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Abstract

Contrary to conventional views that assume all cells in a neoplasm can propagate

the tumor, the cancer stem cell hypothesis posits that only a fraction of the cells

(the cancer stem cells) can act as tumor-propagating cells, while most of the

tumor is composed of cells with limited replication potential. Here, we offer an

evolutionary approach to this controversy. We used several evolutionary, compu-

tational models to investigate cancer cell dynamics and conditions consistent

with the stem cell hypothesis. Our models predict that if selection acts at the cell

level, neoplasms should be primarily comprised of cancer stem cells, in contrast

to experimental data indicating that neoplasms contain large fractions of cancer

nonstem cells. We explore several solutions explaining the paradoxical existence

of cancer nonstem cells in neoplasms, including the possibility that selection acts

at the level of multicellular proliferative units.

Introduction

Cancer is a by-product of multicellularity. During the tran-

sition to multicellularity, single-celled organisms cooper-

ated to form stable units favored by natural selection

(Maynard Smith and Szathm�ary 1997). Further fitness

advantages were gained when cells in these cooperative

units specialized into reproductive and nonreproductive

roles (e.g., germ and somatic cells), resulting in multicellu-

lar groups in which individual cells contributed to the fit-

ness of the newly emerged multicellular individual at the

expense of their own fitness (Buss 1987; Maynard Smith

and Szathm�ary 1997). In this context, cancer occurs when

some cells acquire mutations that stop promoting the fit-

ness of the multicellular organism by increasing their own

cell division or survival relative to normal cells (e.g., self-

sufficiency in growth signals, evading apoptosis, limitless

replicative potential) (Nowell 1976; Hanahan and Wein-

berg 2000, 2011; Merlo et al. 2006; Greaves and Maley

2012). At short timescales, these ‘selfish’ cells can be

selected for (known as somatic evolution) and form neo-

plasms than can eventually kill the multicellular individual.

Consequently, several mechanisms that suppress somatic

evolution in adult tissues have evolved (Nowell 1976; Pep-

per et al. 2007).

One mechanism that suppresses somatic evolution, and

thus neoplasm formation, is the division of tissues into

proliferative units with a few somatic stem cells in each unit

(Cairns 1975). Somatic stem cells can either divide sym-

metrically to replenish their numbers or differentiate asym-

metrically to generate the transient cells and terminally

differentiated cells that make up the bulk of the tissue (Pep-

per et al. 2007). Transient cells can divide multiple times,

becoming progressively more differentiated. Somatic evolu-
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tion is suppressed because only mutations that occur in

stem cells are retained, while most other mutations are lost.

Observations of markers of somatic differentiation hierar-

chy in neoplasms and experimental verification of func-

tional differences between neoplastic cells sorted by these

markers of differentiation (Bonnet and Dick 1997) led to

the hypothesis—known as the cancer stem cell hypothesis

—that tumors are organized in a manner similar to that of

normal tissue. Lineage-tracking experiments in mouse glio-

blastoma, intestinal tumors, and squamous skin tumors

(Chen et al. 2012; Driessens et al. 2012; Schepers et al.

2012) have demonstrated that cancer stem cells give rise to

differentiated, nonstem cancer cells.

Like somatic stem cells, cancer stem cells are thought to

divide symmetrically to produce two cancer stem cells, or

to divide asymmetrically to produce one cancer stem cell

and one transient cell (Maenhaut et al. 2010) (Fig. 1). The

ability of glioma stem cells to self-renew by symmetric divi-

sion and produce differentiated cells by asymmetric divi-

sion has been shown in single-celled experiments (Lathia

et al. 2011). Using an Erb2 transgenic model of breast

cancer, increasing frequency of symmetric and self-renew-

ing cancer stem cell divisions led to high proportions of

cancer stem cells (Cicalese et al. 2009). Alterations in sev-

eral genes, including mutations in a number of tumor sup-

pressors, have been shown to affect whether cells can

undergo polar cell division (Royer and Lu 2011).

