCTGTGA 

 

ADAR2(E488Q)-λN-NES 

ATGCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATCCCGCCTTGTACTGGGCAAGTTTGGTGATCTTACTGA

CAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAGGCGTCGTCATGACGACCGGAACTGACGTGAAAGACG

CCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAACGGGGAGTACATGAGCGACCGGGGGCTGGCACTGAAT

GATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAGATTTCTCTACACTCAACTCGAATTGTACCTTAACAA

CAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAACGCGGCGGATTTCGACTTAAGGAAAACGTTCAGTTCC

ACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATCTTTTCCCCGCACGAGCCGATATTGGAGGAGCCCGCG
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GACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGACGAAGATTGAAAGTGGCCAGGGTACTATCCCGGTGCG

GTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAGGTGAACGGCTGTTGACAATGAGCTGCTCAGACAAAA

TCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTGAGCATATTCGTAGAACCCATATATTTCTCATCCATT

ATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGCTATGTACCAACGAATTTCTAATATCGAGGATCTTCC

TCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATATCAAACGCTGAGGCCCGCCAGCCAGGGAAAGCTCCTA

ACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAGGTCATCAACGCCACGACAGGTAAGGATGAGCTCGGT

AGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATGGATGAGAGTACATGGGAAGGTCCCATCTCACTTGCT

CCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAAAACTCGCGGCTAAAGAATACCAGGCAGCCAAAGCTC

GACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGGGTCGAGAAGCCGACCGAGCAGGACCAATTCTCTCTG

ACGGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTCCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGAGCAA

TGCGAGGACACGGCGACGAGAACGACGCGCTGAAAAGCAAGCGCAATGGAAAGCTGCAAACGGAGGTGGAGGATCTG

GCGGTGGAGGGTCAGGTGGCGGCGGTTCAAATGCTCGGACTCGGAGACGCGAGCGGAGAGCGGAGAAGCAGGCACAA

TGGAAAGCCGCTAATGGTGGCGGCGGGAGTGGGGGAGGCGGATCTGGAGGTGGCGGGTCCAACGCGAGAACCCGCCG

ACGAGAGCGCAGAGCGGAGAAACAAGCACAGTGGAAGGCGGCCAACGGGGGTGGGGGATCTGGCGGCGGGGGATCCG

GCGGAGGAGGGTCCAATGCCCGAACCCGACGAAGGGAAAGACGGGCTGAGAAACAGGCTCAATGGAAAGCGGCTAAT

gggagctacccatacgatgttccagattacgctggatccCTGCCACCATTGGAAAGGCTTACGCTGTGA 

 

NES-MCP-ADAR2-DDN 

ATGCTGCCACCATTGGAAAGGCTTACGCTGGGGAGCGACTACAAAGACGATGACGACAAGGGGAGCGGATCCGGCTC

TATGGCGTCCAATTTCACTCAGTTTGTGCTGGTTGACAACGGCGGGACCGGGGACGTTACGGTAGCCCCCTCAAACT

TTGCCAACGGTATAGCGGAGTGGATAAGCAGCAATTCTAGGAGTCAAGCATACAAAGTTACATGCAGCGTGCGCCAA

TCTAGCGCTCAGAATCGCAAGTACACCATTAAAGTAGAGGTCCCCAAGGGAGCCTGGAGAAGCTATCTTAACATGGA

GTTGACCATACCAATCTTCGCTACCAACTCTGACTGTGAACTCATTGTGAAAGCCATGCAAGGTCTGCTCAAGGATG

GTAACCCAATTCCGTCCGCTATCGCTGCCAACTCTGGGATTTACGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGT

CCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGTCTCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATC

CCGCCTTGTACTGGGCAAGTTTGGTGATCTTACTGACAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAG

GCGTCGTCATGACGACCGGAACTGACGTGAAAGACGCCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAAC
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GGGGAGTACATGAGCGACCGGGGGCTGGCACTGAATGATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAG

ATTTCTCTACACTCAACTCGAATTGTACCTTAACAACAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAAC

GCGGCGGATTTCGACTTAAGGAAAACGTTCAGTTCCACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATC

TTTTCCCCGCACGAGCCGATATTGGAGGAGCCCGCG 

 

ADAR2-DDC-λN-NES 

ATGGACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGACGAAGATTGAAAGTGGCGAGGGTACTATCCCGGT

GCGGTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAGGTGAACGGCTGTTGACAATGAGCTGCTCAGACA

AAATCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTGAGCATATTCGTAGAACCCATATATTTCTCATCC

ATTATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGCTATGTACCAACGAATTTCTAATATCGAGGATCT

TCCTCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATATCAAACGCTGAGGCCCGCCAGCCAGGGAAAGCTC

CTAACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAGGTCATCAACGCCACGACAGGTAAGGATGAGCTC

GGTAGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATGGATGAGAGTACATGGGAAGGTCCCATCTCACTT

GCTCCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAAAACTCGCGGCTAAAGAATACCAGGCAGCCAAAG

CTCGACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGGGTCGAGAAGCCGACCGAGCAGGACCAATTCTCT

CTGACGCCCGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTCCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGG

GAGCAATGCGAGGACACGGCGACGAGAACGACGCGCTGAAAAGCAAGCGCAATGGAAAGCTGCAAACGGAGGTGGAG

GATCTGGCGGTGGAGGGTCAGGTGGCGGCGGTTCAAATGCTCGGACTCGGAGACGCGAGCGGAGAGCGGAGAAGCAG

GCACAATGGAAAGCCGCTAATGGTGGCGGCGGGAGTGGGGGAGGCGGATCTGGAGGTGGCGGGTCCAACGCGAGAAC

CCGCCGACGAGAGCGCAGAGCGGAGAAACAAGCACAGTGGAAGGCGGCCAACGGGGGTGGGGGATCTGGCGGCGGGG

GATCCGGCGGAGGAGGGTCCAATGCCCGAACCCGACGAAGGGAAAGACGGGCTGAGAAACAGGCTCAATGGAAAGCG

GCTAATgggagctacccatacgatgttccagattacgctggatccCTGCCACCATTGGAAAGGCTTACGCTGTGA 

 

ADAR2-DDC(E488Q)-λN-NES 

ATGGACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGACGAAGATTGAAAGTGGCCAGGGTACTATCCCGGT

GCGGTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAGGTGAACGGCTGTTGACAATGAGCTGCTCAGACA
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AAATCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTGAGCATATTCGTAGAACCCATATATTTCTCATCC

ATTATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGCTATGTACCAACGAATTTCTAATATCGAGGATCT

TCCTCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATATCAAACGCTGAGGCCCGCCAGCCAGGGAAAGCTC

CTAACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAGGTCATCAACGCCACGACAGGTAAGGATGAGCTC

GGTAGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATGGATGAGAGTACATGGGAAGGTCCCATCTCACTT

GCTCCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAAAACTCGCGGCTAAAGAATACCAGGCAGCCAAAG

CTCGACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGGGTCGAGAAGCCGACCGAGCAGGACCAATTCTCT

CTGACGCCCGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTCCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGG

GAGCAATGCGAGGACACGGCGACGAGAACGACGCGCTGAAAAGCAAGCGCAATGGAAAGCTGCAAACGGAGGTGGAG

GATCTGGCGGTGGAGGGTCAGGTGGCGGCGGTTCAAATGCTCGGACTCGGAGACGCGAGCGGAGAGCGGAGAAGCAG

GCACAATGGAAAGCCGCTAATGGTGGCGGCGGGAGTGGGGGAGGCGGATCTGGAGGTGGCGGGTCCAACGCGAGAAC

CCGCCGACGAGAGCGCAGAGCGGAGAAACAAGCACAGTGGAAGGCGGCCAACGGGGGTGGGGGATCTGGCGGCGGGG

GATCCGGCGGAGGAGGGTCCAATGCCCGAACCCGACGAAGGGAAAGACGGGCTGAGAAACAGGCTCAATGGAAAGCG

GCTAATgggagctacccatacgatgttccagattacgctggatccCTGCCACCATTGGAAAGGCTTACGCTGTGA 

 

ADAR2-DDC-λN-NES-P2A-NES-MCP-ADAR2-DDN 

ATGGACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGACGAAGATTGAAAGTGGCGAGGGTACTATCCCGGT

GCGGTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAGGTGAACGGCTGTTGACAATGAGCTGCTCAGACA

AAATCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTGAGCATATTCGTAGAACCCATATATTTCTCATCC

ATTATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGCTATGTACCAACGAATTTCTAATATCGAGGATCT

TCCTCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATATCAAACGCTGAGGCCCGCCAGCCAGGGAAAGCTC

CTAACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAGGTCATCAACGCCACGACAGGTAAGGATGAGCTC

GGTAGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATGGATGAGAGTACATGGGAAGGTCCCATCTCACTT

GCTCCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAAAACTCGCGGCTAAAGAATACCAGGCAGCCAAAG

CTCGACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGGGTCGAGAAGCCGACCGAGCAGGACCAATTCTCT

CTGACGGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTCCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGAG

CAATGCGAGGACACGGCGACGAGAACGACGCGCTGAAAAGCAAGCGCAATGGAAAGCTGCAAACGGAGGTGGAGGAT
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CTGGCGGTGGAGGGTCAGGTGGCGGCGGTTCAAATGCTCGGACTCGGAGACGCGAGCGGAGAGCGGAGAAGCAGGCA

