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Clonal expansion of premalignant lesions is an important step in
the progression to cancer. This process is commonly considered to
be a consequence of sustaining a proliferative mutation. Here, we
investigate whether the growth trajectory of clones can be better
described by a model in which clone growth does not depend on
a proliferative advantage. We developed a simple computer model
of clonal expansion in an epithelium in which mutant clones can
only colonize space left unoccupied by the death of adjacent
normal stem cells. In this model, competition for space occurs along
the frontier between mutant and normal territories, and both the
shapes and the growth rates of lesions are governed by the
differences between mutant and normal cells’ replication or apo-
ptosis rates. The behavior of this model of clonal expansion along
a mutant clone’s frontier, when apoptosis of both normal and
mutant cells is included, matches the growth of UVB-induced
p53-mutant clones in mouse dorsal epidermis better than a stan-
dard exponential growth model that does not include tissue
architecture. The model predicts precancer cell mutation and death
rates that agree with biological observations. These results support
the hypothesis that clonal expansion of premalignant lesions can
be driven by agents, such as ionizing or nonionizing radiation, that
cause cell killing but do not directly stimulate cell replication.

clonal expansion � computer simulation � skin cancer � TP53 � UVB

The expansion of premalignant lesions is an important step in
the progression to cancer, because it greatly increases the

probability that they can acquire additional mutations. Large
premalignant clones have been found in normal skin (1, 2), head
and neck (3), lung (4), bladder (5), and esophagus (6). One
mechanism by which clones could expand is the acquisition of a
mutation that increases cell proliferation. However, many factors
affect tumor evolution (7). An alternative is the opportunistic
colonization of space left vacant by the death of neighboring
cells, whether by normal cell loss or by cytotoxic exposures such
as radiation and oxidative stress that produce free radicals.
Therefore, the growth of a mutant clone’s territory can be driven
by the death of adjacent normal cells without additional muta-
tions (8–10).

The classic keratinocyte territory is the epithelial proliferative
unit (EPU), a group of 10–14 nucleated keratinocytes that
includes a single long-lived stem cell, nine transit-amplifying
(TA) cells, which undergo several divisions before becoming
postmitotic (PM), and several suprabasal PM cells squaming
upward (11). Recently, evidence supporting an alternative hy-
pothesis of a ‘‘committed progenitor’’ (CP) cell, in which stem
and TA roles are combined in an immortal CP cell, emerged in
a study involving single-cell labeling of mouse tail keratinocytes
(12). In this new model, dividing CPs usually generate one CP
and one PM, but they can also produce two CPs or two PMs (12,
13). The proportion and rates of these events set a characteristic
territory size of 3.5 PMs per CP in the tail skin (14). However,
CP lineages occasionally expand beyond this size over the course
of months, whenever the rare CPs that generate two CP daugh-
ters replace those that generated two short-lived PMs. In back

skin, the tissue used in the present study, the same technique
showed clusters of 10 labeled basal cells that remained stable for
6 months despite 30–50% growth in skin area. Whether this
result, which is consistent with EPU sizes, indicates that back-
skin-tissue architecture differs from tail or demonstrates that the
CP population can form large stable CP domains is considered
in Discussion. Regardless of whether skin is organized into EPUs
or CPs and PMs, neither territory has physical walls, so growth
restraint comes from neighboring cells. Both kinds of territory
can expand only at their frontiers.

UVB causes characteristic p53 mutations in keratinocytes.
Because p53 mutations lead to p53 protein overstabilization,
mutant cells can be stained with anti-p53 antibodies and the
mutation confirmed by DNA sequencing. It is believed that, in
the absence of other influences, a p53-mutant progenitor cell
and its progeny are confined to their EPU (9). Yet chronic UVB
exposure generates, within 3–5 weeks, clones of p53-mutant
keratinocytes several times larger than a putative EPU or
territory of CPs undergoing spontaneous expansion in tail skin.

