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            Abstract
Base editors (BEs) enable the generation of targeted single-nucleotide mutations, but currently used rat APOBEC1-based BEs are relatively inefficient in editing cytosines in highly methylated regions or in GpC contexts. By screening a variety of APOBEC and AID deaminases, we show that human APOBEC3A-conjugated BEs and versions we engineered to have narrower editing windows can mediate efficient C-to-T base editing in regions with high methylation levels and GpC dinucleotide content.
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                    Figure 1: hA3A-BE3 induces efficient base editing in a methylated region and in a GpC context.[image: ]


Figure 2: Improvements in hA3A-BE3.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Effect of DNA methylation on the base editing efficiency induced by BE3.
(a) DNMT3-induced DNA methylation leads to the decreased base editing efficiency induced by BE3. Top panels, DNA methylation status of indicated genomic regions from NT or dCas9-DNMT3-transfected HEK293T cells are shown. Bottom panels, BE3-induced C-to-T editing frequencies at indicated cytosines were individually determined under different conditions. (b) TET1-induced DNA demethylation increased the efficiency of BE3-mediated base editing. Top panels, DNA methylation status of indicated genomic regions from NT or dCas9-TET1-transfected HEK293T cells are shown. Bottom panels, BE3 induced C-to-T editing frequencies at indicated cytosines were individually determined under different conditions. (a,b) Target site sequences are shown with the editing window (position 4-8, setting the base distal to the protospacer adjacent motif (PAM) as position 1) in lavender, PAM in cyan and CpG site in capital. NT, native HEK293T cells with no treatment. M, methylable regions. (c) Normalized C-to-T editing frequencies at CpG sites shown in (a) and (b), setting the ones induced at low-methylation levels as 100%. (d) Statistical analysis of normalized C-to-T editing frequencies at CpG and non-CpG sites, setting the ones induced at low-methylation levels as 100%. The data analyzed are from panels (a) and (b). Left, n = 36 samples from three independent experiments; right, n = 18 samples from three independent experiments. P value, one-tailed Studentâ€™s t test. The median and interquartile range (IQR) are shown.
(a-c) Means Â± s.d. were from three independent experiments.


Supplementary Figure 2 Screening for DNA methylation-resistant base editors.
(a) Characteristics of the APOBEC/AID deaminases used to construct BEs. (b) Schematic diagram illustrating the in vitro CpG methylation of plasmid vectors. (c) BstUI restriction of unmethylated, partially methylated and fully methylated plasmid vectors. Plasmids were treated with different amounts of CpG methyltransferase M.SssI for in vitro methylation and then digested with methylation-sensitive enzyme BstUI. The methylation of cytidines in plasmid DNA used in (d) and Fig. 1c,d reached almost 100% (arrow head), as the methylated plasmid was almost completely resistant to BstUI restriction. In contrast, decreased amount of CpG methyltransferase resulted in partially methylated plasmid DNAs, which were partially digested accordingly. Gel images are representative of three independent experiments and uncropped gel images are shown in Supplementary Fig. 11. (d) Immunoblots of the BEs co-transfected with unmethylated or methylated vectors. Tubulin was used as a loading control and immunoblot images are representative of three independent experiments. Uncropped blot images are shown in Supplementary Fig. 11.


Supplementary Figure 3 Comparison of base editing efficiencies induced by BE3 and hA3A-BE3 in genomic regions with induced high levels of DNA methylation.
(a) Base editing efficiencies induced by BE3 and hA3A-BE3 in genomic regions with induced high levels of DNA methylation. The C-to-T editing frequencies of indicated cytosines were individually determined and target site sequences are shown with the BE3 editing window (position 4-8, setting the base distal to the PAM as position 1) in lavender, PAM in cyan and CpG site in capital. Means Â± s.d. were from three independent experiments. (b) Statistical analysis of normalized C-to-T editing frequencies in regions with induced high levels of DNA methylation shown in (a), setting the ones induced by BE3 as 100%. n = 21 samples from three independent experiments. (c) Statistical analysis of normalized C-to-T editing frequencies at GpC sites in regions with natively or induced high levels of DNA methylation shown in (a) and Figure 1e, setting the ones induced by BE3 as 100%. n = 36 samples from three independent experiments.
(b,c) P value, one-tailed Studentâ€™s t test. The median and IQR are shown.


