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Supplementary Figure 1 

Analysis of gene KO clones via T7E1 assay and DNA sequencing. 

(a) T7E1 assay confirming gene knockout in clonal populations of HAP1 haploid cells. WT, wild-type; MT, mutant; WT+MT, a 1:1 
mixture of WT and MT PCR amplicons. (b) DNA sequences of wild-type and mutant clones. The PAM is shown in blue. Inserted bases 
are shown in red. 
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Supplementary Figure 2 

Analysis of off-target effects in gene KO clones via WGS. 

(a) Small deletion in the ERBB3 KO clone confirmed by Sanger sequencing. (b) RGEN-mediated mutagenesis at the on-target and 
potential off-target sites. Mutation frequencies (%) were measured using T7E1 and targeted deep sequencing. (c) The on-target mutant 
sequence in the FGFR4 KO clone. The PAM sequence is shown in blue and inserted bases are shown in red. (d) Integrative Genomics 
Viewer (IGV) image at the FGFR4 on-target site. 
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Supplementary Figure 3 

Examination of potential off-target sites. 

(a) The number of potential off-target sites that differ from on-target sites by up to 8 nucleotides or by 2 nucleotides with a DNA or RNA 
bulge of up to 5 nucleotides in length. (b) Schematic of consensus sequence generation. (c) On-target mutations in five KO clones 
identified by consensus sequence comparison. 
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Supplementary Figure 4 

RGEN-induced digenome sequencing to capture off-target sites. 

(a-d) Representative IGV images obtained using the HBB-specific RGEN at the potential off-target sites OT1 (a), OT3 (b), OT7 (c), and 
OT12 (d). An indel is indicated by an arrow (a) or shown in a box (b). 
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Supplementary Figure 5 

5′-end plot. 

(a) An IGV image at a nuclease cleavage site. (b, c) 5’ End plots showing the absolute and relative number of sequence reads with the 
same 5’ end across nucleotide positions at the OT1 (b) and OT3 (c) sites. 



Nature Methods: doi:10.1038/nmeth.3284 

 

Supplementary Figure 6 

False positive positions captured in the intact genome sequences. 

(a-c) Representative IGV images around false-positive sites that resulted from naturally-occurring indels in HAP1 cells. 
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Supplementary Figure 7 

Indel sequences induced by the HBB RGEN at newly validated off-target sites. 

(a, b) Off-target indels were detected by targeted deep sequencing. Inserted nucleotides are shown in red and the PAM sequence is 
shown in blue. 
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Supplementary Figure 8 

Off-target sites of the VEGFA RGEN captured by Digenome-seq. 

(a) 5’ End plots at the one of VEGF-A off-target site. (b) Heatmap comparing digenome-captured sites with the on-target site. Dark red 
and dark blue correspond to 100% and 0% matches, respectively, at a given position. (c) Sequence logo obtained via WebLogo using 
DNA sequences at digenome-captured sites. (d) Summary of Digenome-seq and targeted deep sequencing. N.D., not determined. (e) 
Off-target sites validated by targeted deep sequencing. Blue and red bars represent indel frequencies obtained using mock-transfected 
HAP1 cells and the VEGF-A RGEN-transfected HAP1 cells, respectively. (Left) DNA sequences of on-target and off-target sites. 
Mismatched bases are shown in red. The PAM is shown in blue. (Right) P value was calculated by the Fisher exact test. Additional 
deep sequencing results can be found in Supplementary Table 3. 
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Supplementary Figure 9 

RGEN-induced digenome sequencing to capture off-target sites of the VEGFA-targeting RGEN. 

(a-d) 5’ End plots showing the absolute and relative number of sequence reads with the same 5’ end across nucleotide positions in on-
target (a) and off-target region (b-d). 



Nature Methods: doi:10.1038/nmeth.3284 

 

Supplementary Figure 10 

Indel sequences induced by the VEGFA RGEN at newly validated off-target sites. 

