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BEs, which combine a cytidine deaminase with Cas9 or Cpf1, have 
been successfully applied to perform targeted base editing, includ-
ing C-to-T edits1–6. Numerous human diseases have been reported 
to be driven by point mutations in genomic DNAs. With recently 
developed BEs, these disease-related point mutations can be poten-
tially corrected, providing new therapeutic options. By analyzing 
disease-related T-to-C mutations that can be theoretically reverted 
to thymines by BEs, we found that ~43% of them are on cytosines 
in the context of CpG dinucleotides (Fig. 1a). It is well known that 
the cytosine of CpG is usually methylated in mammalian cells7, and 
methylation of cytosine strongly suppresses cytidine deamination 
catalyzed by some APOBEC and AID deaminases8. Here we show 
that CpG dinucleotide methylation hinders the C-to-T base editing 
by current BEs and develop BEs for efficient C-to-T base editing in 
highly methylated regions.

We first examined the base editing efficiency of a commonly used 
BE, the rat APOBEC1 (rA1)-based BE31, in human cells having either 
increased or decreased levels of methylation. When DNA methylation 
was promoted by DNMT3 in regions with native low methylation 
levels, editing frequencies by BE3 decreased (Supplementary Fig. 1a). 
In addition, when DNA methylation was reduced by TET1 in regions 
with native high methylation levels, BE3-induced editing frequencies 
increased accordingly (Supplementary Fig. 1b). These results suggest 
that the canonical rA1-based BE3 is less efficient in editing cytosines 
embedded in highly methylated genomic regions. Notably, C-to-T 
editing was suppressed by DNA methylation at both CpG and flanking 
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non-CpG sites (Supplementary Fig. 1c,d, median decrement ~28%, 
P = 2 × 10−8 for CpG sites and ~51%, P = 7 × 10−10 for flanking non-
CpG sites). APOBECs deaminate cytidines on single-stranded DNA 
in a processive manner9. CpG methylation may affect the sliding of 
APOBEC and therefore impair its binding on the flanking non-CpG 
sites for deamination (Supplementary Fig. 1d).

To screen for efficient base editing in high-methylation background, 
we obtained a series of BEs by fusing Cas9 nickase with fifteen dif-
ferent APOBEC and AID deaminases (Fig. 1b and Supplementary  
Fig. 2a–c). We then tested these BEs in an Escherichia coli–derived 
vector system (Fig. 1b) that has been previously used to probe muta-
tions6,10. In unmethylated vectors, these BEs showed varied levels of 
base editing. The BEs containing human APOBEC3A (hA3A-BE3, 
mean editing frequency ~39%), human APOBEC3B (hA3B-BE3, mean 
editing frequency ~33%) or human AID (hAID-BE3, mean editing 
frequency ~28%) mediated base editing at levels that are comparable 
to that of BE3 (mean editing frequency ~31%) (Fig. 1c). In methylated 
vectors only hA3A-BE3 induced efficient base editing (mean editing 
frequency ~35%), with relatively low editing efficiencies induced by 
BE3 (mean editing frequency ~12%) or other examined BEs (mean 
editing frequencies ~1%–20%) (Fig. 1c). Protein products of hA3A-
BE3, BE3 and other examined BEs were comparable (Fig. 1d and 
Supplementary Fig. 2d).

Similarly to the observation in E. coli–derived vectors, hA3A-BE3 
exhibited significantly higher base editing frequencies than rA1-based 
BE3 in all tested genomic regions, either those with a native high 
methylation background (median ~1.7-fold, P = 2 × 10−10, Fig. 1e,f) 
or those with an induced high-methylation condition (median ~1.8-
fold, P = 5 × 10−4, Supplementary Figs. 1a and 3a,b). Thus, using 
hA3A as the deaminase module in BE could generally achieve high 
base editing efficiency in genomic regions with high methylation 
levels. This finding is also in agreement with the fact that hA3A can 
catalyze efficient deamination of methylated cytidines11,12.

