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UV B (UVB) radiation induces clones of cells mutant for the p53 tumor
suppressor gene in human and murine epidermis. Here we reanalyze
large datasets that report the fate of clones in mice subjected to a
course of UVB radiation, to uncover how p53 mutation affects epi-
dermal progenitor cell behavior. We show that p53 mutation leads to
exponential growth of clones in UV-irradiated epidermis; this finding
is also consistent with the size distribution of p53 mutant clones in
human epidermis. Analysis of the tail of the size distribution further
reveals that the fate of individual mutant cells is stochastic. Finally,
the data suggest that ending UVB exposure results in the p53 mutant
cells adopting the balanced fate of wild-type cells: the loss of mutant
cells is balanced by proliferation so that the population of preneo-
plastic cells remains constant. We conclude that preneoplastic clones
do not derive from long-lived, self-renewing mutant stem cells but
rather from mutant progenitors with random cell fate. It follows that
ongoing, low-intensity UVB radiation will increase the number of
precancerous cells dramatically compared with sporadic, higher-
intensity exposure at the same cumulative dose, which may explain
why nonmelanoma skin cancer incidence depends more strongly on
age than onradiation dosage. Our approach may be applied to deter-
mine cell growth rates in clonally labeled material from a wide range
of tissues including human samples.

cancer | stem cells | stochastic fate

ancer is thought to arise from the mutation of tissue stem cells:

Initial mutations generate premalignant clones, a small pro-
portion of which undergo further oncogenic changes and develop
into premalignant lesions and then into tumors (1, 2). Evidence in
support of this hypothesis includes observations of human squ-
amous cell carcinomas (SCC), which develop in skin subjected to
long-term exposure to UV B (UVB; 280-320 nm) radiation. UVB
induces a characteristic type of mutation (a C-to-T transition at a
dipyrimidine site) (3). These signature mutations are commonly
found in the p53 gene in sun-exposed (yet apparently normal) skin,
sun-damaged epidermis, premalignant lesions known as actinic
keratoses, and in squamous carcinomas, consistent with p53 mu-
tation being an early event in the clonal evolution of UVB-induced
SCC (4-7). Keratinocytes lacking functional p53 have a greatly
increased risk of malignant transformation from UVB irradiation,
suggesting that the size of the p53 mutant population in epidermis
will determine cancer risk (8).

Oncogenic mutations of p53 stabilize the protein, leading mutant
cells to accumulate sufficient p53 to allow them to be visualized by
immunostaining (6). Clusters of p53 mutant cells, termed p53
mutant clones (PMC), are detected in sun-exposed human epi-
dermis and also in murine epidermis treated with repeated doses of
UVB (6, 9-11). In the murine model, the size and frequency of
PMC:s increases with the duration of UVB exposure. The clusters
of stained cells range in size from just a single cell up to as many as
1,000 cells after 10 weeks of intermittent UVB irradiation (9-11).
PMGs in the interfollicular epidermis are cohesive, irregular in
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shape, and often independent of hair follicles. Indeed, large clones
are observed to flow around multiple unlabeled follicles, indicating
that they do not arise from mutant hair follicle stem cells (9, 12-14).
Murine PMCs resemble equivalent lesions seen in human inter-
follicular epidermis, in both size distribution and appearance.

An intriguing observation is that when UVB irradiation ceases,
the number of PMCs in mice falls dramatically, although a pro-
portion of PMCs may persist for many weeks. The loss of clones
seems paradoxical if PMCs arise from mutant long-lived, self-
renewing interfollicular epidermal stem cells. In contrast, con-
tinuing irradiation results in a relentless increase in the number
and size of PMCs (9).

