




AGTTTCCTTTCTCCGTCGGCAAACTTCCGGGTTGGGTGGGCGGGGCCAAAAAACTTATCCAATGAGTACCTTTGTAGGCTGAGAGGAAGGGATAA5'     3'

25,042,897 25,042,991
chr16 (94bp)

Eso AdenoCa Lung SCC Skin Melanoma Stomach AdenoCA Uterus AdenoCA
1

10

1,000

100,000

10,000,000

1,000,000,000

0.0
0.5
1.0

0 5 15 25 35 46 56
0.0
0.5
1.0

0 5 15 25 35 46 56 97
recurrence count

fra
ct

io
n

pr
ot

ei
n

co
di

ng

0.0
0.5
1.0

0 5 15 25 35 46 56 97 166
recurrence count

fra
ct

io
n

pr
ot

ei
n

co
di

ng

non protein coding
protein coding1

10

1,000

100,000

10,000,000

1,000,000,000

oc
cu

re
nc

e 
co

un
t

0.0
0.5
1.0

0 5 15 25 35 46 56
recurrence count

fra
ct

io
n

pr
ot

ei
n

co
di

ng TP
53

 
PI

K3
C

A 
BR

AF
 

KR
AS

 

TE
RT

 

KR
AS

recurence count

non protein coding
protein coding

1
10

1,000

100,000

10,000,000

1,000,000,000

fra
ct

io
n

Figure 3

a b

c

ï� ï� 0 1 2
fold�change � log2�

obs
exp

S1 S6
0

S3
6 S3 S7
6

S7
9

S7
4

S4
4 S6 S1
5

S2
1

S2
6

S7
3

S1
4

S6
2

S1
0a S7
8

S6
6

S6
1

S6
3 S9 S7
2

S3
7

S8
0

S1
7b

S1
7a S8
3

S1
9

S3
3

S6
8

S2
8

S3
0

S7
0 S8 S1
6

S3
9

S1
2 S5 S6
9 S2 S1
3

S7
1

S6
4

S8
2

S8
1

S7
7

S4
0

S1
8

S2
2

S3
5

S1
1 S4 S7
a

S6
7

S7
5

S7
b

S5
5

S3
8

S6
5

S7
c

1
2
3
4
5
6

7+

Mutational signature

R
ec

ur
re

nc
e

MMR M
M

R
 +

 
PO

LE

POLE PO
LI

Ly
m

ph
Pr

os
ta

te

Unknown APOBEC INDEL R
O

S
AA PT TM

Z
To

ba
cc

o

UVAg
e

BE
R

H
R

Ar
tif

ac
t

)LJXUH����+RWVSRW�RYHUYLHZ�DQG�LGHQWLILFDWLRQ�RI�HQULFKHG�ORFDOL]HG�PXWDWLRQDO�SURFHVVHV��
�D��3DQ�FDQFHU�UHFXUUHQW�DQG�VLQJOHWRQ�619V�LQ�D����ES�ZLQGRZ�RQ�FKURPRVRPH�����7ZR�FDVHV�RI����PHU�LQVWDQFHV�FRQWDLQLQJ�
KRWVSRWV��619V�DUH�FRORUHG�E\�FDQFHU�W\SH���E��+RWVSRW�UHFXUUHQFH�FRXQWV��[�D[LV��DQG�IUHTXHQF\�LQ�FRXQWV��\�D[LV��WRS��ZLWK�WKH�
SURSRUWLRQ��ERWWRP��RI�SRVLWLRQV�LQ�FRGLQJ��UHG��RU�QRQ�SURWHLQ�FRGLQJ�UHJLRQV��EODFN����F��$OO�619V��Q� �������������JURXSHG�E\�WKHLU�
SDQ�FDQFHU�UHFXUUHQFH�FRXQW���������+HDWPDS�VKRZLQJ�WKH�UHODWLYH�FRQWULEXWLRQ�RI�DOO�PXWDWLRQDO�VLJQDWXUHV��[�D[LV��WR�PXWDWLRQV�RI�
KRWVSRWV�RI�LQFUHDVLQJ�UHFXUUHQFH��\�D[LV���&RORUV�UHSUHVHQW�ORJ��IROG�FKDQJH�LQ�PHDQ�FRQWULEXWLRQ�UHODWLYH�WR�VLQJOHWRQ�619V�
�UHFXUUHQFH�����6HYHUDO�PXWDWLRQDO�VLJQDWXUHV�DUH�HQULFKHG��UHG��LQ�KLJKO\�UHFXUUHQW�KRWVSRWV��UHFXUUHQFH�����������

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.27.465848doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.465848
http://creativecommons.org/licenses/by/4.0/


Signature 17b

Signature 7a

1+

2+

5+

5+

5+

5+

a

b

c

d

e

f

Figure 4

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

�

bi
ts

�[ ������
�����[�

���������0E
�������

0

��

40

60

��

����

����

����

����

����

*
HQ
RP

LF�
VS
DQ
��0

E�

*
HQ
RP

LF�
VS
DQ
���

�R
I�:

*
�

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

� �[ ������
�����[�

�������0E
�������

0

��

��

��

40

����

����

����

����

����

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

� �[ �������
������[�

�����0E
������

0
���
���
���
���
�

����
����
����
����
����
����

0 �� 60 ��

QR��RI�SDWLHQWV

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

�

bi
ts

�[ �����
����[�

�������0E
�������

0

��

40

60

��

����

����

����

����

����

*
HQ
RP

LF
�V
SD
Q�
�0
E�

*
HQ
RP

LF
�V
SD
Q�
��

�R
I�:

*
�

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

� �[ �����
����[�

�������0E
�������

0

��

��

��

����

����

����

����

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

� �[ �����
����[�

������0E
������

0
�
�
�
4
�

����
����
����
����
����
����

��� � �� ��� ����� ������ �������
mutation rDWH��619�SDWLHQW�0E�

0 �� ��� ���

QR��RI�SDWLHQWV

1+

2+

5+

M
ut

at
io

na
l r

ec
ur

re
nc

e
M

ut
at

io
na

l r
ec

ur
re

nc
e

M
ut

at
io

na
l r

ec
ur

re
nc

e

��� � �� ��� ����� ������ �������
mutation rDWH��619�SDWLHQW�0E�

Signature 62

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

�

bi
ts

�[ �������
������[�

�����0E
������

0

���

���

���

���

����

����

����

����

����

*
HQ
RP

LF
�V
SD
Q�
�0
E�

*
HQ
RP

LF
�V
SD
Q�
��

�R
I�:

*
�

0 � 6 �

QR��RI�SDWLHQWV��� � �� ��� ����� ������ �������
mutation rDWH��619�SDWLHQW�0E�

Signature 19

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

�

bi
ts

�[ ����
����[�

�����0E
������

0

0

0

���

���

����

����

����

����

����

*
HQ
RP

LF
�V
SD
Q�
�0
E�

*
HQ
RP

LF
�V
SD
Q�
��

�R
I�:

*
�

0 � �� ��

QR��RI�SDWLHQWV��� � �� ��� ����� ������ �������
mutation rDWH��619�SDWLHQW�0E�

Signature 72

ï� ï� ï� ï� ï� 0 � � � 4 �
0

�

�

bi
ts

�[ �����
����[�

�����0E
������

0
0
0

���
���
���

����
����
����
����
����
����

*
HQ
RP

LF
�V
SD
Q�
�0
E�

*
HQ
RP

LF
�V
SD
Q�
��

�R
I�:

*
�

0 �� �� ���

QR��RI�SDWLHQWV
��� � �� ��� ����� ������ �������

mutation rDWH��619�SDWLHQW�0E�

 5.96
(1.0x)

10.02
(1.7x)

25.53
(4.3x)

DOO����� KRWVSRWV����� KRWVSRWV�����

0.1

1

10

100

1.000

Mutation rates of all (+1) or hotspot−annotated (2+ or 5+) 11−mers

0 100 200 300 400 0 30 60 90 120 0 2 4 6
Genomic span (Mb)M

ut
at

io
n 

ra
te

 (S
N

V/
pa

tie
nt

/M
b+

0.
1)

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.27.465848doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.465848
http://creativecommons.org/licenses/by/4.0/


