The temporal evolution of cancer hallmarks
Supplementary figures
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Supplementary Figure 1. Mean Variant Allele Frequency (VAF) for each cancer hallmark, derived from synonymous mutations only from all primary tumors in the TCGA database.
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Supplementary Figure 2. Mean Variant Allele Frequency (VAF) for each cancer hallmark, derived from from all primary tumors in the TCGA database discarding tumors with evidence of aneuploidy (only ploidy 2 individuals).
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Supplementary Figure 3. Distribution of the mean VAF of random genes (neutral: red) and genes involved in one of the hallmarks (blue) across nonsynonymous mutations.
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Supplementary Figure 4: Hallmark ordering analysis by using median VAF instead of mean VAF. 
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Supplementary Figure 5: Hallmark ordering of pancancer data across 100 iterations of cancer hallmark gene subsets. 
[image: ]
Supplementary Figure 6: Oncoprint plot showing the mutational landscape of genome instability genes. 
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Supplementary Figure 7: Hallmark ordering of pancancer data without TP53 based on VAF. 
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Supplementary Figure 8: Hallmark ordering of pancancer data across unique hallmark genes. 
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Supplementary Figure 9. Metric resulting from the division of VAF by dN/dS for each cancer hallmark from all primary tumors in the TCGA database.
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Supplementary figure 10. Mean Variant Allele Frequency (VAF) for each cancer hallmark, using only genes under positive selection from all primary tumors in the TCGA database.
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Supplementary figure 11. Volcano plot for dN/dS of nonsense mutations in a) genome instability genes, b) immune evasion genes, and c) inflammation genes.
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Supplementary Figure 12: Hierarchical clustering of spearman correlation values of the rank order according to VAF for 32 cancer subtypes. Colours are displayed only when the correlation is significant based on Benjamin Hochberg correction. 
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Supplementary Figure 13. Relative ordering of cancer hallmarks using Spearman correlation across 32 cancer types, according to dN/dS. 
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Supplementary Figure 14. Hierarchical clustering of spearman correlation values of the rank order according to VAF for 32 cancer subtypes without TP53. No correlation is significant based on Benjamin Hochberg correction. 
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Supplementary Figure 15. Relative ordering of cancer hallmarks using Spearman correlation across 32 cancer types, comparing VAF (vertical axis) and dN/dS ranking (horizontal axis). 
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Supplementary Figure 16: Distribution of hallmark rank per patient from Pancancer data without TP53 based on VAF. 
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Supplementary Figure 17: Kaplan-Meier curves for 6 clusters predicted using ASCETIC algorithm in all patients from all tumor types.
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Supplementary Figure 18: Frequency of ranks for true hallmarks. 

[image: ]
Supplementary Figure 19: Frequency of ranks for randomized gene lists from hallmarks (pseudohallmarks).

[image: ]
Supplementary Figure 20: Pancancer hallmark ordering analysis by using VAF on PCAWG data after removing TP53. 

image7.emf



0.288



0.290



0.292



0.294



0.296



0.298



im
m



or
ta



lit
y



m
et



ab
ol



is
m



gr
ow



th



an
gi



og
en



es
is



m
et



as
ta



si
s



pr
ol



ife
ra



tio
n



de
at



h



in
fla



m
m



at
io



n



im
m



un
e 



ev
as



io
n



ge
no



m
e 



in
st



ab
ilit



y



VA
F



Cancer











image8.emf



0.28



0.29



0.30



0.31



0.32



ge
no



m
e 



in
st



ab
ilit



y



im
m



or
ta



lit
y



gr
ow



th



m
et



as
ta



si
s



pr
ol



ife
ra



tio
n



in
fla



m
m



at
io



n



im
m



un
e 



ev
as



io
n



m
et



ab
ol



is
m



de
at



h



VA
F



Cancer











image9.emf



0.20



0.21



0.22



0.23



0.24



0.25



m
et



as
ta



si
s



pr
ol



ife
ra



tio
n



de
at



h



in
fla



m
m



at
io



n



im
m



un
e 



ev
as



io
n



gr
ow



th



an
gi



og
en



es
is



m
et



ab
ol



is
m



im
m



or
ta



lit
y



ge
no



m
e 



in
st



ab
ilit



y



di
vi



si
on



 o
f V



AF
 b



y 
dN



/d
S



Cancer











image10.emf



0.35



0.40



0.45



0.50



ge
no



m
e 



in
st



ab
ilit



y



gr
ow



th



im
m



or
ta



lit
y



an
gi



og
en



es
is



m
et



ab
ol



is
m



de
at



h



m
et



as
ta



si
s



pr
ol



ife
ra



tio
n



in
fla



m
m



at
io



n



im
m



un
e 



ev
as



io
n



VA
F



Cancer











image11.emf



Significant FDR < 0.05 Not Sig



TP53PTEN
CASP8



ATM



BRCA2



0



2



4



6



−2 0 2 4
log2FolddNdS



−l
og



10
(p



m
is



_c
v)