Cancer stem cells are experimentally defined as a fraction

of reproducibly isolated malignant cells that can survive xe-

notransplantation and, once engrafted, can generate a new

neoplasm that recreates the full heterogeneity of cell surface

markers or phenotypes found in the original neoplasm

(Maenhaut et al. 2010). Further, the fraction should be

capable of surviving serial passaging, which demonstrates

the capability to self-renew. The debate surrounding cancer

stem cells originates from the widely varying observations

of cancer stem cell numbers as well as their functional roles

within the neoplasm. The proportion of a neoplasm

thought to be cancer stem cells differs by the type of cancer

and experimental methods (Rosen and Jordan 2009; Vis-

vader and Lindeman 2012) and even between neoplasms

[e.g.,(Sarry et al. 2011)]. For instance, in melanoma, a stem

cell frequency of 25% was reported (Quintana et al. 2008),

while in acute myeloid leukemia (AML) or colon cancer,

only 1 in 104 or 105 cells have been identified as cancer

stem cells (Lapidot et al. 1994; O’Brien et al. 2007).

Because there is controversy over whether the structure of

differentiation in a neoplasm replicates differentiation in

normal tissues, we prefer the term ‘tumor-propagating cell’

to emphasize the functional role of cancer stem cells in

propagating neoplasms (Maenhaut et al. 2010).

Here, we use an evolutionary framework and several

models to investigate the conditions and the fundamental

assumptions underlying the cancer stem cell hypothesis—

that there is a fraction of cells, the tumor-propagating cells

that can self-renew by symmetric division, while all other

cells eventually terminally differentiate. To do so, we con-

structed individual-based models of cell evolution within a

neoplasm and a stage-structured analytical model of cell

growth and differentiation. According to the cancer stem

cell hypothesis, we posit that there are tumor-propagating

and transient cells and that the probability that any given

tumor-propagating cell will divide symmetrically (and pro-

duce two tumor-propagating cells) rather than asymmetri-

cally is a heritable trait that can evolve. Briefly, an

individual-based model is a stochastic computational simu-

lation technique in which we explicitly encode cell behav-

iors (cell division, mutation, differentiation, and death)

and traits (probability of symmetric division) in a compu-

tational model, simulate populations of cells, and record

the resulting system dynamics. We allowed the trait of the

probability that a tumor-propagating cell could divide

symmetrically to evolve by the mutation at cell division.

Thus, each cell in a simulation can have a different

(A)
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(C)

(D) (E)

Figure. 1 Models of cancer cell division and differentiation. Cancer

stem cells, or tumor-propagating cells, are light yellow; transient cells

are dark orange. The color version is available online. A tumor-propa-

gating cell can divide (A) symmetrically, in which both daughters remain

tumor-propagating cells, or (B) asymmetrically, in which one daughter

remains a tumor-propagating cell and the other differentiates. (C)

When a transient cell divides, both daughter cells become more differ-

entiated. The relative proportion of a tumor-propagating clone’s sym-

metric-to-asymmetric divisions affects the number of tumor-

propagating cells in a neoplasm. (D) Clones of tumor-propagating cells

that only divide symmetrically increase the tumor-propagating popula-

tion size exponentially and (E) those that only divide asymmetrically do

not. Because tumor-propagating cells may undergo apoptosis, they

must divide symmetrically in some cases to maintain homeostasis.
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probability for symmetric division, and those cells with the

most favorable trait value are expected to dominate the

population over time. Using this simulation technique, we

encoded the basic formulation of the cancer stem cell

hypothesis and observed the proportion of tumor-propa-

gating cells that resulted.

Materials and Methods

Individual-based model

The full methods are presented in standard format for indi-

vidual-based models (Grimm et al. 2006) in the Supple-

mentary Methods. Both tumor-propagating cells and

transient cells were modeled. Experimentally, cell surface

markers are used to identify subpopulations of tumor-prop-

agating cells [e.g., (Lapidot et al. 1994; Bonnet and Dick

1997; O’Brien et al. 2007; Quintana et al. 2008; Boiko et al.

2010; Roesch et al. 2010; Taussig et al. 2010), reviewed in

(Visvader and Lindeman 2012)]. The precise nature of our

model allows us to know exactly which are the tumor-prop-

agating cells and the transient cells. In this way, we have

removed all complications stemming from uncertainty

associated with identifying tumor-propagating cells within

our model. Each day in the simulation, a cell had the oppor-

tunity to die, divide, or do nothing. Transient cells could

divide symmetrically a parameterized number of times

before undergoing apoptosis or senescence. Except where

noted, transient cells could not dedifferentiate into tumor-

propagating cells. The probability that a tumor-propagating

cell divided symmetrically or asymmetrically was deter-

mined by a mutable cell intrinsic trait that could evolve.

