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            Abstract
Programmable approaches to sense and respond to the presence of specific RNAs in biological systems have broad applications in research, diagnostics, and therapeutics. Here we engineer a programmable RNA-sensing technology, reprogrammable ADAR sensors (RADARS), which harnesses RNA editing by adenosine deaminases acting on RNA (ADAR) to gate translation of a cargo protein by the presence of endogenous RNA transcripts. Introduction of a stop codon in a guide upstream of the cargo makes translation contingent on binding of an endogenous transcript to the guide, leading to ADAR editing of the stop codon and allowing translational readthrough. Through systematic sensor engineering, we achieve 277 fold improvement in sensor activation and engineer RADARS with diverse cargo proteins, including luciferases, fluorescent proteins, recombinases, and caspases, enabling detection sensitivity on endogenous transcripts expressed at levels as low as 13 transcripts per million. We show that RADARS are functional as either expressed DNA or synthetic mRNA and with either exogenous or endogenous ADAR. We apply RADARS in multiple contexts, including tracking transcriptional states, RNA-sensing-induced cell death, cell-type identification, and control of synthetic mRNA translation.
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                    Fig. 1: RADARS with luciferase and fluorescence outputs can be used to sense reporter transcripts.[image: ]


Fig. 2: Detection of endogenous gene expression with RADARS.[image: ]


Fig. 3: RADARS do not disrupt cellular processes and has minimal off targets.[image: ]


Fig. 4: Application of RADARS to multi-input sensing, inducible cell death, and targeted Cre expression.[image: ]
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                Data availability

              
              All data supporting the findings of this study are available in the paper (and in its supplementary information files). Original data supporting the findings are available from the corresponding author upon reasonable request. Sequencing data will be available at Sequence Read Archive under accession PRJNA883765. Expression plasmids are available from Addgene under Uniform Biological Material Transfer Agreement. Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Characterization of luciferase RADARS sensors.
a) Comparison of Gluc/Cluc ratio between + target and â€“ target conditions for IL6 #CCA8 targeting ogRNA with different length and different MS2 hairpin loops while keeping 0aa 5â€² peptide length. Error bars indicate standard error of the mean. (n=3 technical replicates) b) Comparison of Gluc/Cluc ratio between + target and â€“ target conditions for five avidity binding site (4 MS2 loops) and nine avidity binding site (8 MS2 loops) ogRNA with varying length of 5â€² peptide. Error bars indicate standard error of the mean. (n=3 technical replicates) c) Comparison of Gluc/Cluc ratio between no out of frame stop codons and addition of two out of frame stop codons for a five avidity binding site ogRNA with 236 aa 5â€² peptide residues. Last column represents a constitutive gluc driven under an Ef1-alpha promoter. Error bars indicate standard error of the mean. (n=3 technical replicates) d) Corresponding editing percentage of the target adenosine in the UAG stop codon for a non-targeting ogRNA and fourteen IL6-targeting ogRNAs tiling CCA sites on IL6 with exogenous ADAR1p150 supplementation using the RADARSv2 design in the presence and absence of the target IL6 transcript. Error bars indicate standard error of the mean (n=3 technical replicates). e) Correlation of IL6 RADARSv2 tiling ogRNAS luciferase fold change upon target induction and the fold change of RNA editing of the stop codon upon target induction. Pearson correlation is performed for the 14 data points and significance is determined via two tailed unpaired t-test (N.S., p>0.05). Error bars indicate standard error of the mean (n=3 technical replicates). f) Correlation of IL6 RADARSv2 tiling ogRNAS luciferase intensity (protein production) upon target induction and the RNA editing rate of the stop codon upon target induction. Pearson correlation is performed for the 14 data points and significance is determined via unpaired two tailed t-test (N.S., p>0.05). Error bars indicate standard error of the mean (n=3 technical replicates). g) Comparison of RNA editing rate of the IL6 #CCA8 ogRNA when supplemented with exogenous ADAR1p150 or MCP-ADAR2dd(E488Q, T490A). Error bars indicate standard error of the mean (n=3 technical replicates). h) Comparison of luciferase fold change between +target and â€“target conditions for the IL6 #CCA8 targeting ogRNA with either exogenous ADAR1p150 or MCP-ADAR2dd (E488Q, T490A).


Extended Data Fig. 2 Characterization of fluorescent RADARS and quantitation of RADARS for gene expression.
a) Gating strategy used for flow cytometry analysis of fluorescent RADARS in HEK293 cells. Gates are drawn using a control population transfected with pUC19 plasmid. b) Gates overlaid onto a population of HEK293 cells transfected with EGFP-targeting RADARS, ADARp150, and pUC19 plasmid. c) Gates overlaid onto a population of HEK293 cells transfected with EGFP-targeting RADARS, ADARp150, and EGFP-target (frame-shifted) plasmid. d) Raw Cq value of IL6 transgene normalized by subtraction to GAPDH gene Cq number and the RADARS corresponding fold activation. Error bars indicate standard error of the mean (n=3 biological replicates). e) Effect of titrating the best IL6 ogRNA (Fig. 1c) RADARS sensor amount on resulting activation and overall protein production in the plus target condition (gluc/cluc ratio). For conditions below 40 ng, the remaining plasmid amount was substituted with pUC19 plasmid. Error bars indicate standard error of the mean (n=3 technical replicates).


