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Somatic evolution, which underlies tumor progression, is
driven by two essential components: (1) diversification of
phenotypes through heritable mutations and epigenetic
changes and (2) selection for mutant clones which possess
higher fitness. Exposure to ionizing radiation (IR) is highly
associated with increased risk of carcinogenesis. This link is
traditionally attributed to causation of oncogenic mutations
through the mutagenic effects of irradiation. On the other
hand, potential effects of irradiation on altering fitness and
increasing selection for mutant clones are frequently ignored.
Recent studies bring the effects of irradiation on fitness and
selection into focus, demonstrating that IR exposure results
in stable reductions in the fitness of hematopoietic stem
and progenitor cell populations. These reductions of fitness
are associated with alteration of the adaptive landscape,
increasing the selective advantages conferred by certain
oncogenic mutations. Therefore, the link between irradiation
and carcinogenesis might be more complex than traditionally
appreciated: while mutagenic effects of irradiation should
increase the probability of occurrence of oncogenic mutations,
IR can also work as a tumor promoter, increasing the selective
expansion of clones bearing mutations which become
advantageous in the irradiation-altered environment, such as
activated mutations in Notch1 or disrupting mutations in p53.
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IR and Cancer

While exposure to IR, including - or X-ray irradiation, has been
known to be associated with an increased risk of cancer (predom-
inantly leukemias) for over 100 years,'? the exact mechanisms
underlying IR-induced malignancy are still poorly understood.
IR is extensively used in modern medical procedures, such as CT
scans and radiotherapy. Indeed, radiotherapy is used to treat 60%
of solid tumors in the US, and is highly associated with second-
ary leukemias and other malignancies."** In mice, y-irradiation
has been shown to lead to T-cell lineage lymphomas of the thy-
mus.® Historically, the carcinogenic properties of IR have been
actributed to the capacity to induce oncogenic mutations,?
albeit without evidence indicating that oncogenic events found
in IR-associated cancers were directly caused by IR exposure.
Causation of oncogenic mutations is not the only feasible mecha-
nism to explain the link between IR and cancers, as the effects
of IR on tissues are quite complex. Beyond the direct induction
of DNA damage, IR exposure leads to persistent increases in
the production of reactive oxygen species (ROS), alterations in
cell signaling and augmented levels of particular cytokines and
growth factors.”® Irradiation can also result in cell cycle arrest,
senescence or apoptosis, with different responses for different cell
types. Global perturbations of the cellular microenvironment
and both direct and indirect DNA damage as a result of IR expo-
sure, likely exert effects on the fitness of stem and progenitor cell
populations.

The concept of fitness can be applied toward populations
of stem and progenitor cells. Progression of cancers represents a
process of somatic evolution that follows Darwinian logic: genetic
mutations or heritable epigenetic changes [together referred to as
“(epi)genetic”] that improve competitive advantage are selected
for, leading to increased frequencies of tumor cells with selec-
tively advantageous (epi)genotypes over time. The competitive
advantage is best described in terms of fitness: a measure of the
ability of individuals of a certain genotype to pass on this geno-
type to subsequent generations. Tumor cell clones with higher fit-
ness values compared to the average fitness of cells competing for
the same niches will be subjected to positive selection (increase
in frequency), while those with lower fitness will be subjected
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Figure 1. Prevailing paradigm and adaptive oncogenesis models of cancer development. (A) Conventional Model: IR exposure increases the produc-
tion of oncogenic mutations and the accumulation of these mutations leads to cancer development. (B) Adaptive Oncogenesis: The promotion of
cancer development by IR exposure acts through decreasing progenitor cell fitness and altering the microenvironment, which increase selection for

to negative selection. Thus, the competitive success or failure of
any given clone is dependent on the fitness of competing clones.
Importantly, the relationship between an (epi)genotype and fit-
ness is not invariant and instead depends on the environment, as
the same genotypes can provide dramatically different fitness in
different environments.’