These are clones of a single progenitor, because the same
mutation is present throughout the lesion and because UV
mutation frequencies are too low (�10�4 per gene per cell
generation) to create multiple adjacent mutant clones. Chronic
UVB exposure evidently establishes rapid territory-escape
events that overwhelm the normal proliferative steady-state.
Cells with inactivated p53 are resistant to UVB-induced apo-
ptosis and, thus, have a survival advantage over normal cells in
skin subjected to UVB exposure (9, 15, 16). p53-mutant clones
have been found to be larger and more frequent in chronically
sun-exposed skin in humans (1). These cells are the putative
precursors to squamous cell carcinoma (15, 17, 18), and there-
fore, their expansion may lead to an increased risk of developing
cancer.

Lesion growth is conventionally assumed to be linked to
elevated cell proliferation and so is frequently modeled without
reference to tissue architecture, but this assumption is most
appropriate for cells with no spatial constraints, such as hema-
tologic malignancies or cultured cells inoculated as xenografts.
Here, we explore the dynamics of premalignant lesion growth in
a spatially structured tissue by using a simple computational
model, which we call the frontier model. In this model, progen-
itor cells are situated on a 2D hexagonal lattice and die at a low
rate that is elevated by physical or chemical agents. The hexag-
onal lattice can represent the hexagonal geometry of EPUs,
which are outlined by a single flattened and keratinized super-
ficial cell, or any other closely packed proliferative units, such as
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CP territories or intestinal crypts. When a territory’s progenitor
cell dies, its living neighbors compete to occupy its site and
thereby clonally expand. If a mutant is even partially resistant to
apoptosis, it is likely to expand over time. Clonal expansion is
important at several stages in cancer progression (16), but at the
early stage modeled here, the spreading events are confined to
the basal cell layer without confounding upward or downward
ectopic proliferation (1). We compare the model-generated
simulations of lesion numbers and sizes to corresponding p53-
mutant lesions observed in the skin of mice exposed to UVB.
The frontier model matches the observed growth of precancer-
ous lesions across mouse epidermis, whereas a standard expo-
nential growth model, which makes no reference to tissue
architecture, does not.

Results
Simulated 2D Lesion Growth Is Quadratic. We defined the territory,
or area, of a simulated mutant clone, N, to be the number of
mutant sites derived from a single progenitor. We defined the
perimeter of a clone to be the sites, which can be either empty
or occupied by progenitor cells, that are adjacent to any of the
clone‘s cells, and P to be the number of sites in the perimeter. For
a mutant clone to grow, it must colonize empty sites in its
perimeter. Mutant cells have an apoptosis rate that is ksurvival
times that of normal and the ability to colonize an adjacent
empty site at kreproductive times a normal cell’s rate.

We compared the clonal growth rates of two types of simu-
lated mutants, a reproductive mutant and a survival mutant. The
reproductive mutant’s progenitor cells could proliferate in re-

sponse to the death of a neighboring cell 10 times faster than a
normal cell (kreproductive � 10), whereas the survival mutant’s
replication rate was the same as normal (kreproductive � 1). These
two cell types represent extreme behavior, allowing us to see how
sensitive the model’s behavior is to large differences in replica-
tion rates between mutant and normal cells. Both mutants had
no cell death (ksurvival � 0), so that territory colonized by a
mutant remained mutant. We also simulated the behavior of a
reproductive mutant that had the same death rate as normal cells
(kreproductive � 10, ksurvival � 1) and found that although these
mutants often went extinct, the clones that survived had growth
rates similar to the reproductive mutant with no cell death (data
not shown). Simulations were initialized with a single mutant
EPU in the middle of a tissue consisting of 400 � 400 progenitor
cells, large enough so that the boundaries of the tissue did not
impede the growth of the mutant clone. For normal cells, the
mean time it took for a stem cell to divide symmetrically to
colonize an empty site, r, was set to 1 day and the death rate, �,
to 0.01 day�1 (3.65 year�1). Representative simulated mutant
clones are shown in Fig. 1.