CAATGGAAAGCCGCTAATGGTGGCGGCGGGAGTGGGGGAGGCGGATCTGGAGGTGGCGGGTCCAACGCGAGAACCCG

CCGACGAGAGCGCAGAGCGGAGAAACAAGCACAGTGGAAGGCGGCCAACGGGGGTGGGGGATCTGGCGGCGGGGGAT

CCGGCGGAGGAGGGTCCAATGCCCGAACCCGACGAAGGGAAAGACGGGCTGAGAAACAGGCTCAATGGAAAGCGGCT

AATgggagctacccatacgatgttccagattacgctggatccCTGCCACCATTGGAAAGACTGACCCTCggatccgg

cgcaacaaacttctctctgctgaaacaagccggagatgtcgaagagaatcctggaccgATGCTGCCTCCCCTCGAAA

GGCTTACGCTGGGGAGCGACTACAAAGACGATGACGACAAGGGGAGCGGATCCGGCTCTATGGCGTCCAATTTCACT

CAGTTTGTGCTGGTTGACAACGGCGGGACCGGGGACGTTACGGTAGCCCCCTCAAACTTTGCCAACGGTATAGCGGA

GTGGATAAGCAGCAATTCTAGGAGTCAAGCATACAAAGTTACATGCAGCGTGCGCCAATCTAGCGCTCAGAATCGCA

AGTACACCATTAAAGTAGAGGTCCCCAAGGGAGCCTGGAGAAGCTATCTTAACATGGAGTTGACCATACCAATCTTC

GCTACCAACTCTGACTGTGAACTCATTGTGAAAGCCATGCAAGGTCTGCTCAAGGATGGTAACCCAATTCCGTCCGC

TATCGCTGCCAACTCTGGGATTTACGGGGGCAGCGGCAGTGGGGCCGGCTCCGGCTCTCCCGCCGGCGGAGGGGCTC

CCGGAAGTGGTGGGGGGTCTCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATCCCGCCTTGTACTGGGCAAG

TTTGGTGATCTTACTGACAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAGGCGTCGTCATGACGACCGG

AACTGACGTGAAAGACGCCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAACGGGGAGTACATGAGCGACC

GGGGGCTGGCACTGAATGATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAGATTTCTCTACACTCAACTC

GAATTGTACCTTAACAACAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAACGCGGCGGATTTCGACTTAA

GGAAAACGTTCAGTTCCACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATCTTTTCCCCGCACGAGCCGA

TATTGGAGGAGCCCGCGTGA 

 

ADAR2-DDC(E488Q)-λN-NES-P2A-NES-MCP-ADAR2-DDN 

ATGGACAGACATCCTAATAGGAAGGCTAGAGGCCAACTTCGGACGAAGATTGAAAGTGGCCAGGGTACTATCCCGGT

GCGGTCCAACGCTAGTATTCAAACGTGGGACGGAGTCCTTCAAGGTGAACGGCTGTTGACAATGAGCTGCTCAGACA

AAATCGCGCGCTGGAATGTAGTGGGAATCCAAGGCAGCCTCTTGAGCATATTCGTAGAACCCATATATTTCTCATCC

ATTATTTTGGGCTCTCTGTATCATGGTGACCATCTGTCAAGGGCTATGTACCAACGAATTTCTAATATCGAGGATCT

TCCTCCACTCTATACACTCAATAAGCCTCTCTTGTCCGGGATATCAAACGCTGAGGCCCGCCAGCCAGGGAAAGCTC

CTAACTTCAGTGTTAACTGGACCGTTGGTGATTCTGCGATAGAGGTCATCAACGCCACGACAGGTAAGGATGAGCTC
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GGTAGAGCCTCACGCCTGTGTAAACACGCGTTGTATTGTAGATGGATGAGAGTACATGGGAAGGTCCCATCTCACTT