The base editing on cytosines in a GpC context was observed to be 
generally inefficient by rA1-based BEs1,6,13. By contrast, we found that 
hA3A-BE3 could induce efficient base editing on most of the cytosines 
at GpC sites in both endogenously and induced high-methylation 
backgrounds (Fig. 1e and Supplementary Fig. 3a, shaded gray). We 
further compared their editing efficiencies under both endogenously 
and induced low-methylation backgrounds and observed a similar 
superiority of hA3A-BE3 over BE3 in editing cytosines in the GpC 
context (Fig. 1g,h and Supplementary Fig. 4a,b). Statistical analy-
sis confirmed that the base editing efficiency induced by hA3A-BE3 
was significantly higher than that induced by BE3 on cytosines in  
the GpC context in either high-methylation (median ~2.3-fold,  
P = 1 × 10−5, Supplementary Fig. 3c) or low-methylation (median 
~1.8-fold, P = 6 × 10−9, Supplementary Fig. 4c) conditions. Notably, 
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Figure 1  hA3A-BE3 induces efficient base editing in a methylated region and in a GpC context. (a) Distribution of BE-editable T-to-C (or A-to-G) variants. 
Potentially editable cytosines (underlined) are subclassified according to their 3′ adjacent bases. (b) Screening of BEs for efficient base editing in a high-
methylation background. A series of new BEs were constructed by fusing different APOBEC and AID deaminases with Cas9 nickase (nCas9) and uracil DNA 
glycosylase inhibitor (UGI). (c) Cumulative base editing frequencies induced by different BEs in unmethylated and methylated vectors. A commonly used  
rA1-based BE3 was chosen for comparison. Means ± s.d. were from three (six for hA3A-BE3) independent experiments. (d) Immunoblots of BE3 and hA3A-BE3 
cotransfected 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 Figure 11. (e) Comparison of base editing efficiencies induced by BE3 and hA3A-BE3 
in genomic regions with natively high levels of DNA methylation. C-to-T editing frequencies of indicated cytosines were determined individually. Target site 
sequences are shown with the BE3 editing window (positions 4–8, setting the base distal to the protospacer-adjacent motif (PAM) as position 1) in lavender, 
PAM in cyan and CpG site in capitals. Guanines at the 5′ end of editable cytosines are shaded gray. NT, native HEK293T cells with no treatment. M, methylable 
regions. (f) Statistical analysis of normalized C-to-T editing frequencies in regions with natively high levels of DNA methylation shown in e, setting the ones 
induced by BE3 to 100%. n = 48 samples from three independent experiments. (g) Comparison of base editing efficiencies induced by BE3 and hA3A-BE3 at 
the cytosine of GpC in genomic regions with natively low levels of DNA methylation. (h) Statistical analysis of normalized C-to-T editing frequencies at GpC sites in 
regions with natively low levels of DNA methylation shown in g, setting the ones induced by BE3 to 100%. n = 24 samples from three independent experiments. 
(e,g) Means ± s.d. were from three independent experiments. (f,h) P value, one-tailed Student’s t test. The median and interquartile range are shown.

d

C
-t

o-
T

 e
di

tin
g

fr
eq

ue
nc

y 
in

ge
no

m
ic

 D
N

A
(%

) 

C
-t

o-
T

 e
di

tin
g

fr
eq

ue
nc

y 
in

ge
no

m
ic

 D
N

A
 (

%
)

C
-t

o-
T

 e
di

tin
g

fr
eq

ue
nc

y 
in

ge
no

m
ic

 D
N

A
 (

%
)

+
Unmethylated vector Cumulative base

editing frequency

Transfect
into cells

Methylated vector

SupF

Vector extraction
and transform into

E. coli

Counting the
number of white and

total colonies

55 kDa

180 kDa
Anti-Cas9

Anti-tubulin

Methylated vector
Unmethylated vector

– + – + – +
+ – + – + –
BE3

hA3A-
BE3 Mock

e

f

C4 C6

Gca aCG

C
-t

o-
T

 e
di

tin
g

fr
eq

ue
nc

y 
in

ge
no

m
ic

 D
N

A
(%

) 

MAGEA1-M-b

80

60

40

20

0

80

60

40

20

0

C6
gca

MSSK1-M-a

C6C4

cca aCG

FANCF-M-b

C6 C8

tCG Gct

MSSK1-M-b

C5

gCG

FANCF-M-c

C5

aCG

FANCF-M-d

C7 C8
gcc ccC

MAGEA1-M-a

C4 C6

cCG GCG

C4 C6 C7

tCG GcC cCG

MSSK1-M-c

N
or

m
al

iz
ed

 C
-t

o-
T

ed
iti

ng
 fr

eq
ue

nc
y 

in
ge

no
m

ic
 D

N
A

(t
o 

B
E

3,
 %

)