Because a clone in the frontier model can expand only by
colonizing its perimeter (P), we can also express the rate of clone
area growth (dN/dt) in terms of two constants and its perimeter
size:

dN
dt

� � � Pr{a site will be colonized by a mutant} � P� t� .

[1]

� is the death rate of normal progenitor cells in the perimeter of
a mutant clone. The second term represents the mutant’s ability
to colonize available empty sites and can be determined by the
shape of the clone and its reproductive advantage (kreproductive).
The probability that an empty site will be colonized by a mutant
depends on the numbers of its mutant and normal neighbors; a
site with many mutant neighbors is more likely to be colonized
by a mutant than a site with fewer mutant neighbors. We
calculated that a reproductive mutant colonizes an empty site in
its perimeter an average of 83% of the time, and a survival
mutant could 37% of the time (Table 1). We found these
probabilities to be stable during the growth of lesions (data not
shown).

The final term in eq. 1 is the clone’s perimeter size, P(t). We
observed that in the frontier model, the perimeter grew linearly

A B

Fig. 1. Images of simulated clones. (A) Ten-year-old survival mutant clone
(kreproductive � 1, ksurvival � 0) occupying 1,435 sites. (B) Three-year-old repro-
ductive mutant clone (kreproductive � 10, ksurvival � 0) with 1,361 sites. Repro-
ductive mutant clones have longer and more irregular perimeters.

Table 1. The probability that an empty site (depicted by the gray hexagons) will be colonized by a mutant
(hexagons with Ms)

M M
M

M
M

M

M
M

M
M

M
M

M
M

M M
M

M
M

M
M

Survival mutant
Fraction of sites* 0.38 0.28 0.18 0.10 0.05 0.02
Colonization probability �17% �33% �50% �67% �83% �100%

6.3% � 9.2% � 9.1% � 6.4% � 4.0% � 2.1% � 37.0%
Reproductive mutant

Fraction of sites† 0.33 0.22 0.16 0.12 0.10 0.09
Colonization probability �67% �83% �91% �95% �98% �100%

21.7% � 18.2% � 14.3% � 11.0% � 9.6% � 8.5% � 83.3%

The fractions of normal sites in survival and reproductive mutant clone perimeters with one to six mutant neighbors were counted.
The probability that these sites will be colonized by a mutant was computed in Methods. The inner product of these two vectors, shown
in bold on the right, is the average probability that a site in a clone’s perimeter will be colonized by the mutant.
*Average fraction (over 10 simulations) of sites with 1. . . 6 mutant neighbors in the perimeter of a survival mutant clone (kreproductive �1,
ksurvival �0) after 25 simulated years.

†Average fraction of sites (over 10 simulations) with 1. . . 6 mutant neighbors in the perimeter of a survival mutant clone (kreproductive �
10, ksurvival �0) after 10 simulated years.
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over time [P(t) � 126.8t � 111.7 for the reproductive mutant and
27.3t � 53.7 for the survival mutant] (see Fig. 2A). Because the
rate of clone area growth (dN/dt) grows linearly over time, clone
area (N) growth is quadratic, i.e., a function of time squared.
Applying eq. 1 to predict the growth rate of the reproductive
mutant (kreproductive � 10, ksurvival � 0):

dN
dt

� 3.65 � 83% � �126.8t � 111.7� [2]

N � 192.1t2 � 338.4t � c, [3]

where c is an integration constant. This result agrees well with
the least-squares quadratic fit to the simulated clone area data
(Fig. 2B): n � 196.0t2 � 442.9t � 942.9. The survival mutant’s
growth can be predicted in the same manner to find that n �
18.4t2 �7 2.5t � c, which also agrees with the simulation data:
n � 18.5t2 � 89.2t � 387.5. This agreement shows that (i) growth
of mutant clones in a 2D epithelium is likely to be quadratic
rather than exponential and (ii) eq. 1 is sufficient to predict
lesion growth rates.

