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Abstract

In this paper, we derive analytic solutions of stochastic mutation—selection networks that describe early events of cancer
formation. A main assumption is that cancer is initiated in tissue compartments, where only a relatively small number of cells are at
risk of mutating into cells that escape from homeostatic regulation. In this case, the evolutionary dynamics can be approximated by
a low-dimensional stochastic process with a linear Kolmogorov forward equation that can be solved analytically. Most of the time,
the cell population is homogeneous with respect to relevant mutations. Occasionally, such homogeneous states are connected by
‘stochastic tunnels’. We give a precise analysis of the existence of tunnels and calculate the rate of tunneling. Finally, we calculate the
conditions for chromosomal instability (CIN) to precede inactivation of the first tumor suppressor gene. In this case, CIN is an early
event and a driving force of cancer progression. The techniques developed in this paper can be used to study arbitrarily complex
mutation—selection networks of the somatic evolution of cancer.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Cancer is an evolutionary disease. Multicellular
organisms have intricate signal transduction pathways
and gene regulation networks to ensure that cells
cooperate and only divide when needed. In the process
of cancer formation, individual cells alter such networks
and revert to an earlier, more primitive evolutionary
program of ‘selfish’ reproduction.

Cancers are caused by somatic or inherited mutations
in proto-oncogenes, tumor suppressor genes or DNA
repair genes. Tumor suppressor genes participate in
growth regulatory or differentiation pathways of cells.
Loss of their function changes the phenotype of the cell
toward becoming a cancer cell. Typically, both copies
of a tumor suppressor gene need to be inactivated.
Examples of tumor suppressor genes are p53, which
is mutated in more than 50% of human cancers, RB1,

*Corresponding author. Institute for Advanced Study, Einstein
Drive, Princeton, NJ 08540, USA. Fax: +1-609-951-4438.
E-mail address: natalia@ias.edu (N.L. Komarova).

0022-5193/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0022-5193(03)00120-6

the retinoblastoma susceptibility gene, BRCA1l and
BRCA2, which are involved in familial breast cancer
(Knudson, 2001). Sporadic colorectal cancer seems to
start with the inactivation of a tumor suppressor gene
called APC (Vogelstein et al., 1988; Nishisho et al.,
1991).

There has been a long standing debate whether the
somatic evolution of cancer requires cancer cells to have
genetic instability (Loeb, 1998; Lengauer et al., 1998;
Schmutte and Fishel, 1999; Strauss, 1998). Two forms of
genetic instability have been found in colorectal cancers.
In approximately 87% of colorectal cancers there are
large numbers of gross chromosomal changes, which
include loss of heterozygosity (LOH), imbalance of
chromosome numbers (aneuploidy), chromosomal
translocations and gene amplifications (Lengauer et al.,
1997; Abdel-Rahman et al., 2001). It is believed that
these modifications are the consequence of chromo-
somal instability (CIN).

The molecular basis for CIN is just beginning to be
explored. A large number of gene alterations can give
rise to CIN in yeast. The genes include those involved in
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chromosome condensation, sister chromatid cohesion,
kineotchore structure and function, microtubule forma-
tion and dynamics, as well as checkpoints that monitor
the progress of the cell cycle. To date, the only genes
implicated in aneuploidy in human cancer cells are those
of the latter class. Heterozygous mutations in the mitotic
spindle checkpoint gene hBUBI were detected in a small
fraction of colorectal cancers with the CIN phenotype
(Cahill et al., 1998). These mutations in hBUBI were
shown to be dominant negative (Taylor and McKeon,
1997). These results also confirmed cell fusion studies
that indicate that the CIN phenotype has a dominant
quality, and that it might only require a single
mutational “hit” to induce CIN (Lengauer et al.,
1997). A current estimate is that our genome contains
of the order of 100 genes with the property that
mutations in these genes lead to CIN.

In the remaining 13% of colorectal cancers there is no
evidence of gross chromosomal changes; there are two
copies of each chromosome and there are no signs of
chromosome translocations or gene amplifications. In
these cells, however, there are mutations in genes that
are involved in mismatch repair. This mismatch repair
deficiency leads to an increased point mutation rate
during cell division. The genomes of such cancer cells
display microsatellite instability (MIN) (Markowitz,
2000; Perucho, 1996).

While MIN appears to be a specific property of colon
cancers and is rare or absent in most other cancers, CIN
emerges more and more as a common feature of almost
all cancers. The crucial question is whether CIN is a late
stage consequence of cancer evolution or an early event.
If CIN was an early event then it can be seen as a driving
force of tumor progression. There is indirect evidence
that CIN arises early in colon cancer formation.
Aneuploidy can be found in early neoplastic lesions,
such as benign adenomas of the colon (Bardi et al., 1997,
Bomme et al., 1998). Allelic imbalance is detected in the
smallest lesions that can be investigated (Shih et al.,
2001). In this paper, we will study the question if CIN is
likely to emerge before inactivation of the first tumor
suppressor gene on the route to cancer.

Our model is motivated by colon cancer, because
important genetic details have been discovered for this
disease in the last two decades. Colon cancer arises in
small compartments of cells called crypts. Crypts
contain 1000—4000 cells. At the bottom of the crypt
there are 4-6 colon stem cells that divide and replenish
the whole crypt (Bach et al., 2000). These cells are
believed to be at risk of becoming cancer cells.
Differentiated cells that derive from these stem cells
divide a few times and travel to the top of the crypt
within 3-6 days (Lipkin et al., 1963; Shorter et al., 1964).
They undergo apoptosis at the top of the crypt. Sporadic
colorectal cancer is thought to arise with the inactiva-
tion of the APC gene (Vogelstein et al., 1988; Nishisho

et al., 1991; Lamlum et al., 2000). If both copies of APC
are inactivated then the cells fail to undergo apoptosis,
and the crypt is taken over by mutated cells resulting in
a ‘displastic crypt’. Polyps and colon cancer develop
from displastic crypts requiring further mutational
events. A crucial question is whether CIN arises before
inactivation of APC.

Mathematical modeling of cancer progression has a
long and impressive history. We can only cite some
examples here. Stochastic multi-stage models for
explaining the age-dependent incidence rates of human
cancers were first developed by Nordling (1953),
Armitage and Doll (1954, 1957), Fisher (1958) and
Cook et al. (1969). Bell (1976) models carcinogenesis
as an escape from mitotic inhibitors. Moolgavkar
and Knudson (1981) provide a stochastic model for
Knudson’s ‘two hit hypothesis’; they extend their
method to an arbitrary number of hits in their recent
paper (Luebeck and Moolgavkar, 2002). Goldie and
Coldman (1979, 1985) describe models of drug resis-
tance to chemotherapy. Wheldon (1988) offers an
excellent perspective of mathematical models in cancer
research up to 1988. Chaplain (1995) studies the
dynamics of angiogenesis. Byrne and Chaplain (1996)
model cell adhesion and tumor growth. Owen and
Sherratt (1999) study immune responses against tumors.
Herrero-Jimenez et al. (2000) combine a model for
carcinogenesis with an epidemiological model of colon
cancer. Bar-Or et al. (2000) study oscillation in a gene
regulation network containing p53. Yatabe et al. (2001)
develop a mathematical model to analyse turnover rates
of colon stem cells using methylation patterns. Wodarz
and Krakauer (2001) study genetic instability and
angiogenesis. Plotkin and Nowak (2002) explore a
stochastic process of apoptosis and genetic instability.

In the following we will study stochastic dynamics of
mutation—selection networks that deal with the emer-
gence of CIN and inactivation of a tumor suppressor
gene. In Section 2, we analyse a simple, preliminary
model that has only 2 types of cells, “A” and “B”. We
investigate the mutation of a particular gene (not
necessarily a tumor suppressor gene). In “A” cells, the
gene is not mutated, in “B”’ cells, one copy of the gene is
mutated. We assume that mutation happens with rate u
and is irreversible. ““A” cells have a reproductive rate 1,
while B cells have a reproductive rate r which can be
greater, smaller or equal to 1. If the system has a
constant (effective) population size, N, then we have a
one-dimensional stochastic process; a particular state is
given by the number of cells of type “A”. Analytic time-
dependent solutions are very complicated if r#1. If,
however, the mutation rate u is much smaller than a
certain value (roughly given by 1/N), then for most
times the system will contain only “A” or only “B”’ cells;
we will say that the system spends most of the time in
homogeneous states. The probability that the system is in
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the all “B” state at time ¢ is given by 1 — exp(—Nupt),
where p is the probability that a single B cell will be fixed
in a population of N — 1 “A” cells.