But can the concept of fitness be applied toward initiating
stages of tumorigenesis in populations of stem and progenitor
cells? The meaningful applicability of the concept of fitness is
contingent on the existence of competition between clones that
differ in heritable traits. Phenomena of competition between
wild-type (WT) stem cells in multicellular organisms have been
known for a long time.”® In fact, the competitive nature of the
hematopoietic system has long been exploited in competitive
bone marrow (BM) transplantation experiments, a standard
tool in hematopoietic research. Were competing stem cells (epi)
genetically identical, competition between different cells would
have no evolutionary consequences. However, in real popula-
tions of stem cells, heritable diversity should inevitably arise as
the result of the accumulation of spontaneously occurring (epi)
mutations as well as mutagen exposure. Therefore, the concept of
fitness should be applicable toward populations of stem cells, as
both competition with peers and differences in heritable features
should lead to the selection of clones with higher fitness and the
success of this competition would be determined both by the fit-
ness of a given clone and by the fitness of competing cells.

Similarly, the concept of fitness can be applied to evolution-
ary processes which occur in populations of short-term progenitor
cells. Although mutational changes in progenitors mostly repre-
sent evolutionary dead ends, as these cells possess limited self-
renewal capacity, (epi)mutations occurring in progenitors have a
non-zero chance of being fixed as a result of additional mutations
that confer self-renewal. Moreover, (epi)mutations that are fixed
within stem cell populations will impact the fitness of down-
stream progenitor cells. Recent publications have highlighted the
relevance of competition between WT stem and progenitor cells
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in normal hematopoiesis, where the competitive success or failure
is dependent on prior damage and the relative activity of p53.!"13%

IR Exposure Impacts Cellular Fitness

Multiple studies of species ranging from bacteria to humans
have shown that radiation exposure results in a decrease in cel-
lular fitness. For example, exposure of E. coli to components of
solar radiation has been shown to result in reduced fitness,' and
IR exposure has been shown to decrease the fitness of murine

hematopoietic stem cells,'>"

coinciding with an increase in mul-
tipotent progenitors displaying hallmarks of senescence.”” This
reduction in fitness can be at least partially caused by accumula-
tion of random mutations, as previous studies have shown that
the genetic disruption of DNA repair pathways in mice result in
a competitive disadvantage for HSC.5

In humans, long-term studies following atomic bomb sur-
vivors indicate that up to 50 years after IR exposure, indi-
viduals have reduced hemoglobin levels, increased peripheral
blood cytokine levels and decreased T-cell-mediated immu-
nity.'®” Individuals with occupational exposure to IR show
decreased humoral immunity as well as peripheral blood
CD4* T-cell numbers,?® and pediatric leukemia survivors who
undergo radiation therapy experience multiple growth and
developmental defects as well as increased risk of secondary
malignancies.’

Decreased Fitness Generates Selective Pressure
for Adaptive Mutations

Prevailing paradigms attribute the tumorigenic effects of ion-
izing radiation to its direct mutagenic action on genetic loci
encoding oncogenes and tumor suppressor genes (Fig. 1A). We
have previously proposed that stem and progenitor cells are evo-
lutionarily highly adapted to their niches in young, healthy indi-
viduals, minimizing the selective pressure for trait-altering (epi)
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mutations.”! However, when cellular fitness is reduced as a result
of damage accumulating in both the stem cells themselves and
in their microenvironment, a WT (epi)genotype will no longer
possess optimal fitness and certain oncogenic (epi) mutations will
have an increased chance of being adaptive and hence advanta-
geous (Fig. 1B).