The progressive expansion of PMCs in UVB-exposed skin raises
the question of how UVB and p53 mutation affect cell behavior.
UVB not only makes mutations but also induces S-phase delay,
G2 arrest, apoptosis, cytokine secretion, and epidermal hyper-
plasia, several of which rely on P53 (5, 15-17). If cells within a PMC
acquire an increased rate of proliferation and/or a decreased rate of
terminal differentiation or apoptosis, the clone will expand expo-
nentially. However, a recent theoretical analysis of PMC growth in
mice has proposed an alternative hypothesis (18). Normal cells are
more sensitive than mutants to UVB-induced apoptosis because of
their wild-type P53. Therefore, PMCs might expand because of the
apoptotic death of adjacent normal cells outside their clonal
boundary, or frontier. This “Frontier model” is an example of a
general class of nonexponential growth models in which cell pro-
liferation is “contact inhibited” so that cells are able to divide only
when the local cell density falls through differentiation, or in the
case of UVB irradiation, apoptosis (19). The contact inhibition
model has significant clinical implications: If the death of normal
cells can be prevented, PMC growth is arrested, and the number of
p53 mutant cells available for further mutation may be reduced.

Here, we analyze a range of high-quality published datasets re-
cording the evolution of the PMC size distribution in chronically
UVB-irradiated mouse epidermis. From simple statistical consid-
erations, we argue that the variation of the PMC size distribution
provides an unambiguous fingerprint of the clone growth charac-
teristics that discriminates between exponential and “contact-
inhibited” PMC growth (9, 10). The data provide compelling
evidence for exponential PMC growth. Further analysis reveals that
p53-mutated cells have a stochastic fate similar to that of the normal
progenitor cells that self-renew to maintain the interfollicular epi-
dermis during homeostasis (20). However, instead of the rates of
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production of cycling and postmitotic cells being perfectly balanced
as they are in normal epidermis, UVB exposure results in a small
excess of proliferating cells over those lost through differentiation
and apoptosis in PMCs. Clone size distributions in sun-exposed
human epidermis are also consistent with p53 mutation conferring
this imbalanced stochastic fate. Following cessation of UVB expo-
sure, p53 mutant cells appear to revert to the same homeostatic
behavior as wild-type progenitors in the absence of irradiation. The
result is that the number of PMCs falls through stochastic differ-
entiation whereas the remaining clones expand through pro-
liferation, so the proportion of preneoplastic cells is maintained at a
constant level. These findings have important implications for
cancer prevention strategies. Moreover, the statistical approach that
we use may have broad applicability, allowing cell fate to be inferred
in tissues containing mutant clones.

Results

p53 Mutant Cells Proliferate Exponentially During Ongoing UVB
Treatment. Prolonged exposure of mouse epidermis to UVB
leads to the ongoing induction of PMCs through mutation. These
clones have different sizes, a reflection of their different ages as
well as potentially different patterns of cell fate (Fig. 14). The
ensemble of surviving p53-mutated clones at some time, ¢, fol-
lowing UVB exposure can therefore be represented by a size
distribution, P,(¢), which describes the probability of finding a
clone of total size n > 0 cells. We analyzed this distribution to
provide a direct signature of the mechanism of cell turnover
associated with the p53-mutated clones.

To develop the analysis, we defined a time-specific clone size
distribution, g,,(¢), as the probability of finding a clone of size n > 0
following a single pulse of UVB radiation at some earlier time, ¢.
The average size of these clones is given simply by the sum,
N(t) =3, 8. (t). As all surviving clones start with just one
mutant cell, we have the initial condition, g,(0) = §,,; (where & is
the Kronecker-delta symbol), from which it follows that N(0) = 1.
Clones induced at some time #; will have, at a later time £,, an
average number of cells N(t,—t1).

If we assume that the induction rate is constant during the
period of UVB exposure, one obtains the following expression
for the normalized size distribution (SI Text),

1
~ e nsNO
Patt) { 0 na>N@)’ 1]

where ¢, is the inverse function to N(¢), i.e., N(¢$,) = n, and
N'(¢,,) denotes the time-derivative of N(¢) evaluated at time ¢ =
¢, An intuitive illustration of how this result emerges is shown in
Fig. 1 B and C. This result is strictly correct when all clones have
precisely the average number of cells for their age, N(¢); how-
ever Eq. (1) still holds, with minor modification, when clone
sizes depart from their average value (Fig. 1D and SI Text). As
N'(¢,,) is independent of the time ¢, Eq. (1) implies that the form
of the clone size distribution is time-independent, with the time
entering only through the position of the large clone size cutoff,
set by the size of the oldest mutant clones, N(¢) (Fig. 1), and the
(1/t) prefactor arising from the normalization. In particular, if
PMCs expand exponentially, N(¢) = exp[vt], the resulting distri-
bution is a power-law of the form

