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            Abstract
Cytosine or adenine base editors (CBEs or ABEs) can introduce specific DNA C-to-T or A-to-G alterations1,2,3,4. However, we recently demonstrated that they can also induce transcriptome-wide guide-RNA-independent editing of RNA bases5, and created selective curbing of unwanted RNA editing (SECURE)-BE3 variants that have reduced unwanted RNA-editing activity5. Here we describe structure-guided engineering of SECURE-ABE variants with reduced off-target RNA-editing activity and comparable on-target DNA-editing activity that are also among the smallest Streptococcus pyogenes Cas9 base editors described to date. We also tested CBEs with cytidine deaminases other than APOBEC1 and found that the human APOBEC3A-based CBE induces substantial editing of RNA bases, whereas an enhanced APOBEC3A-based CBE6, human activation-induced cytidine deaminase-based CBE7, and the Petromyzon marinus cytidine deaminase-based CBE Target-AID4 induce less editing of RNA. Finally, we found that CBEs and ABEs that exhibit RNA off-target editing activity can also self-edit their own transcripts, thereby leading to heterogeneity in base-editor coding sequences.
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                    Fig. 1: Engineering of SECURE-ABE variants with reduced off-target RNA-editing activity.[image: ]


Fig. 2: On-target DNA-editing activity of ABEmax, miniABEmax(K20A/R21A) and miniABEmax(V82G) in HEK293T cells.[image: ]


Fig. 3: Transcriptome-wide off-target RNA-editing activity of CBEs with non-APOBEC1 cytidine deaminases in HEK293T cells.[image: ]


Fig. 4: Self-editing generates heterogeneously edited CBE and ABE transcript sequences in HEK293T and HepG2 cells.[image: ]
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Supplementary Figure 1 On-target DNA editing and additional data on the off-target RNA editing activities of ABEmax, miniABEmax, miniABEmax-K20A/R21A, and miniABEmax-V82G in HEK293T cells.
(a) Heat maps showing the on-target DNA editing efficiencies of nCas9 (Control), ABEmax, miniABEmax, miniABEmax-K20A/R21A, and miniABEmax-V82G each assessed with two gRNAs targeted to HEK site 2 and ABE site 16 and performed in triplicate. Note that these were performed with genomic DNA isolated from cells that were sorted for the RNA-seq experiments shown in Fig. 1c, d. Editing windows shown include only the most highly edited adenines and not the entire spacer sequence. Numbering at the bottom represents spacer position with 1 being the most PAM distal location. (b) Histograms showing the total number of RNA A-to-I edits observed (y-axis) with different editing efficiencies (x-axis) for ABEmax, miniABEmax, miniABEmax-K20A/R21A, and miniABEmax-V82G each tested with the HEK site 2, ABE site 16, and NT gRNAs. n = number of modified adenines. Experiments were performed in triplicate (data is derived from the same experiments as Fig. 1c, d). Dashed line = median; solid line = mean. Rep. = Replicate.


Supplementary Figure 2 Sequence logos for RNA adenines edited by ABEmax, miniABEmax, miniABEmax-K20A/R21A, and miniABEmax-V82G in HEK293T cells.
Sequence logos derived using all RNA-edited adenines (0–100]% or stratified RNA-edited adenines with high (80–100]%, middle (50–80]%, or low (0–50]% editing efficiencies induced by (a) ABEmax co-expressed with a HEK site 2, ABE site 16, or NT (non-targeting) gRNA or (b) miniABEmax co-expressed with a HEK site 2, ABE site 16, or NT gRNA or (c) miniABEmax-K20A/R21A or miniABEmax-V82G co-expressed with a HEK site 2, ABE site 16, or NT gRNA. Logos are shown for triplicate experiments from the same RNA-seq experiments displayed in Fig. 1c, d. n = total number of modified adenines. For strata that contained <50 edited adenines, we considered the motif analysis as not sufficiently powered and therefore presented these logos in a semi-transparent fashion or using all adenines (i.e., (0–100]% editing efficiency).


Supplementary Figure 3 Unexpected on-target editing of C bases by ABEs in HEK293T cells.
Heat maps showing (a) C-to-G (pink), (b) C-to-T (purple), and (c) C-to-A (green) DNA on-target editing efficiencies induced by nCas9 (Control), ABEmax, miniABEmax-K20A/R21A, and miniABEmax-V82G each co-expressed with HEK site 2, ABE site 7, or FANCF site 1 gRNAs (n=4 independent replicates). These were obtained from the same data presented in Fig. 2a, b but now including the entire spacer sequence and showing these other types of base edits. Numbering at the bottom represents spacer position with 1 being the most PAM-distal location.


Supplementary Figure 4 DNA off-target activities of ABEmax, miniABEmax-K20A/R21A, and miniABEmax-V82G in HEK293T cells.
Heat maps showing A-to-G DNA on-target (blue) and A-to-G DNA off-target (orange) editing efficiencies of nCas9 (Control), ABEmax, miniABEmax-K20A/R21A, and miniABEmax-V82G each co-expressed with HEK site 2, HEK site 3, or HEK site 4 gRNAs (n=4 independent replicates). Editing windows shown include the most highly edited adenines. Numbering at the bottom represents spacer position with 1 being the most PAM-distal location.


