
Cancers accumulate an extraordinary number of 
mutations — verging on error catastrophe
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Yet they are evolutionary masters

They limit the cost of mutations and simultaneously harness 
their potential to evolve drug resistance 

This property is part of why drugging these systems is difficult 

But does it also create vulnerabilities?



This property depends on specific genes

v-Src v-Src +  
HSP90 INHIBITOR

Would targeting these ‘Achilles heels’ have potential as a 
therapeutic strategy?

ONCOGENE CAUSES 
CANCER

ONCOGENE DOES 
NOTHING



Inhibiting Hsp90 is very toxic. Can we identify other Achilles’ 
heels that might be better drug targets?

Use cells with high mutation rates - mimic MMR defects in CRC 

Watch what happens to fitness as they accumulate mutations



Uniq
ue

 m
uta

tio
ns

Sha
re

 in
 2 

lin
ea

ge
s

Sha
re

 in
 3 

lin
ea

ge
s

0

2000

4000

6000

C
ou

nt

n=25 n=0

0.0 0.1 0.2
0.0

0.2

0.4

Fraction of 
Deleterious Alleles

Fr
ac

tio
n 

of
 S

tra
in

s

MA LinesSGRP

0

100

-2σ

+2σ

Chromosome Position

Va
ria

nt
s 

pe
r 1

00
 k

b

0 40 80
0

40

80

Variants per 100 kb window

C
ou

nt

µ = 51.4, σ2 = 60.9

Variants per 100kb
Chromosome

Fr
ac

tio
n 

of
 s

tra
in

s

Fraction of Deleterious Alleles

Natural 
Variants

Accumulated 
Variants

N
um

be
r o

f R
eg

io
ns Mean = 51, Variance = 61

+2SD

Va
ria

nt
s 

pe
r 1

00
kb

-2SD

 

M
ut

at
io

n 
C

ou
nt

Mutations occur as ‘randomly’ as possible

Mutator phenotype is maintained



Highly mutating cells ‘buffer’ the cost of mutations

Mutation accumulation
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Mutations per genome

each mutation has 
the same effect



Mutation accumulation

Mutations per genome

Highly mutating cells ‘buffer’ the cost of mutations

each new mutation has 
a stronger effect
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Mutation accumulation

Mutations per genome

Highly mutating cells ‘buffer’ the cost of mutations

C
el

lu
la

r f
itn

es
s 

(lo
g) cells adapt to increasing 

mutation load



Fi
tn

es
s 

C
os

t 
(p

er
 m

ut
at

io
n)

SLOW RATE FAST RATE

Indels/GCRs 
(Slow)

Generations

(Fast)

Fi
tn

es
s 

C
os

t 
(p

er
 m

ut
at

io
n)

SLOW RATE FAST RATE

Mutations

Generations

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000 1500 2000 2500

Mutations

early late early late

0.000

0.005

0.010

Fi
tn

es
s 

C
os

t p
er

 M
ut

at
io

n

0.000

0.005

0.010

Fi
tn

es
s 

C
os

t p
er

 M
ut

at
io

n
ln

(⍵
)

(Fast)

Generations

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000 1500 2000

Mutations

ln
(⍵

)

ln
(⍵

)

Base Substitution 
(Slow)

Mutations

Generations

ln
(⍵

)

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 50 100

Mutations



Fi
tn

es
s 

C
os

t 
(p

er
 m

ut
at

io
n)

SLOW RATE FAST RATE

Indels/GCRs 
(Slow)

Generations

(Fast)

Fi
tn

es
s 

C
os

t 
(p

er
 m

ut
at

io
n)

SLOW RATE FAST RATE

Mutations

Generations

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000 1500 2000 2500

Mutations

early late early late

0.000

0.005

0.010

Fi
tn

es
s 

C
os

t p
er

 M
ut

at
io

n

0.000

0.005

0.010

Fi
tn

es
s 

C
os

t p
er

 M
ut

at
io

n
ln

(⍵
)

(Fast)

Generations

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000 1500 2000

Mutations

ln
(⍵

)

ln
(⍵

)

Base Substitution 
(Slow)

Mutations

Generations

ln
(⍵

)

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 50 100

Mutations



Fi
tn

es
s 

C
os

t 
(p

er
 m

ut
at

io
n)

SLOW RATE FAST RATE

Indels/GCRs 
(Slow)

Generations

(Fast)

Fi
tn

es
s 

C
os

t 
(p

er
 m

ut
at

io
n)

SLOW RATE FAST RATE

Mutations

Generations

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000 1500 2000 2500

Mutations

early late early late

0.000

0.005

0.010

Fi
tn

es
s 

C
os

t p
er

 M
ut

at
io

n

0.000

0.005

0.010

Fi
tn

es
s 

C
os

t p
er

 M
ut

at
io

n
ln

(⍵
)

(Fast)

Generations

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000 1500 2000

Mutations

ln
(⍵

)

ln
(⍵

)

Base Substitution 
(Slow)

Mutations

Generations

ln
(⍵

)

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 50 100

Mutations



Fi
tn

es
s 

C
os

t 
(p

er
 m

ut
at

io
n)

SLOW RATE FAST RATE

Indels/GCRs 
(Slow)

Generations

(Fast)

Fi
tn

es
s 

C
os

t 
(p

er
 m

ut
at

io
n)

SLOW RATE FAST RATE

Mutations

Generations

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000 1500 2000 2500

Mutations

early late early late

0.000

0.005

0.010

Fi
tn

es
s 

C
os

t p
er

 M
ut

at
io

n

0.000

0.005

0.010

Fi
tn

es
s 

C
os

t p
er

 M
ut

at
io

n
ln

(⍵
)

(Fast)

Generations

Mutations

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 500 1000 1500 2000

Mutations

ln
(⍵

)

ln
(⍵

)

Base Substitution 
(Slow)

Mutations

Generations

ln
(⍵

)

0 500 1000 1500
-2.0

-1.5

-1.0

-0.5

0.0

0.5

Generations

R
el

at
iv

e 
Fi

tn
es

s

0 50 100

Mutations



-Genomic analyses to understand how these cells withstand high 
mutation burden — a new ‘mutation stress response’ 
-Chemical screens to identify unique vulnerabilities 

-Can these robustness mechanisms be perturbed or even exploited 
therapeutically in highly mutating cancers and pathogens?

Comprehensive 
databases

Genomic libraries

Metabolomics

Overexpression screens

Synthetic lethal 
screens

Transcriptional 
profiling

Proteomics

Chemical screens

How do these cells ‘buffer’ the consequences of their 
mutation burden?


