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Abstract

Colorectal cancer results from an accumulation of mutations in tumor suppressor genes and oncogenes. An additional defining characterist
of colorectal cancer is its genetic instability. Two main types of genetic instability have been identified. Microsatellite instability leads to an
increased point mutation rate, whereas chromosomal instability refers to an enhanced rate of accumulating gross chromosomal aberratior
All colon cancer cell lines are genetically unstable. An interesting question is whether genetic instability arises early in tumorigenesis. An
early emergence of genetic instability could drive most of the somatic evolution of cancer. Here, we review mathematical models of colorectal
tumorigenesis and discuss the role of genetic instability.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

‘I wish | had the voice of Homer, to sing of rectal car-
cinoma’ are the opening lines of a poem by British mathe-
matical biologist J.B.S. Haldane, who was diagnosed with

* Corresponding author. Tel.: +1 617 496 4698; fax: +1 617 496 4629.  this disease in 1964 and died a few years later. Haldane,
E-mail address: michor@fas.harvard.edu (F. Michor). together with Ronald Fisher and Sewell Wright, was one
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APC pathway  RAS pathway  p53 pathway ?

l Small l Large l Carcinoma l
Adenoma Adenoma

somewhere CIN or MIN

Is it possible that CIN emerges before the
mactivation of the APC pathway? In this case,
a CIN mutation induces the first phenotypic
change on the way to colon cancer

Fig. 1. The genetic model of colorectal tumorigenesis. Colorectal cancers develop over the course of 20—40 years due to genetic disruptionRAtie APC,
and p53 pathways. Genetic instability arises somewhere during the process of colorectal tumorigenesis, but whether it is the first eventamitifie=for
and drives the neoplastic transformation is still a matter of much debate.

of the founding fathers of population genetics. He unified rate of losing or gaining whole chromosomes or parts of
Darwinian evolution with Mendelian genetics and brought chromosomes during cell divisigai4]. CIN can contribute
about the current understanding of evolutionary biology. In to an increased rate of loss of heterozygosity (LOH), which
this review, we apply population genetics to the evolutionary is considered an important mechanism of tumor suppressor
dynamics of colorectal cancer. gene inactivation. More than a hundred genes can cause CIN
Colorectal cancer is the second leading cause of cancemwhen mutated in yeast cells, many of which have several
death in the United States. In 2004, there were an estimatechomologues in humand5]. These include genes that are
100,000 new cases and 57,000 deaths from this diseasénvolved in chromosome metabolism, spindle assembly
[1]. The incidence of colorectal cancer, however, could and dynamics, cell-cycle regulation and mitotic checkpoint
be reduced dramatically by preventative methods such ascontrol [16]. The classification of CIN genes is based on
colonoscopy and detection of mutations in fecal D[243]. the mutational events that are required to trigger CIK].
Colorectal cancer progresses through a series of clini- Class | CIN genes, such as MAD?2, trigger CIN if one allele
cal and histopathological stages ranging from single crypt of the gene is inactivated or lost. Class Il CIN genes, such
lesions through small benign tumors (adenomatous polyps)
