
Figure S1. 

Triplet spectrum of spontaneous SNVs in wild type (WT) DT40 cells and in the indicated knock-out cell 
lines, normalised to the frequency of each triplet occurrence in the chicken genome.
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Figure S2.
 
Non-negative matrix factorisation output for deriving signatures HRD and BG, from the R package Muta-
tionalPatterns. A factorisation rank of 2 was chosen based on the cophenetic correlation coefficient and 
the residual sum of squares (rss) values.



Figure S3. 
(A) The derivation of two de novo SNV signatures using non-negative matrix factorisation on a dataset 
comprising all the new mutations detected in the sequenced descendent clones (summed for each 
genotype), and all pre-existing mutations in each ancestral clone, which arose since the particular cell 
lineage separated from its last common ancestor with the other cell lines. The number of detected 
mutations in the ancestral clones gives an indication about the amount of passaging each lineage has 
undergone (first as wild type, later as knock-out). The detected signatures show high similarity to  
signatures HRD and BG defined only on the basis of new mutations in the descendent clones, as shown. 
(B) A schematic diagram of mutations detected in the experimentally derived descendent clones (left) and 
in the ancestral clones (right).  Only two genotypes are shown for clarity. Pre-existing mutations are 
detected if they arose since the last common ancestor. As this common ancestor predates the HR gene 
knockout event, prior to which the HR mutant lineage also had a WT genotype, the HR mutant ancestral 
clones can contain a variable proportion of HRD and BG signature mutations.
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Figure S4. 
(A, B) Correlation heat map of the experimentally derived triplet signatures to COSMIC version 3 
signatures (Alexandrov et al., 2018, bioRxiv, https://doi.org/10.1101/322859) using cosine similarity (A) 
or Spearman’s rank correlation (B). The experimental signatures were adjusted with the ratio of triplet 
occurrence frequencies in the human and chicken genomes before comparison.
(C) Deconstruction of the experimentally derived SNV spectra using only COSMIC version 2 signatures 
1, 3 and 5. (D) Deconstruction of the experimentally derived SNV spectra using only COSMIC version 3 
signatures 1, 3 and 5 and 40.
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Figure S5. 
The accuracy of separating ‘featureless’ SNV signatures. 
(A) Simulated datasets of eleven samples were made, each sample containing a different proportion of 
randomly selected mutations with a COSMIC signature 3 spectrum, in 10% increments (0%, 10%, 20% 
etc.) as shown on the inset in red. The remaining mutations were drawn with a signature 5 spectrum. 
Non-negative matrix factorisation was used to separate the datasets into two signature components (A and 
B), and the mean absolute error (MAE) was calculated between the pre-set signature 3/5 ratio and the 
derived signature A/B ratio for each dataset. This was performed for different numbers of mutations per 
sample eight times (red markers). The mean prediction error of the repeats is shown in black. The inset 
shows a typical result for 1250 mutations per sample, which models the experimental dataset most 
closely. (B) The success of recreating signature 3 by NMF, calculated as the MAE of comparing signature 
A to signature 3. Eight repeats are shown (red markers), the mean error of the repeats is shown in black.
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Figure S6. 
Deconstruction of short insertion and deletion datasets into indel signatures. Genotype-specific 
cumulative short indel datasets were deconstructed using the most dominant COSMIC version 3 short 
indel signatures (Alexandrov et al., 2018, bioRxiv, https://doi.org/10.1101/322859) as indicated. The 
error (root-mean-squared deviation) of reconstructing the dataset with the detected signatures is shown on 
the top panel.
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Figure S7. 
(A, B) The genetic dependence of deletion formation at CRISPR-induced double strand breaks at two 
different genomic loci. Left panels, stacked view of pure deletions (orange) and deletions with insertions 
(blue), shown as the percentage of all sequenced amplicons obtained from genome preparations of cell 
populations sorted for successful transfection with a plasmid expressing Cas9 and the respective guide 
RNA. Right panels, cumulative size distribution of deletions.
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Figure S8. 
(A, B) Colony survival assay following the treatment of the indicated cell lines with olaparib (A) or 
etoposide (B) for 24 hours. The mean survival percentage and S.E.M. of four independent measurements 
is shown.
(C, D) Results of cytotoxicity measurements showing the mean IC50 value and S.D. of three independent 
treatments with cisplatin (C) or olaparib (D). The ancestral clone and the three sequenced descendent 
clones (clone 1, 2, 3) of the indicated cell lines were used.
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Figure S9. 
(A) Contribution of 30 COSMIC SNV signatures to the SNV load of TCGA whole exome tumour 
samples bearing biallelic inactivating mutations in the indicated genes. (B) The same analysis in a 
matched random control sample set with no biallelic inactivating mutations in any of the investigated 
genes. The number of samples of each tissue type (shown below) is equal between (A) and (B).

