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• The vast majority of human genetic diseases are caused by single-nucleotide substitutions or point

mutations rather than small insertions/deletions (indels) or large chromosomal rearrangements in the

genome (cystic fibrosis, sickle cell disease, genetic prion diseases etc.).

• Correct these mutated nucleotides to wild-type by base editing holds promises of gene therapy.

Point mutations and human diseases



General strategy for gene targeting in ES cells

https://www.nobelprize.org/nobel_prizes/medicine/laureates/2007/press.html



• Low frequency of gene targeting v.s random integration by conventional method (1 in 105-106

transfected cells or 0.1% in selected clones);

• One allele is targeted, sometimes not sufficient to completely rescue the diseases;

• Not applicable for gene therapy in vivo.

Limitations of conventional gene targeting methodology



https://www.addgene.org/crispr/history/

CRISPR-Cas9 mediated homology directed repair (HDR)

• HDR is much less efficient than the NHEJ



CRISPR-Cas9 mediated homology directed repair (HDR)

• Limited improvement: 0.1%-5%
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DNA-nucleotides-bases

• Use chemistry to modify single nucleotide 
specifically?



Nature, 2016

• Most known cytidine deaminases 
operate on RNA, few accept 
single strand DNA. 



Which cytidine deaminase?

Synthetic U at the 
same position

USER: Uracil-Specific Excision Reagent ssDNA

• Rat APOBEC1 (apolipoprotein B mRNA editing enzyme, catalytic 
polypeptide-like 1, 229aa, 27kD)  showed highest efficiency

• rAPOBEC1 needs to be fused to N- terminus of dCas9



The linker between deaminase-dCas9 and the activity window of the target

GGS

(GGS)3

XTEN (16 residues)

(GGS)7

dsDNA

USER: Uracil-Specific Excision Reagent

Denature

Gel separation



The specificity of BE1: rAPOBEC1-XTEN-dCas9

• BE1 show base editing only when specific sgRNA is presented
• BE1 editing window: position 4-8

PAM



Fixed C7 • Independent of 
sequence context except 
G6C7

Sequence context and target C position

NC • TC≥CC≥AC > GC
• Max efficiency at C7



Base editing by BE1 in Cells
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Base editing by BE1 in Cells

• BE1 editing efficiency: 0.8%-7.7%
• 5- to 36-fold decrease compared to in vitro editing



BE2: rAPOBEC1-XTEN-dCas9-UGI
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Base editing by BE2 in Cells

• Editing efficiency up to 20%
• 3-fold decrease compared to BE1



BE3: rAPOBEC1-XTEN-dCas9(D10A)-UGI
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Base editing by BE3 in Cells

• Editing efficiency up to 37%
• 2- to 6-fold decrease compared to BE2



Low indels with BEs



BE3 and Cas9/HDR in editing disease-relevant mutations



Summary I

1. Development of base editing tools (BE1, BE2 and BE3) advanced both scope and effectiveness of

genome editing;

2. BE2: very little indel (<0.1%); BE3: higher efficiency with ≤1% indel;

3. No DSB, no donor templates and no stochastic DNA repair processes;

4. Only applied to C:G-T:A correction; target C:G need to be in the editing window of PAM sequence

NGG;

5. Efficiency…



1. In yeast;

2. AID (PmCDA1, 268aa, 30kD) instead of rAPOBEC1;

3. Deaminase in C- instead of N- terminus of dCas9;

4. Editing window: 3-5bp surrounding -18 (BEs: 5bp

surrounding -15 (-12 to -16));

5. UGI and nickase (dCas9(D10A) increased efficiency;

6. C to T editing

Science, 2016



1. In mammalian cells HEK293;

2. Mutant human AID P182X (198aa, 24kD), deletion of putative nuclear

exporting sequence;

3. dCas9-AID P182X;

4. Editing window: -12 to -16;

5. Co express UGI or Cas9 nickase increases efficiency;

6. C to T editing

Nature Methods, 2016



Nature, 2017

• No enzymes are known to deaminate adenine in dsDNA! 

