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Figure 1 | Complex genetic heterogeneity in human cancer. a | Rapid increase in the number of cancer mutations identified 
over the past decade. Mutations were downloaded from the Catalogue of Somatic Mutations in Cancer (COSMIC) database 
and PubMed IDs for each mutation were extracted. The publication year for each PubMed ID was obtained by ‘RISmed’ R 
package. The number of mutations was plotted as a function of the corresponding publication year. b | Mutations occur in both 
coding and non-coding regions of cancer genomes. Coding mutations are located in genes that undergo mRNA transcription, 
which is often mediated by RNA polymerase II (RNAPII), and protein translation, which is mediated by ribosomes. Non-coding 
aberrations include mutations in cis-regulatory elements and in non-coding RNAs (ncRNAs). Furthermore, mutations can be 
small-scale point mutations up to larger-scale aberrations such as copy number variation and chromosomal rearrangements 
(not shown). c | Heterogeneous coding mutations across diverse cancer types. Somatic mutations across 33 types of cancer 
were obtained from The Cancer Genome Atlas (TCGA) project, comprising 10,489 tumour samples. The number of mutations 
per sample is plotted as a box plot, with the x-axis corresponding to cancer type and the y-axis representing the log10 number 
of mutations per sample. Cancer types are ordered from left to right based on tissue origin. ACC, adrenocortical carcinoma; 
BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and 
endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm 
diffuse large B cell lymphoma; ESCA, oesophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck 
squamous carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell 
carcinoma; LAML, acute myeloid leukaemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung 
adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; 
PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, 
rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular 
germ cell tumours; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine 
carcinosarcoma; UVM, uveal melanoma.
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Figure 1 | Complex genetic heterogeneity in human cancer. a | Rapid increase in the number of cancer mutations identified 
over the past decade. Mutations were downloaded from the Catalogue of Somatic Mutations in Cancer (COSMIC) database 
and PubMed IDs for each mutation were extracted. The publication year for each PubMed ID was obtained by ‘RISmed’ R 
package. The number of mutations was plotted as a function of the corresponding publication year. b | Mutations occur in both 
coding and non-coding regions of cancer genomes. Coding mutations are located in genes that undergo mRNA transcription, 
which is often mediated by RNA polymerase II (RNAPII), and protein translation, which is mediated by ribosomes. Non-coding 
aberrations include mutations in cis-regulatory elements and in non-coding RNAs (ncRNAs). Furthermore, mutations can be 
small-scale point mutations up to larger-scale aberrations such as copy number variation and chromosomal rearrangements 
(not shown). c | Heterogeneous coding mutations across diverse cancer types. Somatic mutations across 33 types of cancer 
were obtained from The Cancer Genome Atlas (TCGA) project, comprising 10,489 tumour samples. The number of mutations 
per sample is plotted as a box plot, with the x-axis corresponding to cancer type and the y-axis representing the log10 number 
of mutations per sample. Cancer types are ordered from left to right based on tissue origin. ACC, adrenocortical carcinoma; 
BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and 
endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm 
diffuse large B cell lymphoma; ESCA, oesophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck 
squamous carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell 
carcinoma; LAML, acute myeloid leukaemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung 
adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; 
PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, 
rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular 
germ cell tumours; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine 
carcinosarcoma; UVM, uveal melanoma.

Nature Reviews | Genetics

0

1

2

3

4

5

KIR
C

KIR
P
KIC

H
LGG

GBM
BRCA

LUSC
READ

UCS
UCEC OV

HNSC
THCA

PRAD
SKCM

BLCA
LIH

C
CESC

ACC
PCPG

SARC
LAM

L
PAAD

ESCA
TGCT

THYM
M

ESO
UVM

DLBC
CHOL

Lo
g 10

 (n
um

be
r o

f c
od

in
g 

m
ut

at
io

ns
 

pe
r s

am
pl

e)