_[A@m <N
P"(t)N{ 0 n>N@’ 21

where p = 1 and A(¢) is a time-varying normalization constant (exact
expression given in SI Text). In contrast, polynomial growth, with
N(t)~t*, leads to a power-law distribution with p = (a—1)/a. Note
that, should early PMC expansion be conditional on other muta-
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Fig. 1. lllustration of the relationship between p53 mutant clone (PMC) size
distributions and the average clone growth rate during ongoing UVB radia-
tion. (A) Schematic showing age-related variability in PMC size following a
period texp, of ongoing radiation. Clones induced earlier in the experiment are
expected to have a larger average size than younger clones. (B) Hypothetical
growth curve, N(t), showing clone size as a function of age t at the time of
analysis. Clones (1)-(3) from A are indicated; the oldest clones induced by the
first pulse of UVB radiation are of age te,p. Asillustrated in A, at t,, the growth
curve consists of large clones induced early in the experiment and small clones
induced a short time before the experiment is terminated. (C) Histogram of
clone sizes at time t.p. Dotted lines in B and C indicate the histogram binning
boundaries, with the height of each bar corresponding to the number of data
points (clones) demarcated in B. Therefore, the shape of the histogram
depends only on the shape of the growth curve N(t) in B, as formally expressed
in Eq. (1). Black curve shows the clone size distribution directly inferred from B
using Eq. (1), with a sharp cutoff corresponding to the maximum size seen in
the experiment. (D) Same-aged clones in reality acquire a broad distribution of
sizes about the average size N(t) (Inset cartoon and colored curves; purple
indicates younger clones; green, older clones). For a wide range of heteroge-
neous fates, the combined clone size distribution (black curve) is the same as
that predicted by Eq. (1) (S/ Text); however, the cutoff is now smooth as a result
of heterogeneity in the fate of the oldest clones.

tions in addition to the one in p53, then Egs. (1) and (2) change ina
manner that does not alter the conclusions of this study (S7 Text).

In interpreting the PMC size distribution following prolonged
UVB exposure, a recent study has placed emphasis on the Frontier
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model, in which clones expand in response to the loss of adjacent
normal cells (18). In this model, the restriction of growth to the
boundary of the clone leads to an expansion in the average PMC
size that is quadratic with time (i.e., « = 2), leading in turn to an
inverse square root dependence of the probability distribution,
P,(¢), on the clone size, n, i.e., p = 1/2in Eq. (2). Therefore, Eq. (2)
provides a clear prediction for the clone size distributions following
quadratic and exponential growth (Fig. 24).

With these predictions, we analyzed the detailed p53-mutated
clone size distributions measured after a relatively low level of
UVB exposure (750 J/m* administered five times per week, for
7-11 weeks) 1n a study comparing wild-type and immunocom-
promised (Rag™™) mice (10) (In the main text, we focus on wild-
type mice; similar results in Rag™'~ animals are discussed in the
SI Text). Figure 2 A-C shows the clone size distribution for three
time points following chronic UVB exposure (for evaluation of
distributions, see Methods). In each case, the raw experimental
data provide a strlklngly good fit to a power law decay, P, (t) = A/

P with B lying in the range 0.99-1.11. The power-law behavior
appears to terminate at increasing sizes at progressive time
points, with the most persistent power law manifest at 11 weeks
(Fig. 2A) consistent with an age- dependent truncation of the
clone size distribution descrlbed in Eq. (2). The same power law
behavior is found for Rag™~ animals (Fig. S1). Although these
results are incompatible with the Frontier model, they provide
powerful evidence for exponential growth.