Supplementary Figure 5 Additional data showing transcriptome-wide off-target RNA editing activities and sequence logos of non-rAPOBEC1 CBEs in human HEK293T cells.
(a) Manhattan plots showing transcriptome-wide distribution of RNA edits induced by hA3A-BE3 (these are the same data shown as Jitter plots in Fig. 3b). Sequence logos derived using all RNA-edited cytosines (0–100]% or stratified RNA-edited cytosines with high (80–100]%, middle (50–80]%, or low (0–50]% editing efficiencies induced by hA3A-BE3 expressed with the RNF2 gRNA. n = total number of modified cytosines. (b) Histograms showing the total number of RNA C-to-U edits observed (y-axis) at different editing efficiencies (x-axis) with expression of hA3A-BE3, eA3A-BE3, hAID-BE3, or Target-AID co-expressed with the RNF2 gRNA. Data from triplicate experiments are shown (derived from the data shown as Jitter plots in Fig. 3b). Dashed line = median; solid line = mean. Rep. = Replicate. n = number of modified cytosines.


Supplementary Figure 6 Self-editing generates a diverse range of heterogeneously edited CBE and ABE transcript sequences in HEK293T and HepG2 cells.
(a) Plots showing C-to-U self-editing of the BE3-encoding RNA transcript observed with WT BE3 (with rAPOBEC1) expression in HEK293T cells (sorted for all GFP-positive cells) with two different gRNAs targeting sites in RNF2 and EMX1. Each dot represents an edited C and the color of the dot indicates the predicted type of mutation caused by a C-to-U edit at that position (Methods). n = total number of modified cytosines. The y-axis shows editing efficiencies for each C-to-U change and the x-axis represents the position of each C within the BE3 coding sequence (with the architecture of the editor shown schematically below but not displaying the NLS and linkers). Data were obtained by analyzing additional replicates from previously published RNA-seq experiments5. (b) Plots illustrating C-to-U self-editing observed with wild-type (WT) BE3 (with rAPOBEC1), SECURE-BE3 (R33A) and SECURE-BE3 (R33A/K34A) in HEK293T and HepG2 cells sorted for top 5% GFP signal with co-expression of the RNF2 gRNA. Data are shown as described in a. Data were obtained by analyzing additional replicates from previously published RNA-seq experiments5. (c) Plots depicting C-to-U self-editing observed in HEK293T cells expressing hA3A-BE3, eA3A-BE3, hAID-BE3, and Target-AID (sorted for top 5% GFP signal). Data are shown as described in a and were obtained using additional replicates from the RNA-seq experiments shown in Fig. 3b. (d) Plots showing A-to-I self-editing induced by expression of ABEmax, miniABEmax, miniABEmax-K20A/R21A, and miniABEmax-V82G (sorted for all GFP-positive cells) each with a gRNA targeting HEK site 2, ABE site 16, or a non-targeting gRNA (NT) in HEK293T cells. Data are shown as described in a and were obtained using additional replicates from the RNA-seq experiments shown in Fig. 1c, d. n = total number of modified adenines.


Supplementary Figure 7 Assessment of gRNA editing induced by CBEs and ABEs in human cells.
(a) Plots showing C-to-U edits on gRNA observed with WT BE3 expression in HEK293T cells (sorted for all GFP-positive cells) and gRNAs targeting sites in RNF2 or EMX1. Data were obtained by analyzing previously published RNA-seq experiments5. (b) Plots illustrating C-to-U edits on gRNA observed with wild-type (WT) BE3, SECURE-BE3 (R33A) and SECURE-BE3 (R33A/K34A) in HEK293T and HepG2 cells sorted for top 5% GFP signal with co-expression of the RNF2 gRNA. Data were obtained by analyzing previously published RNA-seq experiments5. (c) Plots depicting C-to-U edits on gRNA observed in HEK293T cells expressing hA3A-BE3, eA3A-BE3, hAID-BE3, or Target-AID (sorted for top 5% GFP signal) with the RNF2 gRNA. Data were obtained from the RNA-seq experiments shown in Fig. 3b. (d) Plots showing A-to-I edits on gRNA induced by expression of ABEmax, miniABEmax, miniABEmax-K20A/R21A, or miniABEmax-V82G (sorted for all GFP-positive cells) each assessed with gRNAs targeting HEK site 2, ABE site 16, or a non-targeting gRNA (NT) in HEK293T cells. Data were obtained from the RNA-seq experiments shown in Fig. 1c, d. For all plots, each dot represents an edited C or A. n = total number of modified Cs or As; the y-axis shows editing efficiencies for each C-to-U or A-to-I modifications and the x-axis represents the position of each C or A within the gRNA sequence (spacer and scaffold).
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