FANCF-M-a

hA3A-BE3

BE3

NT

Genomic DNA, natively
high methylation

a

c CpA CpC CpG CpT

400

0

800

1,200
N

um
be

r
of

 e
di

ta
bl

e 
C

′s

43.3%

18.1%19.6% 19.0%

g

80

60

40

20

0
C4

gca
C7

gca

hA3A-BE3

BE3

NT

Genomic DNA,
natively low methylation

C5 C7

gCG Gca

C7

gca
C4

gct

C7

gCG
C5

gCG

C
um

ul
at

iv
e 

ba
se

ed
iti

ng
 fr

eq
ue

nc
y 

in
pl

as
m

id
 v

ec
to

r 
(%

) 50

40

30

20

0

10

SupF-1

Methylated
vector 

Unmethylated
vector 

b

N
at

iv
e 

C
pG

m
et

hy
la

tio
n

50%

N
at

iv
e 

C
pG

m
et

hy
la

tio
n

PDL1-M-a PDL1-M-b VEGFA-M-aPDL1-M-c

VEGFA-M-cVEGFA-M-b

80

60

40

20

0

N
at

iv
e 

C
pG

m
et

hy
la

tio
n

N
at

iv
e 

C
pG

m
et

hy
la

tio
n

h

50% 50% 75% 75% 100% 37.5% 37.5% 25% 75% 75%

37.5% 62.5% 75% 100% 37.5%62.5% 100% 100%100%

37.5% 0% 25% 50% 12.5% 0% 0%12.5%

0% 0% 0% 0% 0%

APOBEC/AID
rA1

hA3A

hA3B

cAICDA

nCas9 UGI

BE3

cAICDA-BE3

hA3B-BE3

hA3A-BE3

BE3
(rA1)

hA3A
-BE3

hA3B
-BE3

hA3C
-BE3

hA3D
-BE3

hA3F
-BE3

hA3G
-BE3

hA3H
-BE3

hAID
-BE3

hA1
-BE3

mA3
-BE3

mAID
-BE3

mA1
-BE3

cAICDA
-BE3

pm
CDA1

N
or

m
al

iz
ed

 C
-t

o-
T

ed
iti

ng
 fr

eq
ue

nc
y 

in
ge

no
m

ic
 D

N
A

(t
o 

B
E

3,
 %

)

P = 2 × 10–10

P = 5 × 10–7

400

0

300

200

100

Region with natively
high methylation

BE3 hA3A-BE3

GpC site in natively
low-methylation region

400

0

300

200

100

BE3 hA3A-BE3



948	 VOLUME 36  NUMBER 10  OCTOBER 2018   nature biotechnology

b r i e f  c o m m u n i c at i o n s

hA3A-BE3-mediated base editing was as efficient as that of BE3 at 
cytosines in non-GpC contexts in all tested low-methylation regions 
(median ~1.1-fold, P = 0.045, Supplementary Fig. 4d). We also found 
that hA3A-BE3 yielded a higher C-to-T fraction (product purity) than 
BE3 in both high-methylation (Supplementary Fig. 5a,b, median 
~97% by hA3A-BE3 compared to ~94% by BE3, P = 3 × 10−4) and  
low-methylation regions (Supplementary Fig. 5c,d, median ~92% 
by hA3A-BE3 compared to ~90% by BE3, P = 4 × 10−6). Both BE3 
and hA3A-BE3 yielded a higher C-to-T fraction at CpG sites with 
high methylation status than at CpG sites with low methylation sta-
tus (Supplementary Fig. 5g, median ~95% vs. ~90%, P = 3 × 10−5 
for BE3 and median ~95% vs. ~92%, P = 5 × 10−4 for hA3A-BE3). 

We also found that hA3A-BE3 induced higher indel frequencies 
than BE3 (Supplementary Fig. 5e,f,h, median ~2 in both high- and  
low- methylation regions). Such an increase may be caused by the high 
deaminase activity of hA3A12,14, which can trigger downstream DNA 
repair pathways to generate DNA double-strand breaks15,16.