UVB-induced p53 mutant clones have also been described in
human epidermis. In humans, such clones arise over an unknown
time period following variable levels of UVB exposure at vari-
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Fig. 2. Empirical lesion size distributions follow a 1/n power law, indicative of
exponential growth. (A-C) PMCsize distributions in mouse back skin following
11,9, and 7 weeks of daily UVB radiation (data from ref. 10). Data points show
raw size distributions; black curves show smoothed distributions (Methods).
When plotted on a log-log scale, exponential growth predicts a size dis-
tribution with slope of —1 (corresponding to a 1/n power law; solid straight
curves), whereas quadratic growth predicts a slope of —1/2 (corresponding to a
1/n"? power law; dashed curve in A). Regression analysis of clones of size n <
500 cells (chosen to avoid the cutoff size after which the distribution decays
rapidly; main text) reveals that the data have slopes of f=—0.99 + 0.04, —1.08 +
0.04,and -1.1+0.05at 11,9, and 7, weeks respectively, indicating that the data
follow a 1/n power-law before dropping off at large clone sizes. This deviation
occurs at larger clone sizes for later time points, as expected for an age-
dependent cutoff, asillustrated in Fig.1Cand D and Eq. (1). (D) Size distribution
of p53 mutant clones in chronically exposed human epidermis (data from ref.
6). The distribution shows the same power law decay as in the mouse, consistent
with exponential growth of PMCs while exposed to UVB.
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able intervals (6). Remarkably, analysis of PMC size distributions
in human skin chronically exposed to UVB reveals the same 1/n
power law behavior (Fig. 2D) indicating the same pattern of
exponential clone growth.

Stochastic Exponential Lesion Growth. An important question is the
mechanism by which individual p53 mutant cells depart from
homeostatic behavior during UVB irradiation to give rise to
exponential growth. Recent studies of epidermal homeostasis in
mouse tail have revealed that, during homeostasis, interfollicular
epidermis is maintained by a population of committed progeni-
tor (CP) cells that acquire one of three stochastic fates upon
division (Fig. 34) (20). Qualitative evidence consistent with CP
cell behavior in the back skin of the mouse was also reported (20).
In homeostasis, loss of CP cells through differentiation is perfectly
balanced by progenitor cell self-duplication (i.e., CP—2CP) to
ensure self-renewal (21). In this case, CP cell fate is fully specified
by three parameters: the cell division rate, A; the ratio, r, relating
the relative fraction of symmetric and asymmetric divisions (Fig.
3A4); and the fraction of basal layer cells that are cycling, p (19).
Therefore, we further analyzed the PMC size distributions to
determine whether stochastic fate could play an important role in
the exponential growth of p53 mutant lesions.

During ongoing UVB exposure, the wild-type progenitor cell
population compensates for increased cell loss to maintain a new
steady state. By contrast, mutant cells may become imbalanced
toward exponential growth if they multiply faster than they are
lost. This imbalance can be captured by a relative increase, A, in
the number of cells self-duplicating compared with those that are
lost (Fig. 3B), leading to an exponential growth of the average
size of the surviving clone population with

1

[(1+A)e* ™ —(1-A))]. [31

With A = 0, this description recovers the conventional CP cell
dynamics in which the loss of one cell because of differentiation
is compensated for by the creation of a new CP cell through self-
duplication. With A = 1, mutant CP cells continue to divide
indefinitely without loss. When 0 < A < 1, cell fate remains
stochastic but biased toward self-duplication. In all cases, note
that asymmetric divisions do not alter the number of CP cells
(Fig. 3B). Interestingly, this description is analogous to the well-
known Luria-Delbriick model, which was initially proposed to
investigate the spread of mutations in bacterial populations (refs.
22-25 and SI Text).

From Eq. (2), we anticipated that mutant CP cells would
generate a size distribution that decays as 1/n. A more careful
analysis, which includes the stochastic fate of individual cells,
shows that the lesion size distribution acquires the form (S7 Text),

1 exp[—n/N(t)]

PO TN

[4]

This result allows us to experimentally test the imbalanced CP cell
growth model by focusing on the departure of large PMCs from the
1/n power-law size distribution. In particular, by analyzing the
product, nP,(t), we can explore whether the distributions conform to
the predicted exponential tail seen in Eq. (4). To further reduce the
effect of fluctuations resulting from counting statistics, in Fig. 3C we
plotted the cumulative sum of nP,(t), known as the first incomplete
moment, W (n,t), of the experimental data, which is predicted to
follow the same exponential decay (SI Text and Fig. 3) (26).