(a-d) Off-target indels were detected by targeted deep sequencing. Inserted nucleotides are shown in red and the PAM sequence is 
shown in blue. 
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   Knockout clone 

 

WT 

(Experi
ment 1) 

WT 

(Experi
ment 2) 

ABL1 

(Experi
ment 1) 

ABL1 

(Experi
ment 2) 

EPHB2 ERBB3 FGFR2 FGFR4 

Raw indel calls 331,325 337,993 322,090 323,620 316,917 319,022 309,976 312,553 

Indels not present 

in the indel database 
38,009 40,874 37,376 38,282 36,232 36,642 34,323 34,841 

Haploid indels 29,159 30,851 29,707 30,005 28,779 29,142 27,202 27,961 

KO clone-specific indels 2,226 2,968 2,910 3,250 2,107 2,196 2,026 2,061 

Candidate indels at 
homologous sites N/A N/A 84 73 9 17 17 15 

Confirmed by Sanger 

sequencing 
N/A N/A 0 0 0 1 0 0 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 1. Analysis of indels in gene knockout clones. 
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C

C
A

C
A

G
G

G
C

A
G

A
C

A
G

G
G

chr10
73555691

34
69

49.3
73555690

19
54

35.2
E

xonic
CDH23

C
A

G
G

C
C

C
C

A
C

A
G

G
A

C
A

G
G

A
A

G
G

G
chr10

73563394
16

41
39

73563393
21

46
45.7

Intronic
CDH23

A
G

TG
C

C
A

C
A

C
A

G
G

G
C

A
G

TA
TTG

A
chr10

111569275
34

67
50.7

111569274
17

49
34.7

Intergenic
A

TG
C

A
A

G
TC

C
A

A
TA

TC
C

A
G

TG
G

G
chr11

1001396
20

49
40.8

1001395
20

49
40.8

Intronic
AP2A2

C
C

C
A

C
C

C
C

A
C

A
G

G
G

C
A

G
C

A
G

G
G

G
chr11

3125346
16

39
41

3125345
24

47
51.1

Intronic
O
SBPL5

A
G

C
C

C
C

C
A

C
A

G
G

G
C

A
G

G
TA

G
G

G
G

chr11
5248215

12
23

52.2
5248214

15
29

51.7
E

xonic
HBB

C
TTG

C
C

C
C

A
C

A
G

G
G

C
A

G
TA

A
C

G
G

chr11
30888494

28
58

48.3
30888493

16
46

34.8
Intronic

DCDC5
C

TTC
C

C
C

A
C

A
G

G
G

C
A

G
A

A
A

G
TG

G
chr11

59611432
48

54
88.9

59611431
56

62
90.3

E
xonic

G
IF

C
G

G
C

C
A

G
A

TTC
A

TG
G

C
A

A
TC

A
G

G
chr11

76387498
49

58
84.5

76387497
45

54
83.3

Intergenic
C

TG
C

C
C

C
TC

A
G

G
G

A
C

A
G

TA
TG

G
G

chr11
104908796

13
51

25.5
104908795

13
52

25
Intergenic

A
TG

C
G

A
G

TC
C

A
A

TA
TC

C
A

G
TA

G
G

chr11
119259302

30
61

49.2
119259301

28
59

47.5
Intronic

USP2-AS1
TC

A
TA

TC
C

C
C

TA
TA

TC
C

A
G

TG
G

G
chr11

125807920
15

49
30.6

125807919
15

49
30.6

Intergenic
A

TA
G

C
C

C
C

A
TA

G
G

G
C

A
G

A
A

A
TA

G
chr12

27234755
59

86
68.6

27234754
25

52
48.1

Intronic
C12orf71

G
A

TG
C

C
TC

A
C

A
G

G
A

C
A

G
G

A
A

G
G

G
chr12

40327469
41

45
91.1

40327468
39

43
90.7

Intronic
SLC2A13

G
C

TA
TG

G
TTC

C
TG

A
A

C
G

G
C

C
TG

G
chr12

50056756
35

60
58.3

50056755
22

48
45.8

Intronic
FM

NL3
A

A
G

G