In Section 3, we study a mutation—selection network
containing three types of cells. This network will appear
in various forms in the more complex mutation—selection
networks of the following sections (and subsequent
papers). “A” cells mutate into “B” cells at rate u, “B”
cells mutate to “C” cells at rate u;. “A” cells have
reproductive rate 1, “B” cells have reproductive rate r,
and “C” cells have reproductive rate r;. This model
describes, for example, the inactivation of a tumor
suppressor gene. In this case, “A’ cells have 2 intact
copies of the gene, “B” cells have 1 intact copy, while
“C” cells have both copies inactivated. The reproductive
rates are r = | and r; > 1; hence inactivating both copies
of a tumor suppressor gene confers a selective advantage.
The mutation rate u describes the probability of
inactivating one of the 2 copies of the tumor suppressor
gene during a cell division. The mutation rate u;
describes the probability of inactivating the other copy:
this could be caused by an independent point mutation
event or by loss of heterozygosity (LOH). Again we
provide an analytic description of the simplified stochas-
tic process assuming that at any one time the system
contains either only cells of type “A” or only cells of type
“B” or only cells of type “C”. As before, this
approximation holds whenever mutation rates are small.
An interesting observations are stochastic tunnels: for
certain choices of parameter values the system proceeds
from all “A” to all “C” without visiting all “B”".

In Section 4, we apply the analytic machinery
developed in the previous sections to investigate the
question if CIN arises before inactivation of the first
tumor suppressor gene. The network contains 6 types of
cells. As before there are cells that have 2,1 or 0
functioning copies of the tumor suppressor gene. More-
over, all cell types can exist with or without CIN. The
main assumption is that CIN enhances the rate of LOH.
Hence, in CIN cells the 2nd copy of a tumor suppressor
gene is lost rapidly by LOH. It turns out there are 8 cases
that can be classified into 5 mutation—selection networks
(depending on which tunnels are open or not). Surpris-
ingly, in the end, there are simple conditions for CIN to
precede inactivation of the tumor suppressor gene and
hence to initiate cancer formation. Our model is certainly
motivated by colon cancer, but should, more generally,
apply to the interaction between inactivation of a tumor
suppressor gene and CIN in any cancer.

Section 5 contains a summary of our findings.

2. Two types of cells

Let us first assume that there are two types of cells in a
population, which we will call type “A” and type “B”.

Cells can reproduce, mutate and die. The probability
that a cell of type “A” reproduces faithfully is 1 — u;
with probability u it will mutate to type “B”. Cells of
type “B” always reproduce faithfully. We will assume
that the total number of cells is constant and equal to N.
Let the cells of type “A” have reproductive rate 1 and
the cells of type “B”—reproductive rate r.

We will use the following convenient short-hand
representation of these processes:

Ag u B (1)

Here the reproductive rate of each type is given in
parentheses and the mutation rate is marked above the
arrow. We will refer to such diagrams as mutation—
selection networks.

One can envisage the following birth—death process.
At each time step, one cell reproduces, and one cell dies.
We set the length of each time step to be 1/N, so that
during a unit time interval, N cells are chosen for
reproduction and N cells die. We assume that all cells
have an equal chance to die (this is equal to 1/N).
On the other hand, reproduction happens differentially
depending on the type, and the relative probability
of being chosen for reproduction is given by 1 and r
for the cells of types “A” and “B” respectively.
Obviously, in this setting the total number of cells is
preserved.

Let us denote the number of cells of type “A” as a,
and the number of cells of type “B” as b, so thata + b =
N. The probability that a cell of type “A” reproduces is
proportional to its frequency and the reproductive rate,
and is given by a/(a + rb). Similarly, the probability that
a cell of type “B” reproduces is rb/(a + rb). Thus the
probability that the new cell is of type “A” or type “B”
is given, respectively, by

" a . rb
a+rb a+rb

a
Piyg=0-uy—— P.p=
+4 ( u)Cl ¥ l’b’ +B
Cells of both types have a probability to die propor-

tional to their abundance, i.e. the probability that a cell
of type “A” (or “B”) dies is given, respectively, by

P = Poy=

N N
We will refer to an event consisting of one replication
and one cell death by an elementary event.

The resulting population dynamics is a Markov
process with states b =0,1,..., N, and time steps of
length 1/N. The probability that an elementary event
results in an increase of the number of cells of type “B”’,
is equal to P, gP_ 4, and the probability that the number
of cells of type “B” decreases is equal to P_gP 4. If P;
is the probability to go to state b = from state b = i,
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then the transition matrix is given by

u(N—i)+riN—i il
JV[ N > ] - >
(1 —wy(N—1i)i .
Py=y"—y, N /=1 2)
Il =Py = Pijo1,  j=1,
0 otherwise,

where 0<i,j< N, and we introduced the notation
L/V,:Nfl(l—r)

The corresponding Markov process is a biased random
walk with one absorbing state, b = N. Let us set the
initial condition to be b = 0 (all cells are of type “A”)
and study the dynamics of absorption into the state
b=N.

2.1. Absorption time

The most straightforward method would be to
calculate the time of absorption directly. If we denote
the number of elementary events until absorption
starting from state i as #;, we have

N-1
ti=N+Y_ Pilm, 0<i<N -1 )
m=0

The absorption time is then given by 7, = ). The
factor N appears in the equation above because of
our definition of a unit time: 7 = 1 corresponds to N
elementary events. Solving system (3) directly is
cumbersome, so we will use some approximations.

There are two processes that go on in the system:
mutation and selection. If the characteristic time scales
of the two processes are vastly different, our task of
finding the absorption time simplifies greatly. Let us
assume that u is very small, so that once a mutant of
type “B” is produced, it typically has time to get fixated
or die out before a new mutation occurs. In other words,
once a mutant is produced, it is safe to assume that
during its lifetime no other mutations occur. In this
case of rare mutations, the inverse time to absorption
is roughly u times the probability to get absorbed
in the state b =N from the state b= N assuming
u=20.

For u = 0, the system has two absorbing states, b = 0
and N. Let us denote the probability to get absorbed in
b = N starting from the state » =i as «;. Then we have
approximately

1

T = Num,, 4)
where the quantity n; is given by the system
N-1
T = PiN + Z Pimﬂ:ma (5)
m=1

note that we set u = 0 in the expression for P. System (5)
can be rewritten as

-+ + D —rr =0, 1<i<N -1,

where we canceled the common multiplier in the terms
of the matrix I — P in the same row. The boundary
conditions are

(r+DOm —rny =0,

—nny2+ 0+ Dy =r.

We can look for a solution in the form n; = o/. The
quadratic equation for « gives the roots o = 1/r and
o = 1. Substituting n; = Ar~' + B into the boundary
conditions we obtain the solution

N—i i

=020 ©)

Let us reserve the notation p for the quantity rn;:
NI —r)

pEM=—T (7

We have from Eq. (4):

lex = Nup. ®)

The same result is obtained if we solve system (3)
explicitly and then take the first term in the Taylor
expansion of ¢y in u.

In order for approximation (4) to be valid, we need to
make sure that the time-scale related to mutation
((Nuw)™") is much longer than the time-scale of the
fixation/extinction processes. Only the fraction p of all
mutants will successfully reach fixation, whereas the rest
will be quickly driven to extinction. In order for each
mutant lineage to be treated independently, we need to
require that time it takes to produce a successful mutant,
(pNu)~', is much larger than the typical time-scale of
fixation, uy ! The value 4! is calculated in Appendix A.
We have the general expression,

U< N
In the case of neutral mutations, p = /N, py=1/N
and we arrive to the familiar condition

Ho
p

1 1

In the case where the mutation is positively or negatively
selected, we have

1
u<(NINYTYif r<l, < =<l (10)

1
u<r/N if r>1, N<|1—r|<1. (11)

2.2. The approximation of “‘almost absorbing” states

We will call a state of the system homogeneous,
or pure, if all the NV cells are of the same type. In the
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two-species model, these are the states b =0 and N.
States containing more than one type of cells (0 <b<N)
will be referred to as heterogeneous, or mixed states.