A
TP53



PTENCASP8



ATM



CDKN1A



PPM1D



BRCA2



MSH2



MLH1



MSH6



TNFRSF10B



MDM4



CDK4



CYP1B1



0



5



10



15



−2 0 2 4
log2FolddNdS_trunc



−l
og



10
(p



tru
nc



_c
v)



B



Significant FDR < 0.05 Not Sig



PIK3CABRAF



NRASCTNNB1 KRAS



CASP8



HRAS



RHOA



PREX1
POLR3GL



POLR3C



C8B



0



5



10



15



−2 0 2 4
log2FolddNdS



−l
og



10
(p



m
is



_c
v)



A
CASP8



PIK3R1 HLA−B



HLA−A



MAP2K4



JAK2



IFNGR1



CTNNA1



HLA−C



TAP1



TAB1



CDK4



0



5



10



15



−2 0 2 4
log2FolddNdS_trunc



−l
og



10
(p



tru
nc



_c
v)



B



Significant FDR < 0.05 Not Sig



PIK3CABRAF



NRASCTNNB1 KRAS



CASP8



HRAS



RHOA



PREX1
POLR3GL



POLR3C



C8B



0



5



10



15



−2 0 2 4
log2FolddNdS



−l
og



10
(p



m
is



_c
v)



A
CASP8



PIK3R1 HLA−B



HLA−A



MAP2K4



JAK2



IFNGR1



CTNNA1



HLA−C



TAP1



TAB1



CDK4



0



5



10



15



−2 0 2 4
log2FolddNdS_trunc



−l
og



10
(p



tru
nc



_c
v)



B



Significant FDR < 0.05 Not Sig



PIK3CA



BRAF NRASCTNNB1 KRAS



CASP8



HRAS



ATM



RHOA



PIK3C3
PREX1



MRC1



0



5



10



15



−2 0 2 4
log2FolddNdS



−l
og



10
(p



m
is



_c
v)



A
CASP8



PIK3R1CDH1 HLA−B



HLA−A



MAP2K4



ATM



CD58



JAK2



CTNNA1



HLA−C



TAP1



TAB1



0



5



10



15



−2 0 2 4
log2FolddNdS_trunc



−l
og



10
(p



tru
nc



_c
v)



B
a b c











image12.emf



AC
C



BR
C
A



BLC
A



D
LBC



C
O
AD



ESC
A



G
BM



H
N
SC



KIR
P



KIR
C



KIC
H



LIH
C



LG
G



LUAD
LU



SC
C
H
O
L



O
V



PAAD
PR



AD
PC



PG
R
EAD



STAD
SAR



C
SKC



M
TG



C
T



TH
C
A



TH
YM



U
C
EC



U
C
S



U
VM



C
ESC



M
ESO



ACC
BRCA
BLCA
DLBC
COAD
ESCA
GBM
HNSC
KIRP
KIRC
KICH
LIHC
LGG
LUAD
LUSC
CHOL
OV
PAAD
PRAD
PCPG
READ
STAD
SARC
SKCM
TGCT
THCA
THYM
UCEC
UCS
UVM
CESC
MESO



−1



−0.5



0



0.5



1











image13.emf



PR
AD



H
N
SC



ESC
A



U
C
S



LG
G



O
V



STAD
C
O
AD



PAAD
G
BM



R
EAD



BLC
A



LUAD
LIH



C
LU



SC
U
C
EC



KIR
P



SAR
C



KIC
H



BR
C
A



TG
C
T



AC
C



U
VM



TH
YM



SKC
M



TH
C
A



C
H
O
L



M
ESO



KIR
C



C
ESC



D
LBC



PC
PG



PRAD
HNSC
ESCA
UCS
LGG
OV
STAD
COAD
PAAD
GBM
READ
BLCA
LUAD
LIHC
LUSC
UCEC
KIRP
SARC
KICH
BRCA
TGCT
ACC
UVM
THYM
SKCM
THCA
CHOL
MESO
KIRC
CESC
DLBC
PCPG