C

C
C

C
G

C
A

G
G

G
C

A
G

TTTG
G

G
chr12

66309907
20

46
43.5

66309906
46

72
63.9

Intronic
HM

G
A2

A
G

TC
C

C
C

C
A

C
A

G
A

A
C

A
G

TA
A

G
G

G
chr12

93549202
71

72
98.6

93549201
59

60
98.3

Intronic
LO

C643339
A

TTG
C

C
C

C
A

C
G

G
G

G
C

A
G

TG
A

C
G

G
chr12

114081180
12

46
26.1

114081179
10

44
22.7

Intergenic
C

TC
C

C
C

C
A

C
A

G
A

G
C

A
G

TTA
A

TG
G
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chr12
124803834

54
56

96.4
124803833

57
59

96.6
Intergenic

G
C

TG
C

C
C

C
A

C
A

G
G

G
C

A
G

C
A

A
A

G
G

chr13
44886376

54
68

79.4
44886375

81
96

84.4
Intergenic

G
G

A
G

C
C

C
C

A
C

A
G

G
G

C
A

G
A

G
A

G
G

G
chr13

106995598
12

48
25

106995597
16

52
30.8

Intergenic
C

TA
G

C
C

C
C

A
C

A
G

G
G

TA
G

G
A

A
A

G
G

chr14
36889538

50
52

96.2
36889537

60
62

96.8
Intergenic

G
TTA

TC
C

C
A

C
A

G
G

A
C

A
G

TG
A

G
G

G
chr14

49319039
27

38
71.1

49319038
17

28
60.7

Intergenic
A

TTA
C

C
C

C
A

C
A

G
G

A
C

A
G

A
A

A
TG

A
chr14

59445901
29

51
56.9

59445900
20

42
47.6

Intergenic
A

G
TC

TTC
C

C
C

A
A

TA
TC

C
A

G
TA

G
G

chr14
89458507

39
59

66.1
89458506

18
38

47.4
Intergenic

G
A

A
A

C
C

C
C

A
C

A
G

A
G

C
A

G
TA

A
TG

A
chr14

94585327
59

63
93.7

94585326
42

45
93.3

Intergenic
A

TG
G

C
C

C
C

A
C

A
A

G
G

C
A

G
A

A
A

TG
G

chr15
29983547

56
71

78.9
29983546

42
58

72.4
Intergenic

G
G

A
G

C
C

C
A

G
C

A
G

C
TTTA

C
TG

C
C

C
chr15

34059408
31

58
53.4

34059407
42

70
60

Intronic
RYR3

G
TTA

C
C

A
C

A
C

A
G

A
G

C
A

G
TTA

A
G

G
chr15

46598129
57

61
93.4

46598128
66

69
95.7

Intergenic
G

TTG
C

C
C

C
TC

A
G

G
A

C
A

G
TA

C
A

G
G

chr15
66873249

20
91

22
66873248

25
95

26.3
Intergenic

A
G

A
G

C
C

C
C

A
C

A
G

G
A

C
A

G
TC

C
TG

G
chr15

80100573
16

73
21.9

80100572
17

74
23

Intergenic
TG

C
A

C
TC

TC
A

G
A

TA
TC

C
A

G
TTG

G
chr15

86453645
17

58
29.3

86453644
11

43
25.6

Intergenic
A

C
TG

G
G

A
TG

C
C

A
A

A
A

G
A

A
C

TC
TG

chr15
88488821

17
46

37
88488820

22
51

43.1
Intronic

NTRK3
C

C
TG

C
C

C
C

A
C

A
G

G
G

C
A

G
C

C
A

A
G

G
chr15

99709337
22

38
57.9

99709336
17

33
51.5

Intronic
TTC

23
C

TG
TG

C
C

C
C

A
C

A
G

G
G

A
G

TG
A

G
G

G
chr16

585496
13

49
26.5

585495
22

58
37.9

Intronic
CAPN15

TTG
TC

C
C

C
A

C
A

G
G

G
C

A
G

TG
G

C
G

G
chr16

49082904
47

54
87

49082903
51

59
86.4

Intergenic
G

C
A

G
C

C
C

C
A

C
A

G
G

TC
A

G
TG

A
G

G
G

chr17
8370253

25
31

80.6
8370252

73
80

91.2
E

xoniC
NDEL1

TTG
C

TC
C

C
A

C
A

G
G

G
C

A
G

TA
A

A
C

G
chr17

18167224
13

37
35.1

18167223
13

37
35.1

E
xoniC

SM
C
R7

A
