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Phylogenetic Relationships of Tumor Regions
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Intra-tumor heterogeneity
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Phylogenetic Relationships of Tumor Regions
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Significantly mutated genetic events

Chronic Lymphocytic Leukemia
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Coming Full Circle—From Endless
Complexity to Simplicity and Back Again

Robert A. Weinberg'.2.3*
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Cell has celebrated the powers of reductionist molecular biology and its major successes for four
decades. Those who have participated in cancer research during this period have witnessed wild
fluctuations from times where endless inexplicable phenomenology reigned supreme to periods
of reductionist triumphalism and, in recent years, to a move back to confronting the endless
complexity of this disease.



Hallmarks of Cancer

Tell others to reproduce

Sustaining proliferative

signaling Ignore
Survive forever ]
restraint

Resisting Evading growth
cell death suppressors

Get resources

Inducing Activating invasion
angiogenesis and metastasis

ReprOduce Enabling replicative

forever immortality
Hanahan & Weinberg 2000. Cell



2011 Redux

Sustaining proliferative Emerging Hallmarks
signaling

Resisting Evading growth
cell death SUppPressors
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energetics destruction
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Hanahan & Weinberg. 2011. Cell aneuploidy...




Sudden release from constraints or
sudden environmental degradation
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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



Maintaining function: We are constantly mutating...

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



Disease suppression mechanisms

evolved within populations



Maintaining function
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Tissue architecture
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Multicellular maintenance is expected to be
most efficient near reproductive maturity

“Selection Shadow”

Force of Natural Selection

Birth  Age at Maturity Death

Fabian & Flatt. 2011. Nature Education Knowledge



Standard reproductive value

What makes it to the gene pool?
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Force of selection

What makes it to the gene pool?
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In scale

Inverse Tia).
Ache mortality
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Lee 2003. PNAS
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Cancer rate and mortality associate with age
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COMMENT

CLlNlCAL INSIGHTS

Does everyone develop covert cancer?

Mel Greaves

Abstract | Around one in three individuals, if they live long enough, will have a

confirmed clinical diagnosis of overt cancer, and there is increasing evidence that many
of us — | contend all of us — develop covert cancer.

Greaves 2014 Nat Rev Can
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Natural selection leading to the tolerance of early

pre-cancerous and cancerous lesions
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Evolved to supress or limit cancer
development at specific ages

and/or
Cancers are multistaged, and Iimited

by the occurrence of rare
(epi)mutations



Can these insights instruct therapies?



Act once
mechanisms
put in place
by natural
selection go
into decline

Force of Natural Selection

Birth  Maturity

Death



Hit-hard approach



“Evolutionary rescue”

Ng

Population size

Time (generations)

Gonzalez et al. 2013. Phil T Roy Soc Lond B. 368: 20120404
Orr HA, Unckless RL 2014. PLoS Genet 10: €1004551



Relapse in multiple myeloma
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Fiz. 2. Curves calculaied from serial measurements of tumor mass n eight patients using the double
exponential model, Fig. 2h {dowed line) illustrates the curve calculated for one patient using the ex-
ponential-Gomperizian model. Abscissa indicates momhs of treaiment and ordinate i percentage ol

prefreatment tamar mass. Hokanson et al. 1977. Cancer 39: 1077-84



Percent of Pretreatment Tumor Mass
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Relapse in multiple myeloma

DOUBLE EXPONENTIAL MODEL
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Hokanson et al. 1977. Cancer 39: 1077-84



Textbook resistance

cell type:

‘ normal ‘ AML

DRiagnosis: Multiple linical remission: Relapse: Acquisition
leukemic clones loss of most of new mutations in a
present leukemic clones pre-existing clone

* ETVS, WNK1-WAC,

% DNMTIA, NPM1, FLT3, PTRPT v MY0188

AML1/ UPN933124

mutalions:
® founder (cluster 1) relapse ennched {cluster 3} © relapze specahc (cluster 5) ‘k pathogenic mutatons
@ primary specific (cluster 2) © relapse enriched (cluster 4) Q random mutations in HSCs

Current Opinion in Genetics & Development

Mardis. 2012. Current Opinion in Genetics & Development 22, 245250

Ding ez al. 2012.

Nature doi:10.1038 /nature10738




Competitive release

No treatment
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The real “enemy” is not resistance
mutations per se, but rather

compensatory mutations



Compensatory Mutations and Coadaptations

Relative fitness A
of resistant
variants
compared to non-
resistant ancestor

1 —
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T >

Therapy on Therapy off 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



Probability
symptom free at
Age x

Goal

Age x



Slower population recovery and less resistance
at low doses
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Types of prevention and management

Lite style changes — caloric, smoking, excercise,

alcohol...

Removal of pre-cancerous tissues - po/yps

Low side-ettect therapies — zamoxifen,

NonS terotdalAntilnflammatoryDrugs

Vaccines against pathogens - HPL”

Hochberg et al. 2013. Evol Appl. 6:134-43



Cancer Management — Somatic genomic
abnormalities
Non-Steroidal Anti-Inflammatory Drugs
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Earlier therapy with bicarbonate has
inhibitory effect on metastatic,
spontaneous prostate tumors in

TRAMP mice
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Aspirin effect post 55 yrs

WOMEN
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Cancer death, avoided by aspirin eath due to stroke, Gl bleeding or peptic ulcer
used by aspirin

.. Death due to MI, not avoided by aspirin O Death due to other causes, unaffected by aspirin

O Death due to MI, avoided by aspirin O Alive

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.

Cuzick et al. 2014. doi:10.1093/annonc/mdu225



People at risk achieve a lowet,
acceptable risk — Low burden

Act once
mechanisms
put in place
by natural
selection go
into decline

Force of Natural Selection

Birth  Maturity Death



Birth-death process. Conceptual framework
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Discrete time Galton-Watson branching process

. > Cell-cycle length T = 4 d.
/%O” » Continuous generations
O) ® O 1+ flj
b\_ﬁ’.@ \‘)7 + resistance > blj - 2 dlj - 1 blj

Let njj(t) be the number of cells of type (i,]) at time step t. Then
nij (t + 1) is a sample from the multinomial distribution

(# births (Bj), # deaths (Djj), # mutatlons(M( ) and I\/I(V)))
nj(t + 1) = ny(t) + B — Dy + Migu) + I\/Iiﬁv)

(Durrett 2012)



Log(Cells+1)

Tumor dynamics under constant low
impact therapy
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Detection year
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Simulation



http://youtu.be/vzJEE2dqtfs

Detection year
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Pre-Resistance
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Growth depends on stochastic emergence of drivers
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Naive expectations
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(Live cells) Hochberg & Noble, unpub



Drivers and Competition
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Fitness when cells compete

Sensitive cell-lines fig=s(i+1)—-o

Resistant cell-lines f; =s(i+1)e® —c



Detection year

Cell — cell competition
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Motre aggressive therapy selects for more
aggressive subclones
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Log(Cells+1)

Maximum tumor heterogeneity
in terms of clones with different
numbers of drivers
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Main findings

Approximate criterion for life-threatening tumor is
emergence of the 274 driver within 5 to 10 years

Tumor eradication: N

cumu1< 1/“‘ (<1OS CGHS)
Farly prevention of progression in invasive
carcinoma:o= 2s (0.2% cell mortality/day)

For more advanced cancers with resistance
mutations, treatment intensities slightly less than
2s gtve smaller frequencies of resistance mutations
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