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ABSTRACT
A central tenet of stem cell biology has been that proliferating tissues are
maintained through a cellular hierarchy comprising of self-renewing stem cells at the
apex, multiple lineage-restricted short-lived progenitor cells, and post-mitotic
differentiated cells. The wide range of colony sizes in cultured human keratinocytes
has been taken to support this hypothesis. Contrary to this model, researchers using
genetic lineage tracing in mouse epidermis have inferred a single progenitor
population for homeostasis, and a quiescent stem cell population activated upon
wounding or genetic mutation.
To study the proliferative behaviour of human keratinocytes, I used live imaging in
vitro at single cell resolution. This shows two modes of proliferation: Type 1 cell
division is stochastic with equal odds of generating dividing or non-dividing progeny,
while Type 2 cell division predominantly produces two dividing daughters. These
two modes are sufficient to explain the entire range of colony sizes seen after 7-12
days of culture and does not require a spectrum of proliferative ability.
This insight provides a simple way to study the effects of external factors on cell
fate. To exemplify this, I observed the effects of epidermal growth factor (EGF) and
the Wnt agonist R-spondin on proliferation. Here I find proliferation in type 2 colonies
changes by changing the proportion of cells dividing. This has implications for the
limited success of EGF therapies in clinical trials following burns.
To examine clonal contributions to wound repair, I used the mouse oesophageal
epithelium which is exclusively composed of, and maintained by, a single progenitor
population. I developed a micro-endoscopic wounding technique that produced
localised superficial wounds. Here, I found that these wounds healed by uniform
contribution from surrounding keratinocytes, demonstrating that reserve stem cells
are not obligatory for wound repair.
In summary, my work shows that human keratinocytes in vitro have two, and only
two, modes of proliferation: a stochastic mode that is insensitive to external EGF
signalling, and a EGF-sensitive exponential mode. Additionally, proliferation during
wound repair can occur with stochastically dividing progenitors, and does not
obligate stem cell recruitment in vivo.
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CHAPTER 1
INTRODUCTION
1.1

Motivation: Single Cell Analysis Can Define Cell Fate

Efforts to understand the proliferative capacity of adult cells have often been
framed around the concept of a stem cell (Lajtha 1979; Potten & Loeffler 1990). As
described since the 1970s, stem cells are believed to be rare, long-lived, self-renewing,
and quiescent during homeostasis. They were thought, however, to possess the ability
to execute a burst of cellular proliferation following wounding. As long-term residents
in tissues with rapid turnover, stem cells were also described as the cell of origin for
neoplastic transformation (Berenblum 1954). Recent experiments have however
challenged a rigid concept of a hierarchically distinct cell with these attributes, with
increasing emphasis on functional and behavioural plasticity (Nguyen et al. 2012).
Advances in genetic labelling have allowed cells of interest and their progeny to be
tracked for long periods in their native habitat (Kretzschmar & Watt 2012; Alcolea &
Jones 2013). This allows direct observation of cell lineage in large numbers across a
tissue through analysis of cohorts of labelled cells. While this approach has resulted in
much revision to our understanding of cellular hierarchies in multicellular tissue,
there are limitations on its application (Blanpain & Simons 2013). Tagged clonal
distributions can be helpful to identify average long-term behaviour, but may be
unrevealing for detailed attributes like cell cycle time distribution.
Thus direct observation of quantitative measures that characterise all cell
populations should be attempted. Advances in live imaging of cells allow such a
study to be undertaken. In parallel, developing mathematical models that are
informed by the data allows greater understanding of cellular behaviour. In this
dissertation, I explore the power of live imaging of keratinocyte populations informed
by complementary novel statistical approaches.

1.2

Cellular Organisation of the Epidermis

The human epidermis is a remarkable paper-thin tissue, forming a flexible, but
impermeable surface barrier from embryonic development throughout life. The interfollicular epidermis (IFE) consists of multiple ordered layers of keratinocytes
overlying a basement membrane, punctuated by appendages such as hair follicles
(HF) and sweat glands (SG) (Fuchs 2007). Even in adulthood, the epidermis has to
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Figure 1.1. Human interfollicular epidermis. (Adapted from Candi et al., 2005).
(A) Layers of the normal interfollicular epidermis resting upon the basal lamina
(dotted line). The epidermis projects rete ridges in to the dermis, seperated from
each other by dermal papillae, resulting in an undulating pattern. (B) Terminal
differentiation in the epidermis. Proteins are expressed at characteristic locations in
the epidermis during differentiation. Cell division is restricted to the basal layer,
while differentiation occurs in the suprabasal layers. The cornified envelope is
formed by proteins that are cross linked by transglutaminases (TG) with specific
lipids on the outside. BPAG=bullous pemphigoid antigen; SPR=small proline-rich
proteins.
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keep “running to stand still”, being in a constant state of flux as differentiated cells are
continually shed from the external surface while new cells are generated in the basal
layer (Figure 1.1A). In addition, because the epidermis is continually subject to injury,
it must be able to repair itself to restore its protective function.
The epidermis is comprised of four layers resting attached to an inner basement
membrane (McGrath & Uitto 2010). These layers from internal to external surface are
termed the basal layer, the spinous layer, the granular layer and the cornified layer.
An additional transitionary layer between the granular layer and the cornified layer
exists in the thick epidermis of the palms and soles called the clear layer.
Keratinocytes are characterised by producing copious amounts of cytoplasmic
heteropolymers known as keratin intermediate filaments (KIF) that are in turn
composed of keratin proteins (Fuchs 2007). As cell migrate through the layers of the
skin, the expression pattern of keratins changes in a characteristic manner.
Cells in the basal layer express keratin 5 (K5) and keratin 14 (K14), but switch to
produce keratin 1 (K1) and keratin 10 (K10) in the suprabasal layer (Fuchs & Green
1980) (Figure 1.1B). This switch is considered the most reliable indicator that the
epidermal keratinocyte has undergone commitment to terminal differentiation. In the
spinous layer, the KIFs in the cytoskeleton bind robustly to tight cell-cell desmosome
junctions giving the keratinocytes their “spinous” or “prickle-cell” appearance. As
spinous cells migrate to the next granular layer, they undergo a series of structural
changes (Candi et al. 2005). They initially form electron-dense keratohyalin granules
giving them their descriptive name. These granules are packed with the protein
profillagrin, which are eventually processed to cause further KIF bundling and
generate large microfibrillar cables promoting the collapse of the cell to a flattened
shape. Together, the KIFs and Filaggrin constitute 80-90% of the protein mass of the
epidermis. Additional cornified envelope proteins, such as Involucrin (IVL), Loricrin
and Trichohyalin, rich in glutamine and lysine residues are synthesised and deposited
under the plasma membrane of granular cells. When the cells become permeabilised
to calcium, crosslinking of these additional proteins occurs mediated by several
Transglutaminases generating N ! - γ -glutamyl lysine bonds. This creates a
proteinaceous sac holding the KIFs and reinforcing the cornified envelope. Several
components of the cornified envelope are still being discovered such as the S100
family of Ca2+ binding proteins and associated Epidermal Fatty Acid-Binding Protein
(E-FABP or FABP5) (Ruse et al. 2001; Ruse et al. 2003; Eckert et al. 2004). The final
steps in terminal differentiation involve the destruction of cellular organelles
including the nucleus and the extrusion of lipid bilayers on the cornified envelope
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Figure 1.2. Early recognition that mitosis occurs in the IFE basal layer (Adapted
from (A) Flemming, 1882, and (B) Ljunggren,1898). (A) Flemming made drawings
to depict mitosis at various stages in the basal layer of the salamander skin. He later
reported the same in human skin (not shown). (B) Ljunggren reported maintaining
skin from a child in ascites fluid for three months, and successfully transplanting it
back. As evidence of it surviving, he illustrated seeing cell division in both the basal
layer and dermis indicated here.
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forming an impermeable seal. The dead cornified cells are lost as squames, and
continually replaced as inner layer cells move outwards.
Most experimental evidence on the cellular organisation of the epidermis comes
from the mouse. The organisation of the mouse epidermis is similar to the human
epidermis with a few key differences (Gudjonsson et al. 2007; Rittié et al. 2013). Firstly,
mouse epidermis generally comprises of only three cell layers and is <25!m in
thickness, whereas the human epidermis commonly has 6-10 cell layers and is >50!m
in thickness. Secondly, the IFE in humans undulates projecting in to the dermis in the
form of rete ridges, separated by dermal papillae. Mouse epidermis is devoid of this
feature. Thirdly, the density and type of appendages are different, with humans
having the lowest range of HF density among mammals but having abundant eccrine
sweat glands reaching densities of 200-700/cm2 (Sato & Sato 2000). Mouse eccrine
sweat glands are limited to their footpads. Despite these differences of scale and
density, valuable lessons may be gleaned from the study of murine epidermis,
although applied cautiously between animals with a fifty-fold difference in life span.

1.3

Homeostasis in the Inter-follicular Epidermis

1.3.1 Early Histological Observations
Mitosis was first recorded in the basal layer of the skin by Walther Flemming in
1882 (Flemming 1882) (Figure 1.2A). He postulated that the new cells produced by
these mitosis exert a pressure that results in a movement of cells towards the region of
least resistance at the surface of the skin (Branca 1912; Storey & Leblond 1951). The
concept of only some cells being capable of proliferation was reported by Adami in
1901, with “proliferous” cells giving rise to “vegetative” cells while maintaining their
“embryonic” state (Adami 1901). Ewing used the basal cells of the epidermis as an
example of these dividing cells capable of maintaining a tissue (Ewing 1909). Here he
highlighted the concept that proliferating basal cells maintained the tissue, but
differentiated, non-proliferating suprabasal cells maintained the barrier function.