Our results suggest that hA3A-BE3 can efficiently induce base 
editing in a broader scope (Fig. 1). However, the editing win-
dow of hA3A-BE3 is wider (~12 nt, positions 2–13 in the sgRNA 
target site, Supplementary Fig. 6a) than that of BE3 (~5 nt, posi-
tions 4–8)1. As the wide editing window of hA3A-BE3 may result 
from the high deaminase activity of hA3A, mutations in hA3A 
that can reduce deaminase activity might correspondingly narrow 
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Figure 2  Improvements in hA3A-BE3. (a) Comparison of base-editing efficiencies induced by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D 
in genomic regions with natively high levels of DNA methylation. Target site sequences are shown with the overlapping editing window (positions 4–7) 
in lavender, PAM in cyan and CpG site in capitals. NT, native HEK293T cells with no treatment. (b) Statistical analysis of normalized C-to-T editing 
frequencies in the overlapping editing window shown in a, setting the ones induced by BE3 to 100%. n = 12 samples from three independent experiments. 
(c) Comparison of base editing efficiencies induced by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D at the cytosine of GpC in the overlapping 
editing window in genomic regions with natively low levels of DNA methylation. (d) Statistical analysis of normalized C-to-T editing frequencies shown in c, 
setting the ones induced by BE3 to 100%. n = 9 samples from three independent experiments. (e) Immunoblots of BEs transfected into HEK293T cells. 
Tubulin was used as a loading control and immunoblot images are representative of three independent experiments. Uncropped blot images are shown in 
Supplementary Figure 11. (f) Comparison of base editing efficiencies induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D and hA3A-eBE-
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the editing window of hA3A-BE3. Based on a previous finding that 
mutations of residue Y130, D131, or Y132 partially reduced the 
deamination activity of hA3A17, we introduced similar mutations into  
hA3A-BE3. Designated mutations (Y130F, D131Y or Y132D) suc-
cessfully narrowed the editing window with little effect on the base 
editing efficiency (Supplementary Fig. 6), whereas mutations in the 
zinc-coordination motif18 (C101S and C106S) almost completely 
eliminated the deaminase activity (Supplementary Fig. 7).

We then focused on two engineered hA3A-BE3s, hA3A-BE3-Y130F 
and hA3A-BE3-Y132D, which have similar editing windows (posi-
tions 3–8 for hA3A-BE3-Y130F and positions 3–7 for hA3A-BE3-
Y132D, Supplementary Fig. 6b,d) to that of BE3 (positions 4–8). In 
highly methylated regions, hA3A-BE3-Y130F and hA3A-BE3-Y132D 
induced higher editing efficiencies than BE3 at all editable sites in 
overlapping editing windows (positions 4–7) (Fig. 2a, cytosines in 
lavender, and Fig. 2b, median ~2.3-fold, P = 0.002 for hA3A-BE3-
Y130F and median ~1.2-fold, P = 0.03 for hA3A-BE3-Y132D). For 
cytosines outside of overlapping editing windows, hA3A-BE3-Y132D 
induced C-to-T editing frequencies similar to those of BE3 while 
hA3A-BE3-Y130F induced higher editing frequencies (Fig. 2a, 
cytosines in black). Like the original hA3A-BE3, both engineered 
hA3A-BE3-Y130F and hA3A-BE3-Y132D edited cytosines in GpC 
contexts more efficiently than BE3 in overlapping editing windows 
(Supplementary Fig. 8e and Fig. 2c,d, median ~2.3-fold, P = 3 × 10−5 
for hA3A-BE3-Y130F and median ~1.9-fold, P = 0.002 for hA3A-BE3-
Y132D). Protein expression levels of hA3A-BE3-Y130F and hA3A-
BE3-Y132D were very similar to that of BE3 (Fig. 2e), though the 
two engineered hA3A-BEs induced higher C-to-T editing efficiencies  
(Fig. 2b,d). In terms of product purity, we found that hA3A-BE3-Y130F 
yielded higher C-to-T fractions (Supplementary Fig. 8a,b, median 
~96.3% by hA3A-BE3-Y130F compared to ~95.6% by BE3, P = 0.03 in 
high-methylation regions and Supplementary Fig. 8f,g, median ~92%  
by hA3A-BE3-Y130F compared to ~90% by BE3, P = 0.002 in low-
methylation regions) but more indels (Supplementary Fig. 8c,d, 
median ~2.1-fold, P = 0.0002 in high-methylation regions and 
Supplementary Fig. 8h,i, median ~1.3-fold in low-methylation 
regions, P = 0.12) than BE3. The product purity induced by hA3A-
BE3-Y132D was higher than BE3 in native low-methylation regions 
(Supplementary Fig. 8f,g, median ~93% by hA3A-BE3-Y132D com-
pared to ~90% by BE3, P = 0.001), but lower in native high-methylation 
regions (Supplementary Fig. 8a,b, median ~94.9% by hA3A-BE3-
Y132D compared to ~95.6% by BE3, P = 0.03). Nevertheless, indel 
frequencies induced by hA3A-BE3-Y132D were comparable to those 
induced by BE3 at all tested sites (Supplementary Fig. 8c,d,h,i, 
median ~1.2-fold in both high- and low- methylation regions).