Extended Data Fig. 3 Validation of endogenous gene knockdown.
a) Validation of siRNA knockdown of 10 endogenous transcripts as measured by qPCR expression. Fold change is calculated by the gene expression of the target transcript in the on-target siRNA group over the non-target siRNA group. Data are mean of technical replicates (n= 3 biological replicates) Â± s.e.m. b) Performance of 8 randomly selected ogRNAs targeting 10 endogenous transcripts and 8 randomly selected non-targeting ogRNAs. Fold activation of RADARS is calculated by the Gluc/Cluc ratio in the on-target siRNA group over the non-target siRNA group. The best performing targeting sensors for each gene are labeled as yellow and depicted in Fig. 2c. Horizontal line represents the mean of each group. c) Editing rate of the UAG stop codon in the best performing sensor in each gene group from b. One-tailed unpaired t-testâ€™s carried between the ontarget siRNA group and the non-target siRNA group. (*, p<0.05. **, p<0.01. ***, p<0.001. ****, p<0.0001) Error bars indicate standard error of the mean (n=3 technical replicates). d) Editing rate of the UAG stop codon for the two ogRNA targeting HSP70 sensors in Fig. 2e. One-tailed unpaired t-test is carried out between the 37 degrees Celsius group and the heat shock (42 degrees Celsius) group (*, p<0.05. **, p<0.01). Error bars indicate standard error of the mean (n=3 technical replicates).


Extended Data Fig. 4 Characterization of RADARS-induced protein knockdown or innate immune response activation.
(a) Effect of sensor-target hybridization on protein production is analyzed by Western blot. PPIB protein levels are shown in response to RADARS hybridization and GAPDH is used as a normalizing protein control. b) qPCR detected gene expression fold change of four dsRNA responsive genes (IFNb, OAS1, MDA5 and RIG-1) in response to RADARS in HEK293FT cells using ACTB as the normalizing gene. Data are mean of technical replicates (n= 3) Â± s.e.m. c) qPCR detected gene expression fold change of four dsRNA responsive genes (IFNb, OAS1, MDA5 and RIG-1) in response to RADARS or poly (I:C) in HepG2 cells with GAPDH as the normalizing gene. Data are mean of technical replicates (n= 3) Â± s.e.m. d) 48 hours post transfection of either an ACTB targeting ogRNA RADARS or a NT ogRNA RADARS, cells are sorted for mCherry positive population and subjected to targeted next generation sequencing on the 200bp hybridization region of RADARS to the ACTB transcript. A to I (G) conversion is depicted in a heatmap. e) Quantification of RNA editing in the 300bp hybridization region of RADARS to the IL6 exogenous transcript for a IL6-targeting #CCA8 ogRNA and a NT ogRNA. A to I (G) conversion is depicted in a heatmap. f) Analysis of transcriptome-wide off target editing looking only at the repeat regions of the genome that were soft-masked out in Fig. 3. Scatter plots show the allele fraction of A->G mutations in (i) PPIB sensor and ADAR1p150 overexpression versus non-transfected HEK293T cells (n = 2.64x105 sites); (ii) same as (i) but for IL6 sensor (n = 2.35x105 sites); (iii) same as (i) but for no ADAR overexpression and a non-targeting RADAR sensor (n = 2.57 x105 sites). Sites are colored by fdr-corrected p-value (Fisherâ€™s exact test, colorbar left). Experiments were generated from 3 independent replicates.
Source data


Extended Data Fig. 5 Whole Transcriptome off-target analysis.
a) Analysis of sequence homology between transcriptome off targets (n=23 sites) and PPIB homology region targeted. Corresponding fdr-corrected p-values for the significance of local alignment (Monte Carlo permutation test) between 200 bp surrounding each off-target site and the PPIB homology region targeted by the ogRNA (red line denotes p=0.05). b) Sequence logo analysis of the off-target edit sites from ADAR1p150 overexpression along with PPIB targeting RADARS. c) Sashimi plot of reads aligned to PPIB from polyA RNA-seq for PPIB targeting ogRNA+ADAR1p150 (red), and untransfected HEK293FT control (blue) showing no differences in exon usage/intron retention. Differential alternative splicing analysis was performed using rMATS41, yielding no significant splicing differences between samples. d) Analysis of transcriptome-wide off target editing with repeat regions soft-masked out, in HEK293FT cells transfected with MCP-ADAR2(E488Q). Scatter plots show the allele fraction of A->G mutations in MCP-ADAR2 (E488Q) overexpression versus non-transfected HEK293FT cells (n = 2.5x106 sites). Sites are colored by fdr-corrected p-value (colorbar left). e) Analysis of transcriptome-wide off target editing in the repeat regions masked out in (d), n = 1.17x105 sites, Fisherâ€™s exact test.