Since the mutation rate is very low relative to the
absorption processes in the system (conditions (9)—(11)),
the probability of finding the system in a heterogeneous
state is very low. More precisely, the probability of
finding the state with b cells of species “B” is of the order
u for 1 <b< N. The system spends most of the time in the
states » = 0 and b = N. This allows us to make a further
approximation of “‘almost absorbing” states.

Let us use the capital letters 4 and B for the
probability to find the system in the state » =0 and
b = N, respectively. Strictly speaking, the state » = 0 is
not absorbing, but it is long lived. We have approxi-
mately, 4 + B = 1. Let us define the following “‘coarse-
grained”, continuous time stochastic process: the system
jumps between two states, 4 =0 and 4 = 1, with the
following probabilities:

P(A=0,t+ At|l4 = 1,1) = upAt,
PA=0,t+A4=0,0)=1,

PA=1,t+Atl4d=1,1) =1 — upAt,
P(A=1,t4+Atl4=0,1)=0.

The Kolmogorov forward equations for this simple
system can be written down, which describe the
dynamics of the two-species model, (1):

A=—uNpA A®0) =1, (12)
B=uNpA, B(0)=0, (13)

where A is the probability to find the entire system in
state ““A”, B is the probability to find the entire system
in state “B” and p is given by Eq. (6). Egs. (12) and (13)
lead to the solution A(f) = exp(—uNpt) and B=1—
exp(—uNpt).

A short-hand notation for coarse-grained differential
equations (12) and (13) is as follows:

A uNp B.

We will use this notation also for describing the
Kolmogorov forward equation of more complex muta-
tion—selection networks.

3. Three types of cells

Now let us suppose that there are three types of cells:
type “A” , type “B” and type “C”, and the mutation—
selection network that governs the dynamics is as
follows:

A(l) u B(T) L2 C('f‘l)' (14)

The reproductive rates are, respectively, 1, r and r;. As
before, the reproductive rates must be interpreted as
relative probabilities to be chosen for reproduction,

rather than parameters defining the time-scale. We
assume that type ““A” can mutate into type “B” with
probability u, and type ““B”” can mutate to type “C” with
probability u;. There are no other mutation processes in
the system.

Let us specify the states of the system by the variables
a, b and ¢, the number of cells of species “A”, “B”” and
“C”, respectively. They satisfy the constraint a + b +
¢ = N. We can characterize a state as a vector (b, ¢). In
this notation, the state we start with is (0, 0), which is all
“A”. The final state, which is the state of interest, is
(0, N), or all “C”. The question we will study is again,
the time of absorption in the state ¢ = N.

We are interested in the case where type “C” has a
large selective advantage, i.e. r;>(1,r), so that once
there is one cell of type “C”, this type will invade
instantaneously with probability one. Under this
assumption we can use a trick which allows us to view
the dynamics as a one-dimensional process. Namely, let
us consider the following reduced Markov process with
the independent stochastic variable b: the states b =i
with 0<i< N correspondtoa=N —i,b=i,c =0, and
the state b = N + 1 contains all states with ¢ > 1. The
state b = N + 1 is absorbing, because we assume that
once a mutant of type “C” appears, then cells “C”
invade, so the system cannot go back to a state with
¢ = 0. The transition probabilities are given by

uN—i)+ A —u)riN — i it
:/‘/‘i N H ] - ’

(1—w(N—i)i .

S04 S —i_1

7=\ uri .

- =N+1

N J + 1,

1 —Pii1— Pyt — Piyy, j=1i,

0 otherwise,

for 0<i<N, Pyiint1 =1 and Py, ;=0 for all
j#N + 1. In some special cases, the absorption time
can be found from Eq. (3), see Appendix B. However, a
direct solution is not possible in the general case, and we
will use the so-called Green function method to calculate
the absorption time. This method is formally introduced
in Appendix C. The calculations for the three-type
system are performed in Appendix D. Here we give
some intuitive considerations and present the results.

3.1. A two-step process and stochastic tunneling

Let us start from the all “A” state. If we are in the
regime of homogeneous states, (conditions (9)—(11), we
can consider the lineages of each mutant of type “B”
separately. Once a mutant of type “B” is created, it can
either get extinct, or get fixated. A mutant of type “C”
can be created before or after type “B” reaches fixation.
This gives rise to two possible scenarios.
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We will call a genuine two-step process such a sequence
of steps where starting from (0, 0), after some time the
system finds itself in the state (N,0) and then gets
absorbed in the state (0, N). In other words, starting
from the all ““A” state, the system gets to the state where
the entire population consists of cells of type “B” and
finally reaches fixation in the all “C” state.

We will use the term tunneling for such processes
where the system goes from (0, 0) to (0, V) without ever
visiting state (V,0). This means that from the all “A”
state the system gets absorbed in the all “C” state,
skipping the intermediate fixation of type “B”.

3.2. Transition rates

3.2.1. Genuine two-step process
In the case of a genuine two-step process, the
dynamics can be represented by the diagram

A Raop B Rp.,c C

with

Ry.p= Nup, Rp.c= Nu.

Here we used the short-hand notation

7rN’1(l —7)
1=

and assumed that rY~'(1 —r;)/(1 — r¥)~1. The corre-
sponding differential equations are

A= —Nupd, A0) =1,
B = NupA — Nu;B, B(0)=0.

The exact conditions when the genuine two-step process
is a good approximation can be given. In the case where
“B” is neutral, i.e. |l — r|<1/N, it requires the inequal-
ity 1/N>,/u; to hold. In the case where “B” is
positively or negatively selected, 1 —
rI»>max{l/N, /ui}, it requires u; <p., where we
introduced

(1 —r)?rV-2, r<l,

Pe= r-1 P> 1. (16)

rN log [M} ’

3.2.2. Tunneling

Having a high mutation rate, u; will increase the
probability of tunneling. Also, in the case of a large
population size, N, the fixation of type ““B’’ becomes less
probable thus making tunneling a more likely scenario.
Finally, if type “B” is greatly disadvantageous, we also
expect the system to tunnel from “A” to “B”.

In the general case, we have the following diagram:
A Rap B Rp_c C

w

The two-step rates, R4_, g and Rp_, ¢ are as before, and
the tunneling rate, R4 ¢, is different depending on
whether the intermediate mutant, “B”, is positively or
negatively selected. We have three cases:

® Type “B” negatively selected: 1f
r<l and [l —7|>\/uj,
then we have tunneling from “A” to “C” with the
rate

Nuru;

1—r

Ryc=

® Type “B” positively selected: 1f
r>1 and |1 —7r|>\/ui,

then we have tunneling from “A” to “C” with the
rate
Nr-1)

RAHC = uu1N2 lOg |:r:|

® Type “B” neutral: If

11— < \/ur,

then we have tunneling from “A” to “C” with the
rate

RAAC = Nu\/a

3.2.3. When is tunneling the leading process?

It can be shown that the tunneling process is faster
than the two-step process if
Vur>1/N. (17
This condition can be derived in the following intuitive
way. As with the condition for homogeneity, (9), we
need to require that time it takes to produce a successful
mutant is much larger than the typical time-scale of
fixation. For condition (9), only the fraction p = 1/N of
mutants was successful. Now, because of a large
advantage of the type “C”, all mutants will get fixated.
This leads immediately to condition (17).

When condition (17) is satisfied and tunneling is the
leading process, the dynamics can be represented as a
one-step process,

A Rasc C.
and the corresponding differential equation is
A=—Ry,cA, AW0)=1.

Fig. 1 summarizes all the conditions.
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2—step process

12 N2-1
Ifu; >(l-r)r then

tunneling with rate 1
Nu,ur/(1-r)

(a) otherwise 2—step process

Tunneling with rate:

Nuur __— ~

Ifu > (r-1)/[Nr log N(r-1)]
then tunneling with rate
Nzulu log N(r—1)/r

otherwise 2—step process

12
(b) u,

Fig. 1. Conditions for tunneling. (a) Corresponds to the case 1/N> ,/ui, (b) to /u;>1/N. Depending on r (the horizontal axis), there may be a
genuine two-step process or tunneling with different rates. Horizontal shading means a two-step process, vertical shading means tunneling.

4. A tumor suppressor gene and chromosomal instability

The methods developed above can be applied to
describe the processes that may lead to colon cancer.