C→T



Natural adenine deaminase could not edit A to G in HEK293 cells



Evolve an adenine deaminase in bacteria

1. A defective antibiotic resistance genes (chloramphenicol acetyl transferase CamR)

that carry mutations (A:T to G:C);

2. Reverse the mutations by BE2 (APOBEC1-dCas9-UGI, bacteria lack nick-directed

mismatch repair machinery) restore antibiotic resistance (chloramphenicol);

3. BE2 could correct the G:C to A:T, therefore restore antibiotic resistance in bacteria;

4. Introduce another C:G to T:A mutation to CamR, confers minimal chloramphenicol

resistance;

5. TadA (176aa, 18kD) is a tRNA adenine deaminase that converts A to I in the single-

stranded anticodon loop of tRNA in E.coli, TadA shares homology with the APOBEC;

6. Unbiased libraries of ecTadA-dCas9 fusion containing mutations in the adenine

deaminase portion.



Evolve an adenine deaminase in bacteria



Evolve an adenine deaminase in bacteria

• 1st round of evolution: chloramphenicol resistance
• A106V, D108N enriched

 D108-OH group in uracil upstream of the adenine.

 D108N mutation are likely to abrogate the hydrogen bond, 

decreasing the energetic opportunity cost of binding DNA. 

 Mutations near 108 enable TadA to perform adenine 

deamination on DNA substrates.



• wtTadA -XTEN-nCas9-NLS: ABE0.1

• TadA* (D108N)-XTEN-nCas9-NLS: ABE1.1

• TadA* (A106V, D108N)-XTEN-nCas9-NLS: ABE1.2

• ABE1.2 resulted in 3.2±0.88% editing 

efficiency

ABE base editing in HEK293 cells



• Based on ABE1.2, another round of evolution using higher concentration of chloramphenicol

• Two mutations enriched: D147Y, E155V

Evolve an adenine deaminase in bacteria



• TadA* (A106V, D108N, D147Y, E155V)-XTEN-nCas9-NLS: ABE2.1

• ABE2.1 increased 2- to 7-fold than 

ABE1.2, resulting in 11±2.9% editing 

efficiency

ABE base editing in HEK293 cells



• TadA natively operates as a homodimer, one monomer catalysing deamination, the other monomer acting 

as docking station for tRNA substrate.

• TadA*-TadA* (A106V, D108N, D147Y, E155V)-XTEN-nCas9-NLS: ABE2.9

• wtTadA-TadA* (A106V, D108N, D147Y, E155V)-XTEN-nCas9-NLS: ABE2.10

• ABE2.9 increased 7.6± 2.6-fold than 

ABE1.2, resulting in 20±3.8% editing 

efficiency

Evolve an adenine deaminase in bacteria



• Based on ABE2.9, 3rd round of evolution using two early stop codons in the kanamycin resistance gene

• Three mutations enriched: L84F, H123Y and I156F

Evolve an adenine deaminase in bacteria



• TadA*-TadA* (L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)-XTEN-nCas9-NLS: ABE3.1

• ABE3.1 increased 1.6-fold than ABE2.9, 

11-fold then ABE1.2, resulting in 

29±2.6% editing efficiency

ABE base editing in HEK293 cells



• Based on ABE3.1, 4th round of evolution focusing on the residues that are predicted to interact with 

nucleotides upstream or down stream of the target adenine (E25, R26m R107, A142 and A143), restore 

T89I mutation in the spectinomycin resistance gene.

• One mutation enriched: A142N

Evolve an adenine deaminase in bacteria



• TadA*-TadA* (L84F, A106V, D108N, H123Y, A142N, D147Y, E155V, I157F)-XTEN-nCas9-NLS: 

ABE4.3

• ABE4.3 decreased efficiency compared 

to ABE3.1, resulting in 16±5.8% editing 

efficiency.

ABE base editing in HEK293 cells



• Based on ABE3.1, 5th round of evolution using higher concentration of chloramphenicol, shorter time for 

ABE (7 hours instead of 14 hours).

• Four mutations enriched: H36L, R51L, S146C and K157N

Evolve an adenine deaminase in bacteria



• TadA*-TadA* (H36L, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F, K157N)-

XTEN-nCas9-NLS: ABE5.1

• ABE5.1 decreased efficiency 1.6-fold 

compared to ABE3.1.

• Mutations may impair the abilty of non-

catalytic N-terminus TadA to play its 

structural role.

ABE base editing in HEK293 cells



• wtTadA-TadA* (H36L, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F, K157N)-

XTEN-nCas9-NLS: ABE5.3

• ABE5.3 increased efficiency 2.9± 0.78-

fold compared to ABE5.1, resulting in 

39±5.9% editing efficiency

• ABE5.3 showed higher editing efficiency 

in non-YAC target.