Thus, analogous to Natural Selection observed at the organ-
ismal level, reductions in the fitness of stem cell pools should
increase selective pressure for adaptive (epi)mutations, which
provide a cell with an increase in fitness relative to neighboring
cells competing for the same niches. Indeed, we have shown that
oncogenic mutations can be such adaptive mutations.'>*? Notably,
a mutation does not need to completely restore the fitness of a
cell to pre-insult levels to be adaptive, but simply must improve
fitness above the average fitness of the population (which was
reduced by an insult like IR). Finally, it is important to empha-
size that models A and B depicted in Figure 1 likely act in con-
cert: IR-induced genomic damage should augment the genetic
diversity within cellular populations upon which IR-mediated
selective pressures can act.

Prior exposure to IR leads to persistent decreases in HSC
fitness, promoting selection for activating Notchl mutations.
We and others have shown that exposure to IR results in per-
sistent decreases in the fitness of both HSC and committed
hematopoietic progenitors."'* Thus, even after hematopoiesis
has fully recovered months after sublethal irradiation, with
HSC and progenitor numbers restored to pre-irradiation levels
(as determined by cell surface marker expression), the fitness
of these stem and progenitor cells is severely reduced. Limiting
dilution assays reveal that the number of functional HSCs in

p”

) mice
12,13,23

previously irradiated but homeostatically restored (“IR
is decreased nearly 10-fold as compared to control mice.
Since designation as an HSC requires contributions to hema-
topoiesis for at least 3 months, these data are consistent with
poor function for most IRP HSC. Additional studies have
shown that IR? HSC form smaller colonies in vitro,"® and IRP
BM cells compete poorly with non-irradiated competitors to
reconstitute hematopoiesis in competitive BM transplantation
assays.'>!»% One potential explanation for decreased fitness of
HSC and progenitor cells as the result of IR exposure may be
an induction of senescence in affected cells, as indicated by the
persistent upregulation of senescence markers in HSC after IR
exposure,'™'? although IRP HSC still possess some replication
and reconstitution capacity as shown by their ability to main-
tain hematopoiesis in mice in the absence of competition."*?
These results suggest that exposure to IR results in partial but
not complete loss of HSC function, potentially by decreased
self-renewal, survival, differentiation or through other mecha-
nisms that affect stem cell fitness.

The reduction of fitness of HSC and progenitor cells result-
ing from prior IR exposure, together with the known increases
in hematopoietic malignancies following IR, represent a con-
text compatible with the Adaptive Oncogenesis hypothesis
(Fig. 1B). Therefore, we asked whether prior irradiation might
alter selection for oncogenic mutations. Surprisingly, we found
that prior IR exposure selects against expression of Ber-Abl or
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activated N-Ras, inhibiting clonal expansion and leukemogen-
esis driven by these oncogenes.? Notably, Ber-Abl is clearly adap-
tive in other contexts of impaired hematopoietic fitness, such as
due to impaired DNA replication.? In contrast, previous IR
substantially enhanced selection for and leukemogenesis driven
by the activated Notchl mutant, ICN1. Notchl, a transmem-
brane receptor, has been implicated in stem cell maintenance by
inhibiting differentiation as well as increasing self-renewal.?
Activating Notchl mutations that generate N-terminally trun-
cated proteins that are predicted to functionally mimic the intra-
cellular Notchl domain (ICN1), are found in more than half of
human T-cell acute lymphoblastic leukemia (T-ALL) patients.”
Additionally, leukemias in mice exposed to IR are often associ-
ated with Notchl mutations predicted to produce truncated and
activated proteins.?®