A

TG
C

C
C

C
A

A
A

G
G

G
C

A
G

TTC
C

G
G

chr17
38648014

10
35

28.6
38648013

10
35

28.6
E

xoniC
YES1

G
G

TG
C

A
G

TC
G

C
TG

TTTA
C

TG
G

C
C

chr18
745994

61
62

98.4
745993

41
43

95.3
Intergenic

A
A

A
A

TA
C

C
TC

G
TTG

A
TTTC

C
A

G
G

chr18
6663844

23
46

50
6663843

25
48

52.1
Intronic

SETBP1
G

TTG
C

C
C

C
A

C
TG

G
G

G
A

G
A

A
A

A
G

G
chr18

42330301
30

50
60

42330300
32

52
61.5

Intronic
PRAM

1
A

TA
G

C
C

TC
A

C
A

G
G

G
C

A
G

A
G

A
G

G
G

chr19
8560462

32
64

50
8560461

24
50

48
Intronic

PRAM
1

G
G

G
G

G
TG

C
A

TTG
C

C
TTA

C
TG

C
C

C
chr19

17952542
10

45
22.2

17952541
21

56
37.5

E
xoniC

JAK3
A

TG
C

TA
A

TG
TC

TA
C

G
A

TTTC
TG

G
chr19

29880768
48

57
84.2

29880767
26

35
74.3

Intronic
LO

C284395
C

TG
TG

C
C

C
C

A
C

A
G

G
C

A
G

TA
G

A
TG

chr19
34262013

32
55

58.2
34262012

16
39

41
Intronic

CHST8
C

TG
C

TC
C

A
C

A
G

G
G

C
A

G
G

TA
TG

G
G

chr19
37539042

38
70

54.3
37539041

24
56

42.9
Intergenic

C
TTG

C
A

C
C

A
C

A
G

A
G

C
A

C
TA

A
G

G
G

chr19
50010010

17
42

40.5
50010009

10
36

27.8
Intergenic

A
TTG

C
C

C
C

C
C

A
G

G
TC

A
G

TA
G

G
G

G
chr20

17385713
15

36
41.7

17385712
19

40
47.5

Intronic
PCSK2

C
A

C
G

TTG
C

C
C

C
A

C
G

C
A

G
TA

TG
G

G
chr20

36470909
12

34
35.3

36470908
36

58
62.1

Intronic
CTNNBL1

TC
A

C
C

C
C

A
C

A
G

G
A

TA
G

G
TA

A
G

G
G

chr20
39992928

50
63

79.4
39992927

15
27

55.6
Intronic

EM
ILIN3

A
G

TG
G

C
C

C
C

C
A

G
G

G
C

A
G

TG
A

G
G

G
chr20

58136220
17

39
43.6

58136219
25

47
53.2

Intergenic
TTTA

C
C

C
C

A
C

A
G

G
G

C
A

TTTA
A

G
G

chr21
46331408

15
48

31.2
46331407

12
45

26.7
Intronic

ITG
B2

C
A

TA
G

C
C

A
G

G
A

A
G

A
G

A
A

A
G

C
TG

G
chr22

17230623
79

86
91.9

17230622
43

49
87.8

Intergenic
TG

TG
C

C
C

C
A

C
A

G
A

G
C

A
C

TA
A

G
G

G
chr22

26043758
23

41
56.1

26043757
14

32
43.8

Intronic
ADRBK2

A
A

A
A

TA
C

C
TC

A
TTA

A
TTTC

C
A

G
G

chr22
35537395

29
38

76.3
35537394

47
56

83.9
Intergenic

A
G

TG
C

C
C

C
A

C
A

G
G

G
G

A
G

A
A

A
TG

G
chrX

224145
11

27
40.7

224144
26

42
61.9

E
xoniC

G
TPBP6

G
TG

G
C

C
C

C
G

C
A

G
G

G
C

A
G

A
C

A
C

G
G

chrX
75006257

23
59

39
75006256

47
83

56.6
Intergenic

G
TG

G
C

C
C

C
A

C
A

G
G

G
C

A
G

G
A

A
TG

G
chrX

122165569
20

65
30.8

122165568
18

63
28.6

Intergenic
TC

TG
TC

TC
C

C
A

A
TA

TC
C

A
G

TC
G

G
chrX

132429379
38

50
76

132429378
35

48
72.9

Intergenic
G

C
A

TC
C

C
C

A
C

A
G

G
G

C
A

G
TA

TG
TG
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Forw
ard strand

R
everse strand

chr.
position

count
depth

%
(count/depth)