4.1. Summary of the cellular processes leading to the
Sformation of displastic crypts

Below we introduce notations for our mathematical
model and describe the mutation—selection processes
which are believed to be important in the first step
leading to cancer—the formation of displastic crypts.

® X, are cells in which both copies of the tumor
suppressor gene are functional; they have reproduc-
tive rate 1.

® X, are cells with one functional and one inactivated
copy of the tumor suppressor gene. They result from
mutations of cells Xy. The probability of such a
mutation is 2u; the factor 2 comes from the fact that
either of the two copies of the tumor suppressor gene
can mutate, each with probability u. The reproductive
rate of X cells is the same as that of X cells and
equals 1.

® X, are cells with both copies of the tumor suppressor
gene inactivated. This can happen if an independent
mutation occurs in the second copy of the tumor
suppressor gene; the probability of this is u. Also, loss
of heterozygosity (LOH) might occur, where the
chromosome containing the second copy of the
tumor suppressor gene is deleted. The probability of
such an event is given by py. Therefore, the mutation

rate from X to X is u + po. The quantity py may be
smaller, of the order of, or larger than u. The
resulting cells have a large selective advantage, a,
compared to the types X, and X;.

Y, are cells with chromosomal instability (CIN). The
mutation rate from Xj to Yy is u.. Cells with CIN can
have a selective disadvantage compared with types Xj
and X, because some LOH events will lead to non-
viable genomic modifications, in which case we can
assume that their reproductive rate is r<1. On the
other hand, there may be circumstances under which
CIN cells have an advantage (i.c. the presence of
carcinogens), so r can also be greater than 1.

Y, are CIN cells with one functional and one
inactivated copy of the tumor suppressor gene. The
mutation rate from Y to Y; is 2u, like in the case of
mutation from X; to Xj. In addition, cells of the type
Y| can appear as a result of a mutation of X cells,
with mutation rate u.. Y; cells have the reproductive
rate r, the same as Y cells. Cells with CIN have a
large chance of losing a chromosome (LOH). We
assume that the rate at which they lose the chromo-
some with the remaining tumor suppressor gene is
p>po. The resulting cell type is Y>.

Y, are CIN cells with both copies of the tumor
suppressor gene inactivated. They result from cells Y,
by means of chromosome deletion. In addition, such
cells can originate from cells of type X, with the
mutation rate u,.. These cells combine the disadvan-
tage of having CIN with the advantage of not having
the tumor suppressor gene, so their reproductive rate
is taken to be ar > 1.
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The following mutation—selection network sum-
marizes the processes which lead to the formation of
displastic crypts with or without a CIN mutation:

)(O M 2u X] 1) u+po Xg (@)
luc \ \ 1s)
Yb(r) 2u Yi(r) L YQ(ar)

Here the mutation rate is marked by the arrows and the
reproductive rate of each type is given in brackets.

The mutation rate, u., can be further expressed
in terms of n., the total number of genes that, if
inactivated, lead to chromosomal instability. We have

u, = 2n.qu. (19)

Remark. As before, we assume that for all types of cells,
reproduction and death happen with the same rate (say,
N divisions and N deaths every two days), and
consequently the generation turnover always happens
with the same pace. This is an assumption that can be
easily removed; we prefer to use it because it simplifies
calculations.

4.2. Different pathways of inactivating a tumor
Suppressor gene

Now let us describe the dynamics specified by
mutation—selection diagram (18). We will use the
methods developed in the previous sections to reduce
the stochastic process to a Markov process with a few
almost absorbing states. In order to identify which of
the homogeneous states are long lived (almost absorb-
ing) we need to check what parameter range we are in.
In principle, there can be three tunnels in the system:

® from X, to X, avoiding X,
® from Y, to Y; avoiding Y, and
® from X; to Y, avoiding Y.

Let us write down the differential equations corre-
sponding to processes in diagram (18).

First, we assume that /u + po < 1/N. This means that
there is no tunnel from X, to X5, but the other two
tunnels may or may not be open. Depending on whether
the tunneling phenomenon or a genuine two-step
process takes place, we can have the following seven
cases:

(ia) \/E<I/N and |1 — r|<1/N: no tunnels,
Xis 2u X N (u-+po) X

Nucp Nuep Nagp

}/O 2u -}/1 Np ng

(ib) \/p<1/Nand|l —r|>1/N and p<p,, where p is
defined in Eq. (16): tunnels, see the diagram in (ia);

(ila) \/p>1/N and |1 —r[<,/p: tunnels from Yy to Y2
with rate 2Nu\/13 and from X, to Y, with rate
Nu(‘ \/ﬁ)

- 2 - N(u+ -
Xo—2— xy ) L,

W

Yb 2Nu./p 3/2

Nucp Nucp

(iib) r<1 and /p>1/N and |l —r|>,/p: tunnels
from Y, to Y, with rate 2Nu\/13 and from X to
Y, with rate Nu.pr/(l — r), similar to the diagram
in (iia).

(iic) r>1 and \/p>1/N and |l —r|>/p and p>p™:
tunnels from Y, to Y, with rate 2Nu\/ﬁ and from
X to Y, with rate Nu.,pN log[N(r — 1)/r]; similar
to the diagram in (iia).

(iii) r<1 and p>p. and /p<1/N<|l —rf: tunnel
from X; to Y, with rate Nu.pr/(1 —r), but not
from Y, to Y>,

XO 2u Xl N(u+po) )(2

Nucpr
1—»r

Nuep Nucp

Yp—2— ¥, — e V)

(iv) r>1 and (r—1)>,/p>1/N and p<p. tunnel
from Yy to Y, with rate 2Nu,/p, but no tunnel

from X to Y>,
> 2u - N(u+po) -
)&() )&1 AQ
Nucp Nucp Nucp
N
Yo Y & Yy

\M/

Note that the seven limiting cases above exhaust
all the logical possibilities. This can be shown by
using the following two inequalities:

1
ﬁer/H(l -, r<l, (20)

1 r—1
S 21
N erogM ' 1)

Inequality (20) can be proved if we note that
max, {r"/>~1(1 — r)} corresponds to r = (N — 2)/N
and equals to 2(N — 2)N/>"'N-N/2 Let us show
that this is smaller than 1/N. We have 2(N —
DVEINN2LL /N o [(N —2)/NY> <12,
The latter inequality is true for N >4, which proves
Eq. (20) for these values of N.
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Inequality (21) is equivalent to log[N(r — 1)/r]<
N(r — 1)/r, which always holds for N(r — 1)/r=1.
Next, we consider the case where /u + po>1/N,
i.e the tunnel from X to X is open. This leads to
only one additional case (since p>py, we automa-
tically have the tunnel from Y, to Y3).
(v) The diagram in this case is:

Xo 2Nu+/u+tpo XQ
Nuep Nucp
Yo 2Nu /p Y,

The coarse-grained differential equations corre-
sponding to each of the cases follow from these
diagrams in a straightforward manner. These
linear equations can be solved analytically. How-
ever, the exact expressions for Y>(f) are enormous,
and some approximations must be made to allow
further analysis.

4.3. Conditions for Y, to dominate over X,

Let us determine, for each of the five types of
diagrams above, what the relative values of X, and Y
are. Our goal is to find out whether X, is larger or
smaller than Y, for the time-scale comparable with the
duration of human life.

Let us first consider the following diagram (case (i) of
the previous section):

XO U )(1

(utpo)as X,

w3 (17e7] uas

L — 5 Ys

where u<1. The corresponding differential equations
are as follows:

Xo = —uXo(on + 03), (22)
Xy = uot Xo — X (uog + (u + po)ota), (23)
Xy = (u+ po) X107 — uXyoss, (24)
Yo = uXoos — uYyos, (25)
Y1 = uXjoq + uYous — B Y1, (26)
Y, = Y| + uXsos. (27)

For very long times, i.e. for t>1/ux;, 1<i<6, Ya=x1
and X, <1. In the very short time range (1<1/f), we
have X>oc? and Yooc 2, ie. X» > Y>. However, we are

interested in the intermediate time range such that

1 oy 1 e 1

—<L<K—, ——m.
u (u + po)oa

B o (28)

In this case, we can solve the differential equations
approximately, keeping only the largest contribution to
each term. We have

Xo =14 Or), X = oqut + O(ut)*),

u(u + [7())[2

Xz = 10 3

+ O((u)®), Yy = uost + O(ut),

u’t b
Y1 = (o + 063066)7 + O((ur)”),

2
Y, — (oot4 + Ozﬂsds)(ul‘) + Oy,

Comparing X, and Y, we obtain the following
condition for Y, to win over X, in the intermediate
time-scale (28):

ocloc4+oc3ac6>acloc2<l —&-@). (29)
u

Similarly, we obtain conditions for Y, to win for

diagrams of types (ii)—(iv) of the previous section:

u+po)az -
Xo—te ., x, wiodss

\

s uas
(30)
Yo S e
Q07 + Qiarg > (g (1 T %0) ’
X, way X, (utpo)as X,
was uy \ZLQ‘S (3 1)
Yo —e—y —2—,
Q107 + a3y > Qe (1 + %) ’
Xo w X (wtpo)as X
Y, Y, B /s (32)

Uag

Q308 + 1y > Qg (1 + T;—O) .