Selection for ICN1 occurs within IRP HSC-enriched pools.
Clonal expansion of ICN1 expressing cells only occurs if compet-
itor cells are also IRP, but does not occur if the competitor cells
are non-irradiated, indicating a non-cell autonomous compo-
nent to selection for ICN1 expression: non-irradiated competitor
cells can suppress the expansion of IR? HSC expressing ICN1.2
These results support the hypothesis that the selective advantage
provided by oncogenic events is specific to particular contexts:
a cellular insult alters HSC fitness in such a way that particular
oncogenic events, but not all, provide the cell with a selective
advantage relative to compromised competitor cells. The fitness
of cell populations may need to decline before certain oncogenic
mutations become advantageous, allowing for clonal expansion
of the mutant cells. These conclusions may appear counterintui-
tive, as we propose that random changes induced by IR exposure
lead to consistent and recurrent defects that contribute to selective
adaptation by specific oncogenic mutations (whether IR-induced
or not). We argue that although the damage is untargeted, cells
are capable of mounting specific responses, which could affect
the adaptive landscape in predictable ways. Additionally, certain
signaling pathways or cellular processes may be more sensitive to
global perturbations.

At present, we do not understand why ICN1 becomes adap-
tive within IRP HSC pools. One speculative possibility is that
IR? HSC lose self-renewal capacity, which is reversed by ICN1
expression. Irrespective of the mechanisms that underlie increased
selection of ICN1 expressing cells in previously irradiated BM,
the ability of unirradiated BM competitors to reverse both the
competitive advantage and increased leukemogenesis of ICNI
transduced irradiated progenitors suggests that normal hemato-
poiesis can be tumor-suppressive. The tumor suppressive effect of
normal hematopoietic progenitors is also consistent with our pre-
vious studies which showed that fit competitors potently limit the
expansion of Ber-Abl transduced and p53 mutant hematopoietic
progenitors under a context of genetically impaired DNA replica-
tion caused by £2f mutations.” Moreover, chemical impairment
of the proliferation of rat hepatocytes has been shown to pro-
mote the expansion of normal or initiated liver cells transplanted
into these livers, resulting in substantially increased carcinoma
development from the initiated cells, while a normal liver envi-
ronment suppressed expansion and carcinogenesis.”” An analogy
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can be drawn from ecology: the restoration of native species in
grasslands has been shown to limit the invasion of a non-native
grass species, and native species that occupy similar niches as the

invasive species optimally prevent invasion.?

IR-Dependent Selection
for Radioprotective Mutations

The study described above focused on stable effects of carcino-
genic contexts on progenitor fitness,'? which lead to selection for
adaptive oncogenic events, which is mechanistically very different
from the immediate selection for mutations conferring resistance
following an acute insult. Cytotoxicity associated with carci-
nogenic treatments has been proposed to increase selection for
oncogenic mutations that confer resistance to the insult, thereby
initiating tumorigenesis.?"¥** Despite the persuasive logic of this
idea, its validity has had limited experimental support in vivo.
Perhaps the best potential candidate for an oncogenic muta-
tion providing increased selection under cytotoxic stress is the
tumor suppressor p53, which is an essential regulator of apop-
tosis in response to many forms of cellular stress, such as DNA
damage or oncogenic signaling.>*¢ The role of p53 in cancer ini-
tiation and progression has been explored by many groups and
is recognized as a critical tumor suppressor whose mutation or
loss in about 50% of human cancers appears to be a pivotal step
in cancer development.”” Recent studies from our lab and the
Medzhitov lab using mouse models have shown that p53 loss
protects hematopoietic stem and progenitor cells from IR expo-
sure, both by preventing the immediate loss of cells as well as by
promoting the long-term maintenance of progenitor fitness.'>*
Thus, it’s not just the IR-induced damage per se that reduces cell
fitness, but the level of p53 activation in the cell. These studies
indicate that in a normal environment with negligible external
stress, there is minimal to no selective pressure for decreased p53
activity. In contrast, loss or reductions in p53 activity are strongly
selected for in mouse HSC and progenitor cells following acute
irradiation. p53 loss in the context of acute IR exposure provides
radioprotection that results in a long-term increase in fitness,
expansion of p53 disrupted progenitor clones,'*
lymphomagenesis.? In contrast, p53 disruption does not provide

and increased

an obvious selective advantage within previously irradiated BM
allowed to recover from irradiation® (but does prove advanta-
geous when inactivated 7 days post-IR™). Thus, p53 deficiency
must be present during or soon after IR exposure in order to con-
fer a selective advantage.