TC
G

A−
46

−3
76

9
TC

G
A−

D
8−

A1
XK

TC
G

A−
18

−3
42

1
TC

G
A−

A7
−A

4S
E

TC
G

A−
AN

−A
0F

L
TC

G
A−

AR
−A

24
Q

TC
G

A−
AO

−A
12

4
TC

G
A−

13
−1

48
8

TC
G

A−
23

−1
12

2
TC

G
A−

13
−0

88
7

TC
G

A−
23

−2
07

8
TC

G
A−

H
C

−8
21

6
TC

G
A−

25
−2

39
2

TC
G

A−
09

−2
05

1
TC

G
A−

BR
−4

26
7

TC
G

A−
05

−4
40

5
TC

G
A−

10
−0

93
0

TC
G

A−
A7

−A
0D
A

TC
G

A−
AX

−A
05

Z
TC

G
A−

H
U

−A
4G

U
TC

G
A−

G
2−

A3
VY

TC
G

A−
21

−1
07

0
TC

G
A−

22
−4

59
5

TC
G

A−
66

−2
73

4
TC

G
A−

D
7−

A4
YT

TC
G

A−
A2

−A
0T

0
TC

G
A−

43
−6

77
0

TC
G

A−
BR

−4
19

1
TC

G
A−

A8
−A

08
L

TC
G

A−
C

5−
A7

C
K

TC
G

A−
13

−0
88

5
TC

G
A−

24
−2

28
0

TC
G

A−
C

R
−6

48
7

TC
G

A−
AC

−A
3B

B
TC

G
A−

C
Q

−6
22

1
TC

G
A−

24
−2

28
8

TC
G

A−
13

−1
48

1
TC

G
A−

09
−2

05
0

TC
G

A−
BH

−A
1F

N
TC

G
A−

C
G

−4
43

7
TC

G
A−

H
U

−A
4H

5
TC

G
A−

EQ
−A

4S
O

TC
G

A−
G

3−
A2

5Y
TC

G
A−

A2
−A

4R
W

TC
G

A−
09

−2
04

9
TC

G
A−

H
C

−A
4Z

V
TC

G
A−

51
−4

08
1

TC
G

A−
B5

−A
11

E
TC

G
A−

AA
−A

01
0

TC
G

A−
BR

−8
68

0
TC

G
A−

AX
−A

0J
1

TC
G

A−
22

−5
47

3
TC

G
A−

78
−7

53
9

TC
G

A−
O

R
−A

5K
4

TC
G

A−
EE

−A
29

Q
TC

G
A−

78
−7

15
9

TC
G

A−
05

−4
38

9
TC

G
A−

73
−4

66
2

TC
G

A−
49

−6
76

1
TC

G
A−

G
V−

A4
0E

TC
G

A−
EE

−A
2M

N
TC

G
A−

FD
−A

3B
5

TC
G

A−
53

−7
81

3
TC

G
A−

55
−7

81
5

TC
G

A−
BR

−6
45

4
TC

G
A−

H
U

−8
24

9
TC

G
A−

U
S−

A7
76

TC
G

A−
64

−5
77

4
TC

G
A−

C
X−

72
19

TC
G

A−
D

S−
A5

R
Q

TC
G

A−
U

B−
A7

M
E

TC
G

A−
D

8−
A1

JA
TC

G
A−

FJ
−A

3Z
7

TC
G

A−
O

R
−A

5L
B

TC
G

A−
C

V−
74

40
TC

G
A−

D
K−

A3
IV

TC
G

A−
A2

−A
0T

6

N
um

be
r o

f m
ut

at
io

ns

0

2000

4000

6000

8000

BR
C

A1
BR

C
A1

BR
C

A1
BR

C
A1

BR
C

A1
BR

C
A1

BR
C

A1
BR

C
A1

BR
C

A1
BR

C
A1

BR
C

A1
BR

C
A1

BR
C

A1
BR

C
A1

BR
C

A1
R

AD
51

C
R

AD
51

C
R

AD
51

C
BR

C
A2

_A
TM

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