Note that in the regime defined by inequalities (28),
both functions X;(¢#) and Y,(¢) are quadratic in time.
This means that in order to determine which of them is
larger, we need to compare the coefficients. In other
cases, X» and Y, may turn out to grow as different
powers of ¢, in which case the condition Y, > X, will be
time dependent. Let us consider the case corresponding
to the tunnel from X, to X>. We have

.Xo uay )(2

ua ua3

Yo uaq Y,




442 N.L. Komarova et al. | Journal of Theoretical Biology 223 (2003) 433—450

The solutions are X, = oqut + 0((ut)2), Y, = (o3 +
oczoc4)(ut)2/2+ O((ut)®); note that X, is now linear in
time. The condition for Y, to be larger than X; is now

u
(ayo3 + oczom)j > 0.

In general, the condition for CIN to win can be
written down by using the following rule. We need to
consider all paths leading from X; to X3 and from X to
Y. Then we identify fast and slow leaps in the diagram.
This depends on the rates, u,u.,p and py, and on the
time scale of interest. In regime (28), leaps with rates
multiplying u, u. and pg are slow, and leaps correspond-
ing to rate p are fast. For each path, we calculate the
number of slow leaps—this number defines the power of
t. We will only need the paths with the smallest number
of slow steps. For each such path, we multiply the
corresponding slow rates together; fast leaps do not
count. Finally, we add all the paths together and divide
by the factorial of the number of slow leaps.

To illustrate this let us consider the regime where py is
sufficiently large so that for the time-scale of interest, we
have

po>u, ut<l<kpt, ut<l<Lpot. (33)

The leap with py is now a fast step. Let us apply the rule
described above. We have one slow leap (with or
without tunneling) from Xj to Xz(l) and two slow leaps
(with or without tunneling) to reach Yél). Therefore,
Xo(f)ocut and Yy(t) cuu.t>. This means that if u.~u
then X, will win. However, if u.> u, there is a possibility
that CIN may win. The corresponding calculations will
depend on the particular parameter regime. For
instance, if we are in regime (32), we have X, = ojut
and Y, = (Popag + ttoyoy + udaos)t? /2 so that CIN
wins if

ut
(op0tg + orqotg + OC]“S)? > 0.

4.4. Conditions for CIN to inactivate the first tumor
suppressor gene

We can combine the results of Sections 4.2 and 4.3 to
obtain conditions for CIN to initiate colon cancer. The
detailed calculations are presented in Appendix E; here
we only show the result. The conditions are different
depending on whether the CIN mutation is negatively
selected, neutral or positively selected. We will say that
CIN is neutral if the following condition holds:

1
1 — —, .
| r|<max{N \/E}

Similarly, we will say that CIN is positively selected if

1
> 1 d |1- —
r and | r|>max{N, \/ﬁ}

and that CIN is negatively selected if

1
1 d |1- —
r<1 and | r|>max{N, \/1_7}

Let us first assume that we are in regime (28). We have
three cases:

1+ po/u min 1 1
2 2 pWNp+ D’
CIN is negatively selected :

1 —
nc > LO/” mln i’ u s
2 2p° pr

CIN is neutral : n, >

CIN is positively selected :

1
nc>7+§°/u

. —1
Al o) )

If on the other hand, py is large enough to be
considered as a fast rate (condition (33)) we have the
same conditions except the factor 1+ po/u must be
replaced by the factor 2/(Nut).

All these cases can be summarized as follows. The
condition for CIN to appear before the second copy of
the tumor suppressor gene is inactivated is

m>5mm(ﬁc> (34)
2p

min

Here, the quantity C is defined as follows:

1/[(Np +1),/p), CIN is neutral,
(1 —=r)/(rp), CIN is negatively
C— selected,
1/{pN
log[N(r — 1)/r] CIN is positively
+Np,/p}, selected.

The quantity S depends on whether py defines a slow
leap or a fast leap:

(1 +p0/u)/29 p0t< 17
1/(Nut), pot> 1.

The case of weak selection: The conditions above
depend among other parameters on the -effective
population size, N, and on the selective advantage or
disadvantage of CIN cells. If, however, N is small then
these dependencies are not relevant and the order of
magnitude of the critical number of CIN genes is
determined by the ratio py/u, where py is the rate of
LOH in a non-CIN cell and u is the mutation rate. Both
quantities are expressed as probabilities per gene per cell
division. If n, exceeds pg/u, then it is likely that CIN
causes inactivation of the first tumor suppressor gene
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and therefore acts as early driving force of tumor
progression.

5. Discussion

We have developed a mathematical machinery to
study stochastic dynamics of mutation—selection net-
works of cancer progression. Our approximations hold
in the limit of small mutation rates, u, and small
population sizes, N. Roughly we need u<1/N. The
other extreme of very large population sizes could
perhaps be studied with a deterministic model.

We were mostly interested in the question whether
CIN emerges before inactivation of the first tumor
suppressor gene. If the number of genes that can induce
CIN, n., exceeds a critical value, n*, then there is a high
probability that inactivation of the tumor suppressor
gene happens in CIN cells. The required number of CIN
genes, n*, depends on the effective population size, N,
the selective advantage or disadvantage of CIN cells and
on the ratio p/u (the rate of LOH in normal cells vs the
mutation rate). Let ¢ be the characteristic time of human
life divided by the time of cell division of the cells that
are at risk of becoming cancer cells. If pot <1 holds, then
we have the following result:

" = %(1 +%) min (% C), (35)
where p=r""1(1-r)/(1 —7Y), and C=1/(Np +
1)\/1_)] if CIN is neutral, C=(1—-r)/(rp) if CIN is
negatively selected and C = 1/{pNlog[N(r—1)/r]+
N p\/ﬁ} if CIN is positively selected. The more general
formula which holds for the case pot>1 is given by
Eq. (34).

We will illustrate our results using parameter esti-
mates consistent with experimental data for colorectal
cancers. The mutation rate per gene per cell division, u,
is normally assumed to be u = 1077, It can be argued
that the rate of LOH in normal cells is not much larger
than u. Indeed, if py were much larger than u, then, with
or without CIN, the second copy of APC (the tumor
suppressor gene in colorectal cancers) should always be
inactivated by an LOH event. This is not the case: in
about 30% of colon carcinomas, APC is inactivated by 2
mutational events (Miyoshi et al., 1992). We assume
that the crucial effect of CIN is to increase the rate of
LOH, which implies that the rate of LOH in CIN cells,
p, satisfies p>py (Lengauer et al., 1997; Bardelli et al.,
2001).

The typical time-scale of human life can be taken as
70 years. The life cycle of stem cells is thought to be of
the order of 1-20 days (see e.g. Bach et al., 2000; Potten
et al., 1992). Therefore, the total number of cell divisions
per human lifetime is of the order of 25,600 or smaller.
Together with py~10u~107% we obtain pyt<0.026, so

the inequality poz<1 holds even for these rather
conservative estimates, and we can apply formula (35).

Let us first assume that it is the stem cells that are at
risk of developing mutations leading to cancer. Then we
have N~4-6 (Yatabe et al., 2001). The relative
reproductive rate of CIN cells, r, can be smaller, of the
order of, or larger than 1. Let us consider all the three
possibilities. For N = 4, we have

3, r=08,
PO =2 r=10,
! 2, r=12,
16, r=20.8,
20 _q0. wr={ 11, r=10,
! 9, r=12.