Gene expression analyses of HSC expressing WT or mutant
p53 during hematopoietic reconstitution under competitive and
non-competitive contexts have provided important insight into
the mechanism of IR-dependent selection for p53 inhibition.
While during non-competitive reconstitution post-IR, WT HSC
exhibit increased expression of genes important for cell cycle pro-
gression, the expression of these same genes was inhibited and
the expression of pro-senescent genes was increased in W7T com-
petitors in the presence of p53 mutant competitors." Inhibiting
p53 prevented the induction of this senescence program, both
in competitive and non-competitive contexts of hematopoietic
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reconstitution. By competing for niches or by other non-cell
autonomous means, following IR the p53 mutant “winners”
suppress the ability of WT “losers” to be maintained in the self-
renewing HSC pools.'> Still, it is not entirely clear why p53
loss promotes long-term radioprotection. Certainly, the failure to
activate p53 dependent apoptotic programs would be expected to
prevent the immediate elimination of progenitors following irra-
diation. Reductions of p53 activity during IR may also prevent
responses to IR-induced damage that result in more stable reduc-
tions in fitness, such as the activation of senescence-like programs
(even if stem and progenitor cells with these programs activated
do not completely lose clonogenic potential).

Relating p53-dependent radioprotection and tumor sup-
pression. In mice, null mutation of p53 dramatically predisposes
to the development of T-cell lymphomas,®*' and irradiation of
53 heterozygotes leads to development of p53 mutant lympho-
mas.*> The tumor suppressive function of p53 in the context of
irradiation has been long attributed to the p53 dependence for
elimination of cells with excessive DNA damage by apoptosis.
This attribution was strongly challenged by studies that used
murine models of inducible p53 restoration or genetic deletion to
examine chronologic specificity of p53 activity in lymphomagen-
esis. In the Evan lab study, conditional activation of p53 during
irradiation had no effect on its tumor suppressor function, while
a 6 day period of p53 activation starting 8 days post IR (after the
acute damage is resolved) was sufficient to delay tumor onset.*
The Donehower lab showed that induction of p53 deletion for up
to 4 weeks post-IR resulted in similar lymphoma rates compared
to disrupting p53 prior to IR.* Therefore, the authors proposed
that p53 activity during IR exposure is not tumor suppressive
whereas p53 activity post-IR is essential in prevention of onco-
genesis. These studies concluded that the essential tumor sup-
pressor function of p53 during IR-induced lymphomagenesis is
to eliminate cells with activated oncogenes, while the p53-depen-
dent elimination of cells with radiation-induced DNA damage is
dispensable. The recent studies from our lab and the Medzhitov
lab extend this conclusion: since irradiation leads to elimination
and functional arrest of progenitors with intact p53 function, it
selects for p53 deficient clones. Thus, under conditions of total
body irradiation (TBI), p53 may actually be tumor promoting
by increasing selection for clones with radioprotective mutations.

Still, all of the models used to study irradiation and carcino-
genesis described above rely on TBI. While clinically relevant,
TBI is not a stress that we (or other animals) evolved to endure,
as TBI doubtfully limited the fitness of individuals during our
evolutionary history. But the evolution of mechanisms to elimi-
nate the occasional damaged cell likely did contribute to the fit-
ness of long-lived multicellular organisms. Such limited exposure
to radiation (and other DNA damaging agents) results in dam-
age to a small population of cells rather than to the majority of
cells in the body, in which case p53-dependent deletion of the
rare damaged cell(s) would be expected to be tumor suppressive
(contrasting with the situation for TBI). We would argue that
the damage-induced p53 response serves an important function
in an organism by reducing the fitness of a cell (0 < fitness < 1;
where the fitness of the WT genotype is 1), leading to the loss
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of the damaged cell due to competition from less dam-
aged or undamaged cells. This p53-modulated compet-
itive elimination of damaged cells could complement
p53-dependent apoptosis and senescence, which can
lead to the complete and immediate elimination of a
damaged cell from the replicative progenitor pool (fit-
ness = 0). We would speculate that at high levels of
damage, cell autonomous mechanisms that lead to
apoptosis and senescence may dominate. But at low
levels of damage, which are probably more common,
mechanisms that reduce the fitness of a damaged cell
may predominate.