The reproductive mutant’s clones had longer perimeters than
the survival mutant’s for clones of the same size (Fig. 2C). The
longer perimeters reflect the larger protrusions and roughness of
the clones’ edges (Fig. 1). A clone with a reproductive advantage
grew faster, because it had both a longer perimeter (Fig. 2C) and
a temporal advantage in colonizing adjacent empty space (Table
1). In the simulations, a mutant that replicated 10 times faster
had a perimeter that grew 126.8/27.3 � 4.6 times faster and was
83%/37% � 2.2 times more likely to colonize an empty site in its
perimeter than a similarly death-resistant mutant clone that
colonized empty space at the same speed as normal cells.

Estimating Growth Parameters of Experimental Mouse Skin Lesions.
We compared p53-mutant lesion size data in mice (9) to two
different model scenarios: (i) p53-mutant lesions grow exponen-
tially and (ii) p53-mutant lesions grow according to the frontier
model described above. To determine whether the model-
generated data were consistent with the empirical data, we used
a two-sample Smirnov test for comparing discrete distributions
(19). A low P value indicates that the model was not consistent
with the empirical observations. We also used quantile-quantile
(Q-Q) plots to compare graphically the distributions of model-
generated clone sizes with those measured in mouse skin (Fig.
3). A Q-Q plot is a sensitive graphical method to detect
differences between two empirical distributions (20). Q-Q plots
compare two distributions by plotting the values of the distri-
butions at various percentiles. Identical distributions would
result in a Q-Q plot that falls along the diagonal (indicated in the
plots).

Most tumor models assume that all cells in the lesion replicate

at a fixed rate in the absence of resource limitations, resulting in
exponential growth. With a growth rate of 0.33 week�1 (clone
sizes double every 2.1 weeks), the exponential model generated
clone sizes consistent with the mouse lesion-size distribution at
both weeks 8 and 10 (P � 0.16 and P � 0.96), but the Q-Q plot
revealed that the model underestimated clone sizes at week 8
(Fig. 3A). With a growth rate of 0.36 week�1 (clones double
every 1.9 weeks), there was better statistical agreement with the
empirical data at week 8 (P � 0.52 and P � 0.60 for weeks 8 and
10), but the Q-Q plot revealed that the exponential model
overestimated the sizes of the largest clones at both weeks 8 and
10 (Fig. 3B). Although the exponential model can produce data
that is broadly consistent with the empirical measurements, the
systematic deviations from the empirical data visible in the Q-Q
plots indicate that exponential growth may be too fast to account
for skin-lesion growth.

We next compared the mouse lesion data to the output from
the frontier model in which p53-mutant cells are either (i)
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Fig. 2. Perimeter and area growth of mutant clones with reproductive and survival advantages or just a survival advantage alone. For all three plots, the data
from 10 runs of a mutant with reproductive and survival advantages (kreproductive � 10 and ksurvival � 0) and from 10 runs of a mutant with only a survival advantage
(kreproductive � 1 and ksurvival � 0) are shown. (A) Perimeter vs. clone area. (B) Perimeter vs. time. Lines indicate linear regression fits, which exclude data from the
first 5 years. (C) Clone area vs. time. The lines are the fits to n � at2 � bt � c, which exclude data from the first 5 simulated years.
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Fig. 3. Q-Q plots comparing actual and simulated clone sizes. Shown are Q-Q
plots comparing the mouse data with an exponential clonal expansion model
having a growth rate of 0.33 week�1 (A) and 0.36 week�1 (B). The top 5th
percentile of clone sizes are plotted in gray. Comparisons of the mouse data
with the frontier growth model with no mutant death (ksurvival � 0, � � 0.08)
(C) and with mutant death (ksurvival � 0.4, � � 0.11) (D). p53-mutant clone sizes
are estimates of the number of mutant EPUs in mouse epidermis, and clones
of less than 16 cells were excluded. Likewise, simulated clones smaller than
two EPUs were excluded in the comparisons.
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immortal (ksurvival � 0) or (ii) partially resistant to UVB, with
their rate of apoptosis being 40% of that of normal cells
(ksurvival � 0.4) as measured in ref. 15. For each simulation run,
a single mutant progenitor cell was seeded in the middle of the
tissue at a (uniform) random time during one simulated year to
mimic the process of a p53-mutant EPU arising during contin-
uous exposure to UVB. The mean symmetric division time in
response to neighboring cell apoptosis was set to 1 day. The
model was run 5,000 times each for different values of the
wild-type death rate � to simulate the growth of 5,000 different
mutants that arise during one year. Larger values of � resulted
in a greater proportion of large lesions because of faster mutant
expansion (16). The simulations with no p53-mutant death did
not produce data consistent with the mouse data at both weeks
8 and 10 (e.g., P � 0.04 and P � 0.10 for weeks 8 and 10 when
� � 0.08) (Fig. 3C). Adding a realistic p53-mutant apoptosis rate
improved the match to the experimental data. With ksurvival � 0.4
and � � 0.11, the frontier model was consistent with the mouse
data (P � 0.33 and P � 0.54 for weeks 8 and 10), and there were
no visible systematic deviations from the empirical data at either
time point (Fig. 3D).