1.3.2 Mitotic Indices and Colchicine
With the recognition that all divisions in the epidermis occurred as a result of basal
layer mitoses, early research looked at the frequency of mitotic figures at rest, or after
metaphase arrest with colchicine (Leblond & Walker 1956). The number of cells in
mitosis after a fixed time with colchicine gave a “mitotic index” that was used to infer
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Figure 1.3. Basal keratinocyte divisions adopt one of three outcomes. (Adapted
from Marques-Pereira & Leblond, 1965). Radioautographs of rat oesophageal
epithelium fixed 48 hours after injection of 3H-thymidine. Basal divisions are seen
to divide with either (A) two basal daughters (B) a basal and a suprabasal daughter
or (C) two suprabasal daughters. Basement membrane in red dashed line. G=granular layer, S=suprabasal, B=basal. Magnification 875X.
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a “renewal time” of 16.9 days in the mouse epidermis (Storey & Leblond 1951). This
long division time was due to the assumption that all cells in the basal layer were
proliferating. Thus, all basal layer cells were called stem cells, whose rate of division
was balanced by cell loss from the skin surface (Berenblum 1954). It was speculated
that the number of stem cells in normal skin stays constant with half of their daughter
cells persisting as stem cells and the other half “embarking on the process of
maturation towards their ultimate conversion in to dead keratin” (Berenblum 1954).

1.3.3 Autoradiography and Cell Kinetics
The passive observation of cell division in human skin was transformed with the
advent of cell labelling techniques using DNA precursors and detection using
autoradiography in the 1960s. Tritiated thymidine (3H-TdR) was the most widely used
of these agents. After administration, it is incorporated in to the DNA of proliferating
cells in S-phase. Short-term dilution of the dye with cell division allowed a limited
degree of lineage tracing of labelled cells.
Leblond and colleagues performed the initial studies on homeostasis in stratified
squamous epithelia using the rat oesophagus (Marques-Pereira & Leblond 1965).
Here, a 3H-TdR pulse was used to label cells in S-phase, and after a 12-hour chase
period, pairs of labelled cells were seen in the basal layer. This demonstrated that
divisions occurred in the basal plane. At 2 days after labelling cells in the labelled cell
pairs was now seen to be one of 3 configurations: both cells basal (29%), both cells
suprabasal (29%), or one of each (42%) (Figure 1.3). This was interpreted to support a
model in which all proliferating basal cells were equivalent, and that each daughter
cell made an independent choice to either remain in the basal layer (and undergo
further cell division) or differentiate and stratify with equal probability (50:50).
A variety of 3H-dTR protocols have been used to study the kinetics of mouse
epidermal proliferation in vivo including pulse labelling, double labelling and
continuous labelling. Biological and methodological variability with these methods is
well recognised and widely reported (Halprin 1972; Camplejohn 1983). In the mouse
epidermis, Potten used mathematical modeling of these labelling counts to infer
heterogeneity of cell cycle times (Potten et al. 1982). However, there are potential
problems with interpreting the data in this fashion. Firstly, assumptions about
proliferating fractions and variability of grain counts makes accurate estimation of cell
cycle length difficult. Secondly, the mathematical modeling makes assumptions that
are difficult to justify (for example, cell cycle length lies between 100-200 hours) and
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Figure 1.4. Inconsistencies with the EPU model for skin homeostasis (Adapted
from (A) Roshan & Jones,2012a; (B) Mackenzie, 1970; (C) Kaur, 2006; (D) Ghazizadeh & Taichman 2001 & (E) Doupé et al 2010). (A) Typical epidermis from mouse
ear, arrowhead indicates hexagonal cornified cell outlined by melanin pigment.
Scale bar 0.5mm. (B) Cryostat section of mouse ear showed cornified stacks of cells.
Mitotic figures in the outer quarters of the basal layer underlying these stacks were
seen to be more common than those in the inner quarters (55.8% versus 44.2%). (C)
This led to a model of a “functional” unit of the IFE maintained by a infrequently
dividing “stem cell” at the centre depicted in yellow. Peripheral cells were actively
expression in retrovirally-transduced clones of cells arising from the basal layer
were seen in columns of cells. (E) Genetically induced labelling of single basal cells
develop clones shapes at 1 year that do not respect the cornified stacking boundaries (DIC top panel). Clones span multiple proposed EPUs without fully occupying
any (YFP clones bottom panels) Scale bar 20 m.
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tries to fit 21 independent variables. Thirdly, the cell cycle length of a proliferating
stem cell population was inferred to differ from other dividing cells in the epidermis
by a factor of 2 (180 hours versus 90 hours). Such a narrow difference in estimated cell
cycle lengths would be difficult to distinguish functionally over the long term.

1.3.4 The Epidermal Proliferative Unit
Histologically, the mouse ear epidermis is seen to be organised in stacks of cells
with a hexagonal surface lying on a bed of approximately ten basal cells (Mackenzie
1970; Potten 1974) (Figure 1.4). This structure was hypothesised to function as an
epidermal proliferative unit (EPU) with one putative stem cell at its centre. The
number of mitoses occurring at the central half of this EPU was found to be
marginally lower than those in the peripheral half on cryosections (44.2% versus
55.8% of 346 mitoses) (Mackenzie 1970). Additionally, the central cell was found to be
less likely to be in S-phase compared to peripheral cells, and more likely to retain
DNA precursors upon pulse-chase experiments (Potten 1974; Mackenzie &
Bickenbach 1985). However, this rigid organisation of cells has been overturned by the
finding that EPUs may frequently be polyclonal in origin, and that a single rate of
division maintains the mouse ear epidermis (Schmidt et al. 1987; Doupé et al. 2010).
Additionally, the shape of cornified cells means they self-organise, spontaneously
packing into a regular array of columns regardless of the distribution of
differentiating cells emerging from the basal layer (Menton 1976a; Menton 1976b;
Honda & Oshibe 1984; Honda et al. 1996).

1.3.5 Molecular Evidence for Basal Cell Heterogeneity
Epidermal keratinocyte heterogeneity was first recognised by meticulous
experiments exploring the proliferative ability of single keratinocytes in culture
(Barrandon & Green 1987b). This is considered in detail in Section 1.4.2.
The molecular evidence of proliferative heterogeneity within the human epidermis
in situ comes from fractionating cells based on their expression of a range of protein
markers. The first report was on the basis of β1-integrin, where cells expressing a high
level of functional integrin have high colony forming efficiency in vitro and
successfully regenerate the architecture of the human epidermis in xenograft
experiments, a finding that parallels the high expression of β1-integrins in mouse tail
IFE stem cells (Jones et al. 1995; Mascré et al. 2012). Correspondingly, cells with low
levels of β1-integrin have a markedly lower proliferative potential, generating small
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colonies which terminally differentiate in culture and fail to regenerate epidermis in
xenografts (Jones & Watt 1993; Jones et al. 1995). These results were interpreted as β1integrin being a marker for stem cells, with low levels of expression indicating cells
with little or no self-renewal ability. Staining of the human epidermis has shown that
β1-integrin bright stem cells are clustered irregularly at the tips of dermal papillae
(Jones et al. 1995; Jensen et al. 1999). High levels of cell surface proteins like Delta-like
1, Melanoma Chondroitin Sulphate Proteoglycan (MCSP) and leucine-rich repeats and
immunoglobulin-like domains 1 (Lrig1), and low levels of Desmoglein 3 (Dsg3) all colocalise with the β1-integrin bright cell population (Estrach et al. 2007; Jensen & Watt
2006; Legg et al. 2003; Lowell & Watt 2001; Wan et al. 2003; Wan et al. 2007). A range
of other markers have since been described using a combination of surrogate assays
like colony forming assays, cell cycle status, co-localisation, cell sorting and cell size.
Controversy persists to the degree of stem cell enrichment provided by these markers
in isolation or in combination (Ghadially 2012).

1.3.6 Viral and Genetic Lineage Tracing
A direct approach to understanding clonal contributions to homeostatic IFE is by
tracing single cells and their progeny through time. This powerful technique gives
data that nucleotide labelling or stem cell marker expression cannot.
In early studies, infection of murine epidermal keratinocytes with a retrovirus
expressing LacZ was done in vitro, and then transplanted back in vivo (Mackenzie
1997; Kamimura et al. 1997). Subsequent studies employed direct labelling in vivo, but
required either stimulation of proliferation by dermabrasion in adult mice, or the
labelling of highly proliferative epidermis in very young mice (Ghazizadeh &
Taichman 2001; Kameda et al. 2003). In all these studies, columns of cells were seen,
but ranged widely in size and shape. Colonies crossed EPU boundaries in
disagreement with a classical EPU model. Similarly, data collected from lineage
tracing of reconstituted human epidermis has been non-instructive as the clonal data
is limited (Kolodka et al. 1998). However, some information may be gleaned from a
human xenograft fate tracking experiment which is the closest to an in vivo lineage
tracing experiment using human epidermis (Ghazizadeh & Taichman 2005) (Figure
1.5). Here, high doses of red and green fluorescent protein tagged lentiviruses were
injected intradermally in to neonatal foreskin xenografts on Swiss nu/nu mice 6
weeks after transplantation. This resulted in confluent reporter adjacent to the
injection site, but low frequency labelling more distantly. Xenograft sections were
examined up to 28 weeks for labelled clones that varied widely in size and shape and
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Figure 1.5. Distribution of labelled clones in human xenografts (Adapted from
Ghazizadeh & Taichman, 2005). Human Xenografts were transduced in situ with a
mixture of lentiviral vectors encoding GFP (green) and RFP (red). (A) Numerous
clones were seen at 28 weeks after transducing seen here at low magnification. (B)
Sections of skin transduced with GFP lentiviral vector alone showing clones

Distribution of fluorescently labeled epidermal proliferative unit (EPU
) in skin sections. Human skin was transduced
vectors encoding enhanced green fluorescent protein (GFP) ( green) and DS Red2 fluorescent protein (RFP) ( red) (A
). Tissue sections were analyzed at 28 wk by fluorescent microscopy. (
A) The overall distribution oflabeled EPU is shown in a low
) EPU labeled by a single virus are evident as either green or red columns, whereas the EPU labeled with both vectors appears
) EPU originating from relatively flat areas of the basal compartment contain two to six cells at the base. The arrows in (
transduced melanocytes ( red) in the basal layers of epidermis. Scale bar ¼ 100 mm, (A) and 40 mm, (B –E ).