GCTCCGAAGCAAGATCACTAAGCCTAATGTGTATCATGAGTCAAAACTCGCGGCTAAAGAATACCAGGCAGCCAAAG

CTCGACTTTTTACAGCTTTTATTAAGGCAGGGCTCGGGGCATGGGTCGAGAAGCCGACCGAGCAGGACCAATTCTCT

CTGACGGGGGGCAGTGGGAGCGGTGCAGGATCTGGTAGTCCAGCTGGGGGAGGAGCACCGGGTAGCGGTGGGGGGAG

CAATGCGAGGACACGGCGACGAGAACGACGCGCTGAAAAGCAAGCGCAATGGAAAGCTGCAAACGGAGGTGGAGGAT

CTGGCGGTGGAGGGTCAGGTGGCGGCGGTTCAAATGCTCGGACTCGGAGACGCGAGCGGAGAGCGGAGAAGCAGGCA

CAATGGAAAGCCGCTAATGGTGGCGGCGGGAGTGGGGGAGGCGGATCTGGAGGTGGCGGGTCCAACGCGAGAACCCG

CCGACGAGAGCGCAGAGCGGAGAAACAAGCACAGTGGAAGGCGGCCAACGGGGGTGGGGGATCTGGCGGCGGGGGAT

CCGGCGGAGGAGGGTCCAATGCCCGAACCCGACGAAGGGAAAGACGGGCTGAGAAACAGGCTCAATGGAAAGCGGCT

AATgggagctacccatacgatgttccagattacgctggatccCTGCCACCATTGGAAAGACTGACCCTCggatccgg

cgcaacaaacttctctctgctgaaacaagccggagatgtcgaagagaatcctggaccgATGCTGCCTCCCCTCGAAA

GGCTTACGCTGGGGAGCGACTACAAAGACGATGACGACAAGGGGAGCGGATCCGGCTCTATGGCGTCCAATTTCACT

CAGTTTGTGCTGGTTGACAACGGCGGGACCGGGGACGTTACGGTAGCCCCCTCAAACTTTGCCAACGGTATAGCGGA

GTGGATAAGCAGCAATTCTAGGAGTCAAGCATACAAAGTTACATGCAGCGTGCGCCAATCTAGCGCTCAGAATCGCA

AGTACACCATTAAAGTAGAGGTCCCCAAGGGAGCCTGGAGAAGCTATCTTAACATGGAGTTGACCATACCAATCTTC

GCTACCAACTCTGACTGTGAACTCATTGTGAAAGCCATGCAAGGTCTGCTCAAGGATGGTAACCCAATTCCGTCCGC

TATCGCTGCCAACTCTGGGATTTACGGGGGCAGCGGCAGTGGGGCCGGCTCCGGCTCTCCCGCCGGCGGAGGGGCTC

CCGGAAGTGGTGGGGGGTCTCAGCTGCACCTGCCCCAGGTTCTCGCAGACGCCGTATCCCGCCTTGTACTGGGCAAG

TTTGGTGATCTTACTGACAATTTTTCATCTCCTCATGCGAGGCGGAAAGTACTCGCAGGCGTCGTCATGACGACCGG

AACTGACGTGAAAGACGCCAAAGTCATCTCTGTCTCCACGGGCACAAAGTGCATAAACGGGGAGTACATGAGCGACC

GGGGGCTGGCACTGAATGATTGTCACGCTGAAATAATATCTAGGCGATCTCTGCTTAGATTTCTCTACACTCAACTC

GAATTGTACCTTAACAACAAAGATGACCAGAAACGCAGTATATTTCAGAAATCAGAACGCGGCGGATTTCGACTTAA

GGAAAACGTTCAGTTCCACTTGTATATCAGCACATCCCCTTGCGGTGACGCCCGAATCTTTTCCCCGCACGAGCCGA

TATTGGAGGAGCCCGCGTGA 

 

Cluc-W85X 
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ATGAAGACCTTAATTCTTGCCGTTGCATTAGTCTACTGCGCCACTGTTCATTGCCAGGACTGTCCTTACGAACCTGA

TCCACCAAACACAGTTCCAACTTCCTGTGAAGCTAAAGAAGGAGAATGTATTGATAGCAGCTGTGGCACCTGCACGA

GAGACATACTATCAGATGGACTGTGTGAAAATAAACCAGGAAAAACATGTTGCCGAATGTGTCAGTATGTAATTGAA

TGCAGAGTAGAGGCCGCAGGATAGTTTAGAACATTCTATGGAAAGAGATTCCAGTTCCAGGAACCTGGTACATACGT

GTTGGGTCAAGGAACCAAGGGCGGCGACTGGAAGGTGTCCATCACCCTGGAGAACCTGGATGGAACCAAGGGGGCTG

TGCTGACCAAGACAAGACTGGAAGTGGCTGGAGACATCATTGACATCGCTCAAGCTACTGAGAATCCCATCACTGTA

AACGGTGGAGCTGACCCTATCATCGCCAACCCGTACACCATCGGCGAGGTCACCATCGCTGTTGTTGAGATGCCAGG

CTTCAACATCACCGTCATTGAGTTCTTCAAACTGATCGTGATCGACATCCTCGGAGGAAGATCTGTAAGAATCGCCC

CAGACACAGCAAACAAAGGAATGATCTCTGGCCTCTGTGGAGATCTTAAAATGATGGAAGATACAGACTTCACTTCA

GATCCAGAACAACTCGCTATTCAGCCTAAGATCAACCAGGAGTTTGACGGTTGTCCACTCTATGGAAATCCTGATGA

CGTTGCATACTGCAAAGGTCTTCTGGAGCCGTACAAGGACAGCTGCCGCAACCCCATCAACTTCTACTACTACACCA

TCTCCTGCGCCTTCGCCCGCTGTATGGGTGGAGACGAGCGAGCCTCACACGTGCTGCTTGACTACAGGGAGACGTGC

GCTGCTCCCGAAACTAGAGGAACCTGCGTTTTGTCTGGACATACTTTCTACGATACATTTGACAAAGCAAGATACCA

ATTCCAGGGTCCCTGCAAGGAGATTCTTATGGCCGCCGACTGTTTCTGGAACACTTGGGATGTGAAGGTTTCACACA

GGAATGTTGACTCTTACACTGAAGTAGAGAAAGTACGAATCAGGAAACAATCGACTGTAGTAGAACTCATTGTTGAT

GGAAAACAGATTCTGGTTGGAGGAGAAGCCGTGTCCGTCCCGTACAGCTCTCAGAACACTTCCATCTACTGGCAAGA

TGGTGACATACTGACTACAGCCATCCTACCTGAAGCTCTGGTGGTCAAGTTCAACTTCAAGCAACTGCTCGTCGTAC

ATATTAGAGATCCATTCGATGGTAAGACTTGCGGTATTTGCGGTAACTACAACCAGGATTTCAGTGATGATTCTTTT

GATGCTGAAGGAGCCTGTGATCTGACCCCCAACCCACCGGGATGCACCGAAGAACAGAAACCTGAAGCTGAACGACT

CTGCAATAGTCTCTTCGCCGGTCAAAGTGATCTTGATCAGAAATGTAACGTGTGCCACAAGCCTGACCGTGTCGAAC

GATGCATGTACGAGTATTGCCTGAGGGGACAACAGGGTTTCTGTGACCACGCATGGGAGTTCAAGAAAGAATGCTAC

ATAAAGCATGGAGACACCCTAGAAGTACCAGATGAATGCAAATAA 

 

MS2-MS2 adRNA 

MS2 domain; antisense domain with mismatch highlighted; polyT 

aACATGAGGATCACCCATGTcNNNNNNNNNNNNNNNNNNNNaACATGAGGATCACCCATGTcTTTTTT 



 

 142 

BoxB-BoxB adRNA 

BoxB domain; antisense domain with mismatch highlighted; polyT 

ggccctgaaaaagggccNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNggccctgaaaaagggccTTTTTT 

 