Figure 3C shows that Eq. (4) provides an excellent fit to the
data at all three time points (with 7 = 0.996, 0.997, and 0.98 for
the 7-, 9-, and 11-week data points, respectively; Fig. S1 shows
similar results in Rag~'~ mice). Further analysis of the naturally
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Stochastic fate in normal and mutant clones. (A) Model of stochastic population self-renewal in homeostasis, characterized by the probability of

symmetric division r. Each CP cell (red) may divide into two cycling CP daughter cells with probability r; or it may divide asymmetrically into one cycling and
one postmitotic cell (blue, probability 1-2r); or it may divide symmetrically into two postmitotic cells, with probability r. In homeostasis the creation of new CP
cells is balanced by differentiation into postmitotic cells, which are ultimately shed from the tissue (Fig. S2 for tissue organization). (B) p53 Mutant CP cells
follow the same fate choices as normal cells (Left) but with an imbalance between the probabilities of CP cell multiplication and differentiation (i.e., the
parameter A). The result is exponential clone growth at a rate of 2rA per cell division. Halting UVB exposure (Right) restores this balance (i.e., A = 0), so that
the average number of mutant cells is constant. (C and D) Tests of stochastic fate in murine and human epidermis, showing the first incomplete moment of
the lesion size distributions. Stochastic cell fate is predicted to give an exponential decay of the form 1— p;(n, )/p1(c0,t) = €™V [after Eq. (4); for details, see
main text]. Data points are calculated from the PMC size distributions in Fig. 2 A-C for murine (C) and from Fig. 2D for human (D). Lines show fits to an
exponential decay. A log-plot of the average clone size after a single UVB pulse, N(t), obtained from the fits, is shown in the Inset.

occurring p53 mutant clone fate data from human epidermis (6)
shows an equally favorable fit (Fig. 3D). These striking obser-
vations confirm that the experimental data has all of the sig-
natures of stochastic exponential growth of a mutant CP cell that
may be lost by chance. The observations therefore rule out long-
lived stem cells as supporting lesion growth. A more detailed
analysis of the data reveals the parameter values rA = 1.34 +
0.42/week, A = 0.11 + 0.03, and 1/p = 8.9 + 2.0 (SI Text).

Fate of Mutant Clones After UVB Exposure. When PMC size dis-
tributions are scored at 2—4 weeks following the cessation of UVB,
a striking observation is a decline of 60-70% in the number of
PMC:s per square millimeter of epidermis, which is surprising in
light of the exponential growth of the same clones during UVB
exposure (ref. 10 and Fig. S3). Following the initial decline, the
number and average clone size plateau, indicating that the pro-
portion of mutant cells in the epidermis remains approximately
constant (9, 10, 27). Therefore, we considered whether the sto-
chastic fate of epidermal progenitor cells could account for
these observations.

After a prolonged period of UVB exposure, Ty, the clone size
distribution acquires the form given by Eq. (4) with Nex, = N(Texp)-
Then, if cells continued to follow the same unbalanced pattern of
fate but without new clones being created, stochastic loss (e.g.,
through progenitor cell differentiation; Fig. 34), would result in
only a fraction,

1 1 2pNexp — 1)A
Py = In +( Pexp )
lnpNeXp 1+ A

[5]

of PMCs surviving post UVB exposure (SI Text). If instead the
P53 mutant cells revert to the balanced fate of normal CP cells
after cessation of UVB (i.e., A = 0), then the number of PMCs
would inexorably decline through stochastic differentiation (20).

Klein et al.