C –E
D
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more than 78% of EPU (n ¼ 88) in this region were b
one and four cells in diameter, suggesting that at least

arose throughout the basal layer. The interpretation of this qualitative dataset requires
caution, as it is not clear whether labelled areas originate from single cells. However,
the capacity to regenerate long-lived clones is present throughout the basal layer as in
the mouse. The wide distribution of clone sizes cannot be explained by an EPU.
More recent attempts to analyse cell fate in mouse epidermis have used genetic
labelling techniques (Ro & Rannala 2004; Ro & Rannala 2005). Here, transgenic mice
were engineered to express a mutant form of green fluorescent protein (GFP) that
cannot be translated owing to the presence of a stop codon in the EGFP-coding
sequence. Topical application of a mutagen induces mutations that can remove the
stop codon and restore expression of GFP. These sporadic mutations resulted in
patches of GFP-positive cells within the IFE, with clones spanning multiple adjacent
suprabasal cell columns. However, the mutagen treatment is likely to affect cell
behaviour. A subsequent study by the same group relied on spontaneous mutations to
generate labelled clones (Ro & Rannala 2005). Again, four out of ten observed clones
spanned multiple cell columns inconsistent with the classical EPU.
More recently, the advent of cre recombinase based inducible genetic labelling in
transgenic mice has provided a direct way to track the behaviour of proliferating cells
in vivo (Kretzschmar & Watt 2012; Alcolea & Jones 2013). Doubly transgenic mice are
engineered to express a drug related form of cre and a reporter gene that is only
expressed following cre-mediated excision of a “STOP” cassette which blocks reporter
expression. By using low doses of inducing drugs it is possible to titrate reporter
expression to label scattered single cells, which subsequently expand into clones with
proliferation (Clayton et al. 2007). Lineage tracing can be combined with wholemount
techniques in which pieces of IFE are removed and stained intact (Braun et al. 2003).
The three dimensional reconstruction of confocal image stacks of wholemount IFE
allows entire clones to be visualised at single cell resolution (Clayton et al. 2007;
Doupé et al. 2010). In normal IFE, analysis of large numbers of clones can reveal the
proliferation signatures of cell fate choice made across the population.
In the IFE, three such experiments have been reported using different inducible cre
lines (Clayton et al. 2007; Doupé et al. 2010; Mascré et al. 2012). Of these experiments,
two were in the tail, while the third is from the more typical epidermis of the ear. Tail
skin is a specialised epidermis, in which rectangular scales, alternate with clusters of
HFs in a regular array (Roshan & Jones 2012a). The pattern of HFs demarcates
rectangular regions of inter-scale IFE containing around 5000 basal cells. In the tail, the
AhCre line under the CYP1A1 promoter used in one study labelled cells in the scale
IFE, while the IVLcreERT under the IVL promoter labelled dividing cells across the
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Figure 1.6. Lineage tracing and cell fate in mouse tail IFE (Adapted from Roshan
& Jones 2012a). (A) Scale forming tail skin, with arrowheads indicating edges of a
scale with clusters of hair follicles lying between the scales. Scale bar 0.5mm. (B)
Proliferative compartments in the tail IFE. Slow cycling stem cells are predominantly localised to the interscale IFE, and sparse or absent in the scale IFE which is maintained by progenitors. (C) Cell behaviour in tail IFE inferred from lineage tracing
studies. Rare stem cells divide once every 10-12 weeks on average, generating
either two stem cell daughters, two progenitor daughters or one of each in the
proportions shown. Progenitors divide 12 times faster than stem cells, generating
progenitor and differentiated daughters in the proportions shown.
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entire IFE (Clayton et al. 2007; Mascré et al. 2012) (Figure 1.6). In these studies, basal
cells were induced to label single cells at low frequency across the IFE and cohorts
analysed up to a year. The clone sizes increased as cells proliferated, but the number
of clones declined as they were shed. There was no change in the marker expression
comparing the cells within the clone and outside the clones indicating that the clones
were representative of all cells in the IFE (Clayton et al. 2007; Doupé et al. 2010).
There were observed similarities between the two strains across two body sites.
(Clayton et al. 2007; Doupé et al. 2010; Mascré et al. 2012). All three studies observed
that all keratinocyte divisions resulted in one of three outcomes: two dividing basal
daughters, two differentiating suprabasal daughters or one of each type similar to
previous 3H-thymidine studies in the rat oesophagus (Marques-Pereira & Leblond
1965). Importantly, the average size of the remaining clones at each time point scaled
with time, indicating that a single growth rate occurred across all the labelled cells. An
additional population of cells was identified in the interscale IFE labelled by the
K14creERT under K14 promoter (Mascré et al. 2012). This identified a similar three
way balanced fate, but with divisions at a 10x slower rate (4-6 times a year). This
population did not contribute to homeostasis. This confirms that a self-maintaining
progenitor population achieves the maintenance of homeostatic IFE.
Although lineage data from the human IFE is limited, some lessons can be drawn
from studies in aged, sun-exposed skin. The basal layer of sun-exposed human
epidermis flattens, losing the undulating pattern of rete ridges and dermal papillae
with its clustered staining of β1-integrin and MCSP (Giangreco et al. 2010). This
argues against an obligatory role for stem cells to maintain epidermis. Analysis of the
sizes of p53 mutant clones in sun-exposed human IFE is consistent with a model of
stochastic fate, but with a slight bias towards producing dividing daughters resulting
in p53 clone expansion at the expense of non-mutant clones (Jonason et al. 1996;
Jensen et al. 1999; Klein et al. 2010; Roshan & Jones 2012b). The quantitative
distribution of clones in sun-exposed human epidermis is the same as UV-exposed
mouse epidermis (Zhang et al. 2001; Klein et al. 2010). This argues that in both the
human and mouse epidermis, the effect of p53 mutation and UV exposure results in a
small tilt in stochastic fate towards proliferation with sustained UV exposure. Similar
biases to stochastic cell fate has been recently observed with common mutations (Apc
loss, Kras activation or p53 mutation) offering context-dependent clonal survival
advantage in mouse intestine, but neutral competition with wild-type cells during
homeostasis (Vermeulen et al. 2013).
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Figure 1.7. Clinical use of cultured human keratinocytes. (Adapted from (A)
Green, 2008 and (B,C) Ronfard et al., 2000). (A) Colonies of human epidermal keratinocytes cultured from single cells stained with rhodamine. If cultured for longer periods, colonies
merge to form an epidermal sheet of cells that can be transplanted back to the human donor.
(B) 3.5 year follow up from a 9-year old boy with cultured epithelia transplanted on fibrin
matrix following 95% surface area burns. Skin showing pliability when pinched. (C) Histological appearance of skin from (B) showing rete ridges and neodermis with vascular arcades.
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1.4

Lessons From Human Keratinocyte In Vitro Cultures

1.4.1 Development of Human Keratinocyte Cultures
In 1898, Ljunggren reported that pieces of human skin from a child remained viable
when cultured in ascites fluid at room temperature for 3 months, and that this skin
could be grafted back on to wounds (Ljunggren 1898) (Figure 1.2B). During the first
half of the twentieth century, as in vitro culture techniques developed, explant cultures
using keratinocyte outgrowths from skin grafts were used for experiments (Fischer et
al. 1980). The discovery that trypsinised sheets of keratinocytes from human skin
grafts could be used both for primary transplantation and as cell cultures, opened new
areas of research including the study of the immune responses to transplantation
(Medawar 1941; Billingham & Medawar 1951). However, keratinocytes required high
seeding densities and subculture was rarely successful (Green 1980).
A major breakthrough came from a chance observation that human keratinocytes
could be cultured at low clonal seeding density if supported by the presence of a
feeder layer of lethally irradiated 3T3 mouse embryo cells (Rheinwald & Green 1975)
(Figure 1.7A). This technique has been used to grow keratinocytes from a variety of
stratified squamous epithelia including skin, oral cavity, oesophagus, exocervix, and
conjunctiva (Navasaria et al. 1994). Large numbers of cells can be grown from small
starting biopsies, allowing the technique to be applied for expanded culture autografts
in extensive burns (O’Connor et al. 1981; Gallico et al. 1984). Long term studies on
cultured autografts in burns patients have shown good integration with the host and
characteristics of normal skin (Compton et al. 1989). Cultured epithelial autografts
grown on detachable fibrin matrices have since shortened culture time and improved
handling characteristics with good long-term results (Ronfard et al. 2000) (Figure
1.7B&C). The Rheinwald and Green culture with modifications has since been used in
a variety of applications including autologous limbal cell grafts for corneal injury
(Rama et al. 2010) and for gene therapy for junctional epidermolysis bullosa (Mavilio
et al. 2006). This widespread use in a variety of applications without neoplastic
transformation upon re-transplantation to human hosts gives confidence that such
cultured cells are not radically transformed in culture.
It is important to highlight that in pre-confluent cultures using the Rheinwald and
Green method, differentiated cells remain with the growing colony of cells, and are
not shed. Commitment to terminal differentiation can be recognised by the cessation
of further divisions, and subsequent expression of keratins associated with suprabasal
keratinocytes (K5/K14 to K1/K10) and late markers of differentiation (IVL).
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Figure 1.8. Proliferative heterogeneity in human keratinocytes in vitro (Adapted
from Barrandon & Green, 1987b and Barrandon et al., 2012). Three types of keratinocyte colonies are described based on the proliferative ability of their subclones.
Holoclones are large, smooth edged, and always arise from holoclones. Paraclones
are small and terminally differentiate becoming positive for late keratinocyte differentiation marker Involucrin. Subclones from a paraclone, if any, are always paraclones. Meroclones are usually of intermediate size, have wrinkled edges and are
described as “subterminal paraclones”. Inset scale=5mm, lower petri dishes 35mm.
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1.4.2 Heterogeneity of Keratinocyte Colonies
The pioneering work of Barrandon and Green demonstrated that human
keratinocytes exhibit a range of proliferative potential in vitro (Barrandon & Green
1987b). In this study, single human keratinocytes were seeded in a 3T3 feeder layer,
and the resultant colony of keratinocytes was classified based on the frequency of
involucrin positive terminal colonies produced 12 days after sub-culturing (Figure
1.8). At 12 days, three colony types were recognised. Holoclones produced less than
5% of terminal colonies, Meroclones produced >5% terminal colonies, while
Paraclones produced 100% terminal colonies, if any. Holoclones typically produced
subclones that were large and smooth-edged reaching 10-30 mm2 in size by 12 days.
Meroclones typically produced wrinkled, intermediate sized colonies. Paraclones
usually resulted in small (<5mm2) highly irregular terminal colonies, if any subclones
were seen. An order was seen to occur, with holoclones giving rise to meroclones, and
meroclones giving rise to paraclones. Holoclones therefore were seen to have the
greatest growth potential, and were thought likely to be stem cells. Paraclones had
little or no self-renewal potential. However, the nature of meroclones was not fully
resolved, as they could give rise to both smooth edged colonies, which in turn had
high subcloning efficiency and small wrinkled colonies with limited subcloning
potential. They were described as subterminal paraclones generated from holoclones
in a process of clonal conversion (Barrandon & Green 1987b).
Additionally, it was found that the limited growth potential in paraclones could be
transformed by a recombinant retrovirus encoding adenovirus E1A (Barrandon et al.
1989). Transformed paraclones formed disorganised epidermis when transplanted
subcutaneously to athymic mice. This suggests that genetic transformation can change
proliferation potential in differentiating cells.