−0.5



0



0.5



1











image14.emf



SKC
M



C
H
O
L



KIC
H



SAR
C



PAAD
BLC



A
U
C
EC



TG
C
T



KIR
P



G
BM



C
ESC



O
V



PC
PG



LUAD
LU



SC
PR



AD
U
VM



LG
G



R
EAD



AC
C



H
N
SC



STAD
D
LBC



ESC
A



TH
C
A



M
ESO



U
C
S



BR
C
A



C
O
AD



KIR
C



LIH
C



TH
YM



SKCM
CHOL
KICH
SARC
PAAD
BLCA
UCEC
TGCT
KIRP
GBM
CESC
OV
PCPG
LUAD
LUSC
PRAD
UVM
LGG
READ
ACC
HNSC
STAD
DLBC
ESCA
THCA
MESO
UCS
BRCA
COAD
KIRC
LIHC
THYM



−1



−0.5



0



0.5



1











image15.emf



TH
YM



SKC
M



TH
C
A



AC
C



U
VM



BLC
A



LUAD
BR



C
A



PAAD
U
C
EC



R
EAD



C
O
AD



ESC
A



STAD
H
N
SC



G
BM



G
BM



LIH
C



LU
SC



O
V



U
C
S



C
H
O
L



M
ESO



C
ESC



D
LBC



PC
PG



TG
C
T



KIR
C



KIC
H



PR
AD



SAR
C



KIR
P



LG
G



PCPG
UVM
THYM
SKCM
THCA
TGCT
LUAD
MESO
CESC
ACC
GBM
BLCA
UCEC
KIRC
PAAD
COAD
READ
BRCA
UCS
CHOL
DLBC
LIHC
KIRP
PRAD
OV
ESCA
LGG
HNSC
LUSC
KICH
STAD
SARC



−0.8



−0.6



−0.4



−0.2



0



0.2



0.4



0.6











image16.emf



metastasis proliferation



immortality immune evasion inflammation metabolism



angiogenesis death genome instability growth



2.5 5.0 7.5 10.0 2.5 5.0 7.5 10.0



2.5 5.0 7.5 10.0 2.5 5.0 7.5 10.0



0.00



0.04



0.08



0.12



0.00



0.05



0.10



0.0



0.2



0.4



0.00



0.05



0.10



0.00



0.05



0.10



0.15



0.00



0.05



0.10



0.00



0.05



0.10



0.15



0.00



0.03



0.06



0.09



0.12



0.00



0.05



0.10



0.15



0.00



0.05



0.10



0.15



Rank



Pr
op



or
tio



n



Hallmark
angiogenesis



death



genome instability



growth



immortality



immune evasion



inflammation



metabolism



metastasis



proliferation











image17.emf



+++++++++++ + + ++++ ++ + + ++++++++++++++ +++++++ ++++++++++++++++++ +++++ ++++++++ ++++++++++++++ + +++++ + +++++++ +++++++++ + + +++++ +++++++ ++ ++++++ ++++ ++ + ++



++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++ ++++++++++++++++ +++++++++++



+++++ + ++++ +++ ++ +++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++ ++++++ +++++++++++++++++ ++++++++++++++++++ +++++++++ +++++ ++ +++ ++ +++++++ +++++++ ++++ + ++++ +++++ +++++++++ ++ + + + +++



+++++ + +++ + +++++ +++ ++++++++++++++++++++++ + ++ +++++++++ +++++++++++++++++++ ++++++++++++++++++++++++++++++ ++++++++++++++ +++++ ++++ + +++++++ ++++ +++
+++ + +++++ + ++ +



+ +



+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++



++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++



p < 0.0001



0.00



0.25



0.50



0.75



1.00



0 10 20 30 40 50 60
Months



O
ve



ra
ll 



su
rv



iva
l p



ro
ba



bi
lit



y



Strata +
+



+
+



+
+



Cluster=C1
Cluster=C2



Cluster=C3
Cluster=C4



Cluster=C5
Cluster=C6



Pan Cancer



216 193 151 113 87 66 51
756 654 496 384 276 202 155
297 262 206 141 116 87 65
254 221 166 113 77 53 41
2446 2094 1481 1019 725 527 393
4430 3693 2476 1729 1184 882 664Cluster=C6