BoxB-MS2 adRNA 

BoxB domain; MS2 domain; antisense domain with mismatch highlighted; polyT 

ggccctgaaaaagggccNNNNNNNNNNNNNNNNNNNNNNNNaACATGAGGATCACCCATGTcTTTTTT 

 

MS2-BoxB adRNA 

MS2 domain; BoxB domain; antisense domain with mismatch highlighted; polyT 

aACATGAGGATCACCCATGTcNNNNNNNNNNNNNNNNNNNNNNNNNNggccctgaaaaagggccTTTTTT 

 

List of adRNA antisense sequences 

 

Name adRNA antisense sequence (5’ to 3’) 

MS2-ADAR2-TAG-
MS2 5’end 

TTTGCCCAGCACGAGTCTGC 

MS2-ADAR2-GAC-
MS2-5’end 

CACGAGCCTGCTCACGGCAT 

MS2-ADAR2-TAG-
MS2-3’end 

TCTTCCCAGTTCGTCTTTGC 

MS2-ADAR2-GAC-
MS2-3’end 

GCACAGCCTGCTGGCTCTTC 

BoxB_Luc-
TAG_MS2 

TGTTCTAAACCATCCTGCGGCCTC 

MS2_Luc-
TAG_BoxB 

CTAAACCATCCTGCGGCCTCTACTCT 
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MS2_Luc-
TAG_MS2 

CTAAACCATCCTGCGGCCTC 

BoxB_Luc-
TAG_BoxB 

TGTTCTAAACCATCCTGCGGCCTCTACTCT 

BoxB_RAB7A-
TAG_MS2 

ATACTGCCGCCAGCTGGATTTCCC 

BoxB_KRAS-
TAG_MS2 

CAGCTCCAACCACCACAAGTTTAT 

BoxB_CKB-
TAG_MS2 

ACAGCAAGGCCAAGGGCTCGCCAG 

MS2-RAB7A-GAC-
MS2 

TACATAATTCTTGTGCCTACTGTACAGAAT 

MS2-KRAS-GAG-
MS2 

GCCTACGCCACCAGCCCCAACTACCACAAG 
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DNA sequences from Chapter 4 

 

Antisense 100,50 

Antisense domain with mismatch highlighted; polyT 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNTTTTTT 

 

2xGluR2 100,50 

GluR2 domain; antisense domain with mismatch highlighted; polyT 

GTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGTGGAATAG

TATAACAATATGCTAAATGTTGTTATAGTATCCCACTTTTTT 

 

Alu 100,50 

Alu domain; antisense domain with mismatch highlighted; polyT 

GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGGAGATTGCTTGAGCCCAGGAG

TTCGAGACCAGCCTGGGCAACATAGCGAGACCCCGTCTCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAGCCGGGCGTGGTGG

CGCGCGCCTGTAGTCCCAGCTACTCGGGAGGCTGAGGCAGGAGGATCGCTTGAGCCCAGGAGTTCGAGGCTGCAGTG

AGCTATGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACCCTGTCTCTTTTTT 
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U6+27 100,50 

U6+27 domain; antisense domain with mismatch highlighted; polyT 

GTGCTCGCTTCGGCAGCACATATACTAGTCGACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTCTAGAGCGGACTTCGGTCCG

CTTTTTT 

 

Antisense 200,100 

Antisense domain with mismatch highlighted; polyT 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTTTT 

 

Circular 100,50 

Ribozyme and ligation domains; linker; antisense domain with mismatch 

highlighted; polyT 

GCCATCAGTCGCCGGTCCCAAGCCCGGATAAAATGGGAGGGGGCGGGAAACCGCCTAACCATGCCGACTGATGGCAG

AAAAAAAAAANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAAAAAAAAAACTGCCATCAGTCGGCGTGGACTGTAGAACACTGC

CAATGCCGGTCCCAAGCCCGGATAAAAGTGGAGGGTACAGTCCACGCTTTTTT 

 

Circular 200,100 
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Ribozyme and ligation domains; linker; antisense domain with mismatch 

highlighted; polyT 

GCCATCAGTCGCCGGTCCCAAGCCCGGATAAAATGGGAGGGGGCGGGAAACCGCCTAACCATGCCGACTGATGGCAG

AAAAAAAAAANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAAAAAAAAAACTGCCATCAGT

CGGCGTGGACTGTAGAACACTGCCAATGCCGGTCCCAAGCCCGGATAAAAGTGGAGGGTACAGTCCACGCTTTTTT 

 

List of adRNA antisense sequences 

Name adRNA antisense sequence (5’ to 3’) 