The remaining free parameter in the frontier model is the
EPU mutation rate, which can also be derived from the mouse
lesion data and which affects the total number of mutants
generated during a simulation but not their clone size distribu-
tion. At week 10, the mouse skin had 151 clones of more than 16
cells (i.e., larger than one EPU) in an area of 4.46 cm2, or an
average of 33.84 clones per cm2. With an estimated 1,400 EPUs
per mm2 of skin (11), there were 151/4.46/140000 � 2.42 � 10�4

clones per EPU at week 10. For the model with p53-mutant
death and � � 0.11, a mutation rate of 7.7 � 10�6 mutations per
EPU per day would generate this number of mutant clones per
EPU. Table 2 summarizes the frontier model parameters that
best fit the mouse data and measurements from the literature.

Discussion
Quadratic vs. Exponential Growth. The frontier model of opportu-
nistic clonal expansion is more consistent with skin-lesion
growth than exponential growth uninhibited by spatial con-
straints. Tumor promotion may not require an intrinsic propen-
sity toward clonal expansion but could be passive, induced by the
killing of neighboring normal cells. This possibility also provides
an explanation for tumor promotion predicted for ionizing
radiation in lung cancer (21). Spatial constraints not only slow
mutant growth, they enforce a qualitatively different growth law.

Lesions exhibited quadratic growth in the frontier model,
because clones could only expand along their edges. This be-
havior is consistent with that of similar simulation-based models

(22) in which an object’s growth is restricted to its boundaries.
When lesion expansion is driven by other mechanisms, the
growth dynamics can be different. Lesion growth is exponential
when all of its cells divide at a constant rate. However, expo-
nential growth is unlikely to be sustained in larger lesions, which
may be limited by lack of adequate vasculature (23). Gompert-
zian dynamics, which feature an initial exponential growth phase
followed by saturation, may be a more appropriate model for
such systems (24). Stem cells from the bulge region of hair
follicles may be responsible for repair of more macroscopic
epidermal wounds (25), which could result in dynamics different
from those described in the present model, which assumes that
stem-like cells of the interfollicular epidermis are responsible for
skin maintenance (26, 27).

Brú et al. (28) observed that the diameters of both cancer-cell
colonies in vitro and certain tumors in vivo grew linearly over
time, which is consistent with our simulations. The authors
postulated that growth occurs by diffusion of the cancer cells
from the tumor boundary, whereas in the frontier model, tumor
and normal cells compete for space on sites on a lattice.
Although both frameworks result in linear growth, the choice of
model should depend on the physical characteristics of the
system studied so that the model parameters correspond to
properties of the cells. The frontier model applies to tissues in
which lesion growth is driven by opportunistic expansion, such as
p53-inactivated clones in skin (9) and possibly early lesions in the
colon, Barrett’s esophagus, and lung.