Cluster=C5



Cluster=C4



Cluster=C3



Cluster=C2



Cluster=C1



0 10 20 30 40 50 60
Months



St
ra



ta



Number at risk











Pan Cancer



M
U



TATIO
N



S



IN
FLAM



M
ATIO



N



IM
M



U
N



E



IM
M



O
RTALITY



M
ETABO



LISM



AN
G



IO
G



EN
ESIS



G
RO



W
TH



D
EATH



PRO
LIFER



ATIO
N



M
ETASTASIS



C
luster



Cluster
C1
C2
C3
C4
C5
C6



0



0.2



0.4



0.6



0.8



1











image18.emf



0



500



1000



1500



2000



2500



2.5 5.0 7.5 10.0
Rank



Fr
eq
ue
nc
y



Halmmark
angiogenesis



death



growth



immortality



immune



inflammation



metabolism



metastasis



mutations



proliferation











image19.emf



0



500



1000



1500



2000



2500



1 2 3 4 5 6 7 8 9 10
Rank



Fr
eq
ue
nc
y



category
pseudo_angiogenesis



pseudo_death



pseudo_growth



pseudo_immortality



pseudo_immune



pseudo_inflammation



pseudo_metabolism



pseudo_metastasis



pseudo_mutations



pseudo_proliferation











image20.emf



0.304



0.308



0.312



0.316
im



m
or



ta
lit



y



m
et



ab
ol



is
m



gr
ow



th



an
gi



og
en



es
is



m
et



as
ta



si
s



pr
ol



ife
ra



tio
n



de
at



h



ge
no



m
e 



in
st



ab
ilit



y



im
m



un
e 



ev
as



io
n



in
fla



m
m



at
io



n



VA
F



Cancer











image1.emf



0.284



0.286



0.288



0.290



0.292



0.294



an
gi



og
en



es
is



im
m



or
ta



lit
y



m
et



as
ta



si
s



m
et



ab
ol



is
m



pr
ol



ife
ra



tio
n



de
at



h



gr
ow



th



in
fla



m
m



at
io



n



im
m



un
e 



ev
as



io
n



ge
no



m
e 



in
st



ab
ilit



y



VA
F



Cancer











image2.emf



0.29



0.30



0.31



ge
no



m
e 



in
st



ab
ili



ty



im
m



or
ta



lit
y



m
et



ab
ol



is
m



gr
ow



th



an
gi



og
en



es
is



m
et



as
ta



si
s



pr
ol



ife
ra



tio
n



de
at



h



im
m



un
e 



ev
as



io
n



in
fla



m
m



at
io



n



Cancer hallmarks (ordered by VAF)



V
A



F










0.29

0.30

0.31

g

e

n

o

m

e

 

i

n

s

t

a

b

i

l

i

t

y

i

m

m

o

r

t

a

l

i

t

y

m

e

t

a

b

o

l

i

s

m

g

r

o

w

t

h

a

n

g

i

o

g

e

n

e

s

i

s

m

e

t

a

s

t

a

s

i

s

p

r

o

l

i

f

e

r

a

t

i

o

n

d

e

a

t

h

i

m

m

u

n

e

 

e

v

a

s

i

o

n

i

n

f

l

a

m

m

a

t

i

o

n

Cancer hallmarks (ordered by VAF)

V

A

F


image3.emf



Distribution with Mean and Standard Deviation



VAF



Fr
eq
ue
nc
y



0.280 0.285 0.290 0.295 0.300 0.305



0
10
0



20
0



30
0



40
0











image4.emf



0.28



0.29



0.30
ge



no
m



e 
in



st
ab



ilit
y



im
m



or
ta



lit
y



m
et



ab
ol



is
m



an
gi



og
en



es
is



gr
ow



th



m
et



as
ta



si
s



pr
ol



ife
ra



tio
n



de
at



h



in
fla



m
m



at
io



n



im
m



un
e 



ev
as



io
n



VA
F



Cancer











image5.emf



0.30



0.35



0.40



im
m



or
ta



lit
y



m
et



ab
ol



is
m



an
gi



og
en



es
is



ge
no



m
e 



in
st



ab
ilit



y



gr
ow



th



de
at



h



pr
ol



ife
ra



tio
n



m
et



as
ta



si
s



in
fla



m
m



at
io



n



im
m



un
e 



ev
as



io
n



VA
F











image6.emf



OncoPrint for genome instability genes



0



20



40



51%
9%
8%
6%
6%
5%
4%
4%
4%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
2%
3%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%



TP53
PTEN
ATM
BRCA2
POLE
ATR
CCNB3
TSC2
PARP4
CASP8
THBS1
MSH6
UGT2B4
BLM
UGT2A1
RAD50
MLH3
APAF1
POLD1
RFC1
PARP1
CYP2A13
PMS2
LIG3
UGT2A2
EXO1
LIG1
UGT2A3
UGT2B15
MLH1
MSH2
RAD54B
UGT1A1
UGT1A10
TOP3A
UGT2B11
CYP2C19
UGT2B7
UGT2B28
UGT2B10
TOP3B
UGT1A5
UGT1A8
MSH3
UGT1A4
UGT1A9
PTGS2
UGT1A6
NBN
UGT1A3



0 100020003000



Mutations
Missense
Nonsense
Synonymous
Essential_Splice
Stop_loss