LUAD

COAD
STA

D

0

5

10

15

20

25a

b

c

2000 2001 2002 2003 2004 2005 2006 2007 2008
Year

2009 2010 2011 2012 2013 2014 2015 2016
N

um
be

r o
f c

an
ce

r m
ut

at
io

ns
an

no
ta

te
d 

by
 C

O
SM

IC
 (×

 1
05 )

RNAPII mRNA

ncRNA

cis-regulatory
elements

Cancer type

Coding mutation

Non-coding mutation

REV IEWS

396 | JULY 2017 | VOLUME 18 www.nature.com/nrg

3

Somatic	variants	in	33	cancer	types

Data	taken	from	TCGA	(data	from	
10,489	tumor	samples	shown)

Mutations	downloaded	 from	COSMIC

Yi	et	al,	NRG	(2017)



0.0

0.2

0.4

0.6

0.8

1.0

K
IR

C

K
IR

P

K
IC

H

L
G

G

G
B
M

B
R

C
A

L
U

S
C

L
U

A
D

R
E
A

D

C
O

A
D

U
C

S

U
C

E
C

O
V

H
N

S
C

T
H

C
A

P
R

A
D

S
TA

D

S
K

C
M

B
L
C

A

L
IH

C

C
E
S
C

A
C

C

P
C

P
G

S
A

R
C

L
A

M
L

P
A

A
D

E
S
C

A

T
G

C
T

T
H

Y
M

M
E
S
O

U
V

M

D
L
B
C

C
H

O
L

Missense

Frame-shiȎ

Fr
ac

ti
on

 o
f d

iȭ
er

en
t m

ut
at

io
n 

ty
pe

s

Silent

Nonsense

a

c

b

Nature Reviews | Genetics

F
A

S

N
F

K
B

2

M
D

M
4

F
H

L
M

O
1

L
M

O
2

C
R

E
B

3
L

1

C
C

N
D

1

D
N

M
T

3
A

P
IC

A
L

M

Z
B

T
B

1
6

D
D

X
6

C
C

N
D

2

C
D

K
N

1
B

L
R

P
1

B
A

C
V

R
1

A
R

ID
2

S
M

A
R

C
D

1

D
D

IT
3

S
F

3
B

1

M
D

M
2

C
A

S
P

8

B
C

L
7

A

F
A

N
C

D
2

T
G

F
B

R
2

B
R

C
A

2

M
Y

D
8
8

P
B
R

M
1

R
B
1

T
F
G

A
T
R

M
LF1

C
C

N
B

1IP
1H

IF
1ATSH
R

TC
L1A

H
SP90AA1

NUTM1

BLM

CREBBP
RMI2

ERCC4

HERPUD1

FANCA

PIK3R1

TP53
NF1

AFF4

MLLT6

SMARCE1

SPOP

NPM1

PRKAR1A

SRSF2

RNF213

TRIM27

SS18

HLA-A

SMAD2

CCND3

SMAD4

GNA11

KEAP1

PTPRK

PRKACA

TFPT

ARID1B

SS18L1

IK
Z

F1

PTK
6

EG
FR

H
IP

1A
K

A
P

9

S
E
P
T
5

S
M

A
R

C
B

1

W
H

S
C

1
L
1

P
2

R
Y

8
Z

R
S

R
2

R
U

N
X

1
T

1

S
S

X
4

S
S

X
2

E
X

T
1

F
O

X
O

4
S

E
P

T
6

C
D

2
7

4

C
D

K
N

2
A

F
A

N
C

G

A
T

P
2

B
3

G
N

A
Q

M
T

O
R

S
Y

K
P

T
C

H
1

A
R

ID
1

A

S
T

IL

C
D

K
N

2
C

JA
K

1

R
P

L
5

P
D

E
4

D
IP

T
P

M
3

B
M

P
R

1
A

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

 1 KIRC

 2 KIRP

 3 KICH

 4 LGG

 5 GBM

 6 BRCA

 7 LUSC

 8 LUAD

 9 READ

 10 COAD

 11 UCS

 12 UCEC

 13 OV

 14 HNSC

 15 THCA

 16 PRAD

 17 STAD

 18 SKCM

 19 BLCA

 20 LIHC

 21 CESC

 22 ACC

 23 PCPG