ABE base editing in HEK293 cells



• Based on ABE5.3, 6th round of evolution using T89I mutation in the spectinomycin resistance gene.

• Two mutations enriched: P48S and A142N.

Evolve an adenine deaminase in bacteria



• wtTadA-TadA* (H36L, P48S, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F, 

K157N)-XTEN-nCas9-NLS: ABE6.3

• ABE6.3 increased efficiency 1.3± 0.28-

fold compared to ABE5.3, resulting in 

47±5.5% editing efficiency

ABE base editing in HEK293 cells



• wtTadA-TadA* (H36L, P48S, R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y, E155V, 

I156F, K157N)-XTEN-nCas9-NLS: ABE6.4

• ABE6.4 increased efficiency 1.5± 0.13-

fold compared to ABE6.3, 1.8± 0.16-fold 

compared to ABE5.3 at site 6

ABE base editing in HEK293 cells



• Based on ABE6, 7th round of evolution using stop codon Q4stop and D208N mutaion in the kanamycin 

resistance gene

• Three mutations enriched: W23L/R, S48A and R152P

Evolve an adenine deaminase in bacteria



• wtTadA-TadA* (W23R, H36L, S48A, R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y, 

R152P, E155V, I156F, K157N)-XTEN-nCas9-NLS: ABE7.10

• ABE7.10 increased efficiency 1.3± 0.20-

fold compared to ABE6.3, 29± 7.4-fold 

compared to ABE1.2, resulting in 58±4.0% 

editing efficiency. 

• Comparable to BE3 for C-T editing

ABE base editing in HEK293 cells



Higher efficiency and lower indel by ABE base editing



A-G correction of disease-related mutation by ABE7.10



Summary II

1. Development of new base editing tools (A:T to G:C);

2. ABE1s and ABE2s with weak efficiency, ABE3s, ABE4s and ABE5s limited efficiency, ABE6s and

ABE7s highly active;

3. ABE7.10 for general A to G base editing;

4. Depending on the context sequences, ABE6.3, 7.8 and 7.9 may offer higher efficiency;

5. Greatly expanded the capabilities of base editing for pathogenic SNPs.
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Dystrophin gene

• Microinjection of BE3 and sgRNA or 
electroporation of BE3 ribonucleoproteins 
(RNP)

• 11/15 (73%) of blastocysts contain C-T 
mutation 

Phenotype?

Nature Biotechnology, 2017



• Microinjection of BE3 and sgRNA or 
electroporation of BE3 ribonucleoproteins 
(RNP)

• 10/10 (100%) of blastocysts contain C-T 
mutation 

Albino phenotype in the eyes



• Β-thalassemia, hemoglobin β chain (HBB) A-G mutation at -28 is one of the three most frequent 
mutations in China and Southeast Asia patients. 

• Edit C to T in the antisense strand will correct the G to A in the coding allele.

1) Test BE efficiency in HEK cells expressing an exogenous mutated HBB

2) Do BE in patient-derived primary skin fibroblasts

3) Do BE in human embryos derived from fusion of lymphocyte to enucleated human oocytes

Protein & Cell, 2017



BE3 base editing mutant HBB in human embryos

48 hours



BE3 base editing mutant HBB in human embryos



Application of BE3 in base editing



Summary III

1. Base editing BE3 (C to T) is applicable for many species;

2. More applications of ABE will be reported;

3. Efficiency can be improved further;

4. Sites of targets can be broadened by various strategies;

5. Editing window can be narrowed to have higher specificity.
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Expanded the sites that can be targeted by BE by 2.5-fold.

Nature Biotechnology, 2017



Narrow the editing window from 5 nt to 1-2 nt by engineering deaminase



PAM: TTTV

Nature Biotechnology, 2018



Nature, 2018

Cas9 variants bind broader PAMs

Phage assisted continuous evolution (PACE)





Summary IV

1. Tools for base editing C:G →T:A or A:T →G:C;

2. High efficiency and little unwanted indels;

3. Applicable for in vivo;

4. By protein engineering of Cas9 or other nuclease, more sites can be targeted;

5. Careful validation of the efficiency and specificity in vitro before applied for patients.



D178N: G→A mutation
E200K: G→A mutation
ABE7.10 could potentially be used for the correction

Human PRNP mutations



Thank you!
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