position
count

depth
%

(count/depth)
D

N
A

sequence
chr1

177593980
31

68
45.6

177593979
52

93
55.9

Intergenic
TC

TA
C

C
C

C
A

C
A

TG
G

C
A

G
TA

A
TG

G
chr4

48091817
31

65
47.7

48091816
23

60
38.3

E
xonic

TXK
A

C
TC

G
TC

TC
C

G
A

TA
TC

C
A

G
T TG

G
chr6

23709579
29

69
42

23709578
32

74
43.2

Intergenic
G

A
A

G
C

C
C

TA
C

A
G

G
G

C
A

G
C

A
A

TG
G

chr6
50041372

16
60

26.7
50041371

22
64

34.4
Intergenic

TC
TG

C
C

C
C

A
C

A
TG

G
C

A
G

TA
A

TG
A

chr8
24931381

42
93

45.2
24931380

13
57

22.8
Intergenic

A
G

TG
C

C
A

C
A

C
A

C
A

G
C

A
G

TA
A

G
G

G
chr8

82872599
10

22
45.5

82872598
10

34
29.4

Intergenic
C

A
C

TTTTA
TTG

A
TTA

TG
C

A
TTG

G
chr9

104595883
58

88
65.9

104595882
67

97
69.1

Intergenic
TC

A
G

C
C

C
C

A
C

A
G

G
G

C
A

G
TA

A
G

G
G

chr11
5248215

41
55

74.5
5248214

46
68

67.6
E

xonic
HBB

C
TTG

C
C

C
C

A
C

A
G

G
G

C
A

G
TA

A
C

G
G

chr11
59611432

36
76

47.4
59611431

44
85

51.8
E

xonic
G
IF

C
G

G
C

C
A

G
A

TTC
A

TG
G

C
A

A
TC

A
G

G
chr12

93549202
53

83
63.9

93549201
46

71
64.8

Intronic
LO

C643339
A

TTG
C

C
C

C
A

C
G

G
G

G
C

A
G

TG
A

C
G

G
chr12

124803834
66

82
80.5

124803833
57

72
79.2

Intergenic
G

C
TG

C
C

C
C

A
C

A
G

G
G

C
A

G
C

A
A

A
G

G
chr14

94585327
74

118
62.7

94585326
44

63
69.8

Intergenic
A

TG
G

C
C

C
C

A
C

A
A

G
G

C
A

G
A

A
A

TG
G

chr15
46598129

43
76

56.6
46598128

48
86

55.8
Intergenic

G
TTG

C
C

C
C

TC
A

G
G

A
C

A
G

TA
C

A
G

G
chr17

8370253
34

42
81

8370252
75

98
76.5

E
xoniC

NDEL1
TTG

C
TC

C
C

A
C

A
G

G
G

C
A

G
TA

A
C

G
G

chr18
745994

33
56

58.9
745993

48
79

60.8
E

xoniC
YES1

A
A

A
A

TA
C

C
TC

G
TTG

A
TTTC

C
A

G
G

chr22
17230623

63
78

80.8
17230622

58
79

73.4
Intergenic

TG
TG

C
C

C
C

A
C

A
G

A
G

C
A

C
TA

A
G

G
G

chrX
75006257

19
45

42.2
75006256

41
67

61.2
Intergenic

G
TG

G
C

C
C

C
A

C
A

G
G

G
C

A
G

G
A

A
TG

G
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Forw
ard strand

R
everse strand

D
N

A
sequence

chr.
position

count
depth

%
(count/depth)

