
Cancer is a genetic disease1. Although environmental
and other non-genetic factors have roles in many stages
of tumorigenesis, it is widely accepted that cancer arises
because of mutations in cancer-susceptibility genes.
These genes belong to one of three classes1,2: gatekeep-
ers, caretakers and landscapers. Gatekeepers directly
regulate growth and differentiation pathways of the cell
and comprise oncogenes and tumour-suppressor genes
(TSGs). Caretakers, by contrast, promote tumorigene-
sis indirectly3,4. They function in maintaining the
genomic integrity of the cell. Mutation of caretakers
can lead to genetic instability, and the cell rapidly accu-
mulates changes in other genes that directly control cell
birth and death. Landscaper defects do not directly
affect cellular growth, but generate an abnormal stro-
mal environment that contributes to the neoplastic
transformation of cells5.

The alteration of one gene, however, does not suffice
to give rise to full-blown cancer. For progression towards
malignancy and invasion, further mutational hits are nec-
essary6–8. So, the risk of cancer development depends not
only on mutations initiating tumorigenesis, but also on
subsequent mutations driving tumour progression.

A quantitative understanding of cancer biology
requires a mathematical framework to describe the fun-
damental principles of population genetics and evolution
that govern tumour initiation and progression9,10.
Mutation, selection and tissue organization determine
the dynamics of tumorigenesis11–14 and should be studied
quantitatively, both in terms of experiment and theory15.

The mathematical investigation of cancer began in
the 1950s, when Nordling16, Armitage and Doll17,18, and
Fisher19 set out to explain the age-dependent incidence
curves of human cancers. These seminal studies led to
the idea that several probabilistic events are required for
the somatic evolution of cancer20,21. In the early 1970s,
Knudson used a statistical analysis of the incidence of
retinoblastoma in children to explain the role of TSGs in
sporadic and inherited cancers9. This work was later
extended to a two-stage stochastic model for the process
of cancer initiation and progression22, which inspired
much subsequent work23–25. Later on, considerable
effort was devoted to the development of specific theo-
ries for drug resistance26–27, angiogenesis28, immune
responses against tumours29 and genetic instabilities30–35.

In this review, we address the following questions:
what are the fundamental principles that determine
the dynamics of activating oncogenes and inactivat-
ing TSGs? How do mutation, selection and tissue
architecture influence the rate of tumour initiation
and progression? Finally, how do quantitative
approaches help us to investigate the role of genetic
instability in tumorigenesis?

Oncogenes
Oncogenes can contribute to tumorigenesis if one allele
is mutated or inappropriately expressed1. Over the past
decades, many oncogenes have been discovered that are
involved in various stages of human cancers — tumour
initiation, progression, angiogenesis and metastasis.
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SELECTION

The process of survival of the
fittest by which organisms that
adapt to their environment
survive and those that do not
adapt disappear.

FIXATION

A state in which every individual
in a population is identical with
respect to a particular mutation.

RANDOM DRIFT

Changes in the genetic
composition of a population due
to probabilistic events.

MORAN PROCESS

Stochastic process that is used to
describe the dynamics within a
population with strictly constant
population size.
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terms of somatic selection. Alternatively, the mutation
might impair an important cellular function and confer
a fitness disadvantage to the cell. Then the cell prolifer-
ates more slowly or dies more quickly than its neigh-
bours. The net reproductive rate is decreased, and the
mutation is deleterious in terms of somatic selection.
Finally, the mutation might not change the reproductive
rate of the cell. Then the cell proliferates at the same rate
as its neighbours and the mutation is neutral in terms of
somatic selection.

Now consider the dynamics of a particular mutation
within a compartment. Initially, all cells are unmutated.
What is the probability that a single mutated cell has
arisen by time t? We measure time, t, in cell cycles. If the
relevant cells divide once per day, then the unit of time is
one day. Denote by N the number of cells in a compart-
ment, and denote by u the mutation rate per gene per cell
division. The probability that at least one mutated cell has
arisen by time t is given by P(t) = 1 – e–Nut (FIG. 1a).

What is the fate of a single mutated cell? In the sim-
plest scenario, there is a constant probability, q, that this
cell will not die, but will initiate a neoplasia. The proba-
bility that a compartment has initiated a neoplasia by
time t is given by P(t) = 1 – e–Nuqt.

Alternatively, consider a scenario in which the
mutated cell has a relative fitness r compared with a
wild-type cell with fitness 1. If r > 1, the mutation is
advantageous; if r < 1, the mutation is disadvantageous;
if r = 1, the mutation is neutral. Normally, we expect
mutations in oncogenes to cause increased net growth
rates, r > 1; however, a mutation in an oncogene could
be kept in check by apoptotic defence mechanisms, so r
could be less than one.

What is the probability that such a mutation will not
die out, but will take over the compartment (FIG. 1b)? To
calculate this probability, a specific stochastic process
known as the MORAN PROCESS can be considered38. At each
time step, a cell is chosen for reproduction at random,
but proportional to fitness. If there are i mutated cells,
then the probability that a mutated cell is chosen for
reproduction is ri/(ri + N – i). The chosen cell produces
a daughter cell that replaces another randomly chosen
cell that dies. The total number of cells remains strictly
constant. The probability that a single mutated cell with
r > 1 or r < 1 takes over the whole compartment is given
by ρ= (1 – 1/r)/(1 – 1/rN) (REF. 39). For a neutral mutant,
r = 1, we have ρ= 1/N (REF. 40). In this stochastic process,
a cell can either produce a lineage that dies out or that
takes over the whole compartment. Stable coexistence of
different cell types is impossible. The quantity ρ is called
fixation probability. An advantageous mutation has a
higher fixation probability than a neutral mutation,
which has a higher fixation probability than a deleteri-
ous mutation. The events in a small compartment, how-
ever, are dominated by random drift: if N is small, then
even a deleterious mutation has a fairly high probability
of reaching fixation due to chance events.