To further enhance the C-to-T base editing system13,19, we fused 
three copies of the 2A (self-cleaving peptide)-uracil DNA glyco-
sylase inhibitor (UGI) sequence to the C terminus of hA3A-BE3-
Y130F and hA3A-BE3-Y132D to develop hA3A-eBE-Y130F and 
hA3A-eBE-Y132D. In low-methylation regions, hA3A-eBE-Y130F 
and hA3A-eBE-Y132D induced significantly higher editing efficien-
cies (Fig. 2f,g, median ~1.2-fold, P = 0.0004 for hA3A-eBE-Y130F 
and median ~1.2-fold, P = 0.004 for hA3A-eBE-Y132D), higher 
product purity (Fig. 2h and Supplementary Fig. 9a, median ~96% 
by hA3A-eBE-Y130F compared to ~94% by hA3A-BE3-Y130F, P = 
0.006 and median ~96% by hA3A-eBE-Y132D compared to ~92% by 
hA3A-BE3-Y132D, P = 0.004) and lower indel frequencies (Fig. 2i and 
Supplementary Fig. 9b, median decrement ~21%, P = 4 × 10−5 for 
hA3A-eBE-Y130F and median decrement ~9%, P = 0.03 for hA3A-
eBE-Y132D) than hA3A-BE3-Y130F and hA3A-BE3-Y132D. In 
high-methylation regions, hA3A-eBE-Y130F and hA3A-eBE-Y132D  

yielded significantly higher product purity (Supplementary Fig. 9c,d, 
median ~97% by hA3A-eBE-Y130F compared to ~95% by hA3A-
BE3-Y130F, P = 0.003 and median ~97% by hA3A-eBE-Y132D com-
pared to ~95% by hA3A-BE3-Y132D, P = 0.003) and lower indel 
frequencies (Supplementary Fig. 9e,f, median decrement ~23%,  
P = 2 × 10−7 for hA3A-eBE-Y130F and median decrement ~21%, P = 4 
× 10−5 for hA3A-eBE-Y132D) than hA3A-BE3-Y130F and hA3A-BE3-
Y132D, respectively, though editing efficiencies remained the same 
(Supplementary Fig. 9g,h, median ~1-fold for hA3A-eBE-Y130F and 
hA3A-eBE-Y132D). Together, these results indicated that hA3A-BE3-
Y130F, hA3A-BE3-Y132D, hA3A-eBE-Y130F and hA3A-eBE-Y132D 
can mediate highly efficient base editing in narrowed editing windows 
compared to the original hA3A-BE3 in all contexts examined.

Here we have demonstrated that hA3A-BE3 and its engineered 
forms can comprehensively induce efficient base editing in all con-
texts examined, including both methylated DNA regions and GpC 
dinucleotides (Supplementary Fig. 10). In the future, hA3A can also 
be conjugated with other Cas proteins to further expand the scope 
of base editing5,20.