to malignant cancers (carcinomdd]. The model of col-
orectal tumorigenesis includes several genetic changes that  sqg-
are required for cancer initiation and progresgkjr(Fig. 1).
The earliest and most prevalent genetic event yet identified
in colorectal tumorigenesis is genetic disruption of the APC
(adenomatous polyposis coli) pathway[6]. This pathway is
documented to be altered in approximately 95% of colorec-
tal tumors[7]. A critical function of APC is the inhibition
of g-catenin/Tcf-mediated transcriptid8]. Inactivation of
APC leads to increaseticatenin/Tcf-mediated transcription
of growth-promoting genefd]. In tumors with wild-type
APC, mutations ofg-catenin have been observed that ren-
der it resistant to the inhibitory effects of AH@O]. Loss of
APC function or gain ofg-catenin function leads to clonal
expansion of the mutated epithelial cell, giving rise to a small
adenomdl1]. Mutations in the RAS/RAF pathway, the p53
pathway, and several other genes/pathways drive tumor pro-
gression towards malignancy and metast@gis-ig. 2shows ‘
the age-specific incidence of colorectal cancer. e T 20 & 30 150
Two types of genetic instability have been identified Age at diagnosis
in colorectal cancefl12]. In about 15% of all sporadic
colorectal cancers, mismatch-repair deficiency leads to Fig. 2. Age—specific?ncidence of colorectal cancer in the US. Statistics were
microsateite nstablty (MIN) at the rucleotide eVle]. | $505te o meignant fases b s ar e e per
The remaining 85% of sporadic colorectal cancers have Program ywww.seer.cancer.gdvNational Cancer Institute, released April
chromosomal instability (CIN), which refers to an increased 2004, based on the November 2003 submission.
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as hBUBL, trigger CIN if one allele is mutated, and this incidence of cancer. This development was primarily driven
mutation exerts an effect. Class Il CIN genes, such as by the efforts of Nordling24], Armitage and Dol[25,26],
BRCAZ2, trigger CIN only if both alleles are mutated. and Fishef27], and led to the idea that several probabilis-
The role of genetic instability in colorectal tumorigenesis tic events are required for the somatic evolution of cancer
is an active research area of cancer bioldgy18). Loeb was [28,29] Nunney also incorporated fithess of mutated cells
the first to propose that cancer cells acquire a ‘mutator phe-and tissue architecture into his population genetic model of
notype’ early in tumor progressidia9,20] Several lines of  tumorigenesig28]. Knudson used a statistical analysis of
evidence, experimental and theoretical, indicate that geneticretinoblastoma to explain the role of tumor suppressor genes
instability can indeed arise early in colorectal tumorigenesis in sporadic and inherited cancdB9]. This work was later
and subsequently drive tumor progresdibn]. This view is extended to a two-stage stochastic model of cancer initia-
widely, however not universally acceptfB,21] tion and progressiof81], which primed many subsequent
In this review, we address the following questions: how studies[32—-35] Later on, specific theories for drug resis-
can the dynamics of colorectal tumorigenesis be describedtance of tumor cell§36—40] angiogenesipt1-45] immune
with mathematical models? And what is the role of genetic responses against tumd#s], genetic instabilitie$47-51]
instability in tumor initiation? and tissue architectuf62-56]were developed.
Mathematical modeling of colorectal tumorigenesis
has provided insights into the dynamics and statistics of

