Mathematical Models of Cancer
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Oncogenes

I

one copy of the gene gets mutated in a specific way

— the cell has an increased reproductive rate

Normal cells are diploid
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Tumor suppressor genes

®

both copies of the gene must be inactivated

— the cell has an increased reproductive rate

Most cancer cells are aneuploid
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Genetic instability genes

produce proteins that maintain the genomic material of a cell.

If such genes are mutated, then the rate of accumulating
further mutations can increase.

Chromosomal instability (CIN)

Increased rate of losing (arms of) chromosomes.

in the African blood lily Haemanthus katherinae
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Loss of heterozygosity, LOH

Loss of the maternal or paternal copy of a gene.

Colon cancer

normal adenoma cancer metastasis
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‘ Does CIN occur before APC ?




The biggest question

* Is genetic instability necessary for the
somatic evolution of most cancers?

* [s genetic instability an early event, a
driving force of cancer progression?

Mutation and Cancer

David von Han- Ernest Tyzzer ap-
semann reports plies the term
abnormal mitoses [l ‘somatic mutation’
in cancer cells. to cancer events.

Theodor Boveri pro- Hermann J. Muller pro-
poses that chromosomal @l poses that cancer results
abnormalities are fun- when a single cell re-
damental to cancers. ceives multiple mutations.

Mutation and Cancer

Alfred Knudson Discovery of

discovers two hits [ tumor suppressor
in retinoblastoma. j§ genes.

Discovery of Eric Fearon and Bert Vogel-
oncogenes. stein find specific sequen-

tial mutations in carcinoma.

Knudson’s two hit hypothesis
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Tumor suppressor genes
are inactivated by 2 hits

A tumor suppressor gene

2nd mutation

These cells have normal
reproductive rates.
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These cells have increased
reproductive rates. \
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Colon cancer arises in a crypt

Apoptosis
on top of crypt
A crypt consists
of 1000-4000 cells.
36 hours
0..

A small number of stem cells
replenishes the whole crypt.

The colon contains 107crypts.

Colon cancer arises in a crypt

The effective population size
of a single crypt is small.

N =1-100

A stochastic description is necessary.

Approximation of
homogeneous crypts

At any one time, all cells in a crypt have
either 0, 1 or 2 inactivated copies of APC.

This is a good approximation,

Rate of evolution
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Chromosomal instability, CIN

CIN mutations

e

... cause very fast LOH

Somatic fitness
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Timing

Whether a CIN mutation occurs before the
inactivation of the first TSP depends on
parameters.

Natural choices of parameters suggest that
CIN occurs before TSP.




Two tumor suppressor genes

Two tumor suppressor genes
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The effect of tissue architecture
on cancer initiation

Somatic selection
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CIN wins
Many TSP genes
With the addition of each new TSP,
it is more likely that
CIN occurs before the
inactivation of the first TSP.
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Small compartments protect against
tumor suppressor genes .
TSP +/+
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small compartments
accelerate this step
CIN (@1 CIN

. but favor CIN.
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Tissues evolved to minimize
the risk of developing cancer

At the optimum compartment
size, the contribution of CIN cells
to the total risk can be substantial.

Summary-1

* In many cases of tumorigenesis, CIN
mutations might precede the inactivation
of the first TSP gene

* CIN is compatible with Knudson’s two
hit hypothesis

Summary-1

» Somatic selection works for and against
cancer

» Small compartments protect against
mutations in TSP genes and oncogenes

s ... but favor CIN
* There is an optimum compartment size

Stochastic elimination of cancer cells
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Transition dynamics Transition dynamics
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Optimum abundance of stem cells ...

.. depends on the somatic fitness of the
mutated cells and the mutation rates in stem
cells and differentiated cells.

Tissue architecture with stem cells
evolved to wash out cells with
advantageous mutations.

It has no consequence for neutral mutations.

The rate of neutral evolution is independent of
the population size (Kimura 1968).

Stack design
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Size

Fitness advantage

Restriction

Summary-2

Tissue design can reduce the rate of
somatic evolution that leads to cancer

+ Stem cells can prevent the accumulation of
mutations in differentiated cells (wash out)

* Stack design guaranteeing wash out can
further reduce the risk of neoplastic growth
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Summary-2

* Advantageous mutations are best contained in
small compartments that allow wash out

 Neutral mutations are unaffected by tissue
design
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Stochastic elimination of cancer cells
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r(l-—u)x, —dx,—¥x,
X, =rux,+rax, —dx, - ¥x
Vo =dxy+s1-v)y, - dy,
yo=dx, +svw,+say — Dy,

Y =(0xy+rax —de)/x  x=x+x

O =(dx+sy,+tsay)/y  y=y+y

Stochastic elimination of cancer cells

z=x/x and w=y/y

z=ru(l-z)+r(a-1)(1-z)+ A& (¢)
Ww=sv(l-w)+dx/y(z—w)+s(a—Dw(l-w)+BE (1)

A=:2rz(1-z)/x
B=2sw(l-w)/y

£.(1), £,(1) ... white noise

Stochastic elimination of cancer cells
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wash out condition : 7,x;, = (—j ryx, fori=1,2,...
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optimal stack design : 7,x, = c[l 7—j
a

X, = £[1 —lj fori=1,2,..,n
a a
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