 24 SARC

 25 LAML

 26 PAAD

 27 ESCA

 28 TGCT

 29 THYM

 30 MESO

 31 UVM

 32 DLBC

Cancer type

Cancer types

Pan-cancer

LIHC

64.5%

23.5%

22.9%

66.4%

5.9%

4.7%

6.0%

6.1%

KIRC
19.7%

58.1%

6.2%

16.0%

UCEC

20.8%

66.4%

7.1%

5.7%

Figure 2 | Mutational landscape across cancer types. a | Distribution of 
different mutation classes across cancer types obtained from The Cancer 
Genome Atlas (TCGA) project. The fraction of nonsense mutations, silent 
mutations, frame-shift mutations and missense mutations were plotted for 
each cancer type. b | Pie charts showing the proportion of different mutation 
classes from TCGA in all the cancer types (pan-cancer) and in specific cancers, 
including uterine corpus endometrial carcinoma (UCEC), kidney renal clear 
cell carcinoma (KIRC) and liver hepatocellular carcinoma (LIHC). c | The Circos 
plot shows the mutational landscape of the Cancer Gene Census (CGC) genes 
across major cancer types. Mutations are distributed across diverse locations 
of the genome. Protein–protein interactions between these genes are 
depicted in the centre. Blue lines indicate binary direct interactions detected 
by the high-throughput enhanced yeast two-hybrid (HT-eY2H) system9, and 
orange lines indicate indirect interactions detected by affinity purification 
coupled with mass spectrometry (AP–MS)10. Purple lines indicate overlapping 

interactions detected by both. ACC, adrenocortical carcinoma; BLCA, 
bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, 
cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, 
cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid 
neoplasm diffuse large B-cell lymphoma; ESCA, oesophageal carcinoma; 
GBM, glioblastoma multiforme; HNSC, head and neck squamous 
carcinoma; KICH, kidney chromophobe; KIRP, kidney renal papillary 
cell carcinoma; LAML, acute myeloid leukaemia; LGG, brain lower grade 
glioma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; 
MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, 
pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; 
PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, 
sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; 
TGCT, testicular germ cell tumours; THCA, thyroid carcinoma; THYM, 
thymoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.