2. Mutations in colorectal cancer cell lines the disease. Luebeck and MoolgavkaR] subdivided the
multi-step model into two stages; during the first stage, accu-
The genetic model of colorectal tumorigenedisg( 1) mulation of neutral mutations does not lead to any phenotypic

is based on decades of investigation into the mutational changes; during the second phase, advantageous mutations
sequence of colorectal tumorigeneft§. The fraction of drive clonal expansion of the colorectal tissue. By fitting the
tumors with mutations in the APC pathway is approximately age-specific incidence data of colorectal cancer, they found
95%; the same number holds for the fraction of tumors with that two rare events (inactivation of both APC alleles) are
mutations in the p53 pathway. Somatic mutations that lead to needed for tumor initiation and only one more event is neces-
alteration of the Ras/Raf pathway have so far been found in sary for malignant transformation. Luebeck and Moolgavkar
about 70% of tumors. There are additional genes with somatic conclude that genetic instability is not necessary for fitting the
mutations in colorectal cancers, but their respective roles andincidence curve of colorectal cancer. The difference between
pathways are less well understood and examined. their approach and ours is that our model includes specific
Mutational studies require both tumor and normal tissue genetic mutations and the effective population sizes of cells
material for comparison. The obtainment of tumor material where these mutations have to occur. We discuss possible
poses a significant technical difficulty, as contamination with parameter values for the rates of cell division in various stages
normal tissue renders signal and noise indistinguishable.of tumor progression and the selective advantages or disad-
Only a few colorectal cancers and their corresponding nor- vantages of mutated cells. We argue that age incidence curves
mal tissue counterparts have been analyzed systematicallyof cancers can be fitted by many different models with or
to determine the spectrum of specific mutations in a serieswithout genetic instability. For example, we have shown that
of genes, i.e. all APC pathway genes (ARf¢atenin, and two rate limiting hits for inactivation of a tumor suppressor
axin), p53 pathway genes (p53, MDM2, and BAX), and gene can be interpreted as two stochastic events inactivating
RAS pathway genes (K-Ras and B-Raf) in the same tumors. each of the two alleles, or as one stochastic event inactivating
Though such data are sparse, profound differences betweerthe first allele followed by a CIN mutation followed by very
the mutations found in CIN and MIN tumors have been fast inactivation (LOH) of the second alldlg0]. Both evo-
reported. At least a third of MIN cancers contain mutations lutionary trajectories have two rate limiting steps. Therefore,
in B-catenin instead of APC, where@scatenin mutations  age incidence curves$ig. 2) alone do not provide enough
are extremely rare in non-MIN cancdB2]. This is indirect information to decide whether genetic instability is early
evidence suggesting that MIN arises before inactivation or not.
of the APC pathway. Additionally, the spectrum of APC Herrero-Jimenez et a[57] provided a statistical anal-
mutations that occur in most MIN cancers with@atatenin ysis of colorectal cancer incidence data accounting for
mutations is different from that in non-MIN cancg28]. In demographic stochasticity, i.e. human heterogeneity for
particular, there is a higher frequency of alterations in simple inherited traits and environmental experiences. They fitted
repeat sequences in the MIN than in the non-MIN cancers. the two-stage initiation-promotion model to the incidence
data and calculated adenoma growth rates, the number of
initiating mutations and the rate of LOH, which was found
3. Mathematical modeling to be significantly higher than in normal cells. Pindkg]
adapted the multi-stage model to the problem of development
Mathematical approaches to understanding tumorigenesisand growth of adenomas, both in sporadic and inherited
began with a multi-stage stochastic model for the age-specificcolorectal cancers. He fitted the model to adenoma data
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including adenoma prevalence by age, the size distributionhave developed a specific model including cell-biological
of adenomas, clustering of adenomas within individuals and and mechanical assumptions of a colonic crypt to describe
the correlation between proximal and distal adenomas. colorectal tumorigenes[§6].

Little and Wright[59] extended the multi-stage model to In the following, we offer a perspective of colorectal
incorporate genomic instability and an arbitrary number of tumorigenesis including all sequential mutations needed for
mutational stages. They found that a model with five stagestumor initiation and progression and determine the impor-
and two levels of genomic destabilization fits colon cancer tance of genetic instabilities in colorectal cancer.
incidence data. Yatabe et §0] investigated stem cells in
the human colon by using methylation patterns and statis-
tics. They found that colonic stem cells follow a stochastic 4. The model
rather than deterministic model, i.e. each stem cell division
produces two, one, or zero daughter stem cells and zero, one, Here, we discuss the evolutionary dynamics of a model of
or two differentiated cells, respectively. This leads to drift colorectal tumorigenesis including alterations of three genes
in the number of descendents of each stem cell lineage over(Fig. 1). Inactivation of the tumor suppressor gene APC ini-
time. Zahl[61] developed a proportional regression model tiates tumorigenesis. Subsequent tumor progression is driven
for colon cancer in Norway. MetlB2] presented a math- by activation of the oncogene RAS. Finally, inactivation of
ematical computer simulation model to predict the natural the tumor suppressor gene p53 gives rise to a carcinoma.
history of colon polyp and cancer development. He incorpo- Somewhere CIN or MIN emerges.
rated different cell types and two kinetic processes, mutation ~ We will analyze the radical hypothesis that CIN precedes
and promotion, into his model. inactivation of the APC tumor suppressor gene. Here, we do