BR
C

A2
BR

C
A2

PA
LB

2
PA

LB
2

PA
LB

2
PA

LB
2

PA
LB

2
PA

LB
2

PA
LB

2
R

AD
54

AT
M

AT
M

AT
M

AT
M

_A
TR AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

AT
M

C
H

K2
C

H
K2

C
H

K2
C

H
K2

C
H

K2
C

H
K2

C
on

tri
bu

tio
n

0.0

0.2

0.4

0.6

0.8

1.0

TC
G

A−
O

R
−A

5K
Q

TC
G

A−
PK

−A
5H

A
TC

G
A−

G
V−

A3
JW

TC
G

A−
E7

−A
3X

6
TC

G
A−

BT
−A

20
P

TC
G

A−
BL

−A
13

I
TC

G
A−

FJ
−A

3Z
F

TC
G

A−
C

8−
A1

2P
TC

G
A−

BH
−A

0B
W

TC
G

A−
E2

−A
2P

5
TC

G
A−

B6
−A

40
0

TC
G

A−
C

8−
A1

2K
TC

G
A−

C
8−

A2
75

TC
G

A−
AC

−A
3T

N
TC

G
A−

E2
−A

2P
6

TC
G

A−
G

M
−A

3N
Y

TC
G

A−
O

L−
A5

R
Z

TC
G

A−
A7

−A
0C

E
TC

G
A−

EW
−A

1I
Z

TC
G

A−
EW

−A
3U

0
TC

G
A−

C
5−

A7
C

J
TC

G
A−

JW
−A

5V
J

TC
G

A−
AA

−3
68

1
TC

G
A−

C
V−

70
89

TC
G

A−
C

N
−5

36
3

TC
G

A−
C

V−
69

33
TC

G
A−

C
R

−7
37

7
TC

G
A−

D
D

−A
11

C
TC

G
A−

M
I−

A7
5I

TC
G

A−
55

−6
98

3
TC

G
A−

05
−4

42
4

TC
G

A−
50

−5
06

8
TC

G
A−

05
−4

38
4

TC
G

A−
55

−7
72

5
TC

G
A−

91
−6

82
8

TC
G

A−
55

−7
72

4
TC

G
A−

53
−7

62
6

TC
G

A−
97

−7
93

7
TC

G
A−

44
−2

66
2

TC
G

A−
60

−2
72

5
TC

G
A−

46
−3

76
7

TC
G

A−
22

−5
48

9
TC

G
A−

18
−4

72
1

TC
G

A−
39

−5
02

2
TC

G
A−

33
−4

53
8

TC
G

A−
18

−5
59

2
TC

G
A−

56
−5

89
7

TC
G

A−
61

−2
01

2
TC

G
A−

04
−1

34
7

TC
G

A−
13

−1
51

0
TC

G
A−

25
−1

31
3

TC
G

A−
25

−1
32

6
TC

G
A−

23
−1

03
2

TC
G

A−
23

−1
12

4
TC

G
A−

24
−1

42
2

TC
G

A−
61

−1
99

8
TC

G
A−

23
−1

11
7

TC
G

A−
23

−1
03

1
TC

G
A−

24
−2

28
9

TC
G

A−
23

−1
02

2
TC

G
A−

LB
−A

7S
X

TC
G

A−
EJ

−7
12

3
TC

G
A−

EJ
−7

78
2

TC
G

A−
D

3−
A5

1R
TC

G
A−

EE
−A

3J
3

TC
G

A−
BR

−4
36

9
TC

G
A−

D
7−

A4
Z0

TC
G

A−
C

D
−8

53
1

TC
G

A−
C

G
−5

72
7

TC
G

A−
BR

−8
07

8
TC

G
A−

IP
−7

96
8

TC
G

A−
EQ

−8
12

2
TC

G
A−

BR
−A

4I
Y

TC
G

A−
C

G
−5

71
9

TC
G

A−
BR

−8
29

7
TC

G
A−

BG
−A