)LJXUH����0XWDWLRQDO�UHFXUUHQFH�FDSWXUH�KLJKO\�PXWDWHG����PHUV�
	D��0XWDWLRQ�UDWHV�RI�DOO�PXWDWHG����PHUV������������>������0E@�RI�WKH�JHQRPH��DQG����PHUV�ZLWK�D�KRWVSRW�LQ�DW�OHDVW�RQH�RI�LWV�
LQVWDQFHV�IRU�DOO�KRWVSRWV������������>����0E@�RI�WKH�JHQRPH���DQG�KLJKO\�UHFXUUHQW�KRWVSRWV�����������>���0E@�RI�WKH�JHQRPH����E��
6LJQDWXUH���E�DVVLJQHG����PHUV�RI�DOO�UHFXUUHQFHV�OHYHOV������WRS�KRUL]RQWDO�SDQHOV������PHUV�ZLWK�D�KRWVSRW�LQ�DW�OHDVW�RQH�RI�LWV�
LQVWDQFHV������PLGGOH�KRUL]RQWDO�SDQHOV���DQG����PHUV�ZLWK�D�KLJKO\�UHFXUUHQW�KRWVSRW�LQ�DW�OHDVW�RQH�RI�LWV�LQVWDQFHV������ERWWRP�
KRUL]RQWDO�SDQHOV���/RJR�SORWV��OHIW��YLVXDOO\�KLJKOLJKW�FRQWH[WV�GLIIHUHQW�IURP�WKH�EDFNJURXQG�EDVH�GLVWULEXWLRQ�DQG�WKXV�KDYH�WKH�
SRWHQWLDO�WR�FDSWXUH�VHTXHQFH�GHSHQGHQFLHV��+LVWRJUDPV��PLGGOH��VKRZ�WKH�GLVWULEXWLRQ�RI�PXWDWLRQ�UDWHV�RI�WKH����PHUV�VXEVHWV��
6WDFNHG�EDU�SORWV��ULJKW��UHSUHVHQW�WKH�FDQFHU�W\SH�GLVWULEXWLRQ��FRORUHG�DV�LQ�)LJ��D���F��3ORWV�DV�LQ��E��ZLWK����PHUV�DVVLJQHG�WR�89�
VLJQDWXUH��D���G��32/(�VLJQDWXUH����DVVLJQHG����PHUV�ZLWK�D�KLJKO\�UHFXUUHQW�KRWVSRW�LQ�DW�OHDVW�RQH�RI�LWV�LQVWDQFHV�������3ORWV�DV�LQ�
�D����H��6LJQDWXUH����DVVLJQHG����PHUV�ZLWK�D�KLJKO\�UHFXUUHQW�KRWVSRW�LQ�DW�OHDVW�RQH�RI�LWV�LQVWDQFHV�������3ORWV�DV�LQ��D����I��6LJQDWXUH�
���DVVLJQHG����PHUV�ZLWK�D�KLJKO\�UHFXUUHQW�KRWVSRW�LQ�DW�OHDVW�RQH�RI�LWV�LQVWDQFHV�������3ORWV�DV�LQ��D��

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.27.465848doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.465848
http://creativecommons.org/licenses/by/4.0/