Most mathematical analyses consist of fitting a stochas- not discuss MIN because it occurs only in a minority of spo-
tic model to colorectal cancer incidence data. The number of radic colorectal cancers and is rarely found in other cancers.
steps is then extracted from the fitting instead of from cell- See[65] for a theoretical investigation of MIN in sporadic
biological and genetic assumptions of the necessary numberand inherited colorectal cancer.
of mutations, rate constants and fithess values. Quantitative The mammalian colon is lined with a rapidly proliferating
estimates, however, are essential to correctly infer the mech-epithelium. This epithelium is subdivided into 1@om-
anistic sequence of events. Population genetic studies havepartments of cells called crypts. Each crypt contains about
shown that the effective number of steps observed from the 1000-4000 cells. Approximately 1-10 of those cells are stem
probability distribution of the time to cancer initiation can cells, residing at the base of each crjf,67] The progeny
be smaller than the actual numipé®]. This is demonstrated  of stem cells migrate up the crypt, continuing to divide until
by stochastic tunneling in which two mutations occur in one they reach its mid-portion. Then they stop dividing and dif-
rate-limiting proces§50,63]. The effective step number also  ferentiate into mature cells. When the cells reach the top of
depends on the population size and the possibility of somaticthe crypt, they undergo apoptosis and are engulfed by stromal
selection49]. cells or shed into the gut lumen. The cell migration from the

Colorectal cancer incidence data can be explained base to the top of the crypt takes about 3-6 d&g}
by many alternative models. Most models are not easily In this setting, two scenarios of cellular dynamics within
falsifiable, as the assumptions of intermediate steps anda colonic crypt are possib[80,56]. In the first scenario, only
rate constants are not explicitly stated. The identification colorectal stem cells are considered to be at risk of becom-
of the number of rate-limiting steps in a particular model ing cancer cell§50]. Differentiated cells are assumed not
cannot justify the rejection of other interpretations of the to live long enough to accumulate the necessary number of
incidence data. The assumptions about intermediate stepsnutations that lead to cancer. Mutated differentiated cells
and rate constants must be identified to render mathematicalre washed out of the crypt by the continuous production and
models testable by experiments. A careful discussion of migration of cells to the top of the crypt where they undergo
parameter values and their likely ranges is needed forapoptosig54]. In this case, the effective population size of
evaluating hypotheses. Hence, the specification of interme-each colonic crypt is equal to the number of stem cells. The
diate steps and their parameter values is essential for a fullstem cell compartment is assumed to be well-mixed, i.e. all
understanding of colorectal tumorigenesis. stem cells reside in equivalent positions and are in direct

Our group has developed a mathematical model of col- reproductive competition with each other. There are no spa-
orectal cancer that investigates the role of genetic instability tial effects. In the second scenario, all cells of the colonic
in tumorigenesig50,64—66] We have studied the question crypt are assumed to be at risk of accumulating mutations
whether a CIN mutation induces the first phenotypic change that lead to cancdb6]. Mutations in specific genes might
on the way to colon cancer. We have shown in various mod- confer an increased probability to the cell to stick on top of
els that this is indeed highly probably if there are enough the crypt instead of undergoing apoptosis. In this review, we
‘CIN genes’ in the human genome. We have also shown thatuse the first scenario to discuss the evolutionary dynamics of
tissue organization tremendously influences the probability mutations in APC, RAS, and p53. S| for an analysis of
of emergence of genetic instabilif$5]. Furthermore, we  the second scenario.
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4.1. APC inactivation because (i) the mutation can arise in any on&gtells, (ii)
the rate at which the first APC allele is inactivated per cell

We will now describe the dynamics of APC inactivation division isuy, and (iii) the cells divide once evemy days.
in a well-mixed compartment of cell49,50,64—-66]Denote The probability that the mutated cell takes over the compart-
the number of stem cells hyp; stem cells divide everyg ment (i.e., reaches fixation) is given byVg/ if we assume
days. Denote the probabilities of inactivating the first and that the mutation is neutrf89]. Thus, the compartment size,
second APC allele per cell division by and uy, respec- No, cancels in the product, and we obtairizg as the transi-
tively. We haveur<us because there are more possibilities, tion rate between statds?C** andAPC*~. The transition
such as LOH and mitotic recombination, for the second hit. rate between states?C*'~ andAPC~/~ is equal to the rate
If the mutation rate is less than the inverse of the population that a mutation occurs in the second APC allele times the
size, then the approximation of homogeneous compartmentsprobability that the mutant cell will take over the compart-
holds: at any time, all cells of the compartment will have 0, ment. We assume that a cell with two inactivated APC alleles
1 or 2 inactivated alleles of APC. Denote the probabilities has a large fithess advantage, which means the fixation
that all cells of the compartment have 0, 1 or 2 inactivated probability of such a cell is close to one. Therefore, we
alleles of APC at timeby Xo(r), X1(r) andX>(r), respectively obtainNouz/to as the transition rate between stat¢®"*'~
(Fig. 3a). The transition rate between sta#®BC*'* and andAPC~'~ (Fig. 3a). The differential equation describing
APC*''~ is equal to the rate that a mutation occurs in the first the stochastic process is outlineddppendix A The overall
APC allele times the probability that the mutant cell takes probability that APC has been inactivated by tims given
over the compartment. The mutation occurs at Ny /o, by Xa(r)=Nou1u2r2/(2102). This probability accumulates as