0V
W

TC
G

A−
E6

−A
1L

Z
TC

G
A−

BG
−A

0M
0

N
um

be
r o

f m
ut

at
io

ns

0

200

400

600

800

1000

1200

AC
C

AC
C

BL
C

A
BL

C
A

BL
C

A
BL

C
A

BL
C

A
BR

C
A

BR
C

A
BR

C
A

BR
C

A
BR

C
A

BR
C

A
BR

C
A

BR
C

A
BR

C
A

BR
C

A
BR

C
A

BR
C

A
BR

C
A

C
ES

C
C

ES
C

CO
AD

H
N

SC
H

N
SC

H
N

SC
H

N
SC

LI
H

C
LI

H
C

LU
AD

LU
AD

LU
AD

LU
AD

LU
AD

LU
AD

LU
AD

LU
AD

LU
AD

LU
AD

LU
SC

LU
SC

LU
SC

LU
SC

LU
SC

LU
SC

LU
SC

LU
SC O

V
O

V
O

V
O

V
O

V
O

V
O

V
O

V
O

V
O

V
O

V
O

V
O

V
PA

AD
PR

AD
PR

AD
SK

C
M

SK
C

M
ST

AD
ST

AD
ST

AD
ST

AD
ST

AD
ST

AD
ST

AD
ST

AD
ST

AD
ST

AD
U

C
EC

U
C

EC
U

C
EC

C
on

tri
bu

tio
n

0.0

0.2

0.4

0.6

0.8

1.0

B

A
Sig. 30
Sig. 29
Sig. 28
Sig. 27
Sig. 25
Sig. 24
Sig. 23
Sig. 22
Sig. 21
Sig. 19
Sig. 18
Sig. 17
Sig. 16
Sig. 14
Sig. 12

Sig. 11
Sig. 8
Sig. 10
Sig. 9
Sig. 26
Sig. 20
Sig. 15
Sig. 6
Sig. 7
Sig. 13
Sig. 2
Sig. 4
Sig. 5
Sig. 1
Sig. 3

LU
SC

BR
C

A
LU

SC
BR

C
A

BR
C

A
BR

C
A

BR
C

A
O

V
O

V
O

V
O

V
PR

AD O
V

O
V

ST
AD

LU
AD O

V
BR

C
A

U
C

EC
ST

AD
BL

C
A

LU
SC

LU
SC

LU
SC

ST
AD

BR
C

A
LU

SC
ST

AD
BR

C
A

C
ES

C O
V

O
V

H
N

SC
BR

C
A

H
N

SC O
V

O
V

O
V

BR
C

A
ST

AD
ST

AD
ST

AD
LI

H
C

BR
C

A
O

V
PR

AD
LU

SC
U

C
EC

CO
AD

ST
AD

U
C

EC
LU

SC
LU

AD AC
C

SK
C

M
LU

AD
LU

AD
LU

AD
LU

AD
BL

C
A

SK
C

M
BL

C
A

LU
AD

LU
AD

ST
AD

ST
AD

PA
AD

LU
AD

H
N

SC
C

ES
C

LI
H

C
BR

C
A

BL
C

A
AC

C
H

N
SC

BL
C

A
BR

C
A

Sample ID

Tissue type

Sample ID

Tissue type

Biallelic
mutation



Figure S10. 
(A) Contribution of COSMIC version 3 base substitution signatures to the SNV load of TCGA whole 
exome tumour samples bearing biallelic inactivating mutations in the indicated genes. (B) The same 
analysis in a matched random control sample set with no biallelic inactivating mutations in any of the 
investigated genes. The same sample set was analysed as in Figure S9.
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