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Mutations in oncogenes and tumor suppressor genes confer a fitness advantage to cells
that can lead to cancer. The tumor phenotype normally results from the interaction of
many mutant genes making it difficult to estimate the fitness advantage provided by
any oncogene, except when tumors depend on one oncogene only. We utilize a model of
chronic myeloid leukemia (CML), to quantitate the fitness advantage conferred by expres-
sion of BCR–ABL in hematopoietic cells from in vivo patient data. We show that BCR–ABL
expression provides a high fitness advantage, which explains why this single mutation
drives the chronic phase of CML.

� 2010 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Cancer development is due to the serial accumulation of
mutations in oncogenes and tumor suppressor genes [1,2].
These mutations often enable cells to replicate autono-
mously, become less dependent on external growth control
stimuli, or fail to undergo apoptosis [1]. Cancer is a process
of somatic evolution, where oncogenic mutations provide a
fitness advantage to a cell population, enabling clonal
expansion [3–5]. Experimental quantification of the actual
fitness advantage conferred by such mutations is difficult
for several reasons. Often mutations in several genes are
necessary to establish the cancer phenotype making it dif-
ficult to infer the impact of each mutation on reproductive
fitness [2,6]. Moreover, it is difficult to reproduce the
in vivo microenvironment that defines the fitness of mu-
tant versus normal cells. In this regard, chronic myeloid
leukemia (CML) provides a paradigmatic example, because
it requires a single mutation to develop.
and Ltd. All rights reserved.
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Various studies suggest that chronic phase CML can be
explained by the expression of BCR–ABL in hematopoietic
cells [7,8], enhancing their self-renewal capacity [9–11].
Recently, we have developed a model of CML which pro-
vides a unified view of disease development, response to
imatinib therapy and relapse [12]. Using this model, we
were able to quantitate the enhanced self-renewal of
CML progenitor cells. In the following, we extend this mod-
el to derive a relationship between a change in the self-re-
newal probability of CML cells and reproductive fitness,
enabling us to determine the fitness advantage provided
by the BCR–ABL oncogene to cells. We illustrate how imati-
nib therapy reverses the fitness advantage conferred by
BCR–ABL, explaining the response to therapy.

2. Materials and methods

2.1. In vivo dynamics and parameter estimation

Hematopoiesis can be described as a hierarchical multi-
compartmental process where Nk cells in a given compart-
ment k replicate at a rate rk (for details, cf. Ref. [13] and
Fig. 1). With probability e, both daughter cells produced
ss advantage of BCR–ABL expressing leukemia cells, Cancer Lett.
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Fig. 1. A hierarchical, multicompartment model of hematopoiesis under normal conditions and in CML. Except of at the stem cell level, when a cell divides,
with probability e0, the daughter cells differentiate and migrate to the next downstream compartment but with probability 1 � e0, the cell undergoes self-
renewal and both cells remain in the same compartment. Cells lost from one compartment due to differentiation are replaced by cells from the next
upstream compartment. The stem cells divide asymmetrically to maintain all downstream compartments functional. The appearance of the CML stem cell
starts the process leading to disease. CML cells downstream of the stem cell pool have a higher probability of self-renewal: eCML < e enabling them to
dominate hematopoiesis. Therapy with imatinib only affects a fraction of CML cells and alters their self-renewal capability: eCML < e0 < eIMAT.
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via mitosis differentiate and migrate to the next down-
stream compartment k + 1. With probability 1 � e, the cell
self-renews and both daughter cells remain in compart-
ment k. Loss of cells from compartment k (differentiation)
is compensated by influx of cells from compartment k � 1,
so that all compartments are coupled. Normal hematopoi-
esis corresponds to steady state conditions. Using quanti-
tative data on granulopoiesis that combines morphology
and isotope labeling of cells [14–16], we estimated that
e0 = 0.85 across all compartments downstream of hemato-
poietic stem cells (Fig. 1) [13]. In the absence of experi-
mental data to the contrary, the model considers that cell
behavior across hematopoiesis is constant. Despite this
assumption, the model is able to accurately predict clone
size and lifetime of PIG-A mutant populations in healthy
subjects as determined by an independent group of inves-
tigators [17]. The model also predicts the number of divi-
sions that link hematopoietic stem cells with circulating
blood cells [18,19] suggesting that the model assumptions
and parameters obtained for normal hematopoiesis are
reliable. Although the model does not explicitly consider
the possibility of asymmetric division at the level of the
individual cell, it accommodates this feature at a popula-
tion level (since this in essence, is a cell population phe-
nomenon [20,21]). A detailed analysis of the impact of
asymmetric cell division on mutant clone dynamics has
been reported elsewhere [22].

In CML, hematopoiesis is disturbed because expression
of BCR–ABL enhances self-renewal of the mutated progeni-
tor cells [9–11]. The result is bone marrow expansion [23]
and increased hematopoietic output [24]. Therefore, BCR–
ABL expression alters the self-renewal potential e of CML
cells, while imatinib therapy alters the self-renewal poten-
tial of a fraction of the tumor population that are under
therapy [10,25]. Importantly, BCR–ABL expression does
not affect the self-renewal properties of the leukemic stem
cell [26], a fact that has considerable implications for dis-
ease biology and its therapy [27]. Similarly, in our model,
Please cite this article in press as: A. Traulsen et al., Reproductive fitn
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BCR–ABL has no impact on the reproductive behavior of
terminally differentiated cells since these cells do not
reproduce and are insensitive to the effect of imatinib. In
order to determine the value of these parameters (eCML

and eIMAT), we performed a non-linear least squares fit of
our mathematical model to data from an international clin-
ical trial where tumor burden was estimated serially by
quantitative reverse transcriptase polymerase chain reac-
tion for BCR–ABL before and during therapy with imatinib
as reported previously [28,29] (Fig. 2). We have fitted the
dynamics of the response to imatinib therapy to data re-
ported by Roeder et al. [29] where patients were treated
for up to 6 years. Data fitting requires the imposition of
certain conditions including: (i) CML starts from one leuke-
mic stem cell (also in Ref. [29]), (ii) the time from the
appearance of the first leukemic stem cell to diagnosis is
in the range of 5–6 years [30], (iii) diagnosis is associated
with an increased hematopoietic output (approximately
3-fold increase compared to normal) [24]. To estimate
the error of eCML, we determined the values of eCML that al-
ter the time to diagnosis by 25% in either direction. Subse-
quently, these values were used to determine eIMAT via a
least squares optimization fit, to see how robust the best
fit to the extended therapy data reported in Roeder et al.
[29] is when eCML is altered.
2.2. BCR–ABL expression and reproductive fitness

Given that the main phenotypic effect of BCR–ABL
expression is to enhance the self-renewal of CML progeni-
tor cells [10,25], in order to infer the fitness advantage of
such an oncogene, we need to translate self-renewal into
reproductive success. We start by considering a specific
compartment k downstream of the stem cell pool (i.e. com-
partments housing progenitor or more differentiated cells)
composed of i CML and Nk � i normal cells. Over short time
intervals, the total number of cells remains constant. The
ess advantage of BCR–ABL expressing leukemia cells, Cancer Lett.
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Fig. 2. Dynamics of CML under imatinib therapy. The values for eCML and eIMAT were determined using known constraints on CML dynamics, including the
time to diagnosis from the appearance of the first leukemic stem cell and the observed responses to imatinib therapy (see Section 2 for details). For each
solid line 2 numerical values are provided: the first corresponds to the value used for eCML whereas the second corresponds to eIMAT: variation in eCML was
derived letting the Time To Diagnosis (TTD in legend, in years) vary by 25% with respect to the TTD corresponding to the best fit to the data. Subsequently,
and for fixed values of eCML, eIMAT was determined by optimizing the least squares fit to the data.
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probability that the number of CML cells increases due to
self-renewal [31] during this time interval is given by

TþCMLðiÞ ¼ ð1� eCMLÞ
i

Nk
: ð1Þ

whereas the probability that their number decreases due
to differentiation is

T�CMLðiÞ ¼ eCML
i

Nk
: ð2Þ

The corresponding probabilities for normal cells in the
same compartment are

Tþ0 ðiÞ ¼ ð1� e0Þ
Nk � i

Nk
; and T�0 ðiÞ ¼ e0

Nk � i
Nk

:

The ratio q of self-renewal to differentiation probability
becomes independent of Nk and i:

qCML ¼
TþCMLðiÞ
T�CMLðiÞ

¼ 1� eCML

eCML
while q0 ¼

1� e0

e0
:

The quantity q provides a measure of fitness and since self-
renewal is less likely than differentiation (e0 > 0.5) [13] we
have q0 < 1. This is caused by the hierarchical population
structure: in a standard Moran model of evolutionary
dynamics, the baseline value for q would be 1. Self-renew-
al of cells implies that they are retained within a compart-
ment for some average number of cell divisions n until the
cell differentiates and leaves that compartment. The prob-
ability that a cell undergoes t cell divisions in a compart-
ment is given by (1 � e)t�1e1. Thus, n is given by
Please cite this article in press as: A. Traulsen et al., Reproductive fitne
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n ¼
X1

t¼1

ð1� eÞt�1e � t ¼ 1
e
: ð3Þ

The average number of offspring a particular cell leaves in
a compartment before it differentiates is given by n � 1
(because all cell divisions except the last one produce off-
spring in a compartment).

Let us define relative reproductive fitness of a cell with
differentiation probability ej (j standing for normal, CML or
IMAT cells) as

fj ¼
qj

q0
¼ 1� ej

1� e0

e0

ej
: ð4Þ

Cells with ej > e0 will have a relative fitness fj > 1, while
ej < e0 gives fj < 1. Note that n � 1 = q, such that we recover
the same reproductive fitness measure fj as above from
considering the relative number of offspring in a given
compartment. This is compatible with prior work showing
that enhanced self-renewal provides a fitness advantage to
a cell [22].
3. Results

3.1. Model parameters

The condition e > 0.5 implies that the number of cells increases expo-
nentially with the degree of differentiation [13] compatible with the gen-
erally accepted view of hematopoietic cell dynamics [32–34]. Taking into
consideration the constraints described in the Section 2, we fitted the
mathematical model to experimental data from Roeder et al. [29]. For
an average time to diagnosis of 5.88 years ± 25% (i.e. a time to diagnosis
of 4.4–7.4 years), we determined that eCML = 0.72 (range 0.7025–0.7285)
(Fig. 2). Under the same conditions, we estimate that for CML cells
ss advantage of BCR–ABL expressing leukemia cells, Cancer Lett.
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responding to therapy with imatinib, eIMAT = 0.89–0.90, that is, we obtain
variability values of 3% and 2% in eCML and eIMAT, respectively. This illus-
trates the robustness of our approach.

3.2. BCR–ABL oncogene fitness

Using the above parameter estimates, from Eq. (4), we determined
that BCR–ABL expression gives CML cells a relative fitness advantage
fCML � 2.2 (2.11–2.4). Note that an error in e0 would be reflected as an er-
ror in fitness as Df

f ¼ 1
1�e0

De0
e0

. For example, an error of 2% in e0 would
change fitness by 13%. These values for fCML are considered very large fit-
ness advantages in evolutionary biology. Fig. 3 provides a graphic repre-
sentation of the fitness ratio as a function of differentiation probability.
For imatinib-treated CML cells, Eq. (4) gives fIMAT � 0.70 (0.63–0.70), a sig-
nificant fitness disadvantage compared to normal hematopoietic cells
(Fig. 3). The benefit of this approach is that fitness does not have to be
measured directly, being instead determined by the differentiation prob-
ability inferred from disease dynamics.

Using Eq. (3) we can estimate the average number of cell divisions for
CML or normal cells in a given hematopoietic compartment. The en-
hanced self-renewal of CML cells (eCML < e0) means that they will be re-
tained longer in a given compartment and grow to constitute higher
fractions of cells in that and downstream compartments [35]. Conse-
quently, higher fitness does not necessarily mean that disease dynamics
is faster [22]. Indeed, it is possible that the disease can take longer to
be clinically detectable when fitness is higher, but the clone will be more
robust and persistent.
4. Discussion

The development of cancer is perhaps an unavoidable
consequence of multicellularity. Health requires that all
specialized cells obey rules that regulate their growth [1].
However, mutations are inevitable, giving rise to selective
pressure [3–5]. Often mutations are deleterious and the
cell dies but some mutations give the cell a fitness advan-
tage and the mutant expands into a clone that can lead to a
tumor. Viewed in this way, cancer is an evolutionary pro-
cess that occurs within an organism. Fundamental to this
view is the concept of reproductive fitness, a measure of
the advantage that a mutation confers to a cell given the
Fig. 3. Relative reproductive fitness due to BCR–ABL expression in cells. We e
probability using the estimates of eCML, e0 and eIMAT. Imatinib reduces the fitne
enabling normal hematopoietic cells to dominate hematopoiesis.
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environment. Although some mutations may not directly
alter the rate of cellular reproduction, indirectly, the rele-
vant mutations may improve the cell’s reproductive poten-
tial for example by enabling the cell to survive for longer
(anti-apoptotic mutation) or be less dependent on external
growth factors (e.g. JAK2 V617F in hematopoietic cells) [1].

Here, we provided an estimate for the fitness advantage
conferred to a cell by an oncogene. This is possible because
CML dynamics are well understood due to the presence of
a quantifiable molecular marker and the availability of tar-
geted therapy [36]. As a result, one can mathematically
model disease dynamics and infer the relative fitness
advantage provided by a single oncogene from in vivo data
[12]. From our analysis, BCR–ABL provides a very strong fit-
ness advantage to hematopoietic progenitor cells
(fCML � 2.2 compared to f0 � 1). This explains why a single
defect can drive clonal expansion in chronic phase CML
[7–11]. It is tempting to infer that the fitness advantage
provided by many oncogenes and tumor suppressor genes
is relatively small, hence the cancer phenotype requires
several mutations [2,6]. Perhaps distributing cellular con-
trol across many genes that individually make only a small
contribution to the cell’s fitness, constitutes a successful
evolutionary strategy towards reducing the risk of cancer.

The current analysis can only provide an ‘average’ esti-
mate of the fitness advantage provided by BCR–ABL expres-
sion in hematopoietic cells. Although the model can
accommodate a differential effect of BCR–ABL expression
on various subpopulations within hematopoiesis, in the
absence of reliable data that clearly determines the impact
of this oncogene on specific cells, it is difficult to try and
perform such an analysis. However, it is important for
the reader to realize, that in our model, we do take into
consideration the fact that BCR–ABL expression does not al-
ter the dynamic properties (self-renewal) of the leukemic
stem cells that reside within the first compartment of our
model [26,27]. Therefore, the model is compatible with
stimated the relative fitness of CML cells as a function of self-renewal
ss of CML cells to below normal levels, reducing the tumor burden and

ess advantage of BCR–ABL expressing leukemia cells, Cancer Lett.
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the current view that CML is a stem cell derived disease but
driven by the expansion of progenitor cells such as CFU-
GEMM and CFU-GM that reside downstream of the HSC
[37]. The lack of a phenotypic effect of BCR–ABL on the leu-
kemic stem cell pool has important implications that have
been discussed elsewhere [27]. Moreover, in the current
model, BCR–ABL provides no fitness advantage to termi-
nally differentiated cells and imatinib has no impact on
the dynamics of these cells either. Not all patients with
chronic phase CML have the same dynamics of response
to imatinib [28,29]. This variability has many possible
explanations including (i) the intrinsic stochastic dynamics
of hematopoietic cell division [20,21], (ii) the probabilistic
and reversible inhibition of BCR–ABL function by imatinib
[25], (iii) variability in intravascular a1-acid glycoprotein
concentration that can trap imatinib in the circulation
negating it access to the tumor cell population [38], and
(iv) concomitant genetic and epigenetic changes in CML
cells that could alter their behavior in unknown ways.
These aspects are not taken into consideration by our cur-
rent model and most probably, the fitness advantage con-
ferred by BCR–ABL will be slightly different across patients.
Therefore we purposefully do not consider the inter-pa-
tient variability in the response to imatinib therapy.

The current analysis illustrates that the definition of a
fitness measure in hierarchical structured cell populations
is subtler than in unstructured populations. Moreover, it
shows that reproductive fitness does not necessarily mean
that mutant cells divide at faster rates compared to normal
cells within the same tissue. It is important to understand
how therapy alters the fitness of mutant cells relative to
normal ones. We find that imatinib gives CML cells a signif-
icant fitness disadvantage compared to normal cells, en-
abling the latter to regain control of hematopoiesis. To
our knowledge, imatinib is the first drug that selectively re-
duces the fitness of cancer cells, leading to excellent dis-
ease control. Novel cancer therapeutics should be
designed with this in mind – a reduction of the relative
reproductive fitness of tumor cells is perhaps more impor-
tant than actual killing of the malignant clone. In summary,
we provide an estimate for the fitness advantage associ-
ated with a prototypic oncogene. Our approach illustrates
the importance of applying evolutionary concepts to
understand cancer biology and its therapy.
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