REV IEWS

398 | JULY 2017 | VOLUME 18 www.nature.com/nrg

0.0

0.2

0.4

0.6

0.8

1.0

K
IR

C

K
IR

P

K
IC

H

L
G

G

G
B
M

B
R
C

A

L
U

S
C

L
U

A
D

R
E
A

D

C
O

A
D

U
C

S

U
C

E
C

O
V

H
N

S
C

T
H

C
A

P
R
A

D

S
TA

D

S
K

C
M

B
L
C

A

L
IH

C

C
E
S
C

A
C

C

P
C

P
G

S
A

R
C

L
A

M
L

P
A

A
D

E
S
C

A

T
G

C
T

T
H

Y
M

M
E
S
O

U
V

M

D
L
B
C

C
H

O
L

Missense

Frame-shiȎ

Fr
ac

ti
on

 o
f d

iȭ
er

en
t m

ut
at

io
n 

ty
pe

s

Silent

Nonsense

a

c

b

Nature Reviews | Genetics

F
A

S

N
F

K
B

2

M
D

M
4

F
H

L
M

O
1

L
M

O
2

C
R

E
B

3
L

1

C
C

N
D

1

D
N

M
T

3
A

P
IC

A
L

M

Z
B

T
B

1
6

D
D

X
6

C
C

N
D

2

C
D

K
N

1
B

L
R

P
1

B
A

C
V

R
1

A
R

ID
2

S
M

A
R

C
D

1

D
D

IT
3

S
F

3
B

1

M
D

M
2

C
A

S
P

8

B
C

L
7

A

F
A

N
C

D
2

T
G

F
B

R
2

B
R

C
A

2

M
Y

D
8
8

P
B

R
M

1

R
B
1

T
F
G

A
T
R

M
LF1

C
C

N
B

1IP
1H

IF
1ATSH
R

TC
L1A

H
SP90AA1

NUTM1

BLM

CREBBP
RMI2

ERCC4

HERPUD1

FANCA

PIK3R1

TP53
NF1

AFF4

MLLT6

SMARCE1

SPOP

NPM1

PRKAR1A

SRSF2

RNF213

TRIM27

SS18

HLA-A

SMAD2

CCND3

SMAD4

GNA11

KEAP1

PTPRK

PRKACA

TFPT

ARID1B

SS18L1

IK
Z

F1

PTK
6

EG
FR

H
IP

1A
K

A
P

9

S
E
P
T
5

S
M

A
R

C
B

1

W
H

S
C

1
L
1

P
2

R
Y

8
Z

R
S

R
2

R
U

N
X

1
T

1

S
S

X
4

S
S

X
2

E
X

T
1

F
O

X
O

4
S

E
P

T
6

C
D

2
7

4

C
D

K
N

2
A

F
A

N
C

G

A
T

P
2

B
3

G
N

A
Q

M
T

O
R

S
Y

K
P

T
C

H
1

A
R

ID
1

A

S
T

IL

C
D

K
N

2
C

JA
K

1

R
P

L
5

P
D

E
4

D
IP

T
P

M
3

B
M

P
R

1
A

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

 1 KIRC

 2 KIRP

 3 KICH

 4 LGG

 5 GBM

 6 BRCA

 7 LUSC

 8 LUAD

 9 READ

 10 COAD

 11 UCS

 12 UCEC

 13 OV

 14 HNSC

 15 THCA

 16 PRAD

 17 STAD

 18 SKCM

 19 BLCA

 20 LIHC

 21 CESC

 22 ACC

 23 PCPG

 24 SARC

 25 LAML

 26 PAAD

 27 ESCA

 28 TGCT

 29 THYM

 30 MESO

 31 UVM

 32 DLBC

Cancer type

Cancer types

Pan-cancer

LIHC

64.5%

23.5%

22.9%

66.4%

5.9%

4.7%

6.0%

6.1%

KIRC
19.7%

58.1%

6.2%

16.0%

UCEC

20.8%

66.4%

7.1%

5.7%

Figure 2 | Mutational landscape across cancer types. a | Distribution of 
different mutation classes across cancer types obtained from The Cancer 
Genome Atlas (TCGA) project. The fraction of nonsense mutations, silent 
mutations, frame-shift mutations and missense mutations were plotted for 
each cancer type. b | Pie charts showing the proportion of different mutation 
classes from TCGA in all the cancer types (pan-cancer) and in specific cancers, 
including uterine corpus endometrial carcinoma (UCEC), kidney renal clear 
cell carcinoma (KIRC) and liver hepatocellular carcinoma (LIHC). c | The Circos 
plot shows the mutational landscape of the Cancer Gene Census (CGC) genes 
across major cancer types. Mutations are distributed across diverse locations 
of the genome. Protein–protein interactions between these genes are 
depicted in the centre. Blue lines indicate binary direct interactions detected 
by the high-throughput enhanced yeast two-hybrid (HT-eY2H) system9, and 
orange lines indicate indirect interactions detected by affinity purification 
coupled with mass spectrometry (AP–MS)10. Purple lines indicate overlapping 