The probability that a mutation has been fixed by time
t is given by P(t) = 1 – e–Nuρt. Note that any mutation has a
higher fixation probability in a small compartment than
in a large compartment, but P(t) is an increasing function

Here, we discuss the basic aspects of evolutionary
dynamics of oncogene activation and outline concepts
such as SELECTION, FIXATION and RANDOM DRIFT.

Tissues of multicellular organisms are subdivided
into compartments36, which contain populations of cells
that proliferate to fulfill organ-specific tasks.
Compartments are subject to homeostatic mechanisms
that ensure that the cell number remains approximately
constant over time. Whenever a cell divides, another cell
has to die to keep the total population size the same.
Cancer results if the equilibrium between cell birth and
cell death is shifted towards uncontrolled proliferation.
Not all cells of a compartment, however, might be at risk
of becoming neoplastic. Differentiated cells, for exam-
ple, might not have the capacity to divide often enough
to accumulate the necessary number of mutations in
cancer-susceptibility genes37. The effective population
size of a compartment describes those cells that are at
risk of becoming cancer cells. In the following text,
compartment size is used synonymously with effective
population size within a compartment.

Consider a compartment of replicating cells. During
each cell division, there is a small probability that a mis-
take will be made during DNA replication; in this case, a
mutated daughter cell is produced. The mutation might
confer a fitness advantage to the cell by ameliorating an
existing function or inducing a new function. Then the
cell proliferates more quickly or dies more slowly than
its neighbors, and the mutation is advantageous in

Summary 

• Cancer is principally caused by mutations in cancer-susceptibility genes, which include
oncogenes, tumor-suppressor genes (TSGs) and genes causing genetic instability.
Cancer arises when a single cellular lineage receives multiple mutations.

• Epithelial tissues are subdivided into compartments, and cancer initiation occurs in
compartments. Within each compartment, there is a continuous turnover of cells. Each
compartment is replenished by division and differentiation of a small number of stem
cells. In a healthy tissue, homeostatic mechanisms maintain constant cell numbers.

• Mathematical models describe the process of cancer initiation and progression and
provide a quantitative understanding of the dynamics of tumorigenesis with respect to
mutation, selection, genetic instability and tissue architecture.

• Mutations that activate oncogenes can confer a selective advantage to the cell. We
calculate the time until a cellular lineage with an activated oncogene arises and takes
over a population of cells.

• Inactivating both alleles of a TSG also leads to a selective advantage to the cell. The
dynamics of TSG inactivation are described by three kinetic laws that depend on the
size of the cellular population and the mutation rates. In small, intermediate and large
populations, a TSG is inactivated, respectively, by two, one and zero rate-limiting hits.

• Chromosomal instability (CIN) accelerates the rate of TSG inactivation.

• It takes two rate-limiting hits to inactivate a TSG in a small population of cells with or
without CIN. Therefore, CIN mutations can occur early in tumorigenesis.

• Knudson’s two-hit hypothesis is compatible with the idea that one mutation occurs in
the first allele of the TSG and one mutation occurs in a CIN gene. The mutation
inactivating the second TSG allele is not rate-limiting in a CIN cell.

• Because of the tremendous acceleration of loss of heterozygosity in CIN cells, it is very
likely that most cancers, which require inactivation of at least two TSGs in rate-limiting
scenarios, are initiated by CIN mutations, even if CIN has a severe cost in terms of
somatic fitness.
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not depend on its relative fitness r because only a
mutation in the far left cell can reach fixation in the
compartment. A mutation arising in an offspring cell
will eventually be ‘washed out’ of the compartment
by the continuous production of cells and their
migration from the stem cell to differentiation and
apoptosis. The probability that all cells of the compart-
ment are mutated at time t is given by P(t) = 1 – e –ut.
Here, time is measured in units of stem-cell divisions.
If the stem cell divides more slowly than the other
cells, then the accumulation of mutated cells 
is decelerated.

This ‘linear process’ of cancer initiation has the
important feature of balancing out fitness differences
between mutations43. Advantageous, deleterious and
neutral mutations all have the same fixation probabil-
ity, ρ = 1/N. This is in contrast to a well-mixed com-
partment, in which the fittest mutation has the highest
probability of fixation. In comparison with a well-
mixed compartment, a linear compartment delays the
development of cancers that are initiated by advanta-
geous mutations, such as mutations in oncogenes and
TSGs. However, it can increase the probability of can-
cer initiation through deleterious mutations, such as
mutations in genetic-instability genes44. Note also that
the linear tissue design does not change the rate of
accumulation of neutral mutations.

