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ABSTRACT
Cancer, the unregulated proliferation of cells, can occur at any age and may arise from almost
all cell types. However, the incidence and types of cancer differ with age. Some cancers are predominantly observed in children, others are mostly restricted to older ages. Treatment strategies
of some cancers are very successful and cure is common in childhood, while treatment of the
same cancer type is much more challenging in adults. Here, we develop a stochastic model of
stem cell proliferation that considers both tissue development and homeostasis and discuss the
disturbance of such a system by mutations. Due to changes in population size, mutant ﬁtness
becomes context dependent and consequently the effects of mutations on the stem cell population can vary with age. We discuss different mutant phenotypes and show the age dependency
of their expected abundances. Most importantly, ﬁtness of particular mutations can change
with age and advantageous mutations can become deleterious or vice versa. This perspective
can explain unique properties of childhood disorders, for example, the frequently observed phenomenon of a self-limiting leukemia in newborns with trisomy 21, but also explains other puzzling observations such as the increased risk of leukemia in patients with bone marrow failure
or chemotherapy induced myelodysplasia. STEM CELLS 2016;34:543–550

SIGNIFICANCE STATEMENT
We use a mathematical model to show that the stage of development of a person from a newborn until they reach adult life has a major impact on the behavior of mutations within stem
cells that can lead to cancer. We show how at different stages, various mutational patterns can
provide a fitness advantage or even disadvantage depending on their context. We illustrate this
with specific examples from acute leukemia in children and adults.
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INTRODUCTION
Cancer is the result of complex interactions
between multiple (epi)genetic mutations that
enable cells to escape from the regulatory
mechanisms that normally enforce cell cycle
control [1]. Although tissues have evolved an
architecture that suppresses the accumulation
of multiple mutations, their accumulation is
eventually an unavoidable consequence of cell
replication which is necessary to maintain tissue homeostasis (due to the limited lifespan
of most cells) and repair from injury [2]. Consequently, the risk of cancer increases with
age [3]. The actual number of cancer initiating
mutations varies between tissues from a few
in most types of leukemia to perhaps up to 20
or 30 in some solid tumors [4]. The screening
of tumors for the presence of “driver” oncogenes in a clinical setup is becoming increasingly feasible and in some cases treatment
strategies can be personalized based on this
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approach [5]. However, individualized identiﬁcation of driver mutations remains a challenging issue, in part due to the substantial
genetic diversity in tumors found between and
within patients [6, 7]. Most mutational hits are
phenotypically silent and perhaps disturb very
little if at all normal tissue homeostasis [8, 9].
Such mutations can lead to clonal expansion
or they can lead to lineage extinction and thus
increase or decrease the risk of additional
mutations [10, 11].
Usually, cancer development is described
on the background of healthy tissue homeostasis with continuous cell turnover under a
steady state, for example, an approximately
constant number of active tissue speciﬁc stem
cells [12–14]. Although this may be reasonable
in adults, it likely neglects important aspects
of tissue homeostasis during childhood and
adolescence, when tissues are growing and
require different rates of cell replenishment at
C AlphaMed Press 2015
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Figure 1. Incidence and death rates of leukemia with age. (Left): Incidence of acute lymphocytic leukemia (ALL, black dots) and chronic
lymphocytic leukemia (CLL, black triangle). ALL usually is driven by a hyper-proliferating clone and often requires immediate treatment
at diagnosis. CLL develops slower and often presents with a high clonal load in the bone marrow. Such chronic leukemias occur in older
persons, while ALL is frequent in children, very rare in middle-aged adults and increases in incidence in older persons (<65). (Right):
Death rate per leukemia incidence (pooled data of acute and chronic lymphocyte as well as acute and chronic myeloid leukemia). The
risk of death for children with a diagnosis of leukemia is comparably low (7.5% at age 1-4 years), plateaus in middle-aged adults (35%
between 20 and 55) and increases signiﬁcantly in older persons (<55). The data was taken from [21].