Methods
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Plasmid construction. Primer sets (hA3A_PCR_F/hA3A_PCR_R) were 
used to amplify the fragment Human_APOBEC3A with template pUC57-
Human_APOBEC3A (synthesized by Genscript). Then the fragment 
Human_APOBEC3A was cloned into the SacI and SmaI linearized pCMV-BE3 
(Addgene, 73021) with plasmid recombination kit Clone Express (Vazyme, 
C112-02) to generate the hA3A-BE3 expression vector pCMV-hAPOBEC3A-
XTEN-D10A-SGGS-UGI-SGGS-NLS. hA3B-BE3, hA3C-BE3, hA3D-BE3, 
hA3F-BE3, hA3G-BE3, hA3H-BE3, hAID-BE3, hA1-BE3, mA3-BE3, mAID-
BE3, mA1-BE3 and cAICDA-BE3 expression vectors were constructed with 
the same strategy. The pmCDA1 expression vector pcDNA3.1_pCMV-nCas-
PmCDA1-ugi pH1-gRNA(HPRT) was purchased from Addgene (79620).

Primer sets (SupF_PCR_F/SupF_PCR_R) were used to amplify the  
fragment SupF with template shuttle vector pSP189. Then the fragment SupF 
was cloned into pEASY-ZERO-BLUNT (TransGen Biotech, CB501) to generate 
the vector pEASY-SupF-ZERO-BLUNT.

Oligonucleotides SupF_sg1_FOR/SupF_sg1_REV and SupF_sg2_FOR/
SupF_sg2_REV were annealed and ligated into BsaI-linearized pGL3-U6-
sgRNA-PGK-puromycin (Addgene, 51133) to generate the sgRNA expression 
vectors psgSupF-1 and psgSupF-2 that target the SupF gene in pEASY-SupF-
ZERO-BLUNT.

Two primer sets, (hA3A_PCR_F/hA3A_Y130F_PCR_R) and (hA3A_Y130F_
PCR_F/hA3A_PCR_R), were used to amplify the Y130F-containing fragment 
hA3A-Y130F. Then the fragment was cloned into the ApaI- and SmaI-linear-
ized hA3A-BE3 expression vector to generate the hA3A-BE3-Y130F expression 
vector pCMV-hAPOBEC3A_Y130F-XTEN-D10A-SGGS-UGI-SGGS-NLS. 
hA3A-BE3-D131Y, hA3A-BE3-Y132D, hA3A-BE3-C101S and hA3A-BE3-
C106S expression vectors were constructed with the same strategy.

Primer sets (hA3A_PCR_F/hA3A_PCR_R) were used to amplify the  
fragment Human_APOBEC3A_Y130F with template hA3A-BE3-Y130F. Then 
the fragment Human_APOBEC3A_Y130F was cloned into the SacI- and 
SmaI-linearized pCMV-eBE-S319 to generate the hA3A-eBE-Y130F expres-
sion vector pCMV-hAPOBEC3A_Y130F -XTEN-D10A-SGGS-UGI-SGGS-
NLS-T2A-UGI-NLS-P2A-UGI-NLS-T2A-UGI-NLS. The hA3A-eBE-Y132D 
expression vector was constructed in a similar way.

Oligonucleotides hEMX1_FOR/hEMX1_REV were annealed and 
ligated into BsaI-linearized pGL3-U6-sgRNA-PGK-puromycin to generate 
sgEMX1 expression vector psgEMX1. Other sgRNA expression vectors were  
constructed with the same strategy.

The sequences of the oligonucleotides used for plasmid construction were 
listed in Supplementary Table 1 and the sequences of plasmids are listed in 
the Supplementary Note.

Antibodies. Antibodies were purchased from the following sources: against 
α-tubulin (T6199), Sigma; against Cas9 (ab204448), Abcam.

Immunoblotting analysis. Protein samples were incubated at 95 °C for  
20 min and separated by SDS–PAGE in sample loading buffer, and proteins 
were transferred to nitrocellulose membranes (Thermo Fisher Scientific). 
After blocking with TBST (25 mM Tris, pH 8.0, 150 mM NaCl and 0.1% 
Tween 20) containing 5% (w/v) nonfat dry milk for 2 h, the membrane was 
reacted overnight with the indicated primary antibody. After extensive wash-
ing, the membranes were reacted with HRP-conjugated secondary antibodies 
for 1 h. Reactive bands were developed in ECL (Thermo Fisher Scientific) and 
detected with an Amersham Imager 600.