Irradiation-Induced Alterations
of Cellular Microenvironments

x
- ©

N g

0®®

IR-induced changes in the microenvironment have

been proposed to contribute to IR-dependent tumor
promotion. Carcinogens, such as IR exposure, are able
to induce changes in the microenvironment milieu,
including alterations in cytokines, chemokines, ROS,

growth factors, cell-to-cell signaling and rearrangement

Figure 2. IR-induced alteration of the stromal compartment can influence selec-
tion for mutant progenitor cells. The cell marked with an X depicts a mutant pro-
genitor cell; arrows depict positive influences on progenitor cells; bars represent
inhibitory influences on progenitor cells; the weight of the arrow or bar represents
the predicted magnitude of influence the stromal cell exerts on the progenitor cell.

of the ECM, and these changes are expected to contrib-

ute to cancer development.”* Recent studies from the Campisi
lab suggest that senescent cells induced by persistent DNA dam-
age may contribute to these IR-mediated changes, by secretion
of tumor-promoting pro-inflammatory cytokines, such as IL6.%

It should be noted that unlike the studies described earlier,
microenvironmental models have generally focused on alterations
of the extra-cellular matrix and supporting stroma (rather than
on the normal stem/progenitor cells that compete with the onco-
genically initiated stem/progenitor cells), postulating that these
alterations improve the proliferation and survival of pre-cancer
and cancer cells. In addition to positive impacts on pre-cancer
cells, many of the IR-induced microenvironmental changes
would be expected to alter the adaptive landscape by decreasing
the fitness of stem cells, even for stem cells not directly exposed
to irradiation. Particular oncogenic mutations could provide an
adapration to such microenvironment-mediated changes in stem
cell fitness, leading to clonal expansion of oncogenically initi-
ated cells. Even beyond initiation, cancer progression is associ-
ated with numerous barriers imposed by the microenvironment,
such as nutrient limitation, providing pressure for the selection of
specific oncogenic mutations that overcome these barriers.* IR
exposure either before tumor initiation or as a therapeutic for an
established cancer would certainly be expected to alter barriers
(decreasing some while enacting others), and thus influence the
evolutionary path of the cancer.

Given the complexity of the microenvironment and the effects
of IR, it is likely that an irradiated microenvironment influences
cancer initiation and progression by mediating both positive
and negative influences on progenitor cells (with and without
oncogenic mutations). If IR-induced effects on the microenvi-
ronment are to promote cancer initiation, then these influences
should be selective for oncogenically initiated cells, and may
do so in one of two ways: (1) stromal cells produce positive cell
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proliferation/survival signals which have a greater positive impact
on the oncogene-bearing stem cells relative to WT (Fig. 2A).
(2) Stromal cells produce inhibitory signals that are less inhibitory
for mutant stem cells (Fig. 2B). As the tumor grows, the relevant
cellular competition influenced by the IR-exposed microenviron-
ment may shift from being between normal and initiated cells to
between different malignant clones.