Numerical examples. First, suppose an organ consists of
M = 107 compartments. This is, for example, the
approximate number of colonic crypts. Suppose each
compartment consists of N = 1,000 cells that divide
once per day. The mutation rate per base per cell divi-
sion is approximately 10–10 (REF. 45). Assume a particular
oncogene can be activated by any one of ten mutations.
So, the rate of activating the oncogene per cell division is
u = 10–9. Suppose the activation of the oncogene confers
a 10% growth advantage to the cell, r = 1.1. Then the
probability of fixation is ρ= (1 – 1/r)/(1 – 1/rN) = 0.09.
The probability that a compartment has been taken
over by mutated cells at time t = 70 years is P(t) = 1 –
e –Nuρt ≈ 0.0023. The expected number of mutated
compartments at this age is M × P(t) ≈ 23,000.

Second, assume a linear tissue architecture. Each
compartment consists of 1,000 cells, but is fed by one
stem cell that divides every ten days46,47. Now, the
probability that a compartment has been taken over
by mutated cells at time t = 70 years is reduced to P(t)
≈ 2.6 × 10–6. The expected number of mutated 
compartments at this age is 26.

Third, assume a population of N = 107 cells that
divide every day. This population size describes, for
example, a lesion that has already accumulated muta-
tions in one or a few cancer-susceptibility genes; it
does not, however, describe normal compartments in
human tissues, as their population sizes are smaller.
The probability that an oncogene leading to a relative
fitness of r = 1.1 is activated within the next t = 1 year
within a compartment is given by P(t) ≈ 0.28. The time
until the probability of activating the oncogene is 
one-half is obtained as T

1/2
= 2.1 years.

of N for r > 1 and a decreasing function of N for r < 1.
So, large compartments accelerate the accumulation of
advantageous mutations, but slow down the accumula-
tion of deleterious mutations. Conversely, small com-
partments slow down the accumulation of advantageous
mutations, but accelerate the accumulation of deleteri-
ous mutations. Therefore, the compartment size is
important in determining the types of mutations that
are likely to occur41,42.

The linear process. So far, the evolutionary dynamics
of a mutation that arises in a well-mixed compart-
ment have been considered. This approach describes
a tissue compartment in which all relevant cells are in
equivalent positions and in direct reproductive com-
petition with each other — there are no spatial
effects. However, we can also envisage theories in
which cellular differentiation and spatial structure are
explicitly modelled. One simple approach considers
N cells in a linear array 43 (FIG. 1c). Again, at each time
step, a cell is chosen at random, but proportional to
fitness. The cell is replaced by two daughter cells, and
all cells to its right are shifted by one place to the
right. The cell at the far right undergoes apoptosis;
the cell at the far left acts as a STEM CELL. In this
approach, the fixation probability of a mutant cell is
given by ρ = 1/N. The probability of fixation does

STEM CELL

A precursor cell that can self
renew and undergo clonal,
multilineage differentiation.
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Figure 1 | Oncogene dynamics. a | The probability that at
least one mutated cell has arisen in a compartment of N
cells before time t is given by P(t) = 1 – e–Nut. Here, u
denotes the mutation rate per gene per cell division, and
time is measured in units of cellular generations. b | The
probability that a compartment of N cells has been taken
over by mutated cells by time t is given by P(t) = 1 – e–Nuρt.
The probability that a single mutant cell with relative fitness r
reaches fixation is given by ρ = (1 – 1/r)/(1 – 1/r N). c | N cells
are arranged in a linear array. Whenever a cell divides, one
daughter cell is put to its right, and all cells to the right are
shifted by one place. The rightmost cell undergoes
apoptosis. Here the fixation probability is ρ = 1/N
irrespective of r, because mutations have to arise in the
leftmost cell (the stem cell) if they are not to be ‘washed
out’. The probability that the compartment consists only of
mutated cells at time t is given by P(t) = 1 – e–ut.
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culture of dividing cells or in an experimental mouse
tumour? How are human tissues organized? How
large is the effective population size of a compart-
ment within a particular tissue, and is it replenished
asymmetrically by one or a few stem cells?

Tumour-suppressor genes
So far, the discussion has focused on genes that confer
an altered phenotype to the cell when mutated in one
allele, and that are dominant at the cellular level. Some
genes, however, are recessive at the cellular level, and
have to be mutated in both alleles to cause a phenotypic
change of the cell. Examples of recessive mutations are
those that inactivate some TSGs1,48,49.

The concept of a TSG emerged from a statistical
analysis of retinoblastoma incidence in children9. This
study and subsequent work1,10,50 led to Knudson’s two-hit
hypothesis, which proposes that two hits in the RB gene
are the rate-limiting steps of retinoblastoma. In the
inherited form, the first mutation is present in the
germline, whereas the second mutation emerges during
somatic cell divisions. In the sporadic form, both muta-
tions arise during somatic cell divisions. A large number
of TSGs have since been discovered that function in
apoptosis, cell senescence and other signalling pathways1.

A normal cell has two alleles of a TSG. The mutation
that inactivates the first allele can be neutral, disadvanta-
geous or advantageous, and a cell with one inactivated
allele correspondingly has a normal, decreased or
increased net reproductive rate. The first hit is neutral if
the TSG is strictly recessive; that is, if the remaining
wild-type allele has sufficient tumour-suppressive func-
tion. The first hit is disadvantageous if the TSG is
checked by apoptotic defence mechanisms; that is, if as
soon as surveillance mechanisms discover an imbalance
in the TSG product, apoptosis is triggered. The first hit
is advantageous if the TSG is haploinsufficient; that is, if
the remaining wild-type allele has insufficient tumour-
suppressive function. Here, TSGs with a neutral first hit
are considered. The mutation that inactivates the second
allele is advantageous, and a cell with two inactivated
alleles has an increased net reproductive rate. The muta-
tion rates for the first and the second hit are denoted by
u

1
and u

2
, respectively. We assume u

1
< u

2
because some

mutational mechanisms, such as MITOTIC RECOMBINATION,
can only constitute the second hit.