Cell culture and transfection. HEK293T cells from ATCC were maintained 
in DMEM (10566, Gibco/Thermo Fisher Scientific) + 10% FBS (16000-044, 
Gibco/Thermo Fisher Scientific) and regularly tested to exclude mycoplasma 
contamination.

The dCas9-Suntag-TetCD system21 was used to induce targeted demeth-
ylation of genomic regions with natively high levels of methylation—for 
example, the FANCF, MAGEA1 and MSSK1 regions. The dCas9-DNMT3a-
DNMT3l system22 was used to induce targeted methylation of genomic regions 
with natively low levels of methylation—for example, the VEGFA and PDL1 
regions. HEK293T cells were transfected using LIPOFECTAMINE 2000 
(Life, Invitrogen) with 3 µg pCAG-scFvGCN4sfGFPTET1CD (synthesized  

by Genscript) and 1 µg sgRNA expression vector or with 3 µg dCas9-
DNMT3a-DNMT3l (synthesized by Genscript) and 1 µg sgRNA expression 
vector. Blasticidin (10 µg/ml, Sigma, 15205) and puromycin (1 µg/ml, Merck, 
540411) were added 24 h after transfection. One week later, a portion of cells 
were collected to determine DNA methylation level and others were stored in 
liquid nitrogen for base editing. The sgRNAs used to induce genomic DNA 
methylation or demethylation are the ones used to induce base editing.

For base editing in genomic DNA, HEK293T cells were seeded in a 24-well 
plate at a density of 1.6 × 105 per well and transfected with 200 µl serum-
free Opti-MEM that contained 5.04 µl Lipofectamine LTX (Life, Invitrogen),  
1.68 µl Lipofectamine Plus (Life, Invitrogen), 1 µg BE3 expression vector 
(or hA3A-BE3, hA3A-BE3-Y130F, hA3A-BE3-D131Y, hA3A-BE3-Y132D, 
hA3A-BE3-C101S, hA3A-BE3-C106S, hA3A-eBE-Y130F or hA3A-eBE-
Y132D expression vector) and 0.68 µg sgRNA expression vector. After 72 h,  
the genomic DNA was extracted from the cells with QuickExtract DNA 
Extraction Solution (QE09050, Epicentre) or the cells were lysed in 2× SDS 
loading buffer for western blotting.

For base editing in a plasmid vector, 293T cells were seeded in a six-well 
plate at a density of 3 × 105 per well and transfected with 500 µl serum-free 
Opti-MEM that contained 4 µl Lipofectamine LTX (Life, Invitrogen), 2 µl 
Lipofectamine Plus (Life, Invitrogen), 1 µg BE3 expression vector (or hA3A-
BE3, hA3B-BE3, hA3C-BE3, hA3D-BE3, hA3F-BE3, hA3G-BE3, hA3H-BE3, 
hAID-BE3, hA1-BE3, mA3-BE3, mAID-BE3, mA1-BE3, cAICDA-BE3 or 
pmCDA1 expression vector) and 0.5 µg sgRNA expression vector. After 24 h,  
these cells were transfected with 500 µl serum-free Opti-MEM that con-
tained 4 µl Lipofectamine LTX, 2 µl Lipofectamine Plus and 1.5 µg unmeth-
ylated (or methylated) pEASY-SupF-ZERO-BLUNT. After 48 h, the plasmids 
were extracted from the cells with a TIANprep Mini Plasmid Kit (DP103-A, 
TIANGEN) or the cells were lysed in 2× SDS loading buffer for western blot.

Bisulfite sequencing analysis. Genomic DNA was isolated and treated with 
bisulfite according to the instruction of the EZ DNA Methylation-Direct Kit 
(Zymo Research, D5021). The bisulfite-treated DNA was PCR-amplified with 
Taq Hot Start Version (Takara, R007B). The PCR products were ligated into 
T-Vector pMDTM19 (Takara, 3271). Eight clones were picked and sequenced 
by Sanger sequencing (Genewiz). The primers used for bisulfite PCR are listed 
in Supplementary Table 2.