Thus, each cell division in simulations of the model pro-

duced either two tumor-propagating cells in a symmetric

division or one tumor-propagating cell and one transient

cell in an asymmetric division. We recorded the number of

cells that divided symmetrically and asymmetrically within

a generation and used these data in our analyses.

Overview of Simulations

Unless otherwise specified, all simulations were run using

the default parameters specified in Table S2. For each com-

bination of parameters, 50 simulations lasting 10 years

were run. The parameter values in some cases were not

suitable to sustain a cell population, and so the actual num-

ber of simulations that survived 10 years is reported. Con-

trol simulations were run in which no new mutation in the

symmetric division trait was allowed to occur, while other-

wise using the default parameters. Differences in the mean

probability for symmetric division between the control

simulations and across all other parameter values were

quantified using a t-test with a Bonferroni adjusted signifi-

cance threshold (Ewens and Grant 2005).

Results

Tumor-propagating cells are favored by natural selection

if selection acts at the cell level

We focused the parameters of our model on a population

of AML cancer cells containing both tumor-propagating

cells that could have unlimited numbers of divisions and

transient cells that had a limited number of divisions before

they terminally differentiated. We allowed the probability

of symmetric division to mutate at cell division and found

that both the proportion of tumor-propagating cell sym-

metric divisions and the percent of tumor-propagating cells

in the neoplasm increase over time due to somatic evolu-

tion (Fig. 2A,B). In the end, most tumor-propagating cell

divisions were symmetric, and few transient cells remained

(Fig. 2C,D). The mean probability of symmetric division

increased from the initial value of 0.5 to a final value of

0.99894 (mean, n = 49, SEM = 0.00003), and the mean

percent of tumor-propagating cells evolved to 99.60%

(mean, n = 49, SEM = 0.01%). While individual cells may

evolve a probability of symmetric division value of 1, they

are not expected to remain there. New mutations arise that

introduce smaller values. The proportion of tumor-propa-

gating cells did not increase under control experiments in

which the probability for symmetric division could not

evolve (Fig. 2A,B). As expected, increasing the probability

for tumor-propagating cells’ symmetric division was suffi-

cient to increase the percent of tumor-propagating cells in

the neoplasm (Fig. S1A; R = 0.97). These results suggest

that tumor-propagating cells should expand over time to

represent the great majority of the malignant cells.

We obtained similar results when we repeated these

experiments across a variety of parameter values, confirming

the robustness of our model to the number of transient cell

divisions before terminal differentiation, mutation rate,

symmetric division trait variability, and maximum neo-

plasm size (see Supplementary Text, Figs. S1–S3, Table S1).
There was a significant difference between the evolved sym-

metric division levels for all parameter values, except low

mutation rates, to the control case of no evolution (t-test,

P < 10�21 for all significant values, see Table S1 for parame-

ter values tested and their exact P values). While the precise

time it takes for tumor-propagating cells to dominate the

tumor varies due to model parameters, it takes less time

under high mutation rates, high symmetric division rate

variability, large neoplasm size, and fewer transient cell

stages (Table S2). The general case of time to fixation of

mutant alleles has been studied elsewhere (Durrett and

Schmidt 2008; Dingli et al. 2007b Beerenwinkel et al. 2007).

These studies confirm the robustness of our findings in the

biologically reasonable parameter space between neoplasms.

To confirm that tumor-propagating cells with higher

symmetric division rates are favored over tumor-propagat-

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 92–10194
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ing cells with lower symmetric division rates for any size

of tumor, we used an analytical stage-structured popula-

tion model (Lefkovitch 1965; Caswell 2001) that allowed

exponential growth of the neoplasms. We split the tumor-

propagating cells into two separate populations with dif-

ferent symmetric division rates and calculated the asymp-

totic stage distribution (see Supplementary Methods). We

found that the tumor-propagating cell population with

lower symmetric division rates went extinct, which con-

firms the results of our individual-based model. These

results are consistent with previous research (Dingli et al.

2007a) that has shown using exact, stochastic simulations

that mutant clones with higher rates of symmetric self-

renewing cell divisions can expand and take over the

tumor.

Next, we tested to see whether introducing quiescent

stem cells, or tumor-propagating cells that divide inter-

mittently, affected the evolution of high levels of symmet-

ric division in tumor-propagating cells. We varied the

relative quiescence of tumor-propagating cells to transient

cells by varying the probabilities of cell division for tran-

sient and tumor-propagating cells. A relatively quiescent

value of 0.5 for a simulation means that the probability of

tumor-propagating cell division is half that of transient

cells. We still observed the evolution of high tumor-prop-

agating cell symmetric division levels and high propor-

tions of symmetric division (Fig. 3). There was a

significant difference between the evolved symmetric divi-

sion levels for a range of relative quiescent values to the

control case of no evolution (t-test, P < 10�126 for all val-
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Figure. 2 The effects of natural selection on tumor-propagating cells’ proportion of symmetric divisions and the resulting tumor composition. (A) For

a representative evolving population of neoplastic cells (black lines), natural selection increases the population average of tumor-propagating cells’

proportions of symmetric divisions over time from 0.5 to 0.99894 (mean, n = 49, SEM = 0.00003). When a population cannot evolve (gray lines),

the population average of tumor-propagating cells’ proportions of symmetric divisions does not change. (B) The percent of tumor-propagating cells

in a bulk tumor increases over time for these evolving populations (black lines) to 99.89% (mean, n = 49, SEM = 2.60%), while it remains constant

for populations that cannot evolve (gray lines) at 12.42% (mean, n = 49, SEM = 1.28%). The mutation rate is the only parameter that varies

between these two types of simulations (l = 1 9 10�3 for black lines, l = 0 for gray lines); otherwise, default parameter values were used (see Table

S3). Fifty simulations were conducted per condition, although 1 simulated neoplasm per condition died before 10 years. (C) After 10 years of simu-

lated evolution of tumor-propagating cells’ probability of symmetric division, the neoplasm was primarily comprised of tumor-propagating cells. (D)

When symmetric division does not evolve, the neoplasm is comprised primarily of transient cells. Tumor-propagating cells are light yellow, transient

cells are dark orange, and the maximum population size = 5000 cells for visual clarity. The color version is available online.
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ues). Thus, natural selection acting at the cell level contin-

ues to favor high tumor-propagating cell symmetric

division levels, even when tumor-propagating cells are rel-

atively quiescent.

It has been suggested that nonstem cells in cancer may

dedifferentiate into cancer stem cells (Gupta et al. 2009),

which is consistent with recent observations (Roesch et al.

2010; Taussig et al. 2010). Thus, we addressed whether

dedifferentiation changes the outcome of our model by

allowing stochastic dedifferentiation of transient cells to

tumor-propagating cells at cell division. Our model showed

that tumor-propagating cells still dominated the neoplasm,

although the mechanism differed at low and high levels of

dedifferentiation. For infrequent dedifferentiation, high

levels of symmetric division evolved, as before. However,

for frequent dedifferentiation, the probability of symmetric

divisions evolved significantly, but by very small amounts.

Here, the numbers of tumor-propagating cells increased by

transient dedifferentiation rather than by the evolution of

the symmetric division rate (Fig. 3). For both cases, there

was a significant difference between the evolved symmetric

division levels and those of the control case of no evolution

(t-test, P < 10�4 for all parameter values). Thus, even at

higher dedifferentiation levels, most cells are effectively

cancer stem cells (including transient cells, which are likely

to become tumor-propagating cells).

Conditions under which cancer nonstem cells may exist

We showed that, within a neoplasm, natural selection act-

ing at the cell level favors the evolution of mechanisms that

increase the percent of tumor-propagating cells by selecting

for high levels of symmetric division, or through dediffer-

entiation. Our model predicts that 99.60% of cells in neo-

plasms should be tumor-propagating cells, but experiments

on human tumors observed between 0.001% and 25% can-

cer stem cells (Lapidot et al. 1994; O’Brien et al. 2007;

Quintana et al. 2008). A more recent melanoma study

found that up to 41% of cells belong to the tumor-initiat-

ing fraction (Boiko et al. 2010).
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Figure. 3 The effects of natural selection on tumor-propagating cells’ proportion of symmetric divisions and the resulting tumor composition when

tumor-propagating cells are quiescent and dedifferentiation can occur. The relative quiescence of tumor-propagating cells to transient cells resulted in

the evolution of (A) high tumor-propagating cell levels and (B) high tumor-propagating cell symmetric division probabilities [n = (37,45,50) for relative

quiescence = (0.425,0.567,1)]. (C) Under the possibility that transient cells can dedifferentiate at cell division, high levels of tumor-propagating cells are

still found, although (D) tumor-propagating cells’ symmetric division rates are unchanged if transient cells dedifferentiation is common (n = 48 when

dedifferentiation is 0; n = 50 otherwise). Error bars show standard error of the mean, and 50 simulations were initialized per condition.
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We address the mismatch between experimental observa-

tions and the predictions of our evolutionary model on

tumor composition. To do so, we consider four nonexclu-

sive, potential explanations: (i) current assays may underes-

timate tumor-propagating cell numbers, or the cancer stem

cell hypothesis is wrong, (ii) somatic evolution may be

occurring too slowly for tumor-propagating cells to take

over the tumor, (iii) the propensity for symmetric divisions

may not be heritable and is instead conferred by the tumor

microenvironment, or (iv) transient cells may boost the fit-

ness of the tumor-propagating cell lineage that produced

them or their proliferative units.

First, perhaps, the cancer stem cell hypothesis is wrong.

In this case, the assumptions of our model have been vio-

lated; namely there is no differentiation hierarchy within a

tumor, and all cells in a tumor are tumor-propagating cells.

If the cancer stem cell hypothesis is wrong, then current

assays significantly underestimate the tumor-propagating

cell numbers. Most assays implicitly measure both self-

renewal and ability to engraft as a xenotransplant, and so

exclude tumor-propagating cells incapable of engraftment

under these conditions (Kelly et al. 2007). Improved, more

permissive protocols should reveal a higher proportion of

tumor-propagating cells as has been seen in AML (Taussig

et al. 2008). Except possibly in melanoma, the most per-

missive systems are still far from identifying every cell in

within a neoplasm as capable of propagating a tumor. In

breast cancer, Polyak and colleagues have shown the pres-

ence of genetic lesions and clonal expansions in the puta-

tive transient cells, suggesting extensive self-replication

among cells previously thought to be transient cells

(Shipitsin et al. 2007; Park et al. 2010). Comparisons

between the (epi)genetic clonal structure of tumor-propa-

gating cells and transient cells (Park et al. 2010) could

reveal additional deficiencies in the cell surface marker

characterization of tumor-propagating cells and lend

support for this solution.

Second, transient cells might exist in neoplasms because

somatic evolution is not occurring quickly enough for the

symmetric division rate to evolve and allow tumor-propa-

gating cells to dominate the neoplasm. We tested this with

our model, and as expected, we found that the probability

for symmetric division could not evolve under low muta-

tion rates and trait variability (Fig. S2). Under conditions

of low variability, we would expect the probability for sym-

metric division to undergo selection for a longer period of

time before reaching the mutation–selection equilibrium.

Thus, we would expect to find steadily increasing propor-

tions of tumor-propagating cells in serial engraftment stud-

ies until the mutation–selection equilibrium is attained.

The experimental evidence is inconclusive. Some experi-

ments in melanoma did not find increasing numbers of

tumor-propagating cells (Roesch et al. 2010), while others

observed increased engraftment of cells from xenopassaged

samples as compared to cells from surgical samples (Boiko

et al. 2010). Recent lineage-tracking experiments in mice

suggest that the proportion of tumor-propagating cells

increases from the precursor benign papilloma to malig-

nant invasive squamous cell carcinoma (Driessens et al.

2012). Because the epigenetic mutation rate is orders of

magnitude faster than the genetic mutation rate, cancer is

characterized by genomic instability (Hanahan and Wein-

berg 2000), and other phenotypes like therapeutic resis-

tance readily evolve, we find it unlikely that somatic

evolution is too slow for the symmetric division rate to

evolve for most tumor types.

Third, the propensity for symmetric division might have

little or no heritability and so cannot evolve. This is equiva-

lent to the argument that the tumor microenvironment

determines a tumor-propagating cell, which we continue to

define as a cell capable of dividing symmetrically to gener-

ate two tumor-propagating daughter cells. The tumor

microenvironment is obviously important (Bissell and

Radisky 2001). Recent evidence in human lung cancer cells

demonstrates that environmental cues, in the form of cell

density, can affect the frequency of symmetric division

(Pine et al. 2010), although it has also been observed that

genetic mutations can affect the propensity for symmetric

division in Drosophila melanogaster (Caussinus and Gonz-

alez 2005). Stemness likely has both genetic and environ-

mental proximal causes, as the fitness effects of mutations

depend on the environmental context. In support of this

view, it has been shown in mouse models that the propen-

sity for breast cancer cells to divide symmetrically and self-

renew is affected by the mutational state of ErbB2 and p53

and that the relative ratio of symmetric-to-asymmetric

tumor-propagating cell divisions may change over time in

response to the tumor microenvironment (Cicalese et al.

2009). This hybrid determination of symmetric-to-asym-

metric division suggests that even if the propensity to

become a tumor-propagating cell is extrinsically modu-

lated, cells will increase their fitness relative to others in

their microenvironment via cell intrinsic mechanisms when

possible. We tested whether tumor-propagating cells are

still favored in a model in which the microenvironmental

niche confers stemness and the propensity to self-renew has

the opportunity to evolve independently (Supplementary

Methods). To do so, we defined a location in the neoplasm

as the niche, and any cell that occupied it became a tumor-

propagating cell. Upon cell division, both daughter cells of

a tumor-propagating cell located in a niche remained

tumor-propagating cells. A tumor-propagating cell not in

the niche always divided symmetrically; either both daugh-

ters remained tumor-propagating cells and thus self-

renewed, or both daughters differentiated into transient cells.

All cells had independent probabilities for self-renewal that

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 92–101 97
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could evolve, and the probability of self-renewal for tumor-

propagating cells not located in the niche was initialized to

0. Using our model, we found that natural selection contin-

ues to favor tumor-propagating cells by evolving high levels

of tumor-propagating cell self-renewal at cell division

(Fig. 4), although it took about twice as long for tumor-

propagating cells to dominate the tumor as under the stan-

dard model (Table S1). There was a significant difference

between the evolved symmetric division levels for this niche

model compared to the control case of no evolution (t-test,

P = 10�134). Of course, if the proportion of transient cells

that encounter the niche and become tumor-propagating

cells is large, the selective pressure on self-renewal will

drop. Like in the dedifferentiation model, most of the cells

in the tumor would be tumor-propagating cells, including

transient cells that have a high chance of encountering a

niche and becoming a tumor-propagating cell. We can

formally tease apart the contribution of genetics and envi-

ronment to the propensity to divide symmetrically by mea-

suring the broad-sense heritability of the trait, which is

simply the contribution of genetic variability (as opposed

to environmental variability) to the phenotypic variability

using label retention or other techniques to distinguish

between symmetric and asymmetric divisions, and measur-

ing the variation in the proportion of symmetric divisions

between clones. We expect to observe, as we showed in our

model, that tumor-propagating cells are still favored under

the environmental control of stemness.

Finally, perhaps transient cells are maintained because

they contribute to the fitness of nearby (and genetically

identical) tumor-propagating cells, or even to their prolif-

erative units, analogous to the evolution of multicellularity.

As with the transition to multicellularity, cells must

associate nonrandomly and share their resources, and
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Figure. 4 Microenvironment and multi-level selection model extensions. Allowing the microenvironment to determine tumor-propagating cells still

resulted in the evolution of (A) high tumor-propagating cell levels and (B) high tumor-propagating self-renewing cell division probabilities. As a con-

trol for the microenvironment model, we ran simulations in which the probability for tumor-propagating cell self-renewal could not evolve. (C) The

final percent of tumor-propagating cells is smaller when transient cells contribute to the fitness of clonally related tumor-propagating cells than when

they do not, and (D) the final proportion of symmetric divisions does not increase (initial value: 0.05, final value: mean = 0.502, SEM = 0.002). Error

bars show standard error of the mean, and 50 simulations were initialized per condition (n = 50 for all conditions).
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between-unit selection must be greater than within-unit

selection, such that proliferative units behave as reproduc-

tive entities. The crypt structure forms an enclosure pro-

moting the nonrandom association of its members.

Furthermore, crypts may reproduce by fission (McDonald

et al. 2006), and there is competition between crypts (Chao

et al. 2008). This is an intriguing parallel, but the question

of whether competition among proliferative units occurs in

malignant neoplasms, and how those proliferative units

might reproduce, is still open. To test whether positive

feedback from clones to their tumor-propagating cell

ancestors was sufficient to restrain the evolution of high

tumor-propagating cell symmetric division probability and

thus limit the percent of tumor-propagating cells, we

extended our model to include multi-level selection. We

implemented a survival advantage to the tumor-propagat-

ing cells from clonally related transient cells (Supplemen-

tary Methods), although with equal success, we could have

implemented the fitness benefit through a reproductive

advantage. Tumor-propagating cells with more clonally

related transient cells die less frequently than those with

fewer. We found that the fitness benefits provided from

transient cells to their clonally related tumor-propagating

cell were sufficient to maintain initial levels of tumor-prop-

agating cell symmetric division (Fig. 4). The evolved sym-

metric division levels for this feedback model and the

control case of no evolution were statistically indistinguish-

able (t-test, P = 0.2). These results show that multi-level

selection within a neoplasm, implemented here as positive

feedback to tumor-propagating cells from transient cells, is

a viable solution to resolve the discordance between experi-

mental observations and theoretical predictions.

Discussion

In the conventional view, all cells in a neoplasm are capable

of being tumor-propagating cells. In contrast, the cancer

stem cell hypothesis posits that a fraction of cells in a neo-

plasm cannot act as tumor-propagating cells. The differ-

ence between these views is the presence or absence of

transient cells with limited reproductive potential in the

neoplasm. Here, we used an evolutionary modeling

approach to address this controversy.

Previous models have focused on the effects of tissue

design (Komarova 2005), differentiation (Nowak et al.

2003), stem cell numbers in leukemias (Dingli et al.

2007c), the cancer stem cell niche (Sottoriva et al. 2010),

and (a)symmetric stem cell division (Dingli et al. 2007a)

on the rate of evolution. On the other hand, our indi-

vidual-based model focuses on the evolution of tumor-

propagating cells and includes dedifferentiation, relatively

quiescent stem cells, the role of the microenvironment,

and multi-level selection. Also, to our knowledge, a stage-

structured analytical approach has not been applied to neo-

plastic differentiating systems. Using a computational

model that encodes the fundamental ideas of the cancer

stem cell hypothesis—that only a subset of cells in a tumor

can self-renew—we showed that somatic evolution favors

increased numbers of tumor-propagating cells. This result

was robust to the somatic mutation rate, number of

transient cell divisions before terminal differentiation, size

of the neoplasm, and presence of a stem cell niche/micro-

environmental effects. Only under clonal feedback, low

trait variability, and intermediate levels of dedifferentiation,

did we find that the number of tumor-propagating cells in

the population did not increase.

As we have shown, it is not the existence of stem cells that

is difficult to explain, but the continued presence of the

nonstem cells that are evolutionary dead ends unless one or

more of the following explanations are true: the cancer stem

cell hypothesis is wrong or current assays do not correctly

capture the composition of a tumor, somatic evolution is

too slow, a tumor-propagating cell has low heritability and

thus is determined by its microenvironment, or the fitness of

tumor-propagating cells is increased by clonally related tran-

sient cells. It is likely that each tumor type will vary as to the

cause or the mechanism by which it retains transient cells.

We suspect that we will find positive fitness feedback mecha-

nisms from the transient cells to the tumor-propagating cells

in AML either directly or via interactions with accessory or

stromal cells in the bone marrow microenvironment, while

it is possible that tumor-propagating cell detection methods

will continue to improve in melanoma such that most cells

may eventually be identified as tumor-propagating cells as

has been suggested (Quintana et al. 2008).

Resolving this paradox has important clinical implica-

tions. Cancer stem cells are thought to be particularly diffi-

cult to eliminate clinically. The possibility that, in addition

to cell-level selection, other evolutionary processes can

affect the dynamics of cancer progression can have signifi-

cant implications for cancer treatment.
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