What is the probability that a single cell with two
inactivated TSG alleles has arisen by time t in a popula-
tion of N cells39,51,52? Interestingly, the answer depends
on the population size, N, as compared with the muta-
tion rates that constitute the first and second hit, u

1
and

u
2
. There are three different cases (FIG. 2).
First, in small populations, N < 1/√u

2
, a cell with one

inactivated allele reaches fixation in the population
before a cell with two inactivated alleles arises. The
probability that at least one cell with two hits emerges
before time t is given by equation 1:

(1)

Conclusions. Tissue architecture and the scale of
somatic selection greatly influence the rate at which
mutations accumulate. Mutations that activate onco-
genes are thought to confer a selective advantage to
the cell and are best contained by small compart-
ments. The mutant cell is likely to reach fixation in the
compartment, but its further spread is at least initially
limited by the compartment boundaries. The risk of
accumulating such mutations is reduced by adopting
a linear tissue architecture in which the compartment
is replenished by one or a few stem cells. Once one or
several mutations have induced a neoplasia, however,
additional mutations accumulate faster because of the
increased population size.

The mathematical analysis of the dynamics of
oncogene activation indicates several interesting
avenues that could be experimentally investigated.
What are the relative growth rates of cells bearing
specific mutations in particular oncogenes compared
with wild-type cells? What is the average time for the
emergence and spread of an oncogenic mutation in a

MITOTIC RECOMBINATION

The exchange — reciprocal or
nonreciprocal — of genetic
material between one DNA
molecule and a homologous
region of DNA that occurs
during mitotic cell divisions.
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Figure 2 | Tumour-suppressor gene dynamics. a | Initially all cells are unmutated (yellow). 
A cell with one inactivated allele (orange) arises. This cell gives rise to a lineage that can take over
the whole compartment or become extinct again. In one of those cells, the second allele of the
tumour-suppressor gene (TSG) might become inactivated (red). b | TSG inactivation is described
by three dynamic laws that depend on the population size, N, and the probabilities of inactivating
the first and the second allele, u1 and u2, respectively, per cell division. Time, t, is measured in
cellular generations. In small, intermediate and large populations, a TSG is inactivated by two,
one and zero rate-limiting steps, respectively.
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Now consider a small lesion of N = 104 cells that
divide once per day. What is the probability that a TSG
is inactivated within the next twenty years? Again let 
u

1
= 10–7 and u

2
= 10–6. Using equation 2 we find 

P ≈ 0.0073. What is the time, T
1/2

, until the probability of
having produced a cell with an inactivated TSG is one-
half? We find T

1/2
≈ 1,900 years. However, if a tumour

contains N = 109 cells that divide once per day, the half
life of the TSG reduces to T

1/2
≈ 120 days.

Conclusions. The dynamics of TSG inactivation are
described by three laws that depend on the population
size and the mutation rates that cause the first and the
second hit. In a small compartment, a TSG is inacti-
vated by two rate-limiting hits. In a small lesion, it is
inactivated by one, and in a large tumour, by zero
rate-limiting hits.

Mutations inactivating TSGs, like mutations activat-
ing oncogenes, are best contained by small compart-
ments that are replenished by a small number of stem
cells. Once a compartment has accumulated one or a
few mutations in cancer-susceptibility genes, a neoplasia
develops in which other TSGs might have to be inacti-
vated for further tumour progression. Small neoplasias,
however, are unlikely to succeed in inactivating a further
TSG within a human lifespan, under the assumption of
normal mutation rates. Increased mutation rates due to
genetic instability might be necessary for the further
progression of some small lesions.

The mathematical analysis of TSG inactivation
indicates several new experimental studies. How does
the inactivation of one or two alleles change the net
growth rate of the cell? Is the first step indeed neutral
or does it slightly modify the fitness of the cell? Such
fitness differences can be measured in cell cultures or
animal models. Furthermore, how long does it take
for a population of cells to inactivate a TSG? How
does the time until inactivation of a TSG depend on
the population size and the mutation rates? Can the
three dynamical regimens that we predict from the
theoretical analysis be verified? What are the relative
rates of the various mechanisms that contribute to
LOH? Precise kinetic measurements are needed to
obtain quantitative insights into cancer progression.

Genetic instability
Genetic instability is a defining characteristic of most
human cancers and one of the most active research
areas in cancer biology3. Two key types of genetic insta-
bilities have been identified53. In a small fraction of col-
orectal and some other cancers, a defect in MISMATCH

REPAIR results in an increased rate of point mutations
and consequent widespread MICROSATELLITE INSTABILITY.
Almost all colorectal and most other cancers, however,
have chromosomal instability (CIN), which refers to an
increased rate of loss or gain of whole chromosomes or
large parts of chromosomes during cell division. The
consequence of CIN is an imbalance in chromosome
number (aneuploidy) and an increased rate of LOH,
which is an important property of CIN because it
accelerates the rate of TSG inactivation.

For very short times, t < 1/Nu
2
, we can approximate

P(t) ≈Nu
1
u

2
t2/2. Therefore, this probability accumulates

as a second order of time: it takes two rate-limiting hits to
inactivate a TSG in a small population of cells.