interactions detected by both. ACC, adrenocortical carcinoma; BLCA, 
bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, 
cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, 
cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid 
neoplasm diffuse large B-cell lymphoma; ESCA, oesophageal carcinoma; 
GBM, glioblastoma multiforme; HNSC, head and neck squamous 
carcinoma; KICH, kidney chromophobe; KIRP, kidney renal papillary 
cell carcinoma; LAML, acute myeloid leukaemia; LGG, brain lower grade 
glioma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; 
MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, 
pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; 
PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, 
sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; 
TGCT, testicular germ cell tumours; THCA, thyroid carcinoma; THYM, 
thymoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.
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Figure 2 | Mutational landscape across cancer types. a | Distribution of 
different mutation classes across cancer types obtained from The Cancer 
Genome Atlas (TCGA) project. The fraction of nonsense mutations, silent 
mutations, frame-shift mutations and missense mutations were plotted for 
each cancer type. b | Pie charts showing the proportion of different mutation 
classes from TCGA in all the cancer types (pan-cancer) and in specific cancers, 
including uterine corpus endometrial carcinoma (UCEC), kidney renal clear 
cell carcinoma (KIRC) and liver hepatocellular carcinoma (LIHC). c | The Circos 
plot shows the mutational landscape of the Cancer Gene Census (CGC) genes 
across major cancer types. Mutations are distributed across diverse locations 
of the genome. Protein–protein interactions between these genes are 
depicted in the centre. Blue lines indicate binary direct interactions detected 
by the high-throughput enhanced yeast two-hybrid (HT-eY2H) system9, and 
orange lines indicate indirect interactions detected by affinity purification 
coupled with mass spectrometry (AP–MS)10. Purple lines indicate overlapping 

interactions detected by both. ACC, adrenocortical carcinoma; BLCA, 
bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, 
cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, 
cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid 
neoplasm diffuse large B-cell lymphoma; ESCA, oesophageal carcinoma; 
GBM, glioblastoma multiforme; HNSC, head and neck squamous 
carcinoma; KICH, kidney chromophobe; KIRP, kidney renal papillary 
cell carcinoma; LAML, acute myeloid leukaemia; LGG, brain lower grade 
glioma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; 
MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, 
pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; 
PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, 
sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; 
TGCT, testicular germ cell tumours; THCA, thyroid carcinoma; THYM, 
thymoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.
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~2/3	of	variants	are	non-synonymous	 SNVs

The	variants	reported	here	are	not	exclusive	to	driver	events

dominated	by	SNVs:	kidney	clear-cell	carcinoma,	glioblastoma	multiforme,	 hepatocellular	carcinoma,	acute	myeloid	
leukaemia,	colorectal	carcinoma	and	endometrial	carcinoma

dominated	by	CNVs:	most	serous	 ovarian	and	breast	carcinomas	and	many	lung	and	head	and	neck	squamous	 cell	
carcinomas

Outlier w/fewer	non-synonymous	 SNVs	and	more	frame-shifts:	 THCA	(thyroid	carcinoma)

Yi	et	al,	NRG	(2017)
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SNP 3.5 – 4.3M

Indel 550 – 625K
SV 2.1 – 2.5K 

(20Mb)
Total 4.1 – 5M

SNP 84.7M

Indel 3.6M
SV 60K

Total 88.3M

Human Genetic Variation
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Population of 
2,504 peoples

The 1000 Genomes Project Consortium, Nature. 2015. 526:68-74  
Khurana E. et al. Nat. Rev. Genet. 2016. 17:93-108
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* Variants with allele frequency < 0.5% are considered as rare variants in 1000 genomes project.

A Cancer Genome

Codin
g

Non-
coding

Germ-
line

22K 4.1 – 5M

Somatic ~50 5K

Origin of Variants

Driver (~0.1%)

Passenger



(Finding	the	key	mutations	in	~3M	Germline	variants	&	
~5K	Somatic	Variants	in	a	Tumor	Sample)

Cancer	drivers:	Significance	&	identification



Yates	et	al,	NRG	(2012)

Cancer	drivers:	Significance	&	identification



Cancer	drivers:	Significance	&	identification:	functional	annotations

Khurana et	al,	NRG	(2016)
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Extending canonical model of driver and passengers