Note that for N =4 and p=10"2, we have |l —
r|<max{1l/N, \/1_7} for all the three values of r above,
so that CIN is neutral.

More generally, we expect N to be somewhere
between 1 and 1000. For N = 100, CIN is negatively
selected for r = 0.8, neutral for r =1 and positively
selected for r = 1.2, and we have

25, r=08,
2oy 2=l 5 r=10,
u
1, r=12
138, r=0.28,
%:10: nt =1 28, r=10,
2 r=12.

It has been argued that the number of CIN genes is of
the order of 100. For a wide range of parameter values,
the required number of CIN genes, n*, is small, and the
condition n, > n* is satisfied, which makes it likely that
colon cancer is initiated by CIN mutations.

In general, our model suggests that the likelihood of
an early CIN mutation depends on the number, N, of
cells at risk, the ratio pg/u of the LOH rate to the point
mutation rate in normal cells and the number, n., of
CIN genes. Measuring these quantities experimentally
will shed light on molecular mechanisms underlying
cancer development, specifically, the stem cell develop-
ment and function, the cellular dynamics of LOH and
the genetic causes of CIN.
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Appendix A. The method of differential equations

Let us denote the probability to be in state a =i at
time ¢ as ¢,(¢). Using the transition matrix for two types,
(2), we can write down the Kolmogorov forward
equation for ¢:

%:(1 _u)[qp_ (i—DIN-G—-1)]
ot FLUN—G-D@r-1)
i(N =)

[F((N -G+ 1)+ G+ Duli+ 1)
rN —(i+1)(r—1)

[r(N = 1) + iu)(N — i)
PTTOIN 1)
It is convenient to introduce the variable n =i/N.
Taking the continuous limit and expanding into the
Taylor series up to the second order, we obtain the
following partial differential equation for ¢(y, ?):

+ Qi1

op 0 1 82
E*@(M(pnﬁw(m), (A.1)
where
_’1(1*7')(17;1)7”
T r—n—r
y— Ll = m)( + 1) — u(l — 2n)]
R nr—1)—r :

When r =1+ s/N with s<N, we have the following
equation:

o 2

bo] 0
NS = s%(n(l —n)e) + 6_;12(17(1 = Me).

This equation is studied in Kimura (1994, paper 2). In
the case s<1 the principal term in the expression for
¢@(n, t) is proportional to e *’, where

1
o =3 (1+ O(6)),

This sets the typical time-scale of the process.

We can also study the case 1 <|s| < N. In that limit, for
s >0, the region of interest is # < 1 (remember that 5 = 0
corresponds to the all “B” state). Thus the equation
simplifies to

o 0 fou
N—=s5— — .

o~ o (ne) + o (1)
This equation could be solved in terms of Laguerre
polynomials, in general:

P(1.1) = e > Ly (sme N,
n=0

The Laguerre polynomials, L%(x) satisfy the differential
equation

d—2+(+1— )i+ Li(x)=0
xdx2 o de n n\X) = V.

Note that the leading transient gives u, = |s|/N = |1 — r|
in this limit. One could similarly treat the case of
s§<0, |s|<1, by concentrating near the region 1 — z<1.
In general, yy = % £(s) where f(s) = 1 + O(s?) for small s
but f(s)~|s| for large s.

Appendix B. Absorption time for three types of cells,
the neutral case

Let us study the model with three types of cells. The
absorption time is defined by Eqs. (3) with the transition
matrix given by Eq. (15). It turns out that for r = 1, and
for small mutation rate u, the solution has a simple
form. The first term in the Taylor expansion of 1/¢# in
terms of u can be written as

2
N -1 .
| uz,-”?( ; )ua

0y, (N=1\[ N,
= ()5

CuF(=N+1,-N+ 1, Lu)
 F(-N+1,-N+1,2,u))’

where F(a, 8,7, z) is the hypergeometric function. It can
be shown that in the limit where N2u; — oo and u; —0,
we have

L Nuy/a, (B.2)

tl_

(B.1)

To see this, we note that if N2u; <1 then the sums in
Eq. (B.1) are dominated by the term with u{. If, on the

other hand, N?u;> 1, the largest contribution comes
from the term with i = iy, where 1 <iy < N. To find iy, let
us consider each term of F(—N +1,—-N +1,1,uy), fi =
(Nil)zu’i and use the Stirling formula to approximate
log f;. Then, differentiating log f; with respect to i, we
find that the maximum is achieved at i =iy = N/uj.
The same is true for the terms in the expression for
F(—N+1,—N+1,2,u;). The main contribution to
both functions can be found:

fo=eVH

for F(-N+1,—N +1,1,u;) and
f= 2N/ —logV y fur)

Iy —

for F(—N + 1,—N + 1,2, u;). Plugging this into formula
(37) we obtain estimate (B.2).
Appendix C. The Green function method

In this section we will introduce the Green function
method of calculating transition probabilitics. As we
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will see later, this method is well adapted for approx-
imations that involve ‘“‘summing over” short-lived
intermediate states to get effective transition rates
between longer-lived states, allowing us to concentrate
on a lower dimensional problem. This approach
confirms our results for the two-species process obtained
by other methods (Section 2), and allows us to carry out
the calculations for a more complicated, three-species
processes, Section 3.

The probability that, in ¢ steps, the system makes a
transition from state i to state j is (P’)ij, where P is the
transition matrix; in the case of the two species model it is
given by Eq. (2). This could be alternatively expressed as

1
o t.1 _ py-l
(P = 2ni?{CdZZ (z1 — P);
1
:2_711'?{0(12 Z'Gy(2), (C.1)

where the contour C encloses the disk |z|<1 and [ is the
identity matrix in the state space. Thus, knowing the
matrix element Gy(z) = (z — P)[;1 for all z is enough to
calculate the transition probability from state i to state j,
for any time ¢. We call Gy(z) the Green function in
analogy with a similar quantity in quantum mechanics.

Let us break the state space S into two subspaces: Sy
(for direct) and S;,, (for intermediate). The space Sy
contains the states of interest, i.e. the long-lived (or
“almost absorbing”) states. The space Sj,; consists of
short-lived states. Then the transition matrix P has the
block structure:

Pdir Pa'irfint
P= s
Pint—dir Pint

P;, corresponds to direct transitions between long-lived
states in the sub-space Sg;. Py, corresponds to transi-
tions among intermediate states, which are members of
Sint, that we would like to eliminate in our effective
picture. Py 4 and Py, contain the transitions linking
the subspaces S;,; and Sg;-.

Let us suppose that o and f are two states in the
subspace Sg;. An element G,p(z) of the Green function
can be decomposed as follows:

Gup(2) = (21 — Py
=[zI — Payr — Pair-ins(zI — Pint)_lpint-dir];ﬁl- (C2)
Under certain circumstances, one could make a “long

time” approximation, which says that for large 7, in
expression (C.1) one can replace G,p(z) with

Gop(2)~ (2l = P}, (C3)
where
Pqﬁ‘ = Pdir + sz'r—im(l - Pint)_lpim—dir- (C4)

This is equivalent to taking z=1 in (zI — P;,)"" in
decomposition (C.2). Let us discuss the conditions under
which this can be done.

From an intuitive standpoint, this procedure is
justified as long as the intermediate processes are much
faster than the time scale of interest, which is transition
time between states in the reduced subspace, Sy;,. To be
more precise, let 4 be an eigenvalue of P and A, —the
eigenvalue of P/ approximating A. Then if Ay is the
largest (i.e. closest to 1) eigenvalue of P;,, we can write

i—/lapp,NO(l —/1>
1= A\ =70

Therefore, if one can show that

1= <l =, (C.5)

then approximation (C.3) is legitimate. In many
calculations, we could check a posteriori, that inequality
(C.5) indeed holds for the eigenvalues governing long
time behavior, i.e. for 4,,’s which are close to one. In
the models to be discussed, this is a consequence of the
assumption that the time required to get a relevant
mutation is typically much longer than the time required
for a the population to become homogeneous.