Xn X,
/7,
(a)
X, X, X, X
APC~ Nu it | ApC=
o+ —
. S— RAS
o (-1,
Y, 8
fast APC- Nu,ln, | APC™
] RAS™ ™
'IN CIN I e
() CIN CIN CIN
Xy X, X, X X.i /)
P '\‘*"‘”i ARCES -—b\':“' ey APRi‘iSC:_
o RAS™ p53"-"
Nop(r)/ 7, M]rm
¥ Y, 18 K =
fast APC- Nu,lt, APC™™ ..\‘Zn‘ u, 1T, APC-',_
R e A=
@ CIN CIN “CIN e, || e
G CIN CIN

Fig. 3. Dynamics of colorectal tumorigenesis. (a) Inactivation of APC in a well-mixed compartment of colonic stemN;¢Hat divide once everyg days.

The probabilities of inactivating the first and second APC allele per cell division are denotgahyu,. (b) Chromosomal instability (CIN) can arise at any
stage of tumorigenesis and causes an accelerated rate of inactivation of the second APC allele; denote this ratellycell has relative fitness arises

at rateuc per cell division, and reaches fixation in the compartment with probabilitfan APC*'~ cell clone with CIN produces aaPC~'~ cell with CIN

before taking over the compartment, a stochastic tunnel arises: the compartment evolves fralGtatavithout CIN directly to statetPC~/~ with CIN
without ever visiting statd PC*'~ with CIN (diagonal arrow). (c) APC inactivation leads to a small lesioNptells dividing everyr; days in which activation

of RAS might be the next sequential mutation necessary for colorectal tumorigenesis. The rate at which RAS is mutated per cell division is der{d)ed by
RAS activation leads to an adenomangf cells dividing everyr, days in which inactivation of p53 might be the next sequential mutation. Suppose the p53
alleles are inactivated at the same rates as the APC alleles. Due to the large compartment size, it takes only one rate-limiting hit to inach8atkdbesh p
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a second order of time, which means that it takes two rate-4.3. RAS activation
limiting hits to inactivate APC in the compartment of cells

[30,50] Inactivation of APC leads to clonal expansion of the
colonic stem cell compartment to a small lesiomafcells
4.2. Chromosomal instability (CIN) dividing everyr1 days. It is in this lesion that other genes

must be genetically altered for further tumor progression.