Second, in populations of intermediate size, 1/√u
2 
<

N < 1/u
1
, a cell with two inactivated alleles emerges

before a cell clone with one inactivated allele has taken
over the population. The population ‘tunnels’ from a
wild-type phenotype directly to the second hit without
ever having fixed the first hit39,51.The probability that at
least one cell with two hits has arisen before time t is
given by equation 2:

(2)

This probability accumulates as a first order of time:
it takes only one rate-limiting hit to inactivate a TSG in a
population of intermediate size.

Third, in very large populations, N > 1/u
1
, cells with

one inactivated allele arise immediately and the waiting
time for a cell with two inactivated alleles dominates the
dynamics. The probability that at least one cell with two
hits has arisen before time t is given by equation 3:

(3)

This probability again accumulates as a second order
of time. However, eliminating a TSG in a large popula-
tion of cells is not rate limiting for the overall process of
tumorigenesis, as mutated cells are constantly being
produced (FIG. 2b).

These three dynamic laws provide a complete
description of TSG inactivation. In a normal tissue 
consisting of small compartments of cells, a TSG is
eliminated by two rate-limiting hits. The overall rate of
inactivation is proportional to the second order of time.
In small neoplasias, only one rate-limiting hit is needed
to inactivate a TSG. The rate of inactivation is propor-
tional to the first order of time. In large tumours, it
again takes two hits to inactivate a TSG, but neither of
them is rate limiting for the overall process of tumorige-
nesis. Therefore, as the population size increases, a TSG
is inactivated in two, one or zero rate-limiting steps.

Numerical examples. Suppose an organ consists of 107

compartments. Each compartment contains about
1,000 cells, but is replenished by only N = 4 stem cells
that divide once per week. Assume a TSG is 10kb long
and can be inactivated by a point mutation in any one of
500 bases, occurring with probability 10–10 per cell divi-
sion45. Then, the rate of inactivation of the first TSG
allele is u

1
= 10–7 because the mutation can inactivate

either of the two TSG alleles. Suppose that the rate of
inactivation of the second TSG allele, including mitotic
recombination, chromosome NON-DISJUNCTION and other
mechanisms of LOSS OF HETEROZYGOSITY (LOH), is u

2
= 10–6.

Then, using equation 1, the probability that a cell with
two inactivated TSG alleles has arisen in a compartment
at time t = 70 years is P(t) ≈ 2.7 × 10–6. The expected
number of compartments containing at least one cell
with two hits at time t = 70 years is 27.

NON-DISJUNCTION

An error in cell division in which
the chromosomes fail to disjoin,
so that both pass to the same
daughter cell.

LOSS OF HETEROZYGOSITY

At a particular locus that is
heterozygous for a mutant allele
and a normal allele, a deletion or
other mutational event within
the normal allele renders the cell
either hemizygous (one mutant
allele and one deleted allele) or
homozygous for the mutant
allele.

MISMATCH REPAIR

A DNA-repair mechanism that
corrects nucleotide sequence
errors made during DNA
replication by excising the
defective sequence and replacing
it with the correct sequence.

MICROSATELLITE INSTABILITY

Genetic instability because of
mismatch-repair deficiency
involving subtle sequence
changes that alter one or a few
base pairs.

P(t) = 1– e –Nu   u  t1 2

P(t) = 1– e –Nu u  t  /21 2
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Class I CIN genes, such as MAD2, trigger CIN if one
allele of the gene is mutated or lost. Class II CIN genes,
such as BUB1, trigger CIN if one allele is mutated in a
DOMINANT-NEGATIVE fashion. Class III CIN genes, such as
BRCA2, trigger CIN if both alleles are mutated.

Several hereditary syndromes are known that stem
from germline mutations in what might be CIN genes.
Inherited mutations in the genes that encode the
RECQ-like helicases BLM AND WRN give rise to the Bloom
and Werner Syndromes, respectively. An inherited defi-
ciency in NUCLEOTIDE-EXCISION REPAIR causes Xeroderma
pigmentosum. Germline mutations in ATM give rise to
ataxia telangiectasia. These syndromes are all character-
ized by a high incidence of several types of cancer, but
the mechanistic connection between these genes and
CIN is still somewhat unclear.

An important question in cancer genetics is to what
extent CIN, or any genetic instability, is an early event
and driving force of tumorigenesis58–60. The investiga-
tion of the role of genetic instability requires a quantita-
tive theory of how mutation and selection of gatekeeper
and caretaker genes contribute to cancer initiation and
progression52,61–63. Here, we review studies of the role of
CIN in cancers that are initiated by inactivation of one
or two TSGs52,64.

CIN before one TSG. Consider a case in which tumori-
genesis is initiated by inactivating a TSG, A, in a small
compartment of cells52. An appropriate example is the
inactivation of adenomatous polyposis coli (APC) in a
colonic crypt1. If the mutation rate is less than the
inverse of the compartment size, then the compartment
almost always consists of a single type of cells — a
mutated cell either reaches fixation or becomes extinct
before another mutated cell arises. Initially, all cells are
wild type, A+/+. The compartment evolves from A+/+,
through A+/–, to A–/–. A mutation that triggers CIN can
arise at any stage of this process. The crucial effect of
CIN is to increase the rate of LOH, thereby accelerating
the transition from A+/– to A–/–. Stochastic tunnelling can
lead from A+/– without CIN directly to A–/– with CIN51.