As an application of this approximation, let us look at
the two species model. As was noted in Section 2.2, for
small non-zero u, b = N is the only absorbing state, and
the state » = 0 is long lived. Hence we take the states
b =0 and N to span our space of interest, Sy, whereas
all the rest of the states, with 0 <b<N, span S;,,. The
crucial effective transition rate ngjj‘\, between the two
states in Sy; is given by expression’(C.4),

Pf)ij = Py, (I — Pint)]i/]v_lefl,N~ (C.6)

From Eq. (2), we have Py; = u. Since u is small, we can
set u = 0 in the expression for Py, in Eq. (C.6). Next, let
us rewrite Eq.(5) as (I — P)nr = (0,0, ...,PN,I,N)T,
where 7 = (7}, 72, ...,nN,l)T. From this we can see
that (I — P)f’]l\,flPN,],N = 7wy = p. Substituting this in
Eq. (C.7), we obtain

Py = up, (C.7)

from which Eq. (8) follows immediately.

Let us go back and show that approximation (C.3)
can indeed be used in this problem. We have 1 — 4, =
1/(NTys) = up. On the other hand, setting u = 0 in the
expression for the matrix P;,,, we can see that the value
of 1 — Joy depends on r and N and is typically non-zero
in the limit when u—0; the value 1—Ap=pg is
calculated in Appendix A. Therefore, inequality (C.5)
holds for small u.
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Appendix D. Analysis of the system with three types
D.1. Long-lived states and effective transition rates

Here we will calculate the effective transition rates
between the states by using the Green function method
developed in Section C. We will define the state space
Sy to consist of (0,0),(N,0) and (0, N), i.e. the all “A”,
all “B” and all “C” states; S;,; consists of the rest of the
states. The all “C” state is absorbing, so it is long lived
by definition. The all “A” state is “‘almost absorbing”
because of the smallness of u, the probability to create a
mutant of type “B”’. The all “B” state may or may not
be long lived.

The effective transition rate from (0,0) to (0, N) is
given by formula (C.4),

off _ —1
Pfo,())(o,/v) = Z P (0,0)(1,0)(1 - P )(1,0)(b,N71)
b=0,1

X Py N-1)0.8)- (D.1)

In order to evaluate the quantity (/ — P)(]}O)(b’,vfl), let us
break Sj,; into two parts. One consists of the states
(b,0), 0<b< N, with no “C” cells. We call this subspace
SY . The other part consists of states (b,c) with ¢> 0.
This is called S:,. The transition matrix for the
intermediate states, P;,, has the block structure

mnt*
PO P0+
P = po pt |
The transition rate between S, and S;, can be used as a
small parameter due to smallness of u;. Namely, let us
consider the following Taylor expansion (where Q; and

0, are matrices, and Q; is “small”):

I—=01—0) ' =U-0)"
=0 QU =)
Setting

P 0 0 POt
QIZ P+0 Pt 5 Q2: 0 0 D

and letting 0<b< 1, we can evaluate the quantity (/ —
P)\oys.n—1) up to the first order in P*:

-r )(_1,10)(1;,1\1—1 )
~0+[(T— PP - P+)71](1,0)(b,N71)- (D.2)

This approximation is valid provided that, starting from
SY . the chance of getting absorbed at (0,0) is higher

nt>
than the chance of jumping to S;,. This assumption
holds in our model because of the smallness of the
rate u;.

Now, we can combine Egs. (D.1) and (D.2) to write
down the effective rates for the tunneling and genuine

two-step processes.

D.1.1. Tunneling
In case of tunneling we have

eff -tunn
P (0,0)(0.N)
N—1 1
_ -1 0+
= Z Z P(O,O)(LO)(I - PO)(l,O)(z’,O)P(i,O)(i—l,l)
i=1 b=0
-1
X (I = POy -1y Po.y-1o.n)- (D.3)

The first term on the right-hand side of Eq. (D.3) is
Po,o)1,0) = u, i.e. the probability to create one mutant of
type “B”. Each term

0\—1 0
(I = P oo Piiovi-1.1) (D.4)

is the probability that the system produces a mutant of
type ““C”” while at the state (,0). Finally, the summation
over b,

1
4\~ 1

Z (I—-PpP )(i—l,l)(b,N—I)P(b,Nfl)(O,N)’

b=0

gives the probability to get absorbed in the all “C” state
starting from one cell of type “C”. We will take this to
be a number close to 1, for all i.

Let us concentrate on expression (D.4). From
definition (15), we have

P?ij{))(ifl,l) = wri/ N, (D.5)

which is the probability to create a mutant of type “C”,
given that there are 7 cells of type “B” in the population.
Let us show that

N-1 N-l .
0y—1 0 qit

Z: (I = PaoioPaoii-1 = WZ: o (D.6)

= =

where the vector q = (qy, ..., gy—1) satisfies the equation

q —P))=f (D.7)

with £f=(1,0,...,0), and P° the (N—1)x (N —1)
matrix obtained from matrix P, Eq.(15), by taking
1<i,j<N — 1 and setting u = 0. Because of Eq. (D.)), it
is enough to show that (I — P°) .0 = ¢i for all i.
From (D.7) we have q = (1,0, ...,0)(I — P°)"!, or ¢; =
v —Po)fil, which is the desired relation. Combining
Egs. (D.3) and (D.6), we obtain the expression for the
tunneling rate from 4 to C:

N-1 .
) ;
NPJgihy = Rawe = Nur Y AL (D.8)

1

i=1

The multiplier N appears because of our definition of a
unit time, which corresponds to N elementary events. In
the next subsections we will calculate the vector q and
obtain expressions for Ry, ¢ in different parameter
regimes.
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D.1.2. Genuine two-step process
For the genuine two-step process we have formally:

off -2-step
P‘(?O,O)(O,N )

I
= Z P0,0)1,0)
b=0

0N-1 0+
X (I = P)q oo Pwvow-11)

that we have to solve Eq. (D.7). There are two cases:
Jup <€|1 —r|and /u;>|1 — r|. They will be considered
separately.

D.2.1. The case \/u; <|1 —r|
In this regime, we can take the limit u; —0 in the
transition matrix, so we have

N-1
x (I — P+)&\}—1,1)(b,N71)P(b,N—1)(0,N). (D.9) ; O = Pin)s = Otm (D-13)
17(N71)(r+1) N —1) 0 0
N N,
W=D AN-2e+D)  2N-D) )
NN NN NN
P- ! W-3 | WS -3 )
NAS N5 NN
0 0 4N —4) - 4N —-4H@r+1) 4r(N-4)
NNy NNy NN

Here, as before, P(o)1,0) = u is the probability to create
one mutant of type “B”. (I — PO)G}O)(N’O) is the prob-
ability for a mutant of type “B” to get fixated; it is
nothing but p, given in formula (7). P?;)O)(N_U) is the
probability to create one mutant of type “C” starting
from the all “B” state, it is equal to u;. Finally, the
summation over b is the probability for type “C” to
invade and it is approximately equal to one. Therefore,
we can express the transition rate from 4 to B to C as

N*P{oom = Ra-sRs-c. (D.10)
where

N—1 1=
Ry_p=Nu" ler D Rpoc = Nu (D.11)

D.2. Two-step or tunneling?

Let us write down conditions for each of the two
possible processes to take place, and the corresponding
rates. It is easy to see that if

R .p<Ry-cC, (D.12)

then starting from the state with the dominant type “A”’,
the system will get absorbed into the all “B” state with
the rate R4, g and then go to the all “C” state with the
rate Rp_,c = Nu;. On the other hand, if we have the
“>” sign in condition (D.12), then the system will
tunnel to the all “C” state from the all “A” state with
the rate R4, ¢ without ever settling in the all “B” state.

The rate R4, p is given by formula (D.11). In order to
find whether or not condition (D.12) is satisfied, we need
to calculate the rate R4, ¢, expression (D.8). This means

where the matrix P is found from Eq. (2) with u = 0,
Let us denote

¢ _ qiil(N — i)
TN

For this variable we obtain the system

—Cir+(r+ DG -6 =0, 1<i<N-1 (D.14)
with boundary conditions

r+1D& -&=1, (D.15)
—LEyar+(+1Déy  =0. (D.106)

It is convenient to look for a solution in the form &; = o
which gives o = r and a; = 1. Substituting &; = Ar' + B
into the boundary conditions, we find

NA; ¥ —pN
= D.17
G= N1 - (D-17)
Using definition (D.8) of R4, ¢, we obtain
N-1 N ¥ —#N
RA_>C:NL{]Z/I Z{:l ﬁm (D18)

We will now analyse different limits of this expression.
Type “B” is neutral, |l —r|<1/N: In this case
expression (D.18) becomes

Ry_c = Nuui(1 —r)N
and
Ry_p=u,

so the condition for tunneling is

1
Viur> .
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Since in the case under consideration, ./uj <1 —
r|<1/N, we must have ,/u; <1/N, i.e. we do not have
tunneling in this case.