0
1
2

1x 9.2x

01
23
45

00.037
0.0740.110.150.19

�*HQRPHïZLGH��������619�SDWLHQW�0E�

0
1
2

1x 10.6x

00.0020.0040.0060.008

00.000074
0.000150.000220.0003

6��E�6WURQJB(QKDQFHU��������619�SDWLHQW�0E�

0
1
2

1x 19.6x

00.0050.010.0150.020.0250.03

00.00019
0.000370.000560.000740.000930.0011

6��E�,QVXODWRU���������619�SDWLHQW�0E�

0
1
2

1x
104.4x

00.0010.0020.0030.0040.005

00.000037
0.0000740.000110.000150.00019

6��E�5HSHWLWLvH�&19���������619�SDWLHQW�0E�

ï� ï� ï� ï� ï� 0 1 2 3 4 5
0
1
2

EL
WV

1x 12.1x

01
23
4

00.037
0.0740.110.15

0.1 1 10 100 1,000 10,000 100,000
mXWDWLRQ�UDWH��619�SDWLHQW�0E�

*
HQ
RP

LF
�V
SD
Q�
�0
E�

*
HQ
RP

LF
�V
SD
Q�
��

�

6��E�+HWHURFKURP�OR��������619�SDWLHQW�0E�

0
1
2

1x
177.7x

00.2
0.40.6
0.81

00.0074
0.0150.0220.030.037

�*HQRPHïZLGH����������619�SDWLHQW�0E�

0
1
2

1x 383.8x

00.00010.00020.00030.00040.00050.0006

00.0000037
0.00000740.0000110.0000150.0000190.000022

6�D�$FWLvHB3URPRWHU����������619�SDWLHQW�0E�

0
1
2

1x 221.3x

00.00050.0010.00150.002

00.000019
0.0000370.0000560.000074

6�D�6WURQJB(QKDQFHU����������619�SDWLHQW�0E�

0
1
2

1x 552.2x

00.0020.0040.0060.008

00.000074
0.000150.000220.0003

6�D�5HSHWLWLvH�&19��������619�SDWLHQW�0E�

ï� ï� ï� ï� ï� 0 1 2 3 4 5
0
1
2

EL
WV

1x
215.6x

00.2
0.40.6
0.8

00.0074
0.0150.0220.03

0.1 1 10 100 1,000 10,000 100,000
mXWDWLRQ�UDWH��619�SDWLHQW�0E�

*
HQ
RP

LF
�V
SD
Q�
�0
E�

*
HQ
RP

LF
�V
SD
Q�
��

�

6�D�+HWHURFKURP�OR��������619�SDWLHQW�0E�

0
1
2

1x 395.2x

00.1
0.20.3
0.4

00.0037
0.00740.0110.015

�*HQRPHïZLGH����������619�SDWLHQW�0E�

0
1
2

1x 1770.9x

00.00010.00020.00030.0004

00.0000037
0.00000740.0000110.000015

6���3RLVHGB3URPRWHU�����������619�SDWLHQW�0E�

0
1
2

1x
1391.9x

00.00010.00020.00030.00040.0005

00.0000037
0.00000740.0000110.0000150.000019

6���6WURQJB(QKDQFHU��������619�SDWLHQW�0E�

0
1
2

1x
3603x

00.00050.0010.00150.0020.0025

00.000019
0.0000370.0000560.0000740.000093

6���5HSHWLWLvH�&19�����������619�SDWLHQW�0E�

EL
WV

0.1 1 10 100 1,000 10,000 100,000
mXWDWLRQ�UDWH��619�SDWLHQW�0E�

*
HQ
RP

LF
�V
SD
Q�
�0
E�

*
HQ
RP

LF
�V
SD
Q�
��

�

0
1
2

1x 4.4x

00.020.040.060.080.1
0.12

00.00074
0.00150.00220.0030.00370.0045

�*HQRPHïZLGH��������619�SDWLHQW�0E�

0
1
2

1x 96.3x

00.000020.000040.000060.00008

00.00000074
0.00000150.00000220.000003

6���$FWLvHB3URPRWHU���������619�SDWLHQW�0E�

0
1
2

1x 54.1x

00.000050.00010.000150.00020.00025

00.0000019
0.00000370.00000560.00000740.0000093

6���WHDNB3URPRWHU���������619�SDWLHQW�0E�

0
1
2

1x 194.8x

0
0.00005
0.0001
0.00015

0
0.0000019
0.0000037
0.0000056

6���3RLVHGB3URPRWHU����������619�SDWLHQW�0E�

ï� ï� ï� ï� ï� 0 1 2 3 4 5

EL
WV

0.1 1 10 100 1,000 10,000 100,000
mXWDWLRQ�UDWH��619�SDWLHQW�0E�

*
HQ
RP

LF
�V
SD
Q�
�0
E�

*
HQ
RP

LF
�V
SD
Q�
��

�

Figure 5
a

b

c

d ï� ï� ï� ï� ï� 0 1 2 3 4 5

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.27.465848doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.465848
http://creativecommons.org/licenses/by/4.0/


)LJXUH����*HQRPLF�UHJLRQV�ZLWK�KLJKO\�PXWDEOH����PHUV�
�D� 6HTXHQFH�FKDUDFWHULVWLFV��OHIW��ORJR�SORW��DQG�PXWDWLRQ�UDWH�GLVWULEXWLRQ��ULJKW��KLVWRJUDP��RI�VLJQDWXUH���E�DVVLJQHG����PHUV�RI�KLJK
UHFXUUHQFH������DFURVV�WKH�ZKROH�JHQRPH��WRS��DQG�PRVW�KLJKO\�PXWDWHG�JHQHWLF�HOHPHQWV��EHORZ����E��6LJQDWXUH��D�DVVLJQHG����PHUV
RI�KLJK�UHFXUUHQFH������FKDUDFWHUL]HG�DV�LQ��D����F��6LJQDWXUH����DVVLJQHG����PHUV�RI�KLJK�UHFXUUHQFH������FKDUDFWHUL]HG�DV�LQ��D����G�
6LJQDWXUH����DVVLJQHG����PHUV�RI�KLJK�UHFXUUHQFH������FKDUDFWHUL]HG�DV�LQ��D��

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.27.465848doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.465848
http://creativecommons.org/licenses/by/4.0/


8.72 SNV/patient/Mb
(1.46x)

12.51
(2.10x)

55.19
(9.26x)

622.12
(104.41x)

0 200 400 600
Mutation rate (SNV/patient/Mb)

UHJLRQDO�LQVWDQFHV�RI���ïPHUV

KRWVSRWïDQQRWDWHG���ïPHUV

VLJQDWXUHïDVVLJQHG���ïPHUV

activH�VLJQDWXUH�LQ�JHQRPHV

ï� ï� ï� ï� ï� 0 1 2 � 4 5

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

Position (relative to Putation)

Bi
ts

Signature 17b rec(5|6|7+) Repetitive/CNV

������0E
(85.68%)

699 Mb
��������

12.5 Mb
(0.4661%)

0.0076 Mb
(0.0002829%)

0 1,000 2,000
*HQRPLF�VSDQ��0E�

60.01
(10.07x)

������
(19.11x)

1,060.85
�������[�

��������
�������[�

0 1,000 2,000 �����
Mutation rate (SNV/patient/Mb)

UHJLRQDO�LQVWDQFHV�RI���ïPHUV

KRWVSRWïDQQRWDWHG���ïPHUV

VLJQDWXUHïDVVLJQHG���ïPHUV

activH�VLJQDWXUH�LQ�JHQRPHV

ï� ï� ï� ï� ï� 0 1 2 � 4 5

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

Position (relative to Putation)

Bi
ts

Signature 7a rec(5|6|7+) Repetitive/CNV

������0E
��������

1,000 Mb
��������

9.08 Mb
���������

�������0E
(0.0008871%)

0 1,000 2,000
*HQRPLF�VSDQ��0E�

������
(77.74x)

585.24
(98.22x)

��������
�������[�

���������
���������[�

0 5,000 10,000 15,000 20,000
Mutation rate (SNV/patient/Mb)

UHJLRQDO�LQVWDQFHV�RI���ïPHUV

KRWVSRWïDQQRWDWHG���ïPHUV

VLJQDWXUHïDVVLJQHG���ïPHUV

activH�VLJQDWXUH�LQ�JHQRPHV

ï� ï� ï� ï� ï� 0 1 2 � 4 5

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

Position (relative to Putation)

Bi
ts

Signature 62 rec(5|6|7+) Repetitive/CNV

2,120 Mb
(78.99%)

208 Mb
(7.764%)

�����0E
���������

��������0E
(0.0002992%)

0 1,000 2,000
*HQRPLF�VSDQ��0E�

4.81
(0.81x)

5.14
(0.86x)

25.71
�����[�

1,125.60
(188.90x)

0 ��� 600 900
Mutation rate (SNV/patient/Mb)

UHJLRQDO�LQVWDQFHV�RI���ïPHUV

KRWVSRWïDQQRWDWHG���ïPHUV

VLJQDWXUHïDVVLJQHG���ïPHUV

activH�VLJQDWXUH�LQ�JHQRPHV

ï� ï� ï� ï� ï� 0 1 2 � 4 5

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

Position (relative to Putation)

Bi
ts

Signature 72 rec(5|6|7+) PRLVHGB3URPRWHU

������0E
(57.09%)

185 Mb
(6.906%)

0.891 Mb
����������

0.000774 Mb
�������������

0 1,000 2,000
*HQRPLF�VSDQ��0E�

a

b

c

d

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.27.465848doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.465848
http://creativecommons.org/licenses/by/4.0/


)LJXUH����'HFRPSRVLWLRQ�RI�IDFWRUV�LQFUHDVLQJ�WKH�PXWDWLRQ�UDWH�
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�D��DV�LQ��D����F��)RU�VLJQDWXUH�����DV�LQ��D����G��)RU�VLJQDWXUH�����DV�LQ��D��
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