Extended Data Fig. 6 Computational analysis of marker genes for cells and tissues.
a) Relative transcript abundance of 61 marker mRNAs that uniquely define a single cell type across 61 cell types. b) Summary of the number of genes needed to classify one tissue from the rest.


Extended Data Fig. 7 Characterization of mRNA RADARS and characterization of RADARS OR gate.
a) Editing rate of the UAG stop codon in the mRNA RADARS in the + target and the - target group. One-tailed unpaired t-test is carried between the two groups. (***, p<0.001.) Error bars indicate standard error of the mean (n=3 technical replicates). b) Schematic of two input OR gate logic with RADARS. c) Sensor activation of OR gate RADARS for all possible EGFP and IL6 transcript input combinations. Data are mean of technical replicates (n= 3) Â± s.e.m.


Extended Data Fig. 8 Cell Type specific protein expression.
a) Left: Schematics of dual loxP EGFP Cre reporter and IL6 RADARS-CRE. Right: HEK293FT fluorescence at 48 hours post-transfection of dual loxP EGFP reporter, ADAR1p150, and IL6-targeting RADARS with Cre cargo with or without IL6 target. Images are shown for the â€“ target and + target conditions. White scale bar denotes 100 microns. Imaging experiments are repeated 3 times with independent biological replicates and a representative image is shown. b) Cells from part (a) are harvested for flow analysis of EGFP expression. c) EGFP expression quantified by flow cytometry at 48 hours post-transfection of CRE reporter, ADAR1p150, and IL6-targeting RADARS with Cre cargo with or without IL6 target. Distribution of EGFP signals is analyzed by flow cytometry for Hela, A549 and HepG2 cells. For all three cell types, GFP positive cells are defined as a population of cells with FITC channel EGFP intensity above 107. d) Cell viability of HepG2, Hela and A549 cells are determined 48 hours after transfection of a SERPINA1 or non-targeting RADARS expressing iCaspase9 construct and ADAR1p150 using MTS assay and normalized to a control group transfected with only a GFP expressing plasmid. Data are mean of technical replicates (n= 3) Â± s.e.m.


Extended Data Fig. 9 Characterization of RADARSv2 with endogenous ADAR.
a) Comparison of fold activation of #CCA8 IL6 ogRNA with 171 nt guide and 4 MS2 loops (Fig. 1c) when used in conjunction with exogenous supplemented ADAR1p150 or with endogenous ADAR. Data are mean of technical replicates (n= 3) Â± s.e.m. b) Editing rate of the UAG stop codon of the #CCA8 IL6 ogRNA when supplemented with ADAR1p150 or with endogenous ADAR in the presence and absence of exogenous IL6 target. Data are mean of technical replicates (n= 3) Â± s.e.m. c) qPCR and RADARSv2 detected HSP70 expression differences between the 37 degrees Celsius (control) and 42 degrees Celsius (heat shock) groups. Top HSP70 targeting RADARS construct on the HSP70 transcript and a scrambled non-targeting (NT) RADARS construct, without exogenous ADAR were transfected into HeLa cells followed by 24 hours at 42â€‰Â°C or 37â€‰Â°C. Sensor activation is calculated between the 42â€‰Â°C and 37â€‰Â°C groups and is normalized to the NT condition, which is a sensor with a scrambled non-targeting ogRNA (NT) to control for changes in protein production. Data are mean of technical replicates (n= 3) Â± s.e.m. d) Editing rate of the UAG stop codon for HSP70 #CCA42 in the ambient group (37 degrees Celsius) and the heat shock group (42 degrees Celsius) when transfected without exogenous ADAR1p150 supplementation. Data are mean of technical replicates (n= 3) Â± s.e.m. e) RADARSv2 with ogRNAs targeting the highest TPM gene (RPS5), the lowest TPM gene (KRAS), or as a non-targeting scrambled sequence used either with exogenous ADAR1p150 supplementation or with endogenous ADAR to sense the downregulation of their corresponding gene via gene-specific siRNA. Fold activation is calculated as the activation of cargo in the on-target siRNA group over non-target siRNA group. Error bars indicate standard error of the mean (n=3 technical replicates). f) Editing rate of the UAG stop codon of the RPS5 sensor and KRAS sensor in the on-target siRNA and non-target siRNA groups. Error bars indicate standard error of the mean (n=3 technical replicates).


Extended Data Fig. 10 Schematic illustrating design of RADARSv2 sensors.
The workflow for engineering an ogRNA targeting a new site, involving target site selection, generation of center homology, addition of MS2 loops, assembly of multiple binding sites, and mutation of in-frame stop codons.
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