In this case, the remaining PMCs would expand so that the
proportion of mutant cells in the epidermis remains constant.
Because the observed 60-70% depletion in PMC density corre-
sponds to a survival value of Py, <30-40%, Eq. (5) can be used
to estimate the degree of stochastic imbalance between prolifer-
ation and loss, A, in p53 mutant cells in the absence of UVB.
Interestingly, using the values of p, Ny, obtained in the previous
section (Fig. 3C, inset), the observed depletion in clone density is
consistent with p53-mutated cells returning to balanced (or near-
balanced) behavior in the absence of UVB, with A < 0.02.
Therefore, the drop in the PMC density is consistent with a
cessation of exponential growth in the absence of UVB (Fig. 3B).

Discussion

Implications of Stochastic Exponential Growth. An immediate
implication of exponential PMC growth is that ongoing, low-
intensity UV radiation may carry significantly more cancer risk than
sporadic higher-intensity exposure to the same cumulative UV
dosage. In both cases, the number of cells acquiring de novo p53
mutations is likely to be similar; however, PMCs will expand further
during ongoing exposure than during sporadic exposure, leading to
many more p53 mutant cells (Fig. 44). This time—dose effect is
consistent with the observation that cancer incidence rates depend
more strongly on age than on cumulative radiation dosage (28).
Stochastic cell behavior has important implications for the
acquisition of the additional oncogenic mutations. In normal
homeostatic epidermis, the acquisition of multiple mutations in a
progenitor cell is very unlikely, as an individual mutant clone has
a high probability of loss through differentiation before a second
mutation occurs, unless the mutation is sufficient to alter cell fate
(20) (Fig. 34). In contrast, in irradiated epidermis, p53 mutation
alters cell fate in favor of self-duplication, so the probability of a
cell within a mutant clone acquiring an additional oncogenic
mutation and then persisting is increased. Accordingly, acquiring

PNAS | January 5,2010 | vol. 107 | no.1 | 273

APPLIED PHYSICAL

MEDICAL SCIENCES

SCIENCES


http://www.pnas.org/cgi/data/0909738107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0909738107/DCSupplemental/Supplemental_PDF#nameddest=sfig03
http://www.pnas.org/cgi/data/0909738107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0909738107/DCSupplemental/Supplemental_PDF#nameddest=sfig02

A Highintensity  Low intensity

short exposure  ongoing exposure

53

P o) o ) @ @
o8 o—8-—8g—P
o8 O
o8 OB
time time

B 350

e== Growth by mutation
=== Growth by division

N
S
T

w
o
T

N
o
T

o
T

]

0 5 10 15
UVB exposure time (a.u.)

o

Number p53 mutant cells (a.u.)

Fig. 4. Implications of exponential clone growth for skin cancer risk. (A)
Brief exposure to UV radiation leads to fewer p53 mutant cells than ongo-
ing, low-intensity exposure to the same cumulative UV dose. The number of
de novo p53 mutants is expected to depend mainly on UV dose, giving
similar clone counts in both cases. Ongoing exposure drives exponential
growth of mutant clones, resulting in a higher number of mutant cells. (B)
Skin cancer risk increases through exponential growth of p53 mutant cells.
Growth is initially driven by direct UVB-induced mutations (black curve).
Ongoing cell division following UVB damage and sunburn leads to expo-
nential growth of existing mutant cell clones (gray curve), which significantly
amplifies the effects of UVB exposure. AU, arbitrary units.

a large p53 mutant cell population is thus predicted to increase
oncogenic mutation rate and cancer risk in later life (29).

Restricting Growth of Large Clones. We also analyzed PMC fate
data from an earlier study by Zhang et al. (9), which again reveal
that clone growth is exponential, refuting a recent claim that
these data support the Frontier model by which clones expand
quadratically in response to the death of normal cells beyond the
clone perimeter (Fig. S4) (18). Our analysis explains the full
range of clone fate data, unlike the Frontier model, which only
provides a good fit to the size distribution of large clones.

Yet, although the exponential growth of small PMCs will not affect
the tissue, if left unchecked, such behavior would result in many
PMCs generating tumors without acquiring additional mutations
(30). How is the expansion of PMCs slowed? A possible explanation
is through the regulation of cell division, e.g., by contact-inhibition
(19). In this case, the evolution of the largest clones may indeed cross
over to Frontier model-type dynamics. A narrowing of the large-size
tail of the PMC distribution, as seen in the first incomplete moment
of the distribution (Fig. S4), is consistent with such a change in
behavior (18). Alternatively, the packing density of cells in PMCs
may increase, with more cells occupying the same area (9).