1.4.3 Live Imaging of Keratinocytes
Direct observation of keratinocyte division has been previously attempted to obtain
additional information about human skin behaviour. Two short reports exist looking
at the in vitro division of colonies derived from single human keratinocytes (Kitano et
al. 1983; Dover & Potten 1988). In the first study, primary human keratinocytes were
placed in high density monolayer culture and small colonies were tracked from day 820 post seeding for a 6-day period at 30 minute intervals (Kitano et al. 1983). Culture
was without a feeder layer, in Eagle’s media without supplemented EGF, and no
stratification was observed. Up to three generations of division were seen in six
lineage trees derived from five humans of ages 5-10 and one of 55 years. Around 200
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Figure 1.9. Selective human keratinocyte live tracking. (Adapted from Dover &
Potten, 1988). A single keratinocyte clone of 11 cells at 3 days post seeding tracked
(3 cells from the 11 illustrated) for up to 69 hrs. S denotes a “suprabasal migration”, whereas L denotes a “lost” cell to migration or loss of focus. Note that individual cell divisions may result in two dividing daughters, two non-dividing
daughters, or one of each type.
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divisions were recorded, with an average cell division between 15.1-27.6 hours (range
8-68.5 hours). More than 99% of divisions took less than 48 hours. In the second study,
11 clones from neonatal foreskin primary culture at clonal density was examined with
continuous recording (Dover & Potten 1988) (Figure 1.9). Culture was with a feeder
layer, using the Rheinwald and Green culture media, but without supplemented EGF.
The clones were pre-selected as reaching a “dividing size” at day 3, and tracked
onward for up to 3 days at 5s intervals. Only part of one clone is presented as a
lineage tree. The cell division rate is reported to be 15.6 hours (range 10.5-30.5 hours).
These two studies are limited by pre-selection, different culture conditions and
limited data presented making population-wide conclusions difficult. However, there
are some qualitative observations one can draw. Firstly, cell cycle length does not
correlate with proliferative ability of the daughter cells. Secondly, daughters within
the same colony may choose different proliferation fates. Thirdly, cell cycle time varies
but is less than 48hrs in nearly all cases and that cell cycle time does not differ
between donor age groups. And lastly, that cells within a colony do not seem to mix
between the periphery and the centre of colonies.
Live imaging of a cohort of cells over a long period of time could resolve some of
the issues around proliferative fractions and kinetics within the epidermis. There has
been a recent study of live imaging in mouse HF for short periods (3-14h), but this is
not feasible in a human (Rompolas et al. 2012; Rompolas et al. 2013). In vitro live
imaging studies in other contexts, such as rat retinal cells and mouse mesodermal
haemogenic cells, have revealed the developmental origin of cells, and given a basis
for proliferative heterogeneity in these tissues (Gomes et al. 2011; He et al. 2012; Eilken
et al. 2009; Schroeder 2013). The automated tools available to track population wide
proliferative behaviour is currently limited to short timeframes, and is not possible in
co-cultured conditions where white light recognition of different cell types is not
currently possible (Schroeder 2011; Cohen et al. 2010). Manual tracking can be
achieved, but limits sample sizes as it is labour intensive (He et al. 2012).

1.5

The Perturbation of Homeostasis: External Signalling

Multiple external signals are recognised to influence keratinocyte proliferation
(Sotiropoulou & Blanpain 2012). In my experiments, I use the Epidermal Growth
Factor (EGF), and the Wnt agonist R-Spondin to see their effects on cell fate. In this
section I will consider the effects of EGF and Wnt signalling on keratinocytes.
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Figure 1.10. HER receptor dimers and their ligands. (Adapted from Okines et al,
2011). HER2 homodimers have no known ligand, and HER3 homodimers are inactive. Homodimers are less mitogenic that heterodimers, and HER2 is the preferred
and most potent heterodimeric partner. 7 known ligands for EGFR are indicated,
with Epiregulin and Epigen being weaker mitogens than others. HER=human
epidermal growth factor receptor (EGFR), TGF- =transforming growth factor- .
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1.5.1 The EGF Signalling Pathway
The term EGF was first coined in the early 1960s by Stanley Cohen to describe a
polypeptide purified from mouse submaxillary glands that affects epidermal growth
and differentiation in the newborn mouse (Cohen 1962; Cohen & Elliott 1963).
Specifically, EGF causes premature eyelid opening and incisor eruption reflecting the
accelerated differentiation of these structures during neonatal development. Shortly
after its discovery, EGF was found to stimulate proliferation of epidermal
keratinocytes leading to the characterisation of a cell surface receptor specific for EGF
(Cohen 1965; Carpenter et al. 1975; Buhrow et al. 1982). During the last few decades,
multiple EGF-related growth factors and at least four different EGF receptor-like
receptors have been shown to affect development, regeneration, differentiation and
transformation of cells derived from multiple tissues (Citri & Yarden 2006).
The ERBB family of proteins (originally named because of their homology to the
erythroblastoma viral gene product v-erbB) comprises of four receptors (HER for
Human EGF Receptors) and 13 polypeptide extracellular ligands which contain a
conserved EGF domain (Citri & Yarden 2006) (Figure 1.10). The HER proteins have
been variously named as EGFR (HER1/ERBB1), HER2 (ERBB2/Neu), HER3 (ERBB3)
and HER4 (ERBB4). Although the HER family is considered to be prototypical group
of the receptor tyrosine kinase (RTK) family, an important defining feature of the HER
network is that HER2 and HER3 are non-autonomous. HER2 lacks the capacity to
interact with a growth factor ligand, while the kinase activity of HER3 is defective
(Guy et al. 1994; Klapper et al. 1999). Despite this lack of autonomy, both HER2 and
HER3 are capable of generating potent cellular signals. HER2 works as the preferred
heterodimeric partner of the other three HER members (Tzahar et al. 1996). It causes
potent mitogenic signals owing to simultaneous and prolonged recruitment of
multiple signalling pathways (Pinkas-Kramarski et al. 1996). HER3 strongly activates
PI3K, especially when in heterodimer form with HER2 (Wallasch et al. 1995). The
autonomous receptors HER1 and HER4 share features, binding to multiple ligands
and forming homodimers and heterodimers.
Seven HER1-ligands have been identified so far, some of which bind to HER1
specifically, while others bind to both HER1 and HER4 (Schneider & Wolf 2009)
(Figure 1.10). These are EGF, transforming growth factor-α (TGF-α), amphiregulin
(AREG), heparin-binding EGF-like growth factor (HB-EGF), betacellulin (BTC), and
two low-affinity ligands, epiregulin (EREG) and Epigen (EPGN). All HER1 ligands are
synthesised as their membrane-anchored forms (proEGFR ligands), and are
proteolytically cleaved in ectodomain shedding to become soluble forms. EGFR
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Figure 1.11. The EGFR pathway (Adapted from Okines et al, 2011).Ligand binding
to EGFR results in a conformational change of the receptor, allowing dimerisation.
Dimerisation is essential for receptor function and precedes tyrosine kinase activation via hospitalisation. This activates downstream proteins initiating the
Ras/Raf/MEK/MAPK and PI3K/AKT pathways to initiate gene transcription.
AKT=protein kinase B; BAD=bcl-2-associated death promoter; FOX=forkhead box;
GSK-3B=glycogen synthase kinase 3 ; MAPK=mitogen-activated protein kinase;
MEK=MAP kinase kinase; mTOR=mammalian target of rapamycin; NF B=nuclear
factor kappa B; PDK1/2=3-phosphoinositide-dependent protein kinase 1/2;
PI3K=phosphatidylinositol 3 kinase; PIP2=phosphatidylinositol 4,5-bisphosphate;
PIP3=phosphatidylinositol 3,4,5-trisphosphate; PTEN=phosphatase and tensin
homolog; Raf=GTPase Raf; Ras=GTPase Ras.
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undergoes rapid internalisation and degradation following ligand activation (Sorkin
& Goh 2009; Lemmon & Schlessinger 2010) (Figure 1.12). At low physiological
concentrations, EGF-induced EGFR internalisation is primarily by clathrin-mediated
endocytosis. By contrast, with high EGF concentrations EGFR endocytosis is primarily
internalised by clathrin-independent mechanisms. Although initial views were that
EGFR endocytosis and degradation terminates the signal initiated by EGF, it is now
known that signals can be transmitted from endosomes and that the spatial
localisation plays an important role in control of signal specificity, duration and
robustness (Miaczynska et al. 2004; Sigismund et al. 2008; Sousa et al. 2012).
HER receptors can also be activated by transactivation by other signals including
hormones, lymphokines and stress inducers (Yarden & Sliwkowski 2001). Examples
include activation of G-protein coupled receptors (GPCRs), cytokine regulated
tyrosine kinase Jak2 and Wnt signalling. These molecules stimulate HER tyrosine
kinase activity either directly by phosphorylating the receptors or indirectly by
inducing the cleavage of ligand precursors.
The C terminus of HER1 contains a recognition site for the ubiquitin ligase Cbl,
whereas no site is found that can directly recruit the lipid kinase phosphatidylinositol
3–kinase (PI3K) (Levkowitz et al. 1999). With the specificity of its docking sites, HER1
cannot directly activate the PI3K-AKT/protein kinase B (PKB) pathway, but it couples
to the Ras-MAPK pathway, as well as to the Ras-PI3K-AKT/PKB pathway, forming
the major downstream signalling routes for EGFR.
Several tyrosine-based motifs recruit a number of signal transducers to the
phosphorylated form of HER1 such as the adapter proteins growth-factor-receptorbound-2 (GRB2) and Src-homology-2-containing (Shc), which are responsible for the
recruitment of Ras and activation of the mitogen-activated protein kinase (MAPK)
cascades (Schulze et al. 2005) (Figure 1.11). Ras mediates its effect on cell proliferation
by triggering a cascade of phosphorylation events starting with the RAF protein
(Hallberg et al. 1994). Activated RAF phosphorylates MAPK kinases (MEK1/2,
previously known as ERK1/2 or extracellular signal regulated kinases) (Downward
2003). Substrates of ERK proteins can be found in the cytoplasm as well as the
nucleus. One of the earliest recognised effects of MAPK activation is to activate
mRNA translation via ribosomal protein S6 kinase (RSK) and in turn phosphorylation
of ribosomal protein S6 (pS6) (Avruch et al. 2001; Pende et al. 2004). Upon activation,
phosphorylated ERKs are translocated to the nucleus and trigger phosphorylation of
several transcription factors including c-Fos, c-Jun and c-Myc leading to cell cycle
progression (Johnson & Vaillancourt 1994; Downward 2003; Normanno et al. 2006).
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Figure 1.12. Endocytosis and translocation of EGFR (Adapted from Citri &
Yarden, 2006). Ligand binding to the EGFR receptors and their subsequent dimerisation induces receptor internalisation into endosomes. Here, autophosphorylated
receptors might recruit the E3 ubiquitin ligase Cbl and undergo ubiquitylation.
These appended ubiquitins then recruit adapters containing a ubiquitin interacting
motif (UIM) and target internalised receptors to lysosomes for degradation.
De-ubiquitylating enzymes (DUB) may abrogate this process and target EGFR molecules to the default recycling pathway.
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Ras also activates the PI3K-AKT pathway (Rodriguez-Viciana et al. 1994) (Figure
1.11). A subgroup of the PI3K family of enzymes interacts directly with HER1 upon
activation through the regulatory subunit (p85) or PI3K (Carpenter et al. 1993). Upon
activation of PI3K phosphatidylinositol-3,4,5-trisphosphate (PIP3) is produced which
binds to the major mediator of PI3K, AKT (Burgering & Coffer 1995). As a
serine/threonine kinase and key mediator of signal transduction pathways, AKT is
related to cell survival, growth and proliferation (Cantley 2002; Vivanco & Sawyers
2002; Testa & Tsichlis 2005). AKT mediates cell survival by inhibiting apoptosis by
inhibiting pro-apoptotic players such as BAD (Bcl-2-associated death promoter) and
caspase 9, inhibiting degradation of NF-κB, and enhancing degradation of p53 (Datta
et al. 1997; Cardone et al. 1998; Romashkova & Makarov 1999; Mayo & Donner 2001).
Cell growth effects of AKT are thought to be mediated by mTOR (mammalian target
of rapamycin), a direct target which works as a molecular sensor regulating protein
synthesis (Nave et al. 1999). The effects of AKT on proliferation are by inhibiting the
degradation of cyclins required for cell cycle progression or by inhibiting the
expression of cyclin dependent kinases (Diehl et al. 1998).