The rates of evolution of TSG inactivation with or
without CIN in a small compartment of cells are shown
in FIG. 3a. There are two rate-limiting hits for inactivating
the TSG without CIN. Interestingly, there are also two
rate-limiting hits for inactivating the TSG with CIN52:
one rate-limiting step is needed for inactivating the first
allele of the TSG, another rate-limiting step is needed
for the CIN mutation. The inactivation of the second
TSG allele is greatly accelerated in the presence of CIN
and is therefore not rate limiting52.

There are three evolutionary trajectories, all of
which contain two rate-limiting steps (FIG. 3b): the TSG
can be inactivated without CIN; the CIN mutation can
occur first, followed by the inactivation of the two TSG
alleles; one TSG allele can be mutated first, followed by
a CIN mutation, followed by the inactivation of the
second TSG allele. The third trajectory contains a tun-
nel if there is a significant cost of CIN; that is, if a CIN
cell has a high probability of undergoing apoptosis
because of deleterious and lethal mutations. Such a cell

The molecular basis for CIN is just beginning to be
understood. A large number of genes that trigger CIN
when mutated have been discovered in Saccharomyces
cerevisiae 54–56. These so-called ‘CIN genes’ are involved
in chromosome condensation, sister-chromatid cohe-
sion, kinetochore structure and function, microtubule 
formation and cell-cycle checkpoints. By comparison
with yeast, we expect that there are several hundred
human CIN genes, but only a few have been identified
so far. These genes include BUB1, MAD2, BRCA2, and CDC4
(REF. 57). The classification of CIN genes is based on the
mutational events that are required to trigger CIN3.

BUB1 AND MAD2

Their gene products act
cooperatively to prevent unequal
sister chromatid separation by
inhibiting the anaphase-
promoting complex.

BRCA2

Its gene product is implicated in
DNA repair and recombination,
and checkpoint control of the
cell cycle. In mice, its loss might
result in chromosomal
instability.

DOMINANT-NEGATIVE

MUTATION

A mutation whose gene product
adversely affects the wild-type
gene product within the same
cell, often by dimerizing with it.

BLM AND WRN

Their gene products participate
in DNA-repair pathways,
particularly those that repair
double-strand DNA breaks, and
their loss results in genetic
instability.

NUCLEOTIDE-EXCISION REPAIR

A DNA-repair mechanism that
excises and replaces damaged
DNA bases.

ATM

Its gene product functions in 
X-ray-induced DNA-repair
mechanisms.

APC

A tumour-suppressor that is
thought to initiate colorectal
tumorigenesis. Mutation of APC
leads to increased β-catenin-
mediated transcription of
growth-promoting genes.
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Figure 3 | Emergence of chromosomal instability during
inactivation of one tumour-suppressor gene.
a | Inactivation of a tumour-suppressor gene (TSG), A, in a
compartment of N cells requires mutation of the first and the
second TSG allele, occurring with probabilities u1 and u2,
respectively, per cell division. The probability of mutating a
chromosomal-instability (CIN) gene is given by uc. A CIN cell has
relative fitness r and reaches fixation in the compartment with
probability ρ = (1 – 1/r) (1 – 1/rN). CIN increases the rate of
inactivating the second TSG allele to u3. If an A+/– cell clone
without CIN produces an A–/– cell with CIN before taking over
the compartment, a tunnel arises (diagonal arrow). The
probabilities that the compartment is in state A–/– without and
with CIN at time t are given by X(t) and Y(t), respectively. 
b | The compartment can evolve along three evolutionary
trajectories, all of which contain two rate-limiting hits. In the first
trajectory, the TSG can be inactivated without CIN. In the
second trajectory, CIN can either arise before the inactivation of
the first TSG allele or it can arise between the inactivation of the
first and the second TSG allele. The third trajectory contains a
tunnel if CIN has a substantial cost. The relative weights of each
trajectory for neutral CIN, r ≈ 1, and costly CIN, r < 1, allow us to
calculate their respective contributions to tumorigenesis.
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mutation occurred between the first and the second
TSG mutation without a tunnel, and in 4% with a tun-
nel. In 46% of mutated compartments, there was no
CIN mutation before the inactivation of the TSG.

Alternatively, we can calculate the crucial number
of CIN genes in the genome that are needed to ensure
that CIN arises before the inactivation of the TSG. If
CIN is neutral, r = 1, then 2 class I CIN gene or 12 class
II CIN genes in the genome are needed. If CIN has a
selective disadvantage of r = 0.7, then two class I CIN
genes or 21 class II CIN genes in the genome are
needed to make sure that CIN arises first. Note again
that in yeast, more than one hundred CIN genes are
known, and it is possible that an even larger number
exists in the human genome.

CIN in inherited cancers. In some genetic diseases, one
allele of a TSG is mutated in the germline. For exam-
ple, patients with familial adenomatous polyposis
inherit a mutation in one allele of the TSG APC. By
their teens, they harbour hundreds to thousands of
colorectal polyps. In terms of the model, the muta-
tional path starts with a compartment that consists
only of A+/– cells without CIN. There are two evolu-
tionary trajectories: the somatic mutation that inacti-
vates the second TSG allele occurs in a cell without
CIN, or a CIN mutation precedes the inactivation of
the second TSG allele. Both trajectories require one
rate-limiting step. Again, we can calculate the relative
rates of these two possibilities. We can also calculate
the crucial number of CIN genes in the genome that
are needed to ensure that CIN arises before the inacti-
vation of the second allele. If CIN has a negligible cost,
then twice as many CIN genes as before are needed to
make sure that CIN comes first. The factor two comes
from the fact that during the inactivation of two TSG
alleles, CIN can arise either before the first or before
the second hit. If the first hit is already present in the
germline, CIN can arise only before the second hit.
This reduces the probability that CIN arises before the
inactivation of the TSG by a factor of one-half. If CIN
has a substantial cost, then the same number of CIN
genes is needed as in the sporadic case with neutral
CIN. So, there is only a small difference in the relative
importance of CIN in those cases in which both TSG
alleles have to be inactivated somatically and in which
one TSG allele is already inactivated in the germline.