RAB7A (20,6) TGCCGCCAGCTGGATTTCCC 

RAB7A (20,10) ATACTGCCGCCAGCTGGATT 

RAB7A (60,6) TGCCGCCAGCTGGATTTCCCAATTCTGAGTAACACTCTGCAATC
CAAACAGGGTTCAACC 

RAB7A 60,30 TCTTGTGTCTACTGTACAGAATACTGCCGCCAGCTGGATTTCCC
AATTCTGAGTAACACT 

RAB7A 100,6 TGCCGCCAGCTGGATTTCCCAATTCTGAGTAACACTCTGCAATC
CAAACAGGGTTCAACCCTCCACCTTACAGGCCTGCATTACAGGA

CTTAAACACATA 

RAB7A 100,50 TGATAAAAGGCGTACATAATTCTTGTGTCTACTGTACAGAATAC
TGCCGCCAGCTGGATTTCCCAATTCTGAGTAACACTCTGCAATC

CAAACAGGGTTC 

KRAS 100,50 TGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCACCAGC
TCCAACCACCACAAGTTTATATTCAGTCATTTTCAGCAGGCCTC

TCTCCCGCACCT 

CKB 100,50 ATCAAAAAAATAAACTCTACCAAGGGTGACGGAAGTCTCTACAG
CAAGGCCAAGGGCTCGCCAGACGGCGAACATCAGGGGTGCATGG

TGGGCACTGCCC 

RAB7A 200,100 AGACAGTTGTCCCCCTGGAGAGATGAAAAGCTTGTTGGCTCTTA
AGTCTTtgataaaaggcgtacataattcttgtgtctactgtaca
gaatactgccgccagctggatttcccaattctgagtaacactct
gcaatccaaacagggttcAACCCTCCACCTTACAGGCCTGCATT

ACAGGACTTAAACACATAATCCAA 

GAPDH 200,100 GGCCATCCACAGTCTTCTGGGTGGCAGTGATGGCATGGACTGTG
GTCATGAGTCCTTCCACGATACCAAAGTTGTCATGGATGACCTT
GGCCAGGGGTGCCAAGCAGTTGGTGGTGCAGGAGGCATTGCTGA
TGATCTTGAGGCTGTTGTCATACTTCTCATGGTTCACACCCATG

ACGAACATGGGGGCATCAGCAGAG 

ALDOA 200,100 TCCGTCCTTCTTGTACTGGGCACAGCGCTCAGACAGCCCATCCA
ACCCTTGGGTGGTAGTCTCGCCATTTGTCCCTGCCAGGGGGACC
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ACGCCCTTGTCCACCTTGATGCCCACAACACCGCCCTTGGATTT
GATAACTTGGGGGAAGGGACGCCCATCATCCGCCTTCTGGTAGA

GTGTCTCATGGAAGAGGATGACAC 

DAXX 200,100 GCTCCTGTAACCTGATGCCCACATCTCGGAAGGCATCCTGAGCC
ATGAGCTGGAGCTGCTGTCGGGGGAGGCCAAGGCTGTGTCGGGC
AGCTGCCTTCTCCACAGCCCGAAGCACATCCCCATAGTCAGGGA
AGGTATCAGGCCCTGGCTTGTTGATGAGCCGCTCAATGCGCCTG

TTAACCTCTGGGTAGCGGGTGCCA 

GAPDH 200,100 
with 8bp 
bulges 

GGCCATCCACAGTCTTCTGGGTGGCAGTGATGGCATGGACTGTG
GTCATGAGTCCTTCCACGATACGTTCGTTGTCATGGATGACCTT
GGCCAGGGGTGCCAAGCACAACGTGGTGCAGGAGGCATTGCTGA
TGATCTTGAGGCTGTTGTCATACTTCTCATGGTTCACACCCATG

ACGAACATGGGGGCATCAGCAGAG 

GAPDH 200,100 
with A 
specific 
bulges 

GGCCATCCACAGTCTTCTGGGTGGCAGTGATGGCATGGACTGTG
GTCATGAGTCCTTCCACGAGACCAAAGTGGTCATGGATGACCTT
GGCCAGGGGTGCCAAGCAGTGGGTGGGGCAGGAGGCATGGCGGA
GGATCGGGAGGCTGTTGTCATACTTCTCATGGTTCACACCCATG

ACGAACATGGGGGCATCAGCAGAG 
mPCSK9 100,50 GCGAGCATCCTCAGGTTCTGGTACACTGGAGCAGCTGGCCAGAG

CCAGCCACAGCTTAATGTCTGATGGCAGAAAGCCAAGCACAGGC
CCCCTGACCGTG 

mPCSK9 200,100 ACTTCCTGAAAGACAAATACACCCTAAGGCCTGAGAACTGAGGC
CTTGCAGCGAGCATCCTCAGGTTCTGGTACACTGGAGCAGCTGG
CCAGAGCCAGCCACAGCTTAATGTCTGATGGCAGAAAGCCAAGC
ACAGGCCCCCTGACCGTGAAGGAGGTGCTTCCATACACCAGGAA

TGGGTACCCAGGGTGAGACACCA 

mIDUA 200,100 
ACTCCAGGCCGCTGCGGAGCCTTCAGGGTGATGGGTGCTGGCCA
GGACACCCACTGTATGATTGCTGTCCAACACAGCCCCAGCCTTT
GAGACCTCTGCCCAGAGTTGTTCTCCATCCAACAGGGCCATGAG
CCCCATGACTGTGAGTACTGGCTTTCGCAGCAACTGCACGTGGG

GTGGGTGAGTATTGTTGACCTGGA 

†mPCSK9 and mIDUA refer to mouse mRNA targets.
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DNA sequences from Chapter 5 

 

AAV2-N587X(TAG) 

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACACTCTCTCTGAAGGAATAAGACAGTGGTGGAAGCTCAA

ACCTGGCCCACCACCACCAAAGCCCGCAGAGCGGCATAAGGACGACAGCAGGGGTCTTGTGCTTCCTGGGTACAAGT

ACCTCGGACCCTTCAACGGACTCGACAAGGGAGAGCCGGTCAACGAGGCAGACGCCGCGGCCCTCGAGCACGACAAA

GCCTACGACCGGCAGCTCGACAGCGGAGACAACCCGTACCTCAAGTACAACCACGCCGACGCGGAGTTTCAGGAGCG

CCTTAAAGAAGATACGTCTTTTGGGGGCAACCTCGGACGAGCAGTCTTCCAGGCGAAAAAGAGGGTTCTTGAACCTC

TGGGCCTGGTTGAGGAACCTGTTAAGACGGCTCCGGGAAAAAAGAGGCCGGTAGAGCACTCTCCTGTGGAGCCAGAC

TCCTCCTCGGGAACCGGAAAGGCGGGCCAGCAGCCTGCAAGAAAAAGATTGAATTTTGGTCAGACTGGAGACGCAGA

CTCAGTACCTGACCCCCAGCCTCTCGGACAGCCACCAGCAGCCCCCTCTGGTCTGGGAACTAATACGATGGCTACAG

GCAGTGGCGCACCAATGGCAGACAATAACGAGGGCGCCGACGGAGTGGGTAATTCCTCGGGAAATTGGCATTGCGAT

TCCACATGGATGGGCGACAGAGTCATCACCACCAGCACCCGAACCTGGGCCCTGCCCACCTACAACAACCACCTCTA

CAAACAAATTTCCAGCCAATCAGGAGCCTCGAACGACAATCACTACTTTGGCTACAGCACCCCTTGGGGGTATTTTG

ACTTCAACAGATTCCACTGCCACTTTTCACCACGTGACTGGCAAAGACTCATCAACAACAACTGGGGATTCCGACCC

AAGAGACTCAACTTCAAGCTCTTTAACATTCAAGTCAAAGAGGTCACGCAGAATGACGGTACGACGACGATTGCCAA

TAACCTTACCAGCACGGTTCAGGTGTTTACTGACTCGGAGTACCAGCTCCCGTACGTCCTCGGCTCGGCGCATCAAG

GATGCCTCCCGCCGTTCCCAGCAGACGTCTTCATGGTGCCACAGTATGGATACCTCACCCTGAACAACGGGAGTCAG

GCAGTAGGACGCTCTTCATTTTACTGCCTGGAGTACTTTCCTTCTCAGATGCTGCGTACCGGAAACAACTTTACCTT

CAGCTACACTTTTGAGGACGTTCCTTTCCACAGCAGCTACGCTCACAGCCAGAGTCTGGACCGTCTCATGAATCCTC

TCATCGACCAGTACCTGTATTACTTGAGCAGAACAAACACTCCAAGTGGAACCACCACGCAGTCAAGGCTTCAGTTT

TCTCAGGCCGGAGCGAGTGACATTCGGGACCAGTCTAGGAACTGGCTTCCTGGACCCTGTTACCGCCAGCAGCGAGT

ATCAAAGACATCTGCGGATAACAACAACAGTGAATACTCGTGGACTGGAGCTACCAAGTACCACCTCAATGGCAGAG

ACTCTCTGGTGAATCCGGGCCCGGCCATGGCAAGCCACAAGGACGATGAAGAAAAGTTTTTTCCTCAGAGCGGGGTT

CTCATCTTTGGGAAGCAAGGCTCAGAGAAAACAAATGTGGACATTGAAAAGGTCATGATTACAGACGAAGAGGAAAT

CAGGACAACCAATCCCGTGGCTACGGAGCAGTATGGTTCTGTATCTACCAACCTCCAGAGAGGCTAGAGACAAGCAG

CTACCGCAGATGTCAACACACAAGGCGTTCTTCCAGGCATGGTCTGGCAGGACAGAGATGTGTACCTTCAGGGGCCC
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ATCTGGGCAAAGATTCCACACACGGACGGACATTTTCACCCCTCTCCCCTCATGGGTGGATTCGGACTTAAACACCC

TCCTCCACAGATTCTCATCAAGAACACCCCGGTACCTGCGAATCCTTCGACCACCTTCAGTGCGGCAAAGTTTGCTT

CCTTCATCACACAGTACTCCACGGGACAGGTCAGCGTGGAGATCGAGTGGGAGCTGCAGAAGGAAAACAGCAAACGC

TGGAATCCCGAAATTCAGTACACTTCCAACTACAACAAGTCTGTTAATGTGGACTTTACTGTGGACACTAATGGCGT

GTATTCAGAGCCTCGCCCCATTGGCACCAGATACCTGACTCGTAATCTGTAA 

 

AAVDJ-N589X(TAG) 

atggctgccgatggttatcttccagattggctcgaggacactctctctgaaggaataagacagtggtggaagctcaa

acctggcccaccaccaccaaagcccgcagagcggcataaggacgacagcaggggtcttgtgcttcctgggtacaagt

acctcggacccttcaacggactcgacaagggagagccggtcaacgaggcagacgccgcggccctcgagcacgacaaa

gcctacgaccggcagctcgacagcggagacaacccgtacctcaagtacaaccacgccgacgccgagttccaggagcg

gctcaaagaagatacgtcttttgggggcaacctcgggcgagcagtcttccaggccaaaaagaggcttcttgaacctc

ttggtctggttgaggaagcggctaagacggctcctggaaagaagaggcctgtagagcactctcctgtggagccagac

tcctcctcgggaaccggaaaggcgggccagcagcctgcaagaaaaagattgaattttggtcagactggagacgcaga

ctcagtcccagaccctcaaccaatcggagaacctcccgcagccccctcaggtgtgggatctcttacaatggctgcag

gcggtggcgcaccaatggcagacaataacgagggcgccgacggagtgggtaattcctcgggaaattggcattgcgat

tccacatggatgggcgacagagtcatcaccaccagcacccgaacctgggccctgcccacctacaacaaccacctcta

caagcaaatctccaacagcacatctggaggatcttcaaatgacaacgcctacttcggctacagcaccccctgggggt

attttgactttaacagattccactgccacttttcaccacgtgactggcagcgactcatcaacaacaactggggattc

cggcccaagagactcagcttcaagctcttcaacatccaggtcaaggaggtcacgcagaatgaaggcaccaagaccat

cgccaataacctcaccagcaccatccaggtgtttacggactcggagtaccagctgccgtacgttctcggctctgccc

accagggctgcctgcctccgttcccggcggacgtgttcatgattccccagtacggctacctaacactcaacaacggt

agtcaggccgtgggacgctcctccttctactgcctggaatactttccttcgcagatgctgagaaccggcaacaactt

ccagtttacttacaccttcgaggacgtgcctttccacagcagctacgcccacagccagagcttggaccggctgatga

atcctctgattgaccagtacctgtactacttgtctcggactcaaacaacaggaggcacgacaaatacgcagactctg

ggcttcagccaaggtgggcctaatacaatggccaatcaggcaaagaactggctgccaggaccctgttaccgccagca

gcgagtatcaaagacatctgcggataacaacaacagtgaatactcgtggactggagctaccaagtaccacctcaatg
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gcagagactctctggtgaatccgggcccggccatggcaagccacaaggacgatgaagaaaagttttttcctcagagc

ggggttctcatctttgggaagcaaggctcagagaaaacaaatgtggacattgaaaaggtcatgattacagacgaaga

ggaaatcaggacaaccaatcccgtggctacggagcagtatggtTCTgtatctaccaacctccagagaggcTAGagac

aagcagctaccgcagatgtcaacacacaaggcgttcttccaggcatggtctggcaggacagagatgtgtaccttcag

gggcccatctgggcaaagattccacacacggacggacattttcacccctctcccctcatgggtggattcggacttaa

acaccctccgcctcagatcctgatcaagaacacgcctgtacctgcggatcctccgaccaccttcaaccagtcaaagc

tgaactctttcatcacccagtattctactggccaagtcagcgtggagatcgagtgggagctgcagaaggaaaacagc

aagcgctggaaccccgagatccagtacacctccaactactacaaatctacaagtgtggactttgctgttaatacaga

aggcgtgtactctgaaccccgccccattggcacccgttacctcacccgtaatctgtaa 

 

ETF1-E55D 

atggcggacgaccccagtgctgccgacaggaacgtggagatctggaagatcaagaagctcattaagagcttggaggc

ggcccgcggcaatggcaccagcatgatatcattgatcattcctcccaaagaccagatttcacgagtggcaaaaatgt

tagcggatgactttggaactgcatctaacattaagtcacgagtaaaccgcctttcagtcctgggagccattacatct

gtacaacaaagactcaaactttataacaaagtacctccaaatggtctggttgtatactgtggaacaattgtaacaga

agaaggaaaggaaaagaaagtcaacattgactttgaacctttcaaaccaattaatacgtcattgtatttgtgtgaca

acaaattccatacagaggctcttacagcactactttcagatgatagcaagtttggattcattgtaatagatggtagt

ggtgcactttttggcacactccaaggaaacacaagagaagtcctgcacaaattcactgtggatctcccaaagaaaca

cggtagaggaggtcagtcagccttgcgttttgcccgtttaagaatggaaaagcgacataactatgttcggaaagtag

cagagactgctgtgcagctgtttatttctggggacaaagtgaatgtggctggtctagttttagctggatccgctgac

tttaaaactgaactaagtcaatctgatatgtttgatcagaggttacaatcaaaagttttaaaattagttgatatatc

ctatggtggtgaaaatggattcaaccaagctattgagttatctactgaagtcctctccaacgtgaaattcattcaag

agaagaaattaataggacgatactttgatgaaatcagccaggacacgggcaagtactgttttggcgttgaagataca

ctaaaggctttggaaatgggagctgtagaaattctaatagtctatgaaaatctggatataatgagatatgttcttca

ttgccaaggcacagaagaggagaaaattctctatctaactccagagcaagaaaaggataaatctcatttcacagaca

aagagaccggacaggaacatgagcttatcgagagcatgcccctgttggaatggtttgctaacaactataaaaaattt

ggagctacgttggaaattgtcacagataaatcacaagaagggtctcagtttgtgaaaggatttggtggaattggagg
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tatcttgcggtaccgagtagatttccagggaatggaataccaaggaggagacgatgaattttttgaccttgatgact

acTAA 

 

Oligonucleotides for AAV pseudotyping 

Name Sequence (5’ to 3’) 5’ group 

A AAAAACTATATTACCCTGTTATCCCTAGCGTAACT Hexynyl 

B AAAAATATAAGCGGGAGATTCGTCCTCATA Hexynyl 

A’ AGTTACGCTAGGGATAACAGGGTAATATAG Biosg 

B’ TATGAGGACGAATCTCCCGCTTATA Biosg 
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