1.5.2 Keratinocyte Response to Supplemented EGF In Vitro
Adding EGF to human keratinocyte cultures extends their lifetime (Rheinwald &
Green 1977). Here, when EGF was supplemented to the neonatal foreskin keratinocyte
cultures, lifespan tripled and colony stratification decreased while maintaining
growth rate. The authors suggested that EGF inhibited terminal differentiation. Later
studies have shown that the inhibition of EGFR activation in keratinocyte cultures
triggers expression of early differentiation markers K1 and K10 (Peus et al. 1997).
However, in contrast, in keratinocytes in suspension culture EGF promoted terminal
differentiation, with the suggestion that EGFR activation in suprabasal cells may differ
from basal cells (Wakita & Takigawa 1999). In 3D organotypic cultures on collagen,
EGF treatment results in thinner, less well-organised constructs with impaired
differentiation and frequent parakeratosis (Chen et al. 1995).
Activation of EGFR signalling has been shown to induce the expansion of large
human keratinocyte colonies by a lateral migration of peripheral cells (Barrandon &
Green 1987a; Nanba et al. 2013) (Figure 1.13). However, the early effect (up to 3 hours)
on small colonies is rapid shrinkage (Nanba et al. 2013). This difference in effect is due
to a difference in actin filament organisation in each colony type, with inhibition by
Rac1, a member of the Rho family of small guanosine triphosphatases (GTPases),
resulting in re-organisation of filaments in a manner resembling smaller colonies. Rac1
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Figure 1.13. Effect of EGF & TGF- on large keratinocyte colonies in vitro (Adapted from Barrandon & Green, 1987a). Single sister cells from a large 8 day old colony
were placed in separate plates with feeder cells. After day 6, EGF 30ng/mL, equivalent TGF- in a receptor binding assay, or no growth factors were supplemented
every 3 days till 24 days of culture. (A) The radius of the growing colonies plotted
against time for each of the three conditions show linear increase, with different
slopes. (B) Rhodamine stained end colonies of EGF and control at 24 days, showing
dramatic increase in final size. Scale=1cm.
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null mice fail to maintain the interfollicular epidermis, and although low levels of
Rac1 does not show effects in the IFE, Rac1 inhibition or knockdown in vitro limits
growth capacity of large human keratinocyte colonies (Benitah et al. 2005; Chrostek et
al. 2006; Castilho et al. 2007; Nanba et al. 2013). This suggests that human
keratinocytes with large colony forming potential are maintained in culture by the cooperation between EGFR signalling and actin filament dynamics.
In keratinocytes in vitro, uneven distribution of EGFR between two daughter cells
may also have a regulatory role in keratinocyte fate (Le Roy et al. 2010). In normal
keratinocytes in culture, a small population of differentially expressed EGFR was
reported, with the EGFR positive daughter behaving like a differentiated cell, while
the EGFR negative cell possessing quiescence and ability to form large colonies.
In studies using exogenous EGF, the contribution of endogenous EGFR ligands to
keratinocyte proliferation and differentiation are not examined. Studies using EGFR
knock-out mice have reported impaired epidermal stratification (Miettinen et al. 1995;
Sibilia & Wagner 1995). However, grafting EGFR null skin on wild type mice results
in a hyperproliferative epidermis compared to EGFR wild type grafts (Hansen et al.
1997). These studies highlight the complex nature of EGFR function in skin in vivo.

1.5.3 Supplementing EGF for the Clinical Treatment of Burns
The investigation of exogenous EGF in acute wound healing was investigated as
early as 1973, with hyperplasia seen after application to corneal wounds in vivo
(Savage Jr & Cohen 1973). Quicker epithelial regeneration with less scar formation
was reported in EGF-treated wounds on rabbit ears (Franklin & Lynch 1979). The use
of massively expanded keratinocyte cultures for regenerating a functional epidermis
in humans after autologous transplantation was found to require EGF signalling
(Rheinwald & Green 1977; Barrandon & Green 1987a). As a consequence of this
application, great promise was held by EGF therapies for large area burns.
In human trials, initial reports using frequent high doses of EGF (5!g/cm2 every 12
hours) with sulfadiazine creams showed less time to heal than controls in the same
patient with a 15-20% increase in area of re-epithelialisation (Brown et al. 1989). A
similar increase in healing had already been reported with TGF-! (Schultz et al. 1987).
With limited benefits reported from subsequent clinical trials, focus shifted to
impaired wound healing in chronic ulcers. While there are marketed EGFincorporated therapies available, effects have been limited (Falanga et al. 1992).
Current research in the field concentrates on alternative drug delivery models in the
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Figure 1.14. The Wnt/ -catenin pathway (Adapted from Clevers & Nusse 2012). In
the absence of Wnt ligand, the destruction complex lies in the cytoplasm, where it
binds, phosphorylates and ubiquitinates -catenin by -TrCP. The proteasome recycles the complex by degrading the -catenin. In the presence of Wnt, the intact complex is associated with phosphorylated LRP. After binding to LRP, the destruction
complex still captures and phosphorylates -catenin, but ubiquitination by -TrCP
is blocked. Newly synthesized -catenin accumulates, and translocates to the
nucleus to effect transcription. LRP=Lipoprotein receptor-related protein; Dvl=Dishevelled; CK1=casein kinase 1; GSK3=glycogen synthase kinase 3; APC=adenomatous polyposis coli gene product.
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chronic wound environment, but efficacy has yet to be determined. EGF monotherapy
in acute burns on healthy humans seems to have a limited effect on keratinocyte reepithelialisation limiting its widespread uptake as a clinical strategy.