Supplementary Figure 4 Comparison of base editing frequencies induced by BE3 and hA3A-BE3 in genomic regions with low levels of DNA methylation.
(a) Base editing efficiencies induced by BE3 and hA3A-BE3 in genomic regions with natively low levels of DNA methylation. (b) Base editing efficiencies induced by BE3 and hA3A-BE3 in genomic regions with induced low levels of DNA methylation. (c) Statistical analysis of normalized C-to-T editing frequencies at C of GpC sites in regions with natively or induced low levels of DNA methylation shown in (a,b), setting the ones induced by BE3 as 100%. n = 39 samples from three independent experiments. (d) Statistical analysis of normalized C-to-T editing frequencies at non-CpG sites in regions with natively or induced low levels of DNA methylation shown in (a,b), setting the ones induced by BE3 as 100%. n = 24 samples from three independent experiments.
(a,b) Target site sequences are shown with the BE3 editing window (position 4-8, setting the base distal to the PAM as position 1) in lavender, PAM in cyan and CpG site in capital. Shaded gray, the guanines at 5â€™ end of editable cytosines. Means Â± s.d. were from three independent experiments.
(c,d) P value, one-tailed Studentâ€™s t test. The median and IQR are shown.


Supplementary Figure 5 Product purity and indel formation yielded by BE3 and hA3A-BE3.
(a) Comparison of product purity yielded by BE3 and hA3A-BE3 in genomic DNA regions with natively or induced high levels of DNA methylation. Fractions of cytosine substitutions induced by BE3 and hA3A-BE3 were individually determined at the indicated cytosines under different conditions. (b) Statistical analysis of the data in (a) showed that C-to-T fractions of base editing products induced by hA3A-BE3 was significantly higher than that by BE3 in genomic regions with high-methylation levels. n = 69 samples from three independent experiments. (c) Comparison of product purity yielded by BE3 and hA3A-BE3 in genomic DNA regions with natively or induced low levels of DNA methylation. Fractions of cytosine substitutions induced by BE3 and hA3A-BE3 were individually determined at indicated cytosines under different conditions. (d) Statistical analysis of the data in (c) showed that C-to-T fractions of base editing products induced by hA3A-BE3 was significantly higher than that by BE3 in genomic regions with low-methylation levels. n = 63 samples from three independent experiments. (e) Comparison of indel formation induced by BE3 and hA3A-BE3 in genomic DNA regions with natively or induced high levels of DNA methylation. (f) Comparison of indel formation induced by BE3 and hA3A-BE3 in genomic DNA regions with natively or induced low levels of DNA methylation. (g) Statistical analysis of the data in (a,c) showed that C-to-T fractions of base editing products induced by BE3 and hA3A-BE3 at CpG sites with high-methylation levels were significantly higher than those at CpG sites with low-methylation levels. n = 36 samples from three independent experiments. (h) Statistical analysis of normalized indel frequencies induced by BE3 and hA3A-BE3 shown in (e) and (f), setting the ones induced by BE3 as 100%. n = 39 (left panel) and 36 (right panel) samples from three independent experiments.
(b,d,g,h) P value, one-tailed Studentâ€™s t test. The median and IQR are shown.
(e,f) Means Â± s.d. were from three independent experiments. Asterisks denote unusually high basal indel frequencies (or amplification, sequencing or alignment artifact) at examined VEGFA-M-a, VEGFA-M-b and VEGFA-M-c sites in NT.


Supplementary Figure 6 Y130F, D131Y and Y132D mutations of hA3A narrowed the editing window of hA3A-BE3.
Summary of base editing frequencies induced by hA3A-BE3 (a), hA3A-BE3-Y130F (b), hA3A-BE3-D131Y (c) and hA3A-BE3-Y132D (d) on each cytosine in indicated target sites. Cytosines are counted with the base distal to the PAM setting as position 1. These data show that Y130F, D131Y or Y132D mutation on hA3A module narrowed the major editing window (red box).


Supplementary Figure 7 C101S and C106S mutations of hA3A eliminated the editing activity of hA3A-BE3.
Base editing frequencies induced by hA3A-BE3, hA3A-BE3-C101S (a) and hA3A-BE3-C106S (b) on indicated cytosines at seven different genomic loci. These data show that C101S and C106S mutations of hA3A eliminated the editing activity of corresponding BEs. Means Â± s.d. were from three independent experiments.