EPUs vs. Stochastic Progenitors. Earlier studies of p53 mutant clones
identified oscillations in PMC size distributions with maxima
occurring roughly every 12-16 cells per clone (5, 9, 31). It was

1. CairnsJ (1975) Mutation selection and the natural history of cancer. Nature 255:197-200.

2. Nowell PC (1976) The clonal evolution of tumor cell populations. Science 194:23-28.

3. Brash DE, et al. (1991) A role for sunlight in skin cancer: UV-induced p53 mutations in
squamous cell carcinoma. Proc Nat/ Acad Sci USA 88:10124-10128.

4. Nakazawa H, et al. (1994) UV and skin cancer: Specific p53 gene mutation in normal skin
as a biologically relevant exposure measurement. Proc Nat/ Acad Sci USA 91:360-364.

5. Ziegler A, et al. (1994) Sunburn and p53 in the onset of skin cancer. Nature 372:
773-776.
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proposed that these oscillations arise as a result of the epidermis
being organized into epidermal proliferative units or EPUs, each
supported by a single stem cell (32, 33). In contrast, we found that
the pattern of oscillations may arise from the timing of UV radi-
ation: the peaks in the PMC size distribution are a consequence of
pulsed induction of cohorts PMC (SI Text and Fig. S5).

Mechanism of PMC Expansion. How do PMC expand? It is well
established that chronic UVB exposure leads to radiation-induced
apoptosis and an increase in the proportion of cycling cells in normal
epidermis (5, 31). However, despite this, tissue homeostasis is
maintained (10). This indicates that tissue-wide signals to wild-type
keratinocytes increase the rate of production of proliferating cells to
compensate for cell loss through UVB-induced apoptosis. Previous
studies provide strong evidence for the resistance of p53-mutated
cells to apoptosis, growth arrest, or terminal differentiation induced
by UVB (5, 34). If both normal and p53 mutant progenitor cells
respond equally to UVB by generating more proliferating cells, the
reduced loss of p53-mutated cells will result in exponential growth,
as there is an effective imbalance between the rate of mutant cell loss
and self-duplication (Fig. 3B), giving the mutant cells a competitive
advantage over wild-type cells (35). It is important to note that this
advantage emerges only during UV irradiation.

In summary, these findings show that most p53 mutant cells in
irradiated skin are created by proliferation of existing mutant
clones and not by induction of new mutations by UVB (Fig. 4).
Once formed the pool of preneoplastic cells is self-maintaining,
until further UVB exposure occurs, when exponential growth
resumes. Such behavior may be a key contributor to the observed
supralinear increase in the incidence of nonmelanoma skin cancer
with age in humans (28). These results suggest that individuals with
the highest lifetime dose of UVB have the most to gain from
avoiding further sun exposure: a summer of sun or a week in a
suntan parlor has a far greater effect on skin that already contains a
significant population of p53 mutant cells.

Methods

Evaluation of p53 Mutant Clone Size Distributions in Murine and Human
Epidermis. Experimental data used for generating size distributions was
drawn from previously published studies (9, 10) that scored the number of
cells per clone {ny, ny, ..., ny} for clones 1, 2,...N at each time point. From
these data, the fraction of lesions, P,, with exactly n cells was calculated in
two ways. First, P, was evaluated as a coarse-grained (or kernel-smoothed)
probability density from the data (curves in Fig. 2 A-D). Second, for a direct
evaluation of P, based on the raw data, we calculated the experimental
fraction P*, as the total number of lesions found to have n cells, and then
divided the result by the separation between consecutive nonzero values of
P*.. Thus, the corrected lesion size distribution is

P*
P, = n

n—max({m<n;P;,>0}),

giving the data points in Fig. 2A-D. Coarse graining was performed using the
MATLAB (v7.7.0) ksdensity function; power laws were fitted by regression
analysis using XMGRACE (v5.1.22).
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