1.5.4 Effects of Wnt/β-catenin Signalling on Keratinocytes In Vitro
The Wnt family of secreted glycoproteins are one of the fundamental mechanisms
regulating direct cell proliferation and cell fate determination (Clevers & Nusse 2012)
(Figure 1.14). A critical and heavily studied Wnt pathway is the canonical Wnt
pathway, which functions by regulating the amount of the transcriptional co-activator
β -catenin, which controls key developmental gene expression programs. In the
absence of Wnt, cytoplasmic β-catenin is constantly degraded by the action of the
Axin complex, which is composed of the scaffolding protein Axin, the tumor
suppressor adenomatous polyposis coli gene product (APC), casein kinase 1 (CK1),
and glycogen synthase kinase 3 (GSK3). CK1 and GSK3 sequentially phosphorylate
the amino terminal region of β-catenin, resulting in β-catenin recognition by β-Trcp,
an E3 ubiquitin ligase subunit, and subsequent β -catenin ubiquitination and
proteasomal degradation (He et al. 2004). This continual elimination of β-catenin
prevents it from reaching the nucleus, and Wnt target genes are thereby repressed by
the DNA-bound T cell factor/lymphoid enhancer factor (TCF/LEF) family of proteins.
The Wnt/β-catenin pathway is activated when a Wnt ligand binds to the seven-pass
transmembrane Frizzled (Fz or Fzd) receptor and its coreceptor, low-density
lipoprotein receptor-related protein 6 (LRP6), or its close relative LRP5. The formation
of a likely Wnt-Fz-LRP6 complex, together with the recruitment of the scaffolding
protein Dishevelled (Dvl), results in LRP6 phosphorylation and activation and the
recruitment of the Axin complex to the receptors. These events lead to inhibition of
Axin-mediated β -catenin phosphorylation and thereby to the stabilisation of β catenin, which accumulates and travels to the nucleus to form complexes with
TCF/LEF and activates Wnt target gene expression.
R-Spondin (R-Spo) is an unrelated protein to Wnts that acts through the Fz/LRP
complex as a Wnt agonist (Clevers & Nusse 2012). Humans have four R-Spo proteins
that are defined by two N-terminal furin domains and a thrombospondin domain. The
first evidence that R-Spo proteins potently enhance Wnt/β-catenin signals came from
Xenopus (Kazanskaya et al. 2004). R-Spo1 was subsequently found to feed into the
canonical Wnt pathway, promoting intestinal crypt proliferation in vivo and in vitro
(Kim et al. 2005; Sato et al. 2009). This supports a crucial role for R-Spos in Wnt/!β-
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catenin signalling. Disruption of the gene RSPO1 is associated with palmoplantar
hyperkeratosis and a predisposition to squamous cell carcinomas (Parma et al. 2006).
Although the Wnt/β-catenin signalling is well explored in the HF, conflicting
evidence exists regarding its involvement in the IFE (Dasgupta & Fuchs 1999). The
constitutive attenuation of Wnt/β-catenin signalling in the epidermis either by loss-offunction mutations in β-catenin, LEF1 or Porcupine results in a normal IFE with loss
of hair morphogenesis or cycling. However, many Wnt /β -catenin signalling
mutations result in interfollicular phenotypes, for example Porcupine mutation
characterises Focal Dermal Hypoplasia (Goltz syndrome) which has congenital streaks
of markedly thin dermis (Grzeschik et al. 2007; Wang et al. 2007). This suggests some
degree of β-catenin signalling is required for IFE maintenance.
Experiments with human keratinocytes in vitro suggest that the Wnt/β-catenin
pathway has a role in maintaining the IFE. Here, putative IFE stem cells showed an
increase in colony-forming ability and expressed higher levels of noncadherinassociated cytoplasmic β-catenin than small colony forming cells (Zhu & Watt 1999).
Retroviral transduction of constitutively stable N-terminally truncated β -catenin
increased the proportion of putative stem cells to 90% of the proliferative
subpopulation with no effect on differentiation or alteration to cell cycle kinetics.
Conversely, induced expression of a dominant-negative form of β-catenin stimulated
cells to exit from the stem cell compartment (Zhu & Watt 1999). These experiments
provide evidence for a role of Wnt/β-catenin signalling in maintaining different
proliferative abilities in keratinocyte cell pools, while also coordinating with other
signals to influence subsequent decisions to differentiate.

1.6

The Perturbation of Homeostasis: Wounding

Although the role of stem cells in maintaining homeostatic tissue is being
challenged, they are still widely thought of as the only cell capable of responding to
the high cell turnover required during wound repair. As non-stem cells are postulated
to lack the ability to self-renew, they would be excluded from long-term contributions
to healing tissue. In this section, I consider the evidence for different contributions of
epithelial cells to re-epithelialisation following wounding.
To study the effects of cellular proliferation in wounding, my experiments (Chapter
5) have used the mouse oesophageal epithelium. This particular epithelium is useful
for such a study as it lacks appendages such as crypts or glands, which form stem cell
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21 days
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10 days
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YFP

B

Figure 1.15. Stem cell contributions to wound healing in the mouse tail IFE
(Adapted from Mascré et al., 2012). Clonal contributions to wound healing following punch biopsy was assessed by genetic lineage tracing in two mouse models.
YFP immunostaining was performed on whole-mount of wounded tail epidermis 4
weeks after tamoxifen induction and analysed at timepoints indicated. (A)
K14creER mice label a population of cells in the interscale epidermis that contribute
large clones that persist at 35 days post wounding. (B) IVLcreER mice label a population of cells across the epidermis (both scale and interscale) that contributes to
wound repair, but whose clones do not persist at 35 days post-wounding. Scale bars
200 m.
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niches in the skin (Solanas & Benitah 2013). As a simple tissue with 3-4 layers of
keratinocytes, homeostasis is by a single population of basal progenitor cells (Doupé
et al. 2012).

1.6.1 Mouse IFE is Repaired by Resident Stem and Progenitor Cells
Most evidence for keratinocyte clonal dynamics in the IFE comes from atypical skin
of the mouse tail (Gomez et al. 2013). Here, HFs are arranged in groups of three in
staggered rows. The IFE adjacent to the HFs are known as the interscale IFE and
undergoes orthokeratotic differentiation similar to the dorsal skin IFE. In contrast, the
remaining scale IFE undergoes parakeratotic differentiation characterised by a lack of
a granular layer and retention of nuclei in the cornified layers. Scales, like the HFs, are
regularly spaced and arranged in rows around the tail. The infundibulum of the HF
connects with the interscale IFE while the hair shafts overlie the scale.
Label retention assays using BrdU have demonstrated the presence of slow cycling
cells in the mouse tail epidermis, and confirmed by transgenic HGFP dilution (Braun
et al. 2003; Mascré et al. 2012). These label retaining cells (LRCs) lie predominantly in
the interscale IFE adjacent to the HF (Mascré et al. 2012) (Figure 1.15). Here,
K14creERT mice induced with topical low-dose Tamoxifen were used to track clones
in 2-day old mice when scale formation begins. This demonstrates that only 4% of
clones at 1 week following induction, rising to 9% by 3 months, cross the scaleinterscale boundary (Gomez et al. 2013). This would argue that during the rapid
postnatal expansion of tail IFE, separate cell populations largely maintain the scale
and interscale regions. In adult K14creERT mice treatment with low dose Tamoxifen
preferentially labels slow cycling cells in a distribution similar to the H2BGFP
retaining cells, enabling lineage tracing to be undertaken (Mascré et al. 2012). Here,
labelled cells divide every 10-12 weeks in a three-way fate choice similar to
progenitors, forming a balanced number of slow cycling stem cells or more rapidly
dividing progenitors.
The role of slow cycling interscale IFE stem cells changes dramatically upon
wounding. Upon punch biopsy, the slow-cycling cells are recruited to repair the
defect and generate long-lived clones in the healed epidermis at 35 days post
wounding (Mascré et al. 2012). In contrast, scale IFE progenitor clones did not form
long-lasting clones at 35 days, although they too contributed to the initial wound
repair and underwent massive expansion in numbers. This is presumably due to their
clones being lost to differentiation. Thus, although wounding initially heals with a
contribution from both progenitor and stem cells, only stem cells produce persisting
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Figure 1.16. Contributions from skin appendages to IFE wound repair (Adapted
from (A) Ito et al., 2005 and (B) Rittié et al., 2013). (A) Lineage analysis of LacZ
labelled bulge cells after punch biopsy of dorsal mouse skin. Gross appearance of
wounds after full thickness excision at time points indicated. Bulge cells are seen to
contribute to wound repair emerging from hair follicles and migrating linearly to
close the wound by 8 days. The area covered by bulge-derived cells decreased with
time from 26% at 8 days to 2% at 50 days. Scale bars 500 m. (B) 3D reconstruction
from immunohistochemistry of whole skin biopsy samples in human volunteers
obtained 3 days after wounding. Consecutive sections were cut parallel to the skin
surface, and pilosebaceous units (arbitrary blue), eccrine sweat glands (arbitrary
magenta), and new epidermis (arbitrary yellow) were marked. Computer reconstruction through stacking shows contributions to human wound healing from
both the eccrine and pilosebaceous units. Gray mesh indicates sample contours.
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clones at 35 days after healing. This is in agreement with earlier studies in the mouse
dorsal IFE, where mechanical abrasion or tape stripping revealed widespread cell
recruitment and accelerated division arguing against a stem cell contribution alone
(Morris & Argyris 1983; Potten et al. 2000).