CIN could arise at any stage of tumorigenesis. Here we The next genetic event in the sequence might be activation of
discuss the possibility that CIN emerges before inactivation the oncogene RAS!].
of APC (Fig. 3v). The crucial effect of CIN is to accelerate the Let us discuss the activation dynamics of RASD].
inactivation rate of the second APC allele. Denote the prob- Denote the probability that a RAS mutation occurs per cell
ability of inactivating the second APC allele per CIN cell division by u4. Denote the probabilities that a lesion con-
division by ugz; we haveuz>>us. This increased rate, how-  sists only ofAPC~'~RAS*'~ cells without and with CIN at
ever, might confer a selective cost to the CIN cell, becausetime ¢ by X3(r) and Y3(z), respectively Fig. ). The transi-
such a cell has an increased probability of lethal mutations tion rate between states®C~/~RAS** andAPC~/~ RAS*—
and apoptosis. Conversely, it is possible that a CIN cell has without CIN is given byNjus/t1, because (i) the mutation
a faster cell cycling time because of avoiding certain check- can arise in any one of; cells, (ii) the rate at which the RAS
points. Denote the relative fitness of a CIN cellyf r=1, allele is mutated per cell division ig, (iii) the cells divide
then CIN is neutral; if <1, it is disadvantageous, and a CIN once everyr; days, and (iv) a cell with a RAS mutation is
cell has a lower growth rate than a cell with stable karyotype; assumed to have a large fitness advantage, such that its fix-
if »>1, then it is advantageous, and a CIN cell has a larger ation probability is close to 1. The transition rate between
growth rate than a cell with stable karyotype. Denote the prob- statesAPC~/~RAS™* andAPC~'~RAS*'~ with CIN is the
abilities that all cells of the compartment have CIN and 0, 1 same as the transition rate between staR& '~ RAS** and
or 2 inactivated APC alleles at timéy Yo(), Y1(¢) andY2(s), APC~'~RAS*~ without CIN, because the CIN phenotype
respectively. The transition rate between state€™* with- does not alter the point mutation rate.
out CIN andAPC** with CIN is the same as the transition
rate between statesPC*~ without CIN andAPC*'~ with 4.4. p53 inactivation
CIN and equal to the rate at which a mutation triggering CIN
occurs Nouc/to, times the probability that the mutant cell will Activation of RAS leads to clonal expansion of the com-
take over the compartment. The fixation probability of a CIN partmentto a late adenomaiéf cells dividing everyt, days.
cell depends on its somatic fithegsand the compartment  In this adenoma, other genes must be altered for progression
size,No, and is given byp = (1 — 1/r)/(1 — 1/r"°). This to a carcinoma. The next genetic event in the sequence might

is the standard fixation probability of a Moran procgss). be inactivation of the tumor suppressor gene g3
Therefore, the transition rate is given Nyucp/to. Note that Let us now discuss the inactivation dynamics of p53
we only consider ‘single hit', i.e. class | and Il CIN genes in the context of our mode]49]. Denote the probability
here. of inactivating the first p53 allele per cell division by
If an APC*'~ cell clone with CIN produces aAPC~/~ u1 and the probabilities of inactivating the second p53

cell with CIN before taking over the compartment, a stochas- allele per normal and CIN cell division by, and us,
tic tunnel arise$50,63] the compartment evolves from state respectively. Again we haves>up>u1. Here, we assume
APC*'= without CIN directly to statd PC~/~ with CIN with- that the p53 alleles are inactivated at the same rates as the
out ever visiting statd PC*'~ with CIN. This tunnel occurs ~ APC alleles. Denote the probabilities that a lesion consists
at rateNoucrus/[(1 — r)o] (Fig. 3). If CIN is neutral,r=1, only of APC'~RAS*~p53~/~ cells without and with
then the tunnel does not occur. The transition rate betweenCIN at time ¢ by Xs(r) and Ys5(7), respectively Fig. 3d).
statesAPC*'* with CIN and APC*'~ with CIN is u1/7¢ as The transition rate between stata®C—/~RAS*~p53/-
before, because CIN is not assumed to cause increased poirand APC~'~RAS*~p53~/~ without CIN is Nou1./u,/72,
mutation rates. The transition rate between statee™/~ because (i) the mutation can arise in anyMof cells, (ii)
with CIN andAPC~'~ with CIN is given byNous/to; this the rate at which the two p53 alleles are inactivated per
rate is fast in the sense thalbuz/to>> 1, and hence is not  cell division isu1,/u due to the increased compartment
rate-limiting. size[63], and (iii) the cells divide once everyp days. The
The overall probability that APC has been inactivated transition rate between states?C—/~RAS*~p53"~ and
with CIN by time 7 is given by Y»(t) = Nouiuc[2p + APC™/~RAS*~p53~/~ with CIN is Nou1./u3/72, because
ruz/(1 — r)]tz/(2t(2)). This probability again accumulates the rate at which the two p53 alleles are inactivated per CIN
as a second order of time, so it also takes two rate-limiting cell division isu1./u3[63]. The differential equation is given
hits to inactivate APC in a compartment with CIN. Hence, in Appendix Aand can be used to calculate the probability
Knudson'’s two-hit hypothesi80] is compatible with tumor ~ as a function of time to develop a carcinoma. We can also
suppressor gene inactivation both without and with CIN determine the role of CIN in tumorigenesis. In the following,
[50]. we will provide numerical examples of our model.
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4.5. The cost of CIN Table 1
Percentage of carcinomas that were initiated by chromosomal instability