Supplementary Figure 8 Product purity and indel formation yielded by hA3A-BE3-Y130F and hA3A-BE3-Y132D.
(a) Comparison of product purity yielded by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D in genomic DNA regions with natively high levels of DNA methylation. Fractions of cytosine substitutions induced by BE3 and hA3A-BE3s were individually determined at indicated cytosines. (b) Statistical analysis of C-to-T fractions of base editing products induced by BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D shown in (a). n = 12 samples from three independent experiments. (c) Comparison of indel formation induced by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D in genomic DNA regions with natively high levels of DNA methylation. Indel frequencies were individually determined at indicated genomic loci under different conditions. (d) Statistical analysis of normalized indel frequencies induced by BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D in regions with natively high levels of DNA methylation shown in (c), setting the ones induced by BE3 as 100%. n = 9 samples from three independent experiments. (e) Base editing efficiencies induced by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D in genomic regions with natively low levels of DNA methylation. C-to-T editing frequencies of indicated cytosine were individually determined. Target site sequences are shown with the overlapped editing window (position 4-7, setting the base distal to the PAM as position 1) in lavender, PAM in cyan and CpG site in capital. (f) Comparison of product purity yielded by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D in genomic DNA regions with natively low levels of DNA methylation. Fractions of cytosine substitutions induced by BE3 and hA3A-BE3s were individually determined at indicated cytosines. (g) Statistical analysis of C-to-T fractions of base editing products induced by BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D shown in (f). n = 9 samples from three independent experiments. (h) Comparison of indel formation induced by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D in genomic DNA regions with natively low levels of DNA methylation. Indel frequencies were individually determined at indicated genomic loci under different conditions. Asterisk denotes an unusually high basal indel frequency (or amplification, sequencing or alignment artifact) at examined VEGFA-M-c site in NT. (i) Statistical analysis of normalized indel frequencies induced by BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D in regions with natively low levels of DNA methylation shown in (h), setting the ones induced by BE3 as 100%. n = 6 samples from three independent experiments.
(b,d,g,i) P value, one-tailed Studentâ€™s t test. The median and IQR are shown.
(c,e,h) Means Â± s.d. were from three independent experiments.


Supplementary Figure 9 Additional free UGI further enhances base editing mediated by hA3A-BEs.
(a) Statistical analysis of C-to-T fractions of base editing products induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-Y132D at cytosines of GpC sites in regions with natively low levels of DNA methylation shown in Figure 2h. n = 9 samples from three independent experiments. (b) Statistical analysis of normalized indel frequencies induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-Y132D in regions with natively low levels of DNA methylation shown in Figure 2i, setting the ones induced by hA3A-BE3-Y130F (left) or hA3A-BE3-Y132D (right) as 100%. n = 6 samples from three independent experiments. (c) Comparison of product purity yielded by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-Y132D in genomic DNA regions with natively high levels of DNA methylation. (d) Statistical analysis of C-to-T fractions of base editing products induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-Y132D shown in (c). n = 6 samples from three independent experiments. (e) Comparison of indels induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-Y132D in genomic DNA regions with natively high levels of DNA methylation. (f) Statistical analysis of normalized indel frequencies induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-Y132D in regions with natively high levels of DNA methylation shown in (e), setting the ones induced by hA3A-BE3-Y130F (left) or hA3A-BE3-Y132D (right) as 100%. n = 6 samples from three independent experiments. (g) Comparison of C-to-T editing frequencies induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-Y132D in genomic DNA regions with natively high levels of DNA methylation. (h) Statistical analysis of normalized C-to-T editing frequencies induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-Y132D in regions with natively high levels of DNA methylation shown in (g), setting the ones induced by hA3A-BE3-Y130F (left) or hA3A-BE3-Y132D (right) as 100%. n = 6 samples from three independent experiments.
(a,b,d,f,h) P value, one-tailed Studentâ€™s t test. The median and IQR are shown.
(e,g) Means Â± s.d. were from three independent experiments.


Supplementary Figure 10 Summary of BE3 and hA3A-BEs.
(a) Schematic diagrams illustrate configurations of BE3 and hA3A-BEs. (b) List of relevant features of BE3 and hA3A-BEs.


Supplementary Figure 11 Uncropped images of blots and gels.
(a) Uncropped blot images for Fig. 1d. (b) Uncropped blot images for Fig. 2e. (c) Uncropped gel images for Supplementary Fig. 2c. (d) Uncropped blot images for Supplementary Fig. 2d.
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