1.6.2 Cells Outside the IFE Contribute to IFE Wound Repair
Keratinocytes from outside the mouse IFE are also known to contribute to wound
healing, including those from the HF, and other appendages including the sweat and
sebaceous glands (Arwert et al. 2012).
Hair follicle cells contribute to IFE wounding (Figure 1.16A). In the mouse back
skin, lineage tracing indicates that clones from hair follicle stem cells in the bulge and
upper follicle migrate and contribute to IFE repair, with some clones persisting longterm (Ito et al. 2005; Levy et al. 2005; Jaks et al. 2008; Snippert et al. 2010; Arwert et al.
2012; Page et al. 2013). In the mouse tail, where hair density is much lower, both HF
and IFE stem cells are mobilised (Mascré et al. 2012). However, in the Edar mutant
mouse, which lacks HF in the tail skin, wound healing is impaired but not absent
arguing that HF contribution is non-essential (Langton et al. 2008). Although
microdissection of human HF demonstrates evidence of varying ability to regenerate
colonies in culture, with cells in the lower follicle below the bulge having the highest
proliferative ability, it is not clear whether there is long term HF contribution to IFE
re-epithelialisation in vivo in humans (Rochat et al. 1994; Hsu et al. 2011).
Eccrine sweat glands are common across the epidermis in humans but limited to
the footpad in mice (which is also not complicated by HFs). These glands show little
or no signs of homeostatic change, giving rise to the possibility of harbouring a slow
cycling stem cell population (Lu et al. 2012). To assess their response upon wounding,
Sox9creER/RosaLacZ mice were induced labelling most cells in the sweat glands and
ducts (Figure 1.16B). Their foot pads were then scraped, and cohorts followed up to 2
weeks post injury (Lu et al. 2012). This showed that duct cells, but not the gland
contribute to wound repair. In human volunteers, a study using 3D reconstruction of
human epidermis following CO2 laser generated partial thickness wounds found that
the SG duct makes a substantial contribution to reepithelialisation, with coverage rates
matching those from hair follicles (Rittié et al. 2013).
Although one must be cautious when comparing data for cellular contributions in
wound repair involving different wounding protocols and mouse models, these
studies do indicate that multiple populations of cells outside the IFE contribute to IFE
repair, both in the short- and long-term. The mouse IFE is maintained by progenitors,
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but upon wounding can receive contributions from stem populations both resident
and non-resident in the IFE. The observation that clones from non-IFE stem cells
persist long-term suggest that they are not lineage-restricted, with the environment
rather than cell ancestry determining cell behaviour in vivo.

1.6.3 Suprabasal Keratinocytes Contribute to IFE Wound Repair
Tritiated thymidine labelling of tape stripped mouse epidermis reveals widespread
suprabasal division, which is normally absent during homeostasis (Potten et al. 2000).
Additionally, calcium induced differentiated mouse keratinocytes expressing
involucrin when transplanted in vivo have been shown to regenerate the multiple
lineages of skin epithelia (Mannik et al. 2010). Similarly, an observational study in
human volunteers found that suprabasal cells adjacent to a punch biopsy wound
expressed the proliferating marker Ki67, and expressed keratin 6, an inducible keratin
associated with hyperproliferation (Patel et al. 2006). Taken together, these
experiments provide indirect evidence that commitment to differentiation does not
prohibit cells from re-entering the cell cycle, de-differentiating and contributing to
regenerating epithelium. It is unclear whether contributions from such cells are longlived.

1.6.4 Diverse Cell Types Contribute to Repair in Other Epithelia
Lineage-specific amplification by defined stem cell populations is becoming
recognised as a general mechanism for tissue replenishment in homeostasis. Examples
from the mouse mammary gland and prostate show luminal and myoepithelial
compartments are maintained independently throughout life (Ousset et al. 2012; Choi
et al. 2012; Van Keymeulen et al. 2011). Similarly, the mouse skin sweat glands and
upper pilosebaceous units are maintained independent of each other during
homeostasis (Lu et al. 2012; Page et al. 2013). However, previous sections have
discussed how this lineage specificity changes upon wounding in the skin allowing
wider recruitment of cell types than those within that specific compartment. Here I
consider the diverse cell types contributing to re-epithelialisation in the stomach,
intestine and trachea indicating stem cell-independent contribution to repair in these
tissues.
The epithelium of the mouse gastric corpus is renewed almost exclusively by cells
in the isthmus of the gland, with cells migrating bidirectionally to the pit and base
(Karam & Leblond 1993). A subset of differentiated Chief cells at the base of the gland
can, however, occasionally repopulate the entire gland (Stange et al. 2013). A subset of
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these Chief cells expressing the stem cell marker Troy could however repopulate the
entire gland, upon selective destruction of the proliferative isthmus cells by 5fluoruracil. This reversion of a differentiated cell to regenerate tissue long term is
indication that “reserve” populations of cells may take up regenerative function.
Genetic lineage tracing of the airway basal cells have been shown to self-renew and
differentiate in to multiple airway epithelial cell types (Rock et al. 2009). Differentiated
luminal secretory club cells have both secretory function, and can dedifferentiate in to
ciliated cells (Rawlins et al. 2009). It has recently been shown that labelling secretory
cells en masse, and then specifically killing 80% of basal cells with inhaled doxycycline
resulted in labelled secretory cells capable of producing both secretory and ciliated
cells of the luminal lining (Tata et al. 2013). This suggests that the club cells had
dedifferentiated to take this role. Although a high frequency induction schedule does
not rule out some contribution from inadvertently labelled remnant basal cells, single
secretory cells in culture were shown to dedifferentiate to form multiple lineages.
Thus the differentiated club cells are seen to indirectly replenish multiple lineages of
the trachea by regenerating basal stem cells.
In the intestinal crypt, the Wnt target gene Lgr5 expressing cells generate longlived clones containing all four epithelial cell lineages (Barker et al. 2007). Lgr5+ stem
cells are restricted to the niche of the lower crypt requiring Wnt secreted by the
adjacent Paneth cells (Sato et al. 2011). Efficient transgenic deletion of the Lgr5+ cells
results in only subtle changes including doubling of enteroendocrine lineage cells and
migration of Paneth cells out of the crypt (Tian et al. 2011). This Lgr5+ independent
repopulation included Bmi1+ cells, which has been suggested as a stem cell marker at
the +4 position, but is expressed in a wider lineage including differentiating
progenitors

generating

secretory

cells

including

enteroendocrine

cells,

and

differentiated Paneth cells after injury (Sangiorgi & Capecchi 2008; van Es et al. 2012;
Roth et al. 2012). Thus, regeneration following wounding in the intestine too recruits
multiple lineages for repair.
The ability to track the fate of cells in epithelia using lineage tracing is providing
new insights in to the contributions provided by different cell types. These
contributions appear to be different in diverse mouse epithelia. It remains to be seen if
humans exhibit similar principles of lineage plasticity in wound healing.
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1.7

Objectives of Research Presented

The aim of my research was to use the power of live imaging to resolve cell fate
choices at a single cell level in human keratinocytes in vitro.
I began my work looking at live imaging and lineage tree reconstructions across an
unselected sample of human neonatal and adult keratinocytes (Chapter 3). I used
directly observed cell fate choices to identify behaviour. I then analysed data to
observe links between cell fate choices and location within the growing colony of cells.
Additionally, cell fate choices of related pairs of cells were analysed to address the
question if individual cell division affected neighbouring cells. Using novel
mathematical approaches, I then looked at colony size distributions at 12 days of
culture to understand the basis of the three clonal morphologies seen in the literature.
Using larger cohorts of dye-labelled and unlabelled cells, I then describe and confirm
the dynamics seen from live imaging. The identification of early molecular markers
for the different observed behaviours was the next key goal. Here, using
transcriptional microarrays of 8-cell colonies (data from Dr. Kasumi Murai), I
investigated the heterogeneity of expression within early keratinocyte colonies.
The next challenge was to identify behavioural changes that occurred following
perturbation with growth factors (Chapter 4). I decided to study keratinocyte growth
in the absence of supplemented EGF to contrast with those in chapter 2 which had
10ng/mL of supplemented EGF. I used live imaging and colony distribution to
contrast effects on growth. I also investigated the effects of EGF on colony area to gain
additional insights. Finally, using increasing levels of EGF, and R-spondin at
50ng/mL, I looked at the effects on different population behaviours.
Finally, I investigated the cellular response to perturbations in homeostasis with
localized wound healing in vivo (Chapter 5). Previous research has shown that the
mouse oesophageal epithelium is maintained in homeostasis without the need for a
stem cell contribution. However, wound healing is widely thought to recruit stem cell
contributions in epithelial tissue. To identify such behaviour in the mouse
oesophageal epithelium I designed a novel microendoscopic technique, to investigate
the role, if any, that progenitors played in wound healing.
Collectively, my experiments aimed to define the cell fate choices made by
keratinocytes in standard culture, and in response to perturbation with growth factors
in vitro or wound healing in vivo.
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CHAPTER 2
MATERIALS AND METHODS
In this chapter, I have described details of all experimental methods or materials
used in this dissertation. Section 2.1 is concerned with cell culture methods and
primary human material. Section 2.2 describes immunostaining, imaging and cell
lysate preparation from these cell cultures. Data analysis, including simulations, is
detailed in Section 2.3. To analyse the data from my experiments, I developed novel
combinatorial statistical methods, the background theory for which is detailed in
Section 2.4. Finally, in section 2.5, I outline the mouse micro-endoscopy technique I
developed to address the question of cellular contributions in oesophageal wound
healing.

2.1

Cell Culture

2.1.1 Fibroblast Culture and Feeder Layer Preparation
3T3 J2 fibroblasts (Jones laboratory stock, originally gift from J. Rheinwald,
Harvard University, USA) (Todaro & Green 1963; Rheinwald & Green 1975) were
maintained in Dulbecco’s Modified Eagle Medium (D-MEM) (Invitrogen™ 12320-032)
supplemented with 10% donor bovine serum (Invitrogen™ 16030-074) at 37°C in an
atmosphere of 5% CO2. Cultures were passaged twice per week by 5 minute treatment
with 1X 0.25% trypsin - 3.4mM Ethylene-diamine-tetra acetic acid (EDTA, diluted
from Sigma-Aldrich® T4174) to detach cells. Trypsin-EDTA solution was neutralised
with culture medium and cells were seeded to new flasks at a dilution of 1 in 6.
Cultures were maintained until passage 15-16 before a lower passage was thawed.
Feeder layers were prepared by 3 hour incubation with 4!g/ml mitomycin C
(Sigma-Aldrich® M4287), followed by washing with phosphate buffered solution (PBS:
10mM Na2HPO4, 1.8mM KH2PO4, 137mM NaCl, 2.7mM KCl at pH 7.4). J2 feeders
were then detached by trypsinisation as above and seeded at densities of 2 x 106 cells
into 75cm2 flasks (~25,000 cells/cm2) to form a feeder layer prior to addition of
keratinocytes.