IR Exposure and the Adaptive Landscape

Exposure to IR results in both an increase in genetic diversity as
well as alterations of selective pressure, each important for Natural
Selection (whether at the species level or at the somatic cell level).
We have argued that long-lived multicellular organisms (like us)
have evolved stem cell populations with high fitness, not only
as a means of efficiently maintaining a tissue, but also because
high fitness in a cell population will oppose somatic evolution.?
Like animal populations well adapted to their environments,
Stabilizing Selection should limit changes that improve fitness
in a population of stem cells with high fitness. Highly effective
competition in a young healthy stem cell population should serve
to maintain the status quo, preventing somatic evolution. The
transition to pre-cancer or cancer genotypes, indicated by the
malignant genotype fitness peak in Figure 3A, is a considerable
leap, both difficult and unlikely (due to intermediates with low
fitness). Intrinsic tumor suppressor mechanisms (e.g., apoptosis)
may create an additional pit in the landscape around the WT
fitness peak, eliminating cells with potentially oncogenic muta-
tions.” But in progenitor pools damaged by irradiation (or aging,
etc.), the fitness landscape will be dramatically altered (Fig. 3B).
The fitness of the stem cell pool will be reduced, promoting selec-
tion for mutations and epigenetic events that improve fitness.
IR exposure will of course also increase genetic diversity in the
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Figure 3. Adaptive landscape of stem cell populations under normal conditions and in irradiated or aging environments. The x- and y-axes represent
the potential genetic and epigenetic diversity. Adjacent points on the X-Y landscape correspond to more similar (epi)genotypes. The z-axis (vertical
axis with peaks above the plane) represents fitness. See text for description of figure.

population, providing fuel for selection. Finally, IR effects on the
microenvironment will change the adaptive landscape, such as by
altering niches, creating new opportunities for adaptation (new
fitness peaks that may facilitate transitions to malignancy). Thus,
IR-induced perturbations in the fitness landscape allow for easier
transitions to malignant genotypes with higher fitness. Effects
of IR or other insults on fitness will most likely need to be in
long-lived stem cell populations, in order to exert stable effects
on the adaptive landscape. Altered selection could still occur in
a short-term progenitor population, the fitness of which could be
affected by changes incurred by the relevant stem cells.

Conclusions

We propose that long-lived multicellular organisms have evolved
fitness landscapes for their stem cells that highly favor the WT
(epi)genotype, preventing somatic evolution. In addition to
potentially increasing the frequency of oncogenic mutations, ion-
izing irradiation can impact the landscape in multiple ways, such
as by stably reducing the fitness of stem cell pools, leading to selec-
tion for oncogenic mutations such as in Notchl. The selection for
oncogenic mutations such as in Notch1 adaptive within IRF HSC
pools with persistently reduced fitness is mechanistically different
than the selection for radioprotective mutations (such as in p53).
Studies described above also indicate that the effects of IR on the
fitness of stem cells is in part genetically controlled, with loss of
p53 activity associated with better maintenance of fitness post-
IR. Thus, under contexts of the rare damaged cell surrounded
by competing undamaged or less damaged cells, the p53 tumor
suppressor pathway normally acts to eliminate cells with damage
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by decreasing their competitive edge. But under contexts of dam-
age to the majority of a stem cell population (such as with TBI),
p53-mediated elimination of such a massive number of cells leads
to selection and expansion of radioresistant cells, including p53-
mutant cells, in that the mass deletion and impairment of stem
cells after TBI reduces the ability of these cells to act as effective
competitors.

Generally speaking, insults like IR (or more unavoidably,
aging) create stem cell pools with “room for improvement.” (Epi)
mutations that improve a cell’s phenotype are much less likely
to be fixed or selected for within a cell population with high fit-
ness, whereas if the mean fitness of a population declines due to
cellular insults such as IR, there is an increased probability of
selection for mutations that provide a fitness advantage to cells
relative to the impaired competition. We think that this logic can
also be applied to solid malignancies, though the competition
in stem and progenitor cell pools might be more limited by the
spatial constrains of niches. It will be no trivial task to tease out
the mechanisms by which IR induced cell-intrinsic and -extrinsic
alterations impact on the adaptive landscape, but understanding
these mechanisms is essential for adequate comprehension of the
links between IR and carcinogenesis.
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