The mechanism by which a mutant cell colonizes a stem-cell-
less EPU in these tissues is unknown, but in the Drosophila
germline stem-cell niche, an empty stem cell compartment can
be repopulated by the migration of a nearby epithelial stem cell
or by dedifferentiation of a TA cell (29, 30).

The frontier model can be applied to an epidermis composed
of either EPUs or CPs. Cell division to compensate for apoptosis
is an intrinsic feature of the model, in which the mechanism for
homeostatic cell divisions is an explicit consequence of the
spatial relationships between cells. Because the UVB-induced
apoptosis rate in our mouse study was much higher than the
spontaneous symmetric division rate of CPs estimated in ref. 12,
apoptosis-driven division should dominate the dynamics no
matter which model of intraterritory growth is applied to the
mouse data. Because the frontier model involves neither the
internal workings of the proliferative unit nor the exact mech-
anism of unit replication, we modeled the expansion of p53-
mutant stem cells in mouse skin while omitting their terminally
differentiated progeny from the model. We estimated the p53-
mutant stem cell population of a clone to be the total number of
p53-inactivated cells divided by the estimated number of cells per
EPU in irradiated skin (16 cells). If back skin were composed of
CPs and PMs rather than EPUs, we would divide the number of
p53-mutant cells by 4.5 [one plus the number of PMs per CP in
mouse tail (12)] instead of 16, and the clones would thus be 3.6
times larger than in the EPU model. However, the model would
fit this rescaled data equally well; because growth is quadratic in
the frontier model, scaling the normal cell apoptosis rate (�) to
be �3.6 � 1.9-fold higher would produce clones that are 3.6
times larger.

One remaining issue when applying the CP model to mouse
back skin is that the number of cells per back-skin domain
appears to be constant while the mouse grows [see supplemental
figure 3A in ref. 12]. How can CP proliferation dynamics produce
a clonal domain of stable size in growing skin? Reduced rates of
spontaneous CP and PM cell loss (governed by CP 3 two PM
events and the migration of basal PMs to the suprabasal layer)
would generate skin growth and the remaining CP3 two CP and
CP3 CP � PM events would be difficult to distinguish from the
standard EPU model with an immortal stem cell producing
differentiated TA cells. Interestingly, the underlying mechanism

Table 2. Simulation parameters that match the mouse lesion
data, corresponding to Fig. 3D and values obtained from the
literature

Model Literature

Parameters derived from literature
kreproductive 1.0 1.0*
ksurvival 0.4 0.4†

r (day�1) 1.0 ND‡

Parameters derived from simulations
� (day�1) 0.11 0.12
� (mut per EPU per day) 7.7 � 10�6 12.5 � 10�6

*We found no evidence that p53-mutant keratinocytes can colonize adjacent
space faster than normal cells.

†p53-mutant cells undergo UVB-induced apoptosis at 40% of the rate of
normal cells (15).

‡We did not find estimates in the literature for the time it takes for an EPU to
colonize an adjacent empty space.
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of p53-mutant clonal expansion may be different in a stochastic
CP system compared with a tissue composed of EPUs. Apopto-
sis-resistant p53 mutants will tend to survive after irradiation but
must compete with surviving normal CP cells, so mutant clones
will rarely expand significantly. What dramatically increases the
success of p53 mutants, and thus the frequent clonal expansion
seen in mouse back skin in ref. 9, is most likely the p53 mutant’s
resistance to UVB-induced cell-cycle delay. This delay will
transiently inhibit the cell division of all p53-wildtype CP com-
petitors after every irradiation, so that a p53 mutant would
prevail consistently over normal cells.

As noted in ref. 40, restricting tumor growth to its edges has
a large impact on estimates of cell-proliferation rates based on
observed lesion sizes. In the frontier model, clones with shorter
replication times grew faster but not at rates proportional to their
division rates, as would be assumed under exponential growth.
A simulated clone’s growth was proportional to the length of its
perimeter and to the probability that it could successfully
compete with normal cells for space. These parameters are
determined by the normal cell-death rate and the mutant’s
survival and replicative advantages over normal cells.