different ages to accommodate this natural phenomenon.
Allometric scaling arguments suggest that there should be different stem cell pool sizes as a function of age, but also
between species [12, 15]. Age, also leaves its mark by being
associated with differences in stem cell proliferation—a phenomenon that is observed both in mice [16] and in humans,
for example, by accelerated telomere shortening in hematopoietic cells during childhood through adolescence as a consequence of stem cell pool expansion [17, 18].
An expansion of the stem cell population immediately has
implications for the impact of oncogenic mutations. Selection
pressure and mutant cell ﬁtness would be expected to vary at
different developmental stages within a tissue, since the impact
of stochastic effects would depend on the size of the population, being more pronounced in unregulated populations of
smaller size. The effect of a mutation naturally becomes context dependent in such a population of changing size. This also
implies that there may be differences not only on the risk of
the development but also on the progression of speciﬁc cancers at different developmental stages. Indeed, incidence curves
of some cancers, for example, acute lymphoblastic leukemia
(ALL) in children, do not follow the trend that multistage
theory would predict [19]. Furthermore, treatment outcome for
some cancers are superior in children compared with adults
and actual cure is frequent (up to 90% probability of cure in
ALL in children), however, this is also critically dependent on
the age at diagnosis [20] (Fig. 1). Finally, some childhood disorders present with unique properties with the most striking
example being transient leukemia or transient myeloproliferative neoplasm (TL), a disorder that may be present in up to
30% of children born with trisomy 21.
In most cases, TL resolves without speciﬁc therapy, but in
a few cases, it progresses into acute megakaryoblastic leukemia (AMKL), sometimes years after the myeloproliferative
clone had become undetectable.
In the following, we propose a minimal model of a
stochastic system of cell dynamics under physiologic conditions (homeostasis) that takes into account the role of expanC AlphaMed Press 2015
V

sion of the stem cell pool during childhood and adolescence,
until a state of quasi-constant population size is reached in
adult life. We then discuss the dynamics of various types of
mutants with different phenotypes and show how the same
mutation can affect tissue homeostasis differently depending
on the stage of development (or growth). This framework
offers potential explanations for numerous clinical observations including the phenomenon of transient leukemia in newborns with trisomy 21. The model also suggests that there
may be surprising similarities between some childhood disorders and bone marrow failure conditions in adults.

MATERIALS

AND

METHODS

We propose a minimal model of stochastic stem cell dynamics
that combines an expansion phase of the stem cell pool during development and a quasi-constant stem cell population in
adulthood. We discuss basic properties of healthy homeostasis
and investigate the disturbance of such a system by mutants.
The dynamics of stem cells in a tissue is fully described by
three different types of stem cell divisions: (a) symmetric selfrenewal (resulting in two stem cells), (b) asymmetric selfrenewal (resulting in a stem cell and a progenitor cell), (c)
symmetric differentiation (resulting in two progenitor cells)
(Fig. 2). In our model, at any given time, we pick a stem cell
at random to proliferate. This stem cell undergoes one of the
three possible patterns of divisions (1)–(3) with probabilities
pr (symmetric self renewal), pa (asymmetric self renewal), and
pd (symmetric differentiation), respectively. As the outcome of
a stem cell proliferation is random with respect to these probabilities, the number of stem cells can change.
The stem cell population size remains approximately constant, if pr 5 pd, increases if pr > pd and decreases if pr < pd.
For an expanding stem cell population that transitions into a
state of quasi constant population size (adult life), the ranking
of these probabilities must vary with the number of stem
cells: for example, stem cells have an increased probability of
symmetric self-renewal when the stem cell population is small
STEM CELLS
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Figure 2. Schematic representation of stem cell division patterns and corresponding probabilities. Stem cell proliferation results in two
additional stem cells with probability pr (symmetric self renewal), one stem cell and one progenitor cell with probability pa (asymmetric self
renewal), or differentiates into two progenitor cells with probability pd (symmetric differentiation). We implement a feedback of the stem
cell population size N on these probabilities to allow an initial growth of the stem cell pool towards an equilibrium that is reached when
pr5pd, see also Fig. 3. If q50 (nop
asymmetric
divisions), the population ﬂuctuates around N*. More general, for any value of q, the equilibﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rium stem cell population size is d 12qðN 21Þ11. As our parameterization implies pd50 for N51, the extinction probability of the undisturbed stem cell population is 0.

and growth is necessary. We can implement this in our stochastic model by a feedback from the stem cell population size N on
the probability of symmetric self-renewal pr to ensure a surplus
of symmetric self-renewals compared with symmetric differentiations for small populations and vice versa for large
populations. It seems quite likely that during cycles of
chemotherapy, such changes in the stem cell pool population size also occur with therapy induced cell death followed
by recovery due to an increase in symmetric self-renewal
(see below). We adapt the framework of enzyme-kinetics
and closely follow the idea of Michaelis-Menten kinetics
[22] which is often used in similar context to introduce feedback and regulation on physiologic processes since many
processes in physiology are regulated by negative feedback.
Therefore, we assume for the three probabilities

pr ðNÞ5
pa ðNÞ5

12q
11ððN21Þ=ðN  21ÞÞd
q
11ððN21Þ=ðN  21ÞÞd

pd ðNÞ512pr ðNÞ2pa ðNÞ

(1)
(2)

Model Parameterization
This model can be applied to tissues in the body that are
characterized by a hierarchy of cells that undergo turnover
and are maintained by a stem cell population. However, to
illustrate important aspects of the model and to compare
those to clinical observations, we parameterize the model to
the hematopoietic system. Exact information about many
properties of human hematopoietic stem cells including the

(3)

Here, N is the actual size of the stem cell pool and
N* represents the equilibrium stem cell population size for
q50, whereas the general case is given by the solution of
pr5pd. The parameter d represents the strength of the feedback signal on stem cell replication. If d! 0, the probability
of self-renewal and the probability of differentiation are
independent of N and the population size follows a neutral
random walk (stem cell divisions are completely random). If
d! 1 these probabilities become step functions, where
p51 if N < N* and pr 5 0 if N>N*. In this limit, the population size would always be either N*–1, N*, or N*11 at equilibrium (stem cell divisions are deterministic). Thus, a small d
implies a broad stem cell population size distribution around
N*, whereas a large d leads to narrow distributions. We
expect an intermediate value of d in realistic scenarios. As
we have pd50 for N51 and any d>0, the extinction probability of the undisturbed stem cell population is zero in the
presence of feedback. In other words, our implementation
avoids the extinction of a healthy undisturbed stem cell population by chance.
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In addition, we introduce a probability q to account for
the occurrence of asymmetric stem cell divisions. Asymmetric
divisions do not change the size of the stem cell population.
Thus, a perfectly asymmetrically dividing stem cell population
would maintain its size and cannot be invaded by a mutant
that is also restricted to asymmetric division. However, development and growth require the capacity of symmetric stem
cell self-renewal. Asymmetric divisions allow us to scale time
and adjust the required expansion of the stem cell pool
accordingly, while at the same time ensuring continued output of differentiated cells.

Figure 3. Stem cell pool expansion during adolescence. (Main
panel): Average stem cell pool expansion with age (line), corresponding standard deviation (dashed lines) and estimates of the stem cell
pool based on allometric scaling (dots) [15]. The parameters of the
underlying stochastic process are rw51y21, q50.95, N*5525 and
d510. This resembles predominantly asymmetric stem cell divisions
and a stem cell pool expansion due to rare symmetric self-renewal.
Symmetric stem cell differentiation only becomes frequent in the
equilibrium phase. (Inner panel): Probability distribution of stem cell
number at the equilibrium of the model.
C AlphaMed Press 2015
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Figure 4. Context dependent mutant ﬁtness. Probability for neutral mutants (black line), mutants with increased proliferation
rate r!1.5 (blue lines), and mutants with higher carrying capacity
N!500 (red lines) to constitute at least 50% of the population,
starting from 50% mutants at time 0. The probability is recorded
either during the growing phase (solid lines), or in equilibrium
phase (dashed lines). Mutations that increase proliferation are
advantageous in the growth phase, but disadvantageous in equilibrium. In contrast, mutations that increase the carrying capacity
are neutral during growth, but advantageous in equilibrium.

number of active hematopoietic stem cells as well as the ratio
of symmetric and asymmetric proliferations are not known
precisely. However, different experimental as well as in vivo
observations suggest a proliferation rate of approximately one
division per stem cell per year [23]. Furthermore, allometric
scaling between species suggests about 400 active hematopoietic stem cells in humans contribute to hematopoiesis and
this population size is approximately reached at the age of 18
years [12, 15]. This last observation is also supported by patterns of accelerated nonlinear telomere shortening in hematopoietic cells during childhood and adolescence that transitions
into a linear decrease in adults [18]. This pattern can be
explained by the predominance of an asymmetrically dividing
stem cell population that increases linearly in time due to
occasional symmetric self-renewal of some cells [17]. We
applied these constrains to our model and ﬁtted it to the
growth dynamics inferred via allometric scaling arguments
from reticulocyte counts [12]. This leads to the parameter
combination q50.95, d510, and, N*5525, which accurately
reproduces the observations (Fig. 3). However, the following
observations and conclusions only require the general property of an initially expanding stem cell pool with a transition
into a phase of quasi-constant population size and are independent of the exact parameterization.

Fundamental Differences Between Childhood and Adult Cancer

exact time at which it occurred. A neutral mutation that
appears early in development has a low extinction probability
and can reach high abundance despite no ﬁtness advantage.
The same mutation has a much higher extinction probability
and is unlikely to grow enough to compose a signiﬁcant fraction of the population during the equilibrium phase, when
the cell population size has reached the maximum expected
for an adult (e.g., PIG-A mutant cells leading to the phenotype of paroxysmal nocturnal hemoglobinuria) [2, 24–26] (Fig.
4). Thus the expansion phase is not only important for development, but also inﬂuences the standing clonal diversity in
adulthood signiﬁcantly and sets the stage for potential subsequent mutations (Fig. 5). We also note that these observations also provide an explanation for (a) the high frequency of
PIG-A mutant cells in patients with hypoplastic/aplastic anemia and hypoplastic myelodysplastic syndromes [26–28] and
(b) a mechanism for the perhaps paradoxically increased risk
of acute leukemia in patients with aplastic anemia [29].

Context Dependent Mutant Fitness
The fate of a neutral mutation depends on the composition
(size) of the stem cell population (Fig. 4). The same holds for
non-neutral mutations. Depending on the exact phenotypic
change, a mutation might be advantageous at one developmental stage and neutral or even disadvantageous during
another stage of development. Our model captures three
important changes in cell behavior. These are either changes
in cell proliferation rate (corresponding to a change in r),
feedback strength (corresponding to a change in d), or proliferation patterns, for example, the ratio of symmetric and
asymmetric cell divisions (corresponding to changes in N* or
q). Changes in proliferation rate r or designated stem cell
pool size N* have contrary effects. A mutation that increases
the rate of proliferation has a ﬁtness advantage early in life
and is neutral during equilibrium (adulthood). During the
stage when the stem cell pool is expanding, the probability of

RESULTS
Neutral Mutations
The phenotype of a cell is deﬁned by its proliferation parameters, in our model the proliferation rate rw, the probability of
asymmetric cell divisions qw and the feedback strength dw. In
the following the subscript w refers to wild type cells while m
refers to mutant cells. A neutral mutation, however, is phenotypically silent and by deﬁnition, the proliferation parameters
remain unchanged. If cell proliferation is regulated by feedback mechanisms, the fate of a mutation depends on the
composition (size) of the stem cell pool and therefore the
C AlphaMed Press 2015
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Figure 5. Stem cell pool composition in homeostasis. The probability of either a neutral mutant (grey) or a mutant with increased
proliferation rate rm51.5 (blue) to constitute a certain frequency
of the stem cell pool in homeostasis, if the mutant occurred early
(initial frequency of 0.5, dots), at an intermediate (initial frequency 0.2, triangles), or late (initial frequency 0.005, squares)
during the expansion of the stem cell pool. An early neutral
mutation (black dots) undergoes a random walk and consequently
constitutes any fraction of the stem cell pool with the same probability. An increased proliferation rate is a signiﬁcant ﬁtness
advantage early (dark blue dots), but vanishes for mutants in late
stages of development (light blue squares).
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Figure 6. Expected fraction of mutants with different phenotypes in homeostasis. Left: The probability of a neutral mutation (black
dots) or a mutation with increased proliferation rate rm!2 (blue dots) to constitute a certain fraction of the stem cell pool in homeostasis, if mutants randomly occur at any time during adolescence. Right: Here the mutation increases the carrying capacity N!725
(effectively the transition probabilities are skewed to symmetric self renewal in homeostasis). The relative contribution of such a mutation to the stem cell composition depends on a person’s age. The distribution follows a neutral mutation early in homeostasis (20 years,
red traingels), becomes more frequent in intermediate ages (40 years, grey dots) and is likely to constitute a considerable fraction of
the stem cell pool late in homeostasis (60 years, yellow squares). At different ages, mutants with different phenotypic properties are
expected, potentially explaining differences in treatment outcome at young and old ages.

symmetric self-renewal is increased and thus a higher proliferation rate also increases the probability for that mutant clone
to expand. An example of this scenario is ALL in early childhood that is characterized by rearrangement of the mixed lineage leukemia (MLL) gene. This mutation may be enough to
drive this highly malignant disease that arises in utero and
likely increases the rate of proliferation of mutant cells so
that they take over hematopoiesis and leading to the highly
lethal phenotype characteristic of this disease [30–32]. This
advantage is lost in the case of a constant population (during
homeostasis), as the probability of symmetric self-renewal
and symmetric differentiation is equal. In such a case, the
reproductive capacity of a cell with higher proliferation rate
equals the reproductive rate of a healthy wild type stem cell
[2]. Only cell turnover rates differ, and increased cell proliferation implies faster clonal extinction.
The effect is reversed for a mutation that increases the
carrying capacity N*. Such a mutation would appear neutral
during the phase of stem cell pool expansion but gains a ﬁtness advantage in homeostasis (Figs. 5, 6). Thus, the relative
frequencies of such mutations (which alter the sensitivity of
the cells to feedback regulation) are expected to increase
with age and consequently are expected to play a more
prominent role in older compared with younger individuals.
This also suggests that we expect different phenotypic properties of cancers during life. A mutation that occurs once the
HSC pool has reached its standing size in adults only expands
to a signiﬁcant fraction, if it is associated with an increased
stem cell self-renewal potential. However, such a mutation
might require many years to expand and reach a considerable
fraction. One therefore expect cancers in adults to be more
complex compared with childhood cancers, not only because
stem cells had more time and cell divisions to accumulate
mutations but also because the different milieus require more
complex phenotypic changes for mutations to lead to the full
tumor (e.g., leukemia) phenotype. Recent studies in childhood
ALL support our hypothesis since MLL driven leukemia
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appears to have a considerably smaller number of mutations
compared with adult onset acute leukemia [32, 33]. The most
common mutation in pediatric ALL is TEL-AML1 that also
arises in utero [34, 35]. However, studies show that this mutation is not enough to lead to the full malignant phenotype
and additional mutagenic events leading to subsequent acute
leukemia are required [36]. Our modeling suggests that neutral or near neutral mutations can expand to reach a substantial fraction of the HSC pool if they occur early during
development. However, since additional mutations are needed
for TEL-AML1 to lead to disease, this explains why most children who at birth carry this mutation do not go on to
develop ALL.

Transient Amplifying Leukemia
So far we only investigated changes in single traits, for example, the proliferation rate or the carrying capacity of a stem
cell population. Of course, phenotypic changes in mutant cells
can be more complex and potentially multiple cell properties
can be inﬂuenced by one or a combination of several mutations simultaneously. As an illustrating example, we discuss
the unique properties of transient amplifying leukemia, in particular how certain dynamic properties of the disease might
be understood in terms of context dependent mutant ﬁtness.
Transient leukemia occurs in up to 30% of infants with Down
syndrome (also known as trisomy 21). Recent studies show
that a mutation in exon 2 of the gene coding for the transcription factor GATA1 is involved. However, which additional
factors on chromosome 21 cooperate with GATA1 leading to
disease is currently unknown [37]. The disease arises in utero
and can cause fetal demise, such that the actual incidence
may be even higher. The current standard of care is careful
observation and in most patients transient amplifying leukemia resolves spontaneously in the ﬁrst months of life. However, a fraction of patients progress to AMKL usually within
the ﬁrst four years of life that is derived by clonal evolution
from the transient leukemia clone [38].
C AlphaMed Press 2015
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Figure 7. Model scenario for transient amplifying leukemia. (Left): The mutational hit occurs early in embryonic development. The clonal load (black line) reaches its peak on average shortly after birth (black dot). The proliferation rate of the clone is increased and initially, the stem cell number is increased. However, the mutant clone is downregulated by the feedback mechanisms and gets slowly
outcompeted once the healthy stem cell population reaches a considerable size. The contribution of the clone becomes negligible after
approximately 1 year. However, total extinction of the clonal stem cell population requires about 4 years, and would be associated with
a (decreasing) risk to accumulate further mutational hits that might lead to clonal evolution and acute leukemia. However, the variance
(dashed line) of the mutant cell size is large. In some cases, the mutant might go extinct before birth; in others it might reach a dangerous abundance just by chance. (Right): Three identical realizations of the same stochastic process (each shaded area of same intensity
corresponds to a single realization). Shown is the relative contribution of the mutant stem cell population to haematopoiesis. The relative contribution decreases with age, but individual differences are large.

The existence of such a self-limiting leukemia that occurs
with high frequency and exclusively in newborns but never in
older adults with Down’s syndrome suggests a context
dependent mutant ﬁtness. In our framework, such a phenotype might correspond to a mutation, that occurs very early
in development (within the ﬁrst hematopoietic stem cell doublings) and induces an increased proliferation rate rm52rw
together with a reduced sensitivity to cell cycle regulating
feedback dm51/2. Interestingly, our model derived from ﬁrst
principles makes such a prediction that is compatible with the
phenotypic effect of GATA1 mutations observed by [39]. The
clone arises in the fetus and reaches its maximum size shortly
after birth. Given the increased proliferation rate of the
mutant cells, the clone contributes signiﬁcantly to hematopoiesis initially and causes an overall expansion of the stem cell
compartment (Fig. 7). This general pattern is supported by
empirical observations [40, 41]. The reduced feedback
strength dm increases the probability for symmetric differentiation of the clone early (or effectively reduces the equilibrium clonal stem cell number). Thus such a clone reaches its
“intrinsic” carrying capacity where the probability of symmetric self-renewal equals the probability of symmetric differentiation (pr5pd) for much smaller stem cell pool sizes. Healthy
stem cells continue to grow and create a milieu where the
clonal stem cell population experiences permanent negative
feedback (pr<pd). This eventually drives the clonal population
to extinction and the disease would be self-limiting in the
majority of cases. However, the variance of clonal size is high
and individual differences can be large (Fig. 7). Therefore a
small fraction of patients is at risk to acquire additional mutations that lead to AMKL that requires treatment. Interestingly,
the contribution to hematopoiesis of the clone constantly
decreases and clonal progeny might be undetectable before
extinction. However, this remaining reservoir poses a risk of
clonal evolution and can lead to the life threatening condition
of AMKL in young children. Furthermore, because of the perC AlphaMed Press 2015
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manent negative feedback in a large stem cell pool, this particular mutation cannot reach high abundances in adults and
thus it is only relevant as a disease in very young children.

DISCUSSION
Currently, a major focus in cancer research relates to the
detection and explanation of the vast mutational heterogeneity
observed between patients with ostensibly similar tumors and
the impact of this diversity on treatment response and evolution of resistance to therapy. Many of these studies make the
implicit assumption that the same mutation induces the same
phenotypic changes in cell proliferation properties and heterogeneity is a consequence of the underlying stochastic nature of
the process. Undoubtedly, the stochasticity of cell proliferation
and mutation accumulation is a major driving force of cancer
evolution. However, as we have shown, the ﬁtness of mutations can be context dependent and therefore its inﬂuence on
tissue homeostasis may be different and depends on the age
of the patient or the stage of the tumor. Thus, the relative contribution of a particular mutation to the composition of the
stem cell pool becomes age dependent. Our conceptual model
suggests that it is essential to take into account the developmental background of the tissue to properly deﬁne the effects
of oncogenic mutations and is supported by recent studies
comparing ALL in children versus adults [32, 33]. Theoretically,
one would need to access the prevalence of particular mutations in large cohorts of healthy people at different deﬁned
age intervals, similar to Figure 6 to fully understand the impact
of such mutations in the various contexts in which they can
occur. Comparing those to the expected prevalence of neutral
mutations could inform about the potentially differential phenotypic effects of particular mutations of interest. Unfortunately, currently this is not feasible due to technical limitations.
However, advances in sequencing techniques might allow such
studies in the near future.
STEM CELLS

Werner, Traulsen, Dingli
In the context of our model, one can also understand the
devastating effects of defects in sensing DNA damage or the
ability to repair DNA as occurs in hereditary defects in BRCA
or in xeroderma pigmentosum. Such conditions will not only
permit the development of an abnormal number of mutations
in cells at an early age but expansion of the stem cell pool in
the relevant tissue (skin, breast, ovary, etc.) will facilitate the
spread of such mutants that are well on the way to full malignant transformation and hence the high risk of malignancy in
such conditions.
The framework of context dependent mutant ﬁtness provides one possible explanation for differences in cancer prevalence and treatment response in children and adults. Early in
development, one would expect mutations that increase cell
proliferation rate to dominate. In homeostasis, mutations with
skewed symmetric self-renewal properties are advantageous.
Such mutants would slowly overtake the stem cell pool and
out-compete healthy stem cells. Therefore, a larger cancer stem
cell pool might drive leukemias in older ages. Classic treatment
strategies like chemotherapy have to eradicate more cancer
stem cells, imposing a higher risk of relapse or evolution of
resistance. It on the other hand also explains childhood speciﬁc
cancer types, for example, transient amplifying leukemia in
newborns with trisomy 21. Particular stem cell phenotypes can
invade an expanding stem cell population, but cannot reach
high abundances in homeostasis. Thus, a comparison of disease
progression in children and adults could provide additional
insights, not only on disease development, but also on age speciﬁc organizational principles in stem cell driven tissues.
In addition to ALL, brain tumors are the second most common malignancy in children while they are relatively rare in
adults. During early childhood there is signiﬁcant growth experienced by the brain and our dynamic model can explain how
mutations that occur early in development can expand either to
reach ﬁxation or to high enough levels to enable the sequential
accumulation of additional mutations leading to disease in children that are otherwise rare in adults. We also note that TL is
not the only neoplasm that undergoes spontaneous resolution
in children—rarely, pediatric neuroblastoma also undergoes
spontaneous cure, for reasons that remain unclear. It is possible
that the dynamics of neuroblastoma in some children are similar to what we describe here for TL although this phenomenon
is much less frequent than TL in children with trisomy 21. However, our modelling likely does not apply for malignancies that
do not seem to be driven by malignant stem cells such as malignant melanoma or B cell ALL.
Our theoretical arguments follow closely what has been
observed in empirical studies of TL and other hematopoietic
stem cell disorders, such as aplastic anemia and PNH. They
are also in line with the risk of leukemia after potentially
curative (but mutagenic) chemotherapy. In TL, the median
time to clearance of the circulating blasts is 58 days (range:
2–194 days) [42]. The risk of progression to AMKL is in the
range of 16% [43] and the risk appears to decrease with age.
Interestingly, the only parameter that seems to correlate with
risk of progression to AMKL was the time for clearance of the
circulating blasts. If this occurs quickly (a time shorter than
the median of 58 days), the risk of AMKL progression was
low, but if the blasts remained for longer, the risk was substantially higher. The median time to development of leukemia in various studies ranged from 9 to 38 months [42, 43].
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Our results (Fig. 7A) show that the number of mutant HSC
reaches a peak at birth and starts decreasing soon afterwards.
By 36 months after birth, the number of mutant HSC is below
1 (extinct) in a substantial number of patients, explaining why
AMKL develops relatively early in life in these patients. In
addition, Figure 7B also illustrates the intrinsic stochasticity
involved in the process that may in itself explain the variability in the duration of TL and the risk of progression to AMKL
observed in this disorder.
It has also to be pointed out that TL has been rarely
observed in children in the absence of phenotypic Down syndrome. In most of these cases, the child either was a mosaic
for trisomy 21 or had trisomy 21 restricted to the blast cell
population. However, more recently, infants with TL have been
identiﬁed who have been studied at a molecular level and conﬁrmed not to have Down syndrome. One child had a missense
mutation in the initiation codon for GATA1 that substituted
valine for methionine that prevented translation of the protein
[44]. We are also aware of two other patients with TL without
mutations in GATA1. Although the causative mutation was not
identiﬁed in one of these patients [45], the last case was associated with a germ line mutation in BRAF [46]. The importance
of context (size) and the hematopoietic stem cell pool as
depicted in our model, is also illustrated by the cumulative incidence of acute leukemia in children born with Fanconi anemia
(FA), a rare form of inherited marrow failure syndrome. Children with FA have a 700-fold increased risk of developing AML
compared with age matched controls [47]. However, the risk is
not uniform in time—leukemic risk increases with age but then
reaches a plateau by the age of 20 years [47] and reﬂects our
predicted expansion of the hematopoietic stem cell pool during
ontogeny and growth to adult life (Fig. 3)
These observations also shed light on the important clinical problem related to chemotherapy induced myelodysplastic
syndromes and acute myeloid leukemia. Chemotherapy is not
only mutagenic, but also stimulates stem cell replication while
possibly reducing feedback control of the “static” HSC pool
due to a reduction in HSC number. These two concomitant
features may increase the probability that a mutant that
arises grows and acquires a ﬁtness advantage due to the
smaller population of HSC present at that time. Similar reasoning could explain the rather paradoxical increase in risk of
acute leukemia in patients with aplastic anemia. Here, presumably the loss of feedback due to the reduced number of
HSC contributing to hematopoiesis, together with cytokine
mediated stimulation for faster HSC replication can create an
environment where any mutation that arises stochastically
can expand leading to leukemic transformation. Our modeling
therefore provides an interesting dynamic link between hematopoiesis in utero, through infancy and childhood as well as
older individuals who develop cytopenias due to bone marrow failure for a variety of conditions. Similar arguments arising from tissue growth can explain the relatively high
incidence of brain tumors in children compared with adults,
and the high risk of malignancy in patients who harbor
defects in DNA damage sensing or repair pathways.

CONCLUSION
We show that the ﬁtness effect of a mutation can
change at different developmental stages of a human. This
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explains age speciﬁc patterns of childhood and adult
cancers, as well as surprising phenomena like transient
leukemias.
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