OnceaCIN phenotype has reached fixation in a pre-cancer(C'N)’ if there isny =1 class | CIN gene ot, =10 class Il CIN genes in the
human genome

lesion, the question remains how to quantify the further cost
of CIN. Comparing two lesions, one without CIN and one

with CIN, we might be tempted to argue that the rate of evo- (&)No=1,N1=10, No=1¢°
lution of the CIN lesion has to be multiplied by a factor (given . gg 21
by a number between 0 and 1) which takes into account theg g 90 81

increased death rate caused by CIN. Therefore, the rate Of(b)zv0:4,1v1:104, Np=16P

n1=1 (%) n2 =10 (%)

evolution of the CIN lesion is reduced by a factor describing ; 70 54

the cost of CIN. 0.8 64 47
On the other hand, it is conceivable that the increased 0.6 50 33

rate of cell death in the CIN lesion allows for an increased (¢)y,=4,n; =1, Np = 16°

number of cell divisions (to make up for the cells that have 1.0 93 88

died) and therefore even accelerates the rate of evolution. A0.8 92 85

variety of simple mathematical models can be constructed 0-6 86 &

that demonstrate that the ‘cost of CIN’ can be a net selective (d) No=10,N; =10, No = 1P

advantage when comparing the competition between CIN and?.0 85 4
non-CIN lesions. 08 4713 gg

Since both scenarios are possible, in this paper, we assumg'6
that CIN lesions and non-CIN lesions are neutral with respect ¢/2ss | CIN genesy, trigger CIN if one allele is mutated or lost. Class
to the cost of CIN during further tumor progression. The cost Il CIN genes,nz, trigger CIN if one allele is mutated in a dominant neg-

) . g o ative fashion The relative fithess of CIN cells is denotedrblarameter
of CIN is only considered when calculating the probability vajuesarer =107, 4y =105, 43 =102, s =102, 70 =10,71 =5, 72 = 1,
that a CIN cell reaches fixation in the compartment where it =70 years, and (@ =1, N1 = 10* andN, = 1(f, (b) No =4, N1 = 10* and
first arises. N2 =10, (c) No=4, N1 =10° andN, = 1CP, and (d)No =10, N; =10° and
No=1CP.
4.6. Numerical examples
every t1=5 days andAPC~/~RAS*~ cells everyr,=1

The human colon consists of approximatety= 10’ day. The most substantial cost CIN can possibly have is
crypts, each of which is replenished by about 1-10 stem r=(1— u3)*®~ 0.6; this means that loss of any chromosome
cells [60,66] Let us choos&Vp=4. Later, we will discuss  otherthanthe one containing the tumor suppressor gene locus
numerical examples withvg=1, 4 and 10 stem cells. The s lethal.
mutation rate per base per cell division is approximately = Assume there is only one class | CIN gene that triggers
1010 [70]. Suppose the APC tumor suppressor gene canCIN when mutated; them. = 2u» = 2 x 10-°, because either
be inactivated by point mutations in any of about 500 bases allele can be inactivated. The expected humber of carcinomas
[71]; hence the rate of inactivating the first of two alleles is that were initiated by inactivation of APC inza 70 year-
u1=2 x 500x 10~10=10"7 per cell division both in normal  old is 0.0014. The expected number of carcinomas that were
and CIN cells. The rate of inactivating the second allele per initiated by CIN in ar= 70 year-old is 0.0082 (ségppendix
cell division,uz, is the sum of the rate of LOH and the rate A).Hence, 85% of carcinomas were initiated by CIN. Among
of a point mutation. There are no reliable measurements of 1000 people, there are nine colorectal cancer cases, eight of
the rate of LOH in non-CIN cells. Plausible values range which were initiated by CIN. However, all of them might
from 10~/ to 107°. In our opinion, the most likely scenario  have CIN in the end.
is that the rate of LOH has the same order of magnitude as Assume there is one class Il CIN gene that triggers CIN
uz or is slightly larger. In this case and in the absence of when mutated; then. =u1 =10'. The expected number of
CIN, the hit inactivating the second TSG allele is sometimes carcinomas that were initiated by inactivation of APC in a
LOH and sometimes a point mutation. If the rate of LOH =70 year-old is 0.0014. The expected number of carcino-
is much larger tham, then two distinct point mutations  mas that were initiated by CIN is 0.0014 (s&ependix A).
should never be observed in the two TSG alleles. AssumeHence, 22% of carcinomas were initiated by CIN.

the rate of inactivating the second allele is ab@t 10-° Alternatively, we can calculate the minimum number of
per cell division in normal cells. The rate of inactivating the CIN genes in the human genome needed to make sure CIN
second allele in CIN cells has been measured telzel 02 arises before the inactivation of APC. Given the parameter
[14]. values above, one class | CIN gene or four class Il CIN
Assume clonal expansion of the stem cell compartment genes are necessary to ensure that CIN arises early in col-
to N1 = 103 cells after APC inactivation and &, = 1(° cells orectal tumorigenesis. Note that there are hundreds of CIN

after RAS activation. Suppose normal stem cells divide once genes in yeast and even larger numbers are expected in
every 7o =10 days[60]. Assume tha#PC~'~ cells divide humans.
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Table 1provides further examples of parameter values.  Acknowledgements

The Program for Evolutionary Dynamics is supported by
5. Discussion Jeffrey E. Epstein. The authors thank Bert Vogelstein for
advice.

In this review, we have discussed the mutational sequence
that leads to colorectal cancer. The traditional genetic model
of colorectal tumorigenesifs] describes several genetic Appendix A
changes that are required for cancer initiation and progres-
sion (Fig. 1). However, no large scale sequencing of genes  The stochastic process illustrated Fig. 3 can be
like APC or p53 has been applied. An important goal of the described by differential equations. Denote the probabilities
field should be detailed experimental analyses of the muta-that a compartment is in statePC**, APC*'—, APC~/—,
tions found in colorectal tumors. APC'-RAS'~, andAPC~'~RAS"~p53~/~ without CIN

We have provided a review of the literature of math- by Xo, X1, X2, X3, andXs, respectively. Denote the probabil-
ematical and statistical analyses of colon cancer. Severalities that a compartment is in the corresponding states with
excellent statistical studies have been performed to analyzeCIN by Yg, Y1, Y2, Y3, andYs, respectively. The differential
colorectal cancer incidence data. Stochastic multi-stage andequations are given by
population genetic models have been developed and been. .
fitted to incidence data. Although this effort determined X0 = —(a+b)Xo Yo = bXo —a¥o
the number of stages needed for initiation and promotion X1 =aXo— (b +c+d)X1 Y1 =aYo+bX1— gl
of colon cancer, the biological implications are unclear; X, = cX1 — eX> Yo =gV1+dX1—eYs (1)
blolog_lcally qnd cl|n|c_ally useful mvestlgatlor_]_of c_olorec_tal_ X3 =eXp— fX3 Y3 =eYs— hY3
tumorigenesis must include the exact specification of indi-

vidual steps. Experimental input of parameter values such asX5= /X3 Y5 =hYs

mutation rates, fithess values and rate of population growth Here a=ulro, b= Noucp(r)To, ¢ =Nouzlo,
are required for a quantitative understanding of cancer g=Noucrua/[(1 —r)tol, e=Niualti, f = Noui/uz/ 72,
progression. g=Nouzltg, andh = Npuy.,/uz/72. See the main text for an

We have reviewed our mathematical approach to colon explanation of the parameter values. Etj.is a system of
cancer by means of a specific model of colorectal tumori- jinear differential equations, which can be solved analyti-
genesis. We have assumed that colorectal tumorigenesis Igally using standard techniques. The numerical examples in

driven by subsequent genetic alterations of APC, RAS, and Section4.6 contain numerical simulation of systefh).
p53. Naturally, the model describes only a subset of cancers

and does not attempt to provide a universally found sequence
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