CIN before two TSGs. Consider a path to cancer in which
two TSGs, A and B, have to be eliminated in rate-limiting
steps. Initially, the compartment consists of N

0
wild-type

cells, A+/+B+/+, that divide every τ
0

days. Suppose gene A
has to be inactivated first, so the evolutionary pathway
proceeds from A+/+B+/+ via A+/–B+/+ to A–/–B+/+, and subse-
quently to A–/–B+/– and A–/–B–/– (FIG. 4). CIN can emerge at
any stage of this pathway; once arisen, CIN accelerates
the transitions from A+/– to A–/– and from B+/– to B–/–.
Inactivation of the first TSG induces neoplastic growth.
We assume that the A–/– compartment gives rise to a
small lesion of N

1
cells that divide every τ

1
days. In this

lesion, the second TSG has to be inactivated for further

might not reach fixation in the compartment, but
might nevertheless produce a cell with two inactivated
TSG alleles that reaches fixation. The relative rates of
these trajectories depend on the compartment size, N,
the mutation rates, the number of CIN genes, and the
cost of CIN (FIG. 3b). We can use these rates to calculate
the fraction of mutated compartments with or with-
out CIN. We can also estimate the minimum number
of CIN genes in the genome that are required to
ensure that CIN precedes the inactivation of the first
or second TSG allele52.

Numerical examples of CIN before one TSG. Again, con-
sider an organ that consists of 107 compartments.
Suppose each compartment contains 1,000 cells, but is
replenished by a small pool of N = 4 stem cells. Assume
that the probabilities of inactivating the first and the sec-
ond allele of a TSG per cell division are u

1
= 10–7 and 

u
2

= 10–6, respectively. We assume that the inactivation
of the TSG confers a big selective advantage to the cell,
such that the probability of fixation is 1.

Assume that there is one class I CIN gene in the
genome that does not change the fitness of the cell
when mutated, r = 1. What is the ratio of the probabili-
ties of inactivating the TSG with CIN versus without
CIN? We find that 50% of all mutated compartments
have inactivated the TSG in a cell with CIN. In 25%,
the CIN mutation occurred before the first TSG muta-
tion, whereas in another 25%, the CIN mutation
occurred between the first and the second TSG muta-
tion. In 50% of mutated compartments, there was no
CIN mutation before the inactivation of the TSG.
These results are largely independent of time.

Instead, assume that there are two class I CIN genes
in the genome, each of which is sufficient to trigger
CIN when mutated. Mutation of either gene reduces
the fitness of the cell to r = 0.7. In this case, 54% of all
mutated compartments have inactivated the TSG in a
cell with CIN. In 25%, the CIN mutation occurred
before the first TSG mutation. In another 25%, the CIN

A+/+ A+/– A–/–

B–/–
A–/–

A+/+ A+/– A–/–

B–/–
A–/–

CIN CIN
CIN

CIN

Very 
slow

Fast

Stem-cell compartment Small lesion

Clonal
expansion

Figure 4 | Emergence of chromosomal instability during
inactivation of two tumour-suppressor genes.
Inactivation of tumour-suppressor gene (TSG) A in a
compartment of N0 cells causes a clonal expansion to N1

cells in which TSG B is inactivated. Because of the increased
compartment size, the evolutionary trajectory tunnels from
A–/–B+/+ directly to A–/–B–/–. Chromosomal instability (CIN) can
arise at any stage of tumorigenesis and increases the rate of
TSG inactivation. There are three rate-limiting hits both with
and without CIN.
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evaluating the importance of early CIN in tumorigen-
esis that is initiated by inactivation of ‘half ’, one or two
TSGs in rate-limiting situations. We find that one or a
few neutral CIN genes in the genome are sufficient to
ensure the emergence of CIN before the inactivation of
one TSG. One or a few costly CIN genes in the genome
are sufficient to ensure the emergence of CIN before
the inactivation of the first TSG if two TSGs have to be
eliminated in rate-limiting steps.

The theoretical investigation of CIN indicates sev-
eral new experiments. Can one demonstrate in mouse
that the two rate-limiting steps consist of inactivating
one allele of the TSG and one CIN mutation? What is
the selective cost of a CIN mutation? Can CIN be neu-
tral or even advantageous65? Is it possible to find CIN
mutations in dysplastic crypts, which represent the
first stage of colon cancer57? What is the number of
CIN genes in the human genome? How many of them
fall into classes I, II or III? Is it possible to show that
CIN is essential for inactivating two TSGs in small
populations of cells?

Implications and future directions
In this article, we have outlined some fundamental
principles of somatic evolutionary dynamics. We
have discussed the rates at which mutations in onco-
genes and TSGs accumulate in small compartments
of cells, early lesions and large cancers. We have
explained how the relevant timescales depend on
population size, mutation rates and fitness differ-
ences. We have studied the role of tissue architecture
and genetic instability.