position
count

depth
%

(count/depth)
G

G
G

TG
G

G
G

G
G

A
G

TTTG
C

TC
C

TG
G

V
E

G
FA

_1
chr01

42740063
14

59
23.7

42740062
19

60
31.7

Intronic
FO

XJ3
A

G
TTG

A
G

G
G

G
A

G
TTTA

-TC
C

TG
G

V
E

G
FA

_2
chr01

48314379
14

44
31.8

48314378
22

57
38.6

Intronic
TRABD2B

G
G

G
C

A
G

G
G

A
A

A
G

TTTG
-TC

C
A

G
G

V
E

G
FA

_3
chr01

99347651
35

66
53

99347650
20

50
40

Intergenic
G

G
G

G
A

G
G

G
G

A
A

G
TTTG

C
TC

C
TG

G
V

E
G

FA
_4

chr01
102122651

11
46

23.9
102122650

12
46

26.1
Intergenic

TG
C

TG
A

G
G

G
G

A
A

TTTG
C

-C
C

A
G

G
V

E
G

FA
_5

chr01
233157354

22
58

37.9
233157353

35
71

49.3
Intronic

PCNXL2
G

G
A

G
G

A
G

G
G

G
A

G
TC

TG
C

TC
C

A
G

G
V

E
G

FA
_6

chr02
66561098

16
29

55.2
66561097

47
68

69.1
Intergenic

G
G

G
TG

G
-G

G
C

A
G

TTTG
-TC

C
G

G
G

V
E

G
FA

_7
chr02

118827653
12

52
23.1

118827652
15

50
30

Intergenic
A

G
A

TG
A

G
G

G
G

A
G

TTA
G

-C
C

C
TG

G
V

E
G

FA
_8

chr02
157256493

18
53

34
157256492

11
43

25.6
Intergenic

G
G

G
G

C
A

G
G

G
G

A
-C

TTG
C

TC
C

A
G

G
V

E
G

FA
_9

chr02
205137461

49
89

55.1
205137460

46
77

59.7
Intergenic

G
G

C
TA

G
A

G
G

G
A

G
TTTG

-C
C

C
TG

G
V

E
G

FA
_10

chr02
209437600
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(-) RGEN (+) RGEN gX19 (+) RGEN ggX20
(-) RGEN vs.

(+) RGEN gX19

(-) RGEN vs.
(+) RGEN ggX20

On-target 0.225% 33.142% 37.799% 2.34E-15 0.643
OT1 0.385% 85.541% 1.343% 1.79E-03 1
OT3 0.009% 3.143% 0.026% 3.06E-15 0.176

HBB_48 0.012% 0.088% 0.013% < 1E-100 2.73E-15
HBB_75 0.006% 2.292% 0.009% < 1E-100 < 1E-100

(-) RGEN (+) RGEN gX19 (+) RGEN ggX20
(-) RGEN vs.

(+) RGEN gX19

(-) RGEN vs.
(+) RGEN ggX20

On-target 0.525% 41.548% 23.111% 1.88E-15 N.A.
OT1 0.701% 49.691% 0.767% 0.218 N.A.
OT3 0.012% 0.700% 0.009% 2.80E-15 N.A.

HBB_48 0.008% 0.026% 0.005% < 1E-100 0.236
HBB_75 0.010% 0.322% 0.010% < 1E-100 < 1E-100

(-) RGEN (+) RGEN GX19 (+) RGEN ggX20
(-) RGEN vs.

(+) RGEN GX19

(-) RGEN vs.
(+) RGEN ggX20

On-target 0.055% 42.688% 32.411% 1.14E-37 6.60E-13
VEGF-A _03 0.031% 45.501% 0.151% < 1E-100 2.90E-15
VEGF-A _26 0.015% 5.430% 0.015% < 1E-100 < 1E-100
VEGF-A _35 0.013% 0.035% 0.021% < 1E-100 0.507
VEGF-A _58 0.015% 18.633% 0.031% < 1E-100 3.66E-02
VEGF-A _63 0.016% 18.383% 0.021% 2.33E-04 0.166
VEGF-A _67 0.080% 52.792% 5.456% < 1E-100 1
VEGF-A _76 0.096% 45.392% 0.387% < 1E-100 1.55E-15
VEGF-A _84 0.168% 3.265% 0.360% < 1E-100 < 1E-100

(-) RGEN (+) RGEN GX19 (+) RGEN ggX20
(-) RGEN vs.

(+) RGEN GX19

(-) RGEN vs.
(+) RGEN ggX20

On-target 0.077% 49.829% 4.810% 1.94E-15 1.31E-04
VEGF-A _03 0.027% 14.910% 0.011% < 1E-100 N.A.
VEGF-A _26 0.000% 0.627% 0.008% < 1E-100 3.96E-15
VEGF-A _35 0.011% 0.016% 0.010% 3.04E-90 N.A.
VEGF-A _58 0.000% 7.864% 0.008% 4.42E-15 0.578
VEGF-A _63 0.109% 14.741% 0.011% 0.714 N.A.
VEGF-A _67 0.093% 48.483% 2.824% 6.33E-16 0.268
VEGF-A _76 0.001% 8.070% 0.160% 7.15E-60 N.A.
VEGF-A _84 0.067% 1.292% 0.168% < 1E-100 2.38E-15

K562 cells
P-value

VEGF-A  on-target and validated off-target sites

Supplementary Table 5. Indel frequencies measured by targeted deep sequencing.