Biological Plausibility of Model-Derived Parameter Estimates. The
simple frontier model of opportunistic clonal expansion de-
scribed here can be used to estimate mutation and apoptosis
rates, as well as some properties of mutant cells. However,
exploring parameter space is inefficient, because a large number
of simulations must be run to obtain the distribution of outcomes
for a given set of parameters. In our analysis of p53-mutant lesion
data, we used estimates from the literature to restrict the
parameters. Specifically, we used empirical estimates of the
apoptosis resistance of p53-mutant keratinocytes under UVB
exposure, and we found no evidence in the literature that they
have a reproductive advantage over normal cells. Therefore, only
one free parameter (the normal cell death rate, �) affected the
mutant-clone size distribution.

The model accommodates scenarios in which mutant clones
proliferate faster in response to the apoptosis of neighbors than
normal compartments, which not only increases the growth rate
of the lesion but also affects the shape of the lesion. For lesions
of a given size, we observed that mutants with higher high
replication rates had longer boundaries. The boundary size or a
related metric, such as roughness (28), could be measured in
lesions, and a comparison with the model using different repli-
cation rate differentials could be used to estimate the compart-
ment replication rate of the mutant.

Using the frontier model, we estimated that the stem-cell
mutation rate in mouse skin exposed to UVB is 7.7 � 10�6

mutations per EPU per day (Table 2). In proliferating cells in
culture, the mutation rate after UV radiation exposure is 10�4

per gene per cell division (31). If the mutation rate is 10�4 per
cell division and a stem cell undergoes asymmetric division every
eight days to produce an amplifying cell or PM (12, 32), then the
stem cell mutation rate is 10�4/8 � 1.25 � 10�5 per gene per day,
which is in good agreement with our estimate. The percentage
of apoptotic cells at the UVB dose used in the mouse experi-
ments (1,250 J/m2, a minimal erythemal dose that induces a
barely perceptible sunburn) was �1.5% in wild-type mice after
1 day of exposure (D. Knezevic and D.E.B., unpublished work;
see also ref. 41). If an epidermal cell that is undergoing apoptosis
is visible for 4 h (33–35), then the apoptosis rate is 0.02/4 h � 0.12
day�1, which agrees with the model’s estimate of 0.11 day�1.
When we decreased the apoptosis rate of simulated p53 mutants
from 40% of a normal cell (the estimate from the literature) to
an unrealistically low 0%, the model did not fit the empirical
data. Thus, we have demonstrated that the frontier model can be
used to quantitate precancerous lesion dynamics.

Materials and Methods
Tissue Simulation Model. We implemented a stochastic event-driven model of
a tissue (Java source code, tested on Sun’s Java Runtime Environment 1.6.0-06,
is available on request from the corresponding author). The tissue is repre-
sented by a hexagonal lattice in which each point on the lattice represents a
site that is either occupied (presumably by a single progenitor cell) or empty.
Cell replication and deaths are scheduled in an event queue, and time
progresses in the simulation by drawing events from the queue in chronolog-
ical order.

The probability of a cell dying is constant over time, so for computational
efficiency, the time of a cell’s death is drawn from an exponential distribution
E(t;�) � �e��t as soon as it is created. When the death event is drawn from the
event queue, the cell’s location on the lattice is emptied and any pending
replication events scheduled for that site are canceled.

A death event triggers the cells adjacent to the newly empty site (up to six
neighbors) to schedule division events, with division times drawn from an
exponential distribution E(t;r). When a cell divides, it copies itself into an
adjacent empty site, although not necessarily the neighbor that had triggered
the event. Thus, when a cell dies, the neighbor with the shortest time to
division will fill it. However, the cells that do not win this competition are
briefly ‘‘primed’’ to divide. When their division events occur, they can fill any
adjacent empty site, even if the site that had triggered the event is already
occupied. If a cell tries to divide when there is no available space, division does
not occur. After division occurs, the parent and daughter schedule additional
division events if there are adjacent empty sites.

Thus far, the model describes normal tissue, as might be seen in a healing
burn wound. To simulate tumorigenesis, cells can be normal (wild-type) or
mutant. Mutants can have two kinds of advantages over normal cells in this
model. Mutants may be assigned a reproductive advantage reflected by a
symmetric division rate that is kreproductive times faster than that of a normal
cell, which could correspond to an increased crypt fission rate, as observed in
crypts with inactivated APC (36, 37). Mutants may also have a survival advan-
tage that confers a longer lifetime than that of wild-type cells by having a
death rate that is ksurvival times the wild-type death rate (�). This factor can be
interpreted as either a longer intrinsic lifespan or a resistance to an ambient
chronic cytotoxic event, such as the resistance p53 inactivation confers against
UVB damage or hypoxia (8, 15).

Exponential Growth Model. A stochastic birth process was implemented to
model the size distributions of clones that grow exponentially at rate � (38).
The probability that a clone at time t contains z cells is:

pz�t� � �
1

log[1�p� t�]
p� t� z

z
, [4]

where p(t) � 1 � exp(��t). The initiation (mutation) rate does not need to be
set because we are concerned only with the size distribution of clones and not
their number. For each comparison with the mouse data, we drew 1,000 values
from pz.

Statistical Analysis. A Smirnov two-sample test adapted for discrete data was
used to test whether clone-size data from different models were consistent
with a single underlying distribution (19). Other statistical analyses were
conducted in the R statistical computing language version 2.6.2 (39). Linear
least-squares regression was used to fit the simulated mutant-clone perimeter
and area growth over time to linear and quadratic functions.

The probability that a mutant will colonize an adjacent empty site depends
on the number of mutant and normal neighbors of that site, which is sum-
marized in Table 1. For a mutant with the same replication rate as the normal
cells (i.e., the survival mutant), the probability that it will colonize an empty
site is equal to the proportion of the empty site’s neighbors that are mutants.
Thus, the probabilities that it can colonize an empty site with one, two, . . . ,
or six mutant neighbors (with a total of six neighbors) are 1/6 . . . 6/6. The
reproductive mutant replicates 10 times faster than normal and therefore has
a higher probability of colonizing empty sites. The empty space will be
colonized by the mutant if any mutant neighbor’s replication time [drawn
from the exponential distribution E(t;10r)] is shorter than all of the normal
neighbors’ times [drawn from E(t;r)]. Drawing a random value from E(t;10r) is
equivalent to drawing 10 values from E(t;r) and choosing the minimum. In
other words, competing with 1 mutant neighbor having a reproductive
advantage is equivalent to competing with 10 mutant neighbors lacking the
advantage. Therefore, if an empty site has x mutant neighbors and y normal
neighbors, the probability that the mutant will colonize the space is
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10x/(10x � y), and the probabilities of mutant colonization for a site with
one . . . six mutant neighbors are 10/(10 � 5) . . . 10 � 6/(10 � 6 � 0).

Characterization of p53-Mutant Clones in Mouse Dorsal Epidermis. Experimen-
tal data used for comparison to the exponential and frontier models was
drawn from a previously published study (9). Briefly, mice had been exposed
to UVB (1,250 J/m2) for 3, 5, 8, and 10 weeks before being killed, and epidermal
sheets from dorsal skin were prepared and then stained with rabbit polyclonal
antibody CM-5 for wild-type or mutant murine p53 protein (Novocastra). The
sizes of clones were determined by counting the number of adjacent positive
nuclei. Clonality of some of these clusters was tested by DNA sequencing. The

EPUs were inferred to consist of 16 cells, so we estimated the number of
p53-mutant EPUs to be the number of p53 positive cells divided by 16. Because
clusters of one or two cells were not counted, we did not estimate the number
of clones consisting of only one EPU.
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