Tissue architecture and compartment size deter-
mine the rates at which different types of mutations
accumulate. Cells with mutations in oncogenes or
TSGs can have an increased somatic fitness. Such
mutations are best contained when the tissue is orga-
nized into small compartments and each compart-
ment is fed by one (or a few) stem cell, as in the linear
process43. Cells with mutations in genetic-instability
genes are likely to have a reduced somatic fitness.
Such mutations accumulate faster in small compart-
ments than in large compartments. Therefore, the
optimum compartment size is a trade-off between
preventing mutations in oncogenes, TSGs and
genetic-instability genes41.

CIN confers an increased probability of gaining or
losing whole chromosomes or arms of chromosomes.
CIN accelerates the rate of inactivating TSGs. A key
debate in cancer genetics is to what extent CIN is an early
event and, therefore, a driving force of cancer progres-
sion.We have shown that in a small compartment of cells,
it takes two hits to inactivate a TSG both with and with-
out CIN. Whether or not CIN emerges before the first
TSG depends on the cost of CIN, the mutation rate, the
rate of LOH, the number of CIN genes in the genome
and the population size. For a wide range of parameters,
one or a few neutral CIN genes in the genome are enough
to ensure that CIN initiates tumour formation in a 
pathway in which one TSG needs to be eliminated in a
rate-limiting situation. One or a few costly CIN genes in

tumour progression. Because of the increased compart-
ment size, the evolutionary trajectory tunnels51 from
A–/–B+/+ directly to A–/–B–/– (FIG. 4).

Without CIN, inactivation of two TSGs requires
three rate-limiting hits. It takes two hits to inactivate
the first TSG — if this leads to a moderate clonal
expansion, then the second TSG can be inactivated in
one rate-limiting step (equation 2). If the inactivation
of the first TSG leads to a vast clonal expansion, then
the inactivation of a further TSG is not rate limiting
and CIN becomes less important. With CIN, inactiva-
tion of two TSGs also requires three rate-limiting hits.
It takes two hits to inactivate the first TSG (one in the
first allele and one in a CIN gene), and one further hit
to inactivate the second allele.

Again, we can calculate the minimum number of
CIN genes in the genome that are needed to ensure
that CIN arises before the inactivation of the first
TSG in paths to cancer in which two TSGs have to be
eliminated in rate-limiting steps. We find that very
few CIN genes in the genome are necessary to make
sure that CIN arises early (FIG. 5). The cost of CIN is
compensated by an acceleration of every successive
TSG inactivation. It is possible that the first TSG, A, is
predominantly inactivated in cells without CIN. So,
most lesions that are caused by inactivation of TSG A
would not have CIN, but only the small fraction of
lesions with CIN will eliminate TSG B within the
timescale of a human life. In such a situation, all (or
almost all) cancers will derive from lesions in which a
CIN mutation preceded inactivation of the first TSG.

Conclusions. The role of CIN in tumorigenesis is one
of the most interesting topics of all of biology. To 
evaluate hypotheses and interpret experimental obser-
vations, a quantitative model is required for under-
standing how tissue organization, mutation rates and
selection determine the role of CIN in tumorigenesis.
Here we have outlined a mathematical approach for

CIN before one TSG CIN before two TSGs

Independent of N1 N1 = 104 N1 = 105

r n1 n2 n3 n1 n2 n3 n1 n2 n3

1.0 2 12 89 1 1 16 1 2 37

0.9 2 14 96 1 1 17 1 3 41

0.7 2 21 119 1 1 23 1 4 51

0.5 4 42 169 1 2 35 1 8 74

Figure 5 | Minimum number of chromosomal-instability
(CIN) genes needed to ensure that CIN arises before the
inactivation of one or two tumour-suppressor genes. If
chromosomal instability (CIN) emerges before inactivation of
two tumour-suppressor genes (TSGs), it must arise before
inactivation of the first TSG. The selective fitness of CIN cells is
denoted by r. Class I CIN genes, n1, trigger CIN if one allele is
mutated or lost. Class II CIN genes, n2, trigger CIN if one allele
is mutated in a dominant-negative fashion. Class III CIN genes,
n3, trigger CIN if both alleles are mutated. Parameter values are
u1 = 10–7, u2 = 10–6, u3 = 10–2, N0 = 4, and t = 80 years.
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require a thorough theoretical analysis66, and we are
still only at the beginning of a long endeavor.

Mathematical models of cancer evolution are
essential for quantifying the effects of mutation,
selection and tissue architecture. The laws of dynam-
ics of TSG inactivation, oncogene activation and
emergence of genetic instability provide fundamental
new insights into tumorigenesis. Theory can help to
clarify concepts, interpret experimental data and
indicate new experiments. Mathematical models
describing tumour initiation, progression, invasion
and metastasis should continue to contribute towards
a quantitative understanding of cancer biology.

the genome are enough to ensure that CIN initiates
tumour formation in a pathway in which two TSGs need
to be eliminated in rate-limiting situations.

We have reviewed models of somatic evolution
with constant selection, which are based on the
assumption that the fitness of mutants neither
depends on their own relative abundance nor on the
relative abundance of other mutants. Cancer progres-
sion, however, might often include a complex interplay
of various types of cells. Mutations in landscaper
genes, alterations promoting angiogenesis and muta-
tions enabling the cell to fight off the immune system
might be examples. These complex dependencies
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