Plasmid DNA methylation. For in vitro methylation, 1 µl CpG methyltrans-
ferase (M.SssI, Life, EM0821) was used to methylate 2 µl plasmid DNA in a 
20-µl reaction. After in vitro methylation, pEASY-SupF-ZERO-BLUNT was 
restricted with BstUI (NEB, R0518S) to determine the methylation level.

Blue vs. white colony screening. The plasmids extracted from transfected 
cells were transformed into E. coli strain MBM7070 (lacZuag_amber), which were 
grown on LB plates containing 50 µg/ml kanamycin, 1 mM IPTG and 0.03% 
Bluo-gal (Life, Invitrogen) at 37 °C overnight and then at room temperature 
for another day for maximal color development. The cumulative base editing 
frequency is calculated by dividing the number of white colonies by the total 
number of colonies.

DNA library preparation and sequencing. Target genomic sites were PCR 
amplified by high-fidelity DNA polymerase Primestar HS (Clontech) with 
primers flanking each examined sgRNA target site. The PCR primers used 
to amplify target genomic sequences are listed in Supplementary Table 2. 
Indexed DNA libraries were prepared by using the TruSeq ChIP Sample 
Preparation Kit (Illumina) with some minor modifications. Briefly, the PCR 
products were fragmented by Covaris S220 and then amplified by using the 
TruSeq ChIP Sample Preparation Kit (Illumina). After being quantitated with 
a Qubit High-Sensitivity DNA kit (Life, Invitrogen), PCR products with dif-
ferent tags were pooled together for deep sequencing by using the Illumina 
NextSeq 500 (2 × 150) or Hiseq X Ten (2 × 150) at the CAS-MPG Partner 
Institute for Computational Biology Omics Core, Shanghai, China. Raw read 
qualities were evaluated by FastQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). For paired-end sequencing, only R1 reads were used. 
Adaptor sequences and read sequences on both ends with Phred quality score 
lower than 28 were trimmed. Trimmed reads were then mapped with the 
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BWA-MEM algorithm (BWA v0.7.9a) to target sequences. After pile-up with 
samtools (v0.1.18), indels and base substitutions were further calculated.

Indel frequency calculation. Indels were estimated in the aligned regions 
spanning from upstream 8 nt of the target site to downstream 19 nt of PAM 
sites (50 bp). Indel frequencies were subsequently calculated by dividing reads 
containing at least one inserted and/or deleted nucleotide by all the mapped 
reads at the same region. Counts of indel-containing reads and total mapped 
reads are listed in Supplementary Table 3.

Base substitution calculation. Base substitutions were selected at each 
position of the examined sgRNA target sites that mapped with at least 1,000 
independent reads, and obvious base substitutions were only observed at the 
targeted base editing sites. Counts of reads for each base and total reads are 
listed in Supplementary Table 4. Base substitution frequencies were calculated 
by dividing base substitution reads by total reads.

Calculation of BE-targetable genetic variants. The single nucleotide variants 
(SNVs) from the NCBI ClinVar database were overlapped with the pathogenic 
human allele sequence from the NCBI dbSNP database to calculate pathogenic 

T-to-C and A-to-G mutations. In 3,089 pathogenic T-to-C or A-to-G muta-
tions, 2,499 are potentially editable by SpCas9-BE3, SaCas9-BE3, dLbCpf1-BE 
or xCas9-BE3 with nearby PAM sequences. These 2,499 BE-targetable SNVs 
are further subclassified according to their 3′ adjacent base preferences: CpA, 
CpC, CpG and CpT (Fig. 1a).

Statistical analysis. P values were calculated from one-tailed Student’s t tests 
in this study.

Life Sciences Reporting Summary. Further information on research design is 
available in the Nature Research Reporting Summary linked to this article.

Data availability. The deep-sequencing data from this study have been depos-
ited in the NCBI Gene Expression Omnibus (accession code GSE114999) and 
the National Omics Data Encyclopedia (accession code OEP000030). The 
datasets used in this study are provided in Supplementary Tables 3 and 4.

21.	Morita, S. et al. Nat. Biotechnol. 34, 1060–1065 (2016).
22.	Stepper, P. et al. Nucleic Acids Res. 45, 1703–1713 (2017).
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Validation The alpha-tubulin (T6199, Sigma) antibody has been validated by western blot in human HeLa cell lysate (https://
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