Indel frequency

Indel frequency

HAP1 cells
Indel frequency P-value

HBB  on-target and validated off-target sites

K562 cells
Indel frequency P-value

HAP1 cells
P-value

Nature Methods: doi:10.1038/nmeth.3284



gX19 ggX20 ggX20/gX19 gX19 ggX20 ggX20/gX19
OT1 0.39 28 72 0.84 30 36
OT3 11 1400 130 59 2700 45

HBB_48 380 2900 7.6 1600 4900 3
HBB_75 14 4100 290 130 2300 18

GX19 ggX20 ggX20/GX19 GX19 ggX20 ggX20/GX19
VEGF-A_03 0.94 210 230 3.3 430 130
VEGF-A_26 7.9 2100 270 79 590 7.5
VEGF-A_35 1200 1500 1.3 3000 460 0.15
VEGF-A_58 2.3 1000 460 6.3 580 91
VEGF-A_63 2.3 1500 660 3.4 440 130
VEGF-A_67 0.81 5.9 7.3 1 1.7 1.7
VEGF-A_76 0.94 84 89 6.2 30 4.8
VEGF-A_84 13 90 6.9 39 29 0.74

Supplementary Table 6.Specificity ratio calculated by dividing indel frequencies

Specificity ration (on/off)
HAP1 K562

Specificity ration (on/off)
HAP1 K562

Nature Methods: doi:10.1038/nmeth.3284



 

 

 

 

 

 

Supplementary Note 1 

HAP1 is an immortalized cell line derived from KBM7, a leukemia cell line. Unlike most 

other immortalized human cancer cell lines, HAP1 is nearly haploid; each chromosome is 

present in only a single copy except for a duplicated 30 mega-base pair (Mbp) region in 

Chromosome 15. Haploid cells facilitate genome analysis because sequencing depth is 

doubled, compared to diploid cells, and a filter can be used to remove heterozygous variants. 

We isolated 5 different gene knockout (KO) HAP1 cell lines in each of which a single kinase 

gene was disrupted by an RGEN. Genomic DNA isolated from these cells and wild-type cells 

was subjected to WGS via Illumina HiSeq X 10. To test the reproducibility of WGS, genomic 

DNA isolated from wild-type cells and the ABL1 gene KO cells was sequenced twice. Thus, 

a total of 8 independent genomic DNA samples were sequenced. 

We applied bioinformatics filters to discard indels that were listed in a public database, 

heterozygous indels that were accompanied by corresponding wild-type alleles, and those 

that were also called in other KO or wild-type genomes. As a result, 2,026 to 3,250 indels 

that were unique in each genome sequence were obtained. We note that even the wild-type 

genome sequence determined in duplicate yielded 2,226 or 2,968 indels that were not 

present in KO genome sequences and that the two (wild-type and ABL1 KO) sets of 

duplicate WGS data yielded thousands of indels that were unique in each sequencing 

analysis. These results suggest that both WGS and variant calling are incomplete and that 

most indels identified using Isaac are false positives.  
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Supplementary Note 2 

Hap1 genomic DNA was digested using Cas9 protein pre-incubated with the HBB-

specific sgRNA at variable concentrations (0.03 to 300nM). We then used quantitative PCR 

to measure DNA cleavage at these sites. Both the HBB on-target and OT1 sites were 

cleaved almost completely even at a very low RGEN concentration (Fig. 2a). By contrast, the 

OT3 site was cleaved completely only at high RGEN concentrations. The other two sites, 

OT7 and OT12, were cleaved poorly even at the highest concentration. 

   Next, we transfected this RGEN into HAP1 cells and measured mutation frequencies 

using deep sequencing. As expected, the HBB RGEN was highly active at both the on-target 

and OT1 off-target sites, producing indels at frequencies of 78% and 85%, respectively (Fig. 

2b). Off-target indels were also induced at the OT3 site with a frequency of 4.3% (Fig. 2b). At 

the other two potential off-target sites that were poorly cleaved in vitro, no indels were 

detected. 
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