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Intra-tumor heterogeneity
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Chronic Lymphocytic Leukemia

Subclonal Single Nucleotide Variants





Tell others to reproduce

Ignore 
restraintSurvive forever

Spread

Reproduce 
forever

Get resources
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Hallmarks of  Cancer
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Chromosome breaks, 

fusions, deletions, 

rearrangements, 

aneuploidy…

2011 Redux
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Sudden release from constraints or 

sudden environmental degradation





Through millions of  generations in the 

development of  multicellularity, 

evolution has basically succeeded in 

preventing cancer



Multicellularity

Cells relinquish autonomy and specialize 
in function within larger integrated unit(s)



Multicellularity

Cells relinquish autonomy and specialize 
in function within larger integrated unit(s)

Cancer is a disease in the gain of 
autonomy and breakdown of function



1,000 to 1,000,000 lesions to DNA per 
cell, per day

Maintaining function: We are constantly mutating...



Disease suppression mechanisms 

evolved within populations



Tissue architecture
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Multicellular maintenance is expected to be 
most efficient near reproductive maturity
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Hamilton 1966

Taiwanese about 1906 

W.D. Hamilton

What makes it to the gene pool?



Lee 2003. PNAS

What makes it to the gene pool?
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Cancer rate and mortality associate with age
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Normal 

epithelium

Adenoma Carcinoma

in situ

Invasive 

carcinoma
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Natural selection leading to the tolerance of  early 

pre-cancerous and cancerous lesions 



Evolved to supress or limit cancer 

development at specific ages

and/or

Cancers are multistaged, and limited
by the occurrence of  rare 

(epi)mutations



Can these insights instruct therapies?



Act once 

mechanisms
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Hit-hard approach
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“Evolutionary rescue”



Hokanson et al. 1977. Cancer 39: 1077-84

Relapse in multiple myeloma 



Relapse in multiple myeloma 
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Textbook resistance



Competitive release



The real “enemy” is not resistance 

mutations per se, but rather 

compensatory mutations



Relative fitness 

of  resistant 

variants

compared to non-

resistant ancestor

1

Therapy on Therapy off

Compensatory Mutations and Coadaptations

Competitive 
Release

Time



Satisfice

Reduce disease or disease risk to acceptable 

levels

Subject to constraints (side effects) and the 

risk that future management will be less 

effective (resistance)

Simon H. 1956. Psychological Review 63:129-138 



Age x

Probability 

symptom free at 

Age x

Goal
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Ramsayer et al. 2013. Evol Appl 6:608-16

Slower population recovery and less resistance 
at low doses

Freq Resistant

Cell density



Types of  prevention and management

Life style changes – caloric, smoking, excercise, 
alcohol...

Removal of  pre-cancerous tissues - polyps

Low side-effect therapies – tamoxifen, 
NonSteroidalAntiInflammatoryDrugs

Vaccines against pathogens - HPV

Hochberg et al. 2013. Evol Appl. 6:134-43
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Cancer Management – Somatic genomic 

abnormalities

Non-Steroidal Anti-Inflammatory Drugs



Robert Gatenby

Earlier therapy with bicarbonate has 

inhibitory effect on metastatic, 

spontaneous prostate tumors in 

TRAMP mice

Ibrahim-Hashim et al. 2012. J Urol



Cumulative effects of  aspirin taken for 10 years starting at 55 years of  age: 

on deaths over next 20 years in 100 average-risk men and women.
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People at risk achieve a lower, 

acceptable risk – Low burden

Act once 

mechanisms

put in place 

by natural

selection go 

into decline
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Birth-death process: Conceptual framework

Cell type: (i , j ) i = { 0, 1, . . . , N} , j = { 0, 1}

Fitness function: fij = s(i + 1) − cj

s – selective advantage, c – cost of resistance

+ t reatment : fij = s(i + 1) − σ(1− j ) − cj

(Bozic et al 2010)

A. Akhmetzhanov

Akhmetzhanov & Hochberg. 2014. ArXiv



Discrete t ime Galton-Watson branching process

Cell-cycle length T = 4 d.

Continuous generations

bij =
1 + fij

2
, dij = 1− bij

Let nij (t ) be the number of cells of type (i , j ) at time step t . Then

nij (t + 1) is a sample from the multinomial distribution

(# births (Bij ), # deaths (Dij ), # mutations (M
(u)
ij and M

(v )
ij ))

nij (t + 1) = nij (t ) + Bij − Dij + M
(u)
ij + M

(v )
ij

(Durrett 2012)



Tumor dynamics under constant low

impact therapy

Years after initial lesion
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Simulation

http://youtu.be/vzJEE2dqtfs
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Treatment intensity, %
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Growth depends on stochastic emergence of drivers
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Naive expectations



Hochberg & Noble, unpub
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Fitness when cells compete

Sensitive cell-lines

Resistant cell-lines

fi0 = s(i + 1) − σ

fi1 = s(i + 1)e−aS − c



Treatment intensity, %
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More aggressive therapy selects for more 

aggressive subclones



Treatment intensity, %
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Main findings

• Approximate criterion for life-threatening tumor is

emergence of  the 2nd driver within 5 to 10 years

• Tumor eradication:  Ncumul < 1/μ (<105 cells)

• Early prevention of  progression in invasive 

carcinoma:σ≈ 2s (0.2% cell mortality/day)

• For more advanced cancers with resistance

mutations, treatment intensities slightly less than 

2s give smaller frequencies of  resistance mutations
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