Type ““B” negatively selected, r<1,1 — r>1/N: In this
limit, we have

Ry c = Nuu
1—r

and
Ryp=Nur""Y1-r),

which gives the condition for tunneling:

\/a>(l — r)rN/z_l.
Type “B” positively selected, r > 1,1/N <r — 1: Let us

rewrite the expression for Ry, ¢ as

N-1 N
RamcmNum

N1 1 N1k
= Nuuy (Zk—l k Lk=1 7)
The first of the terms in parentheses on the right-hand
side is Hy, the harmonic number, which is a discreet
equivalent of a logarithm. We have Hy — log N -y for
large values of NV (here y~0.577216 is Euler’s constant).
The second term can be evaluated to give By /(N,0) +
log ((r — 1)/r), where the incomplete beta function,

By/(N,0), only gives a small correction. Putting every-
thing together, we obtain

R4 ¢ = uu N? <y + log {N(rr—l)})

On the other hand,

—1
RAﬁBZNHr )
r

(11—

(D.19)

so we have tunneling if
r—1
FN log[N(r — 1)/r]

up >

D.2.2. The case \/ur>|1 —r|

Now the rate u; is significant, and we cannot neglect
the terms with u; in the matrix P. Again, we have several
sub-cases.

The case \/uy>1/N. Let us first assume that the
components ¢; of q from Eq. (D.7) decay fast with 7, so
that only the ones with i< N need to be calculated. The
resulting expressions for g; will in fact show that this is a
correct assumption.

Setting u = 0 and neglecting i compared to N in the
matrix P (Eq. (15)), we obtain the following equations
for &; = g;i:

—ré g+ &+ 1 +u) ¢ =0, 1<i<AN.

With the substitution & = o, we obtain a quadratic
equation for o, whose roots under assumption
1 —rl<\/u; are oajp=1+,/u;. Setting B=0

in & =A(1 - \/u) + B(1+ /u;)’, and applying the
initial condition for i = 1,

L+14+u)—E =N,

we have

N1 = Jfu)™!
qi = -,
In order for this calculation to be valid, we need to
require (1 — /u;)" <1, which gives the condition
y/ur>1/N, which is exactly the regime we are consider-
ing. Using the formula for the tunneling rate (D.8),
we obtain

RA—»C = Nu\/u_l

The rate R,_, p can be estimated as

(D.20)

Ryp=u

in the neutral case (when |1 — r|<1/N), which gives us
\/u1>1/N as the condition for tunneling; this condition
of course always holds in this regime.

In the opposite case when |1 — r|>1/N, we can also
show that tunneling takes place. Let us first assume that
r<1. Neglecting ¥ compared to 1 in the expression for
R, , we see that for tunneling we need

g 1=r

u1>rN N

(D.21)

Using | —u;>/u1, we can replace 1 —r by /u; in
condition (D.21) to make it even more strict. Similarly,
we can replace ¥V~! by 1. The resulting condition gives
\/ur>1/N which is satisfied. Next, let us set r > 1 and
neglect 1 in comparison with V¥ in the expression for
R4 . We need for tunneling

r—1

up > N

Replacing r by 1 in the denominator and r — 1 by \/a in
the numerator, we again obtain ,/u;>1/N which is
satisfied in the present case. We conclude that tunneling
with the rate given by Eq. (D.20) takes place in the
regime where /u; > 1/N.

The case \/uy <1/N: In this regime, it is safe to take
the limit »— 1 first and obtain the corresponding rate
R, c. This is done in Section B. In the case where
/1 <1/N, the sums in the expression for Ry, ¢ = 1/1,
formula (37), can be replaced by the terms with i =0,
which gives the estimate for the tunneling rate,

u
Ryc=—.

A-C =5
On the other hand, we have R,_, g = u, which is much
larger, so we conclude that there is no tunneling effect in
this case.
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Appendix E. Conditions for CIN to initiate colon cancer:
derivation

In what follows we assume that /pg<1/N, i.e. there
is no tunnel Xy to X,. The relevant time scale satisfies
Eq. (28). We have three cases.

CIN is neutral: In this case, scenarios (ia) and (iia)
apply. Using formulas (29) and (30) we obtain the
following conditions for the probability Y>(7) to take over:

(ia): n.>(1+po/u)/(4p), /P<1/N,
. 1 +po/u
(iia): n.> W, VP> 1/N

(we used definition (19) for the parameter u.). Note that
in the latter case, \/1_7(N p + 1)>p. Therefore, we can
write down both conditions in the following concise
way:

1
> (1 +Po/u)m1n{4p N 1)}
If this is satisfied, then CIN will initiate colon cancer.
CIN is negatively selected: In this case, scenarios (ib),
(iib) and (iii)) apply. The corresponding conditions
(obtained from formulas (29), (30) and (31), respec-
tively) are as follows:

1
(ib): n.> :7’:’/“, V<1 =N
.. 1 -1
(iib): nc>+Tp0/u<%+Np\/ﬁ) . /P>1/N,
1 +po/us pr -1
0 P

(1—rrV*< /p<1/N.

Note that because of inequality (20), these cases
exhaust all the possibilities to arrange \/_ ,1/N and
(1 _ V)VN/2 1

In case (11b), let us show that

(E.1)

This inequality is the same as

§>W—2(1 — )

(we used the fact that ¥ <1 in the definition of p). The
latter inequality can be proved by writing

\]/VI;>]$2 > (1 =),
where the first of the inequalities follows from \/ﬁ >%,
and the second one from inequality (20). This shows that
Eq. (E.1) is true.

Next, let us note that in case (iii),

or > p. (E.2)
1—r

This follows from /p>r¥=2(1 — r)>. Therefore, condi-
tions for Y, to win can be summarized as

1
+ po/u (=

(ib): n.> P

IR L+ po/us pr \-! NJ2-1
(iib), (iii):  n, >?(1 — r) . > =) .
Moreover, we have |/p>(1 — V2~ o pr/(1 - r) <p,
and similarly with the “>" sign. Therefore, we finally

obtain

1 _
nC>LO/um1n{l’l r}'
2 p  pr

CIN is positively selected: In this case, scenarios (ic),
(iic) and (iv) apply. The corresponding conditions
(obtained from formulas (29), (30) and (32), respec-
tively) are as follows:

1+ po/u

(ic): n.> ap VP<I1/N,

(iic): n,> ——— 1—|—p0/ (leogK+pr)
x ﬁ> V(r = 1)/(rN log x),
1

(iv): nc>+Tp0/u(p[l+N\/ﬁ])_l,

x 1/N<\/p</(r—1)/(rN logx),
where we introduced the notation
_N(@r -1
==

Note that because of inequality (21), the three cases
above exhaust all the possibilities to arrange \/_ ,1/N

and \/(r — 1)/(rN log x).

In case (iv), it is easy to see that the contribution from
N \/Z) can be neglected in comparison with one, so
the condition for CIN to win can be replaced by
ne > 1/2(Np\/f))7l. On the other hand, we can show in
this case

pNlogk<Np,/p. (E.3)

This inequality is the same as
VPN <

(we used the fact that p~(1 —r)/r in this limit). The
latter inequality can be proved by writing

K
VPN <
logK log x

(here k > 1). Therefore, the condition in case (iv) is also
equivalent to

1
ne > +p0/ (leog:c—i—pr)

log K
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which is the same condition as in (iic). To summarize

so far, we have
1+ po/u

> —2, VP<I1/N,

1+ po/u
2

VP>1/N.

This can be rewritten as the following concise condition:

1 .1
n, > +1’0/”mm{2p, (PN logx + Np/p)”" }

(ic): n.

(iic), (iv): n.> (pN logk + Np\/ﬁ)fl,

2

Large py: Finally, we consider the case where the
relevant time scale satisfies (33). We have the same seven
cases as before plus case (v) of Section 4.2. It is easy to
see that the argument is exactly the same for the first
seven cases, except the time dependence of X; is now
linear. This means that in all the conditions, the factor
1 + u/po should be simply replaced by a factor 2/(Nut).
Finally, one can show that case (v) does not change the
resulting inequality.
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