2.1.2 Human Neonatal Keratinocyte Culture
Human neonatal foreskin keratinocytes (NFSKs) (ATCC™ PCS-200-010) were
maintained in complete FAD medium (50:50 high glucose D-MEM (Invitrogen™
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Sample ID

Site

Donor age (years)

Gender

TB11.583

Abdomen

24.1

Male

TB11.701

Abdomen

45.2

Female

TB11.1516

Abdomen

37.3

Female

Table 2.1. Donor details for primary human keratinocytes. All clinical material
was collected under NHS ethics committee approval LREC 08/H0308/128.
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11971-025): D-MEM F12 (Invitrogen™ 31330-038), supplemented with 5!g/ml insulin
(Sigma-Aldrich® I5500), 1.8x10-4M adenine (Sigma-Aldrich® A3159), 0.5!g/ml
hydrocortisone (Calbiochem® 386698), 1x10-10M cholera toxin (Sigma-Aldrich® C8052),
10ng/ml Epidermal Growth Factor (EGF, PeproTech EC Ltd 100-15) and 5% foetal calf
serum (PAA Laboratories A15-041)) with a J2 fibroblast feeder layer as described
above (Rheinwald & Green 1975; Rheinwald & Green 1977; Green 1978). Cultures
were maintained at 37°C in 5% CO2. Cells were passaged at around 80% confluence
and split 1 in 20 following detachment by incubation for 15 minutes in 1X trypsinEDTA (~8000 cells/cm2). Cells were used between passage 3-7.

2.1.3 Primary Adult Human Keratinocyte Harvest and Culture
All primary human tissue was collected from Addenbrooke’s Hospital under the
Jones’ group ethical approval 08/H0308/128 from the NHS Cambridgeshire 2
Research Ethics Committee entitled “Modelling cell behaviour in normal and
malignant tissues”.
Relevant anonymised clinical details of donors are summarised in Table 2.1. Excess
human skin from abdominoplasty surgery was harvested as 350-400!m thickness skin
grafts with a handheld modified Watson-Braithwaite knife. Skin was decontaminated
and washed in PBS thrice. Pieces of skin, approximately 5x5mm, were treated with
5mM EDTA (BDH® 100935V) in PBS for 90-120 minutes to form epidermal
wholemounts (Jensen et al., 2010). Wholemounts were physically minced with a
scalpel till a fine uniform state. The epidermal mince was treated with 1X trypsin–
EDTA for periods up to 30 minutes on a magnetic stirrer at 37°C. Treated cells were
passed through a 70µm strainer, before counting on a haemocytometer. Cells were
seeded onto a J2 feeder layer and maintained as above for primary human epidermal
keratinocytes.

2.1.4 Culture at Clonal Density
Mitomycin treated J2 feeder layers were prepared as above at 25,000 cells/cm2.
Neonatal or adult keratinocytes were seeded at 25 cells/cm2 and maintained as above
for clonal density cultures. For some experiments, the thymidine analogue 5-ethynyl2’deoxyuridine (EdU) was added at 10!M concentration for 24 hours prior to fixation
to label cells with active DNA synthesis (Invitrogen™ A10044) (Salic & Mitchison
2008). At time points indicated in the text, feeder cells were removed by gentle
pipetting, and plates were fixed with 4% Paraformaldehyde (PFA, Fisher Scientific®
W0443L) for 5 minutes. The plates were then washed thrice with PBS, and stored in
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2
1

2 x 107 keratinocytes washed
in 2 mL media without serum
Centrifuge 400g x 5 minutes
Resuspend pellet in 1mL Diluent C

15

2

Add to 4µM PKH26
dye solution (1mL)

2 x 107 keratinocytes in 1mL Diluent C

1

15

2
1

2 mL of 2µM PKH26 + 2x107 keratinocytes
Incubate for 5 minutes room temperature
Stop reaction with serum
Centrifuge and wash x3 before use
Labelled keratinocytes
for clonal experiments

Figure 2.1. Labelling of keratinocytes with PKH26. 2x107 keratinocytes were
labelled in a 2µM PKH26 solution at room temperature.
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PBS at 4°C until further analysis. Results presented are in a minimum of triplicated
dishes at each timepoint, although often substantially more.
Macroscopic colonies at 12 days post seeding were detached from culture plates by
5 minute incubation in 5mM EDTA at 37°C. Colonies were fixed in 4% PFA for 30
minutes and stored in PBS at 4°C until further analysis.

2.1.5 Clonal Cultures for Live Imaging
Clonal cultures for live imaging were done using a J2 feeder layer at 15,000
cells/cm2, and keratinocytes at 400 cells/cm2. This was because the imaging was of a
fixed central area of the culture plate (3.7% of the total well). A lower density of J2s
allowed better visualisation of small keratinocyte colonies that would otherwise be
difficult to visualise. The increased keratinocyte density did not lead to much colony
fusion, but since the colonies were directly visualised, no errors were introduced.
Cultures were performed in ImageLock™ 24 multiwell plates (Fisher Scientific®
NC0443043). These plates have fiducial markers at the bottom of the plate which
allows accurate referencing of imaging fields for timelapse capture. The markers are
on the outer surface of the well, and do not interfere with culture. Unlike other
experiments where fresh mitomycin-treated J2 cells were added once a week, only
conditioned media changes were done twice a week. Parallel co-cultures of J2
fibroblasts and NFSKs at 2 days of culture provided the conditioned media which was
filtered through a 0.22!m membrane filter (Millipore GPWP02500) and diluted 1:1 in
complete keratinocyte media prior to use. As before, for some experiments 10!M EdU
was added for 24 hours prior to fixation to label cells with active DNA synthesis. At
indicated timepoints, feeders were removed and fixation was with 4% PFA as above.

2.1.6 PKH26 Dye Labelling of Keratinocytes
The PKH26 Cell Linker Kit (Sigma-Aldrich® PKH26GL) stably incorporates a
yellow-orange fluorescent dye with long aliphatic tails (PKH26) into lipid regions of
the cell membrane, making it widely used for cell tracking studies in normal and
neoplastic tissues (Cicalese et al. 2009; Pece et al. 2010; Wang et al. 2012). Keratinocytes
were labelled according to the manufacturer’s instructions (Figure 2.1). A suspension
containing 2x106 keratinocytes was washed in PBS to remove serum and resuspended
in 1mL of Diluent C (labelling vehicle, iso-osmotic aqueous solution). This cell
suspension was added to a PKH26 dye solution to achieve a final dye concentration of
2!M. The mixed suspension was incubated for 5 minutes at room temperature with
periodic mixing. Adding serum and further incubation for a minute stopped the
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Target

Supplier

Catalogue

Clone

Host

Dilution

Active -Catenin

Millipore

05-665

8E7

Mouse

1:500

HP1

Cell Signalling

#2619

Polyclonal

Rabbit

1:100

IRF6

Cell Signalling

#6948

Polyclonal

Rabbit

1:500

Involucrin

Santa Cruz

sc-15225

K-19

Goat

1:500

Keratin 1

Covance

PRB-149P

AF-87

Rabbit

1:500

Keratin 10

Covance

PRB-159P

Polyclonal

Rabbit

1:500

Keratin 14

Covance

PRB-155P

AF-64

Rabbit

1:500

Keratin 14

Covance

SIG-3476

Polyclonal

Chicken

1:500

Dako

Z0622

Polyclonal

Rabbit

1:500

Cell Signalling

#3737

D39F6

Rabbit

1:100

Santa Cruz

sc-281

C-20

Rabbit

1:200

Pancytokeratin
SUZ12
YY1

Table 2.2. Primary antibodies used for immunoflourescence.
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labelling reaction. The cell suspension was then centrifuged and washed thrice in
media. Labelled keratinocytes were seeded onto a J2 feeder layer in 50mm plates at
clonal density (25 cells/cm2) for tracking experiments. As before, for some
experiments 10!M EdU was added for 24 hours prior to fixation to label cells with
active DNA synthesis. At indicated timepoints, feeders were removed and fixation
was with 4% PFA as above. For clonal isolation experiments, a single clone was
seeded onto a J2 feeder layer in half area flat-bottomed 96 well plates (6 cells/cm2)
(Corning® 3696).

2.1.7

Cultures with altered EGF and R-Spondin

Some keratinocyte cultures as indicated in the text were performed at 0ng/mL,
5ngl/mL, or 20 ng/mL of supplemented EGF (EGF0, EGF5, and EGF20 respectively).
No other alterations to the media were made.
Recombinant human R-Spondin 1 (R&D Systems® 4645-RS-025) was reconstituted
at 100!g/mL in PBS containing 0.1% BSA (Calbiochem 126575). Further dilutions to
final experimental concentrations were done in complete media as indicated in the
main text.

2.2

Culture Immunostaining, Imaging and Lysates

2.2.1 Immunofluorescence Staining of Culture Plates
Plates were permeabilised and blocked with 0.5% Triton X100 (BDH® 28817.295),
0.25% Fish Skin Gelatin (FSG, Sigma-Aldrich® G7765), 1% BSA, and 10% Donkey or
Goat serum (Sigma-Aldrich® D9663 or G9023 respectively) in PBS. Primary antibodies
(Table 2.2) were incubated in 0.5% Triton, 0.25% FSG and 1% BSA in PBS overnight at
4°C. Plates were then washed three times with PBS for 5 minutes each. Secondary
antibodies (Invitrogen™ Molecular Probes®) were used at 1 in 500 in 0.5% Triton, 0.25%
FSG and 1% BSