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            Abstract
Technologies that recruit and direct the activity of endogenous RNA-editing enzymes to specific cellular RNAs have therapeutic potential, but translating them from cell culture into animal models has been challenging. Here we describe short, chemically modified oligonucleotides called AIMers that direct efficient and specific A-to-I editing of endogenous transcripts by endogenous adenosine deaminases acting on RNA (ADAR) enzymes, including the ubiquitously and constitutively expressed ADAR1 p110 isoform. We show that fully chemically modified AIMers with chimeric backbones containing stereopure phosphorothioate and nitrogen-containing linkages based on phosphoryl guanidine enhanced potency and editing efficiency 100-fold compared with those with uniformly phosphorothioate-modified backbones in vitro. In vivo, AIMers targeted to hepatocytes with N-acetylgalactosamine achieve up to 50% editing with no bystander editing of the endogenous ACTB transcript in non-human primate liver, with editing persisting for at least one month. These results support further investigation of the therapeutic potential of stereopure AIMers.
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                    Fig. 1: AIMer optimization through structureâ€“activity relationship analysis.[image: ]


Fig. 2: Optimization for GalNAcâ€“AIMers.[image: ]


Fig. 3: Multiplex editing with AIMers and ADAR1 enzymes in primary human hepatocytes.[image: ]


Fig. 4: AIMers support up to 50% ACTB editing in NHP liver.[image: ]


Fig. 5: AIMers direct specific editing in vitro and in vivo.[image: ]


Fig. 6: AIMers correct SERPINA1 Z transcript and increase AAT protein secretion from hepatocytes.[image: ]
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              RNA-seq data that support the findings of this study have been deposited in BioProject with the accession code PRJNA791338 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA791338). Crystallographic data for PN-Rp-fGmA have been deposited in the Cambridge Structural Database with reference code 2113502. Genome assembly for off-target analysis in human cells relied on GRch38 (https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39). Alu repeat regions were taken from UCSC Table Browser (https://genome.ucsc.edu/cgi-bin/hgTables). Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Short chemically modified oligonucleotides called AIMers support luciferase editing in vitro.
a, The reporter construct encodes Gaussia luciferase (Gluc, internal control) and Cypridinia luciferase (Cluc, RNA-editing reporter) only if the UAG stop codon in Cluc undergoes A-to-I editing. P2A is a self-cleaving peptide. An AIMer is depicted in the upper cartoon near the targeted editing site with 5â€™-end to the right. b, Inspiration for AIMer design. Schematic representation of the endogenous substrate from GluR (top), including stem-loop structure, mismatched bases in stem, and red box denoting edit region. Our predicted substrate (bottom), showing targeted RNA strand (black backbone) bound through complementary base pairing to AIMer (blue backbone). The AIMer is depicted with the 5â€™-end to the left. The arrangement of mismatches and base pairs is parallel between natural and predicted substrates. c, Fold-change in RNA-editing activity (compared with mock) for LUC-155 (black), a fully PS-modified 32-mer with ribose sugars throughout domains 1 and 2 except in the 5â€™-and 3â€™-ends, which have 2â€™-OMe modifications, and LUC-88 (green), an AIMer with the same sequence and ribose modifications but with a PO backbone. nâ€‰=â€‰2, meanâ€‰Â±â€‰s.e.m. Legend depicts chemical modifications used in this figure. d-f, ADAR-mediated editing activity is shown for ADAR1 and ADAR2 in the presence of fully PS-modified stereorandom AIMer with various 2â€™ modifications. e-f, Overall AIMer chemistry matches the cartoon at the top, except in the edit region, which is depicted in detail. Data are presented as meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰2. g, Fold change in relative luciferase activity with respect to AIMer length, with deletions from the 5â€™-end, 3â€™-end or both for ADAR1 p150 (left) or ADAR2 (right). AIMer length and truncations are denoted as 29,-1,-2 representing an AIMer 29 nucleotides in length with 1 nucleotide deleted from 5â€™-end and 2 nucleotides deleted from the 3â€™-end compared with LUC-374.
Source data


Extended Data Fig. 2 Control over backbone stereochemistry enhances ADAR1-mediated RNA editing of exogenous and endogenous transcripts.
a, Schematic representation of AIMers targeting ACTB. Fold change in relative luciferase expression at increasing concentrations of the indicated AIMers. Data are represented as meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰2. b, Traces from Sanger sequencing reactions from RPE cells treated with no AIMer (mock, left) or ACTB-33 (right). The red arrow indicates the site of A-to-I (G) editing.
Source data


Extended Data Fig. 3 GalNAc conjugate, lack of AIMer-directed antisense activity, IFNÎ±-mediated induction of ADAR1 p150 and siRNA-mediated depletion of ADAR1 enzymes.
a, Chemical structure for tri-antennary GalNAc used in this work. b, Relative expression of ACTB in the presence of increasing concentrations of the indicated AIMers (normalized to mock-treated cells) in primary human hepatocytes, showing a lack of dose-dependent ACTB transcript depletion with (ACTB-40) or without (ACTB-9) GalNAc and with (ACTB-81) or without (ACTB-9) PN-backbone linkages. Data are presented as meanâ€‰Â±â€‰s.d., nâ€‰=â€‰3. Shading shows 95% confidence intervals. c, Blots showing expression of ADAR1 p150 (top green arrow), ADAR1 p110 (bottom green arrow) and vinculin loading control (red arrow) in ARPE-19 cells treated with the indicated siRNA with or without IFNÎ±. Molecular weight marker (125â€‰kDa) is shown (black line). Experiment was performed three times.
Source data


Extended Data Fig. 4 Preliminary pharmacology in mice supports evaluating AIMers in non-human primates.
a, Schematic representation of AIMers tested in vivo in mice and NHPs. Dosing regimen for 3â€‰d study. Yellow arrow depicts subcutaneous AIMer administration to mice, and green arrow depicts sample collection. Graph depicts tissue exposure in the liver for the indicated AIMers. Data are represented as means (lines), and each point represents one animal, nâ€‰=â€‰3. b, Dosing regimen for single dose, 1-month study (arrows are as in panel a). Graph depicts tissue (liver) exposure kinetics over 30â€‰d for representative AIMer (ACTB-386) after administration of a single dose. Data are represented as means (line), and each point represents one animal, nâ€‰=â€‰5. c, Dosing regimen for multi dose, 2-week study (arrows are as in panel a). Graphs depict ALT and AST levels for samples treated with PBS or the indicated AIMer. Data are represented as means (lines), and each point represents one animal, nâ€‰=â€‰5. d, Dose-dependent editing in vitro in NHP hepatocytes for increasing concentrations of GalNAc-AIMers. Percentage ACTB editing dose-dependently increased with increasing concentrations (0.27â€‰nM, 1.33â€‰nM, 6.67â€‰nM, 33.3â€‰nM) of the indicated AIMer. Data are represented as meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰2. * not detected e, Percentage ACTB editing detected in kidney biopsies for the indicated AIMer 45 d post-dose. Data are represented as means (lines), and each point represents a biological replicate, nâ€‰=â€‰2, except for ACTB-387, where only one monkey was evaluated at day 45. f, Kidney concentration of the indicated AIMer in NHPs. Data are represented as in e. D day; ALT alanine aminotransferase; AST aspartate aminotransferase; PBS phosphate-buffered saline.
Source data


Extended Data Fig. 5 AIMers elicit highly specific editing in vitro and in vivo.
a, Scatter plot showing the correlation between percentage ACTB editing detected by RNA-seq and Sanger sequencing in mock- (nâ€‰=â€‰3), ACTB-69- (nâ€‰=â€‰3), and ACTB-40-treated primary human hepatocytes (nâ€‰=â€‰3). b, Number of filtered Alu-repeat sites found in ACTB-69 and ACTB-40 samples from primary human hepatocytes. c, Overlap of off-target sites edited by ACTB-40 and ACTB-69 in primary human hepatocytes. d, Scatter plot (top) of variants detected in ACTB-69 samples. On-target ACTB editing (blue) and off-target edits (red) having >3 LOD score and >5% editing. LOD score calculated by Mutect2 is the likelihood odds ratio that the variant exists in treated samples compared with mock samples. Genes with the highest percentage editing and highest LOD scores are labeled. Total RNA coverage (bottom) across replicates for all variants (potential edited sites). Confidence that variants are bona fide edit sites decreases as coverage decreases. e-f, Editing detected in samples treated with ACTB-387 (e) or ACTB-402 (f). For each panel, the top graph shows a scatter plot of variants detected in treated primary NHP hepatocytes in vitro. On-target ACTB editing (blue) and off-target edits (red) have >3 LOD score and >5% editing. Genes with the highest percentage editing and highest LOD scores are labeled. The bottom graph in each panel shows total RNA coverage across replicates for all variants (potential edited sites). Heat maps on the right depict the top 25 editing sites detected in vivo in NHP liver at off-target editing sites observed in vitro. Black boxes in the heat maps denote <10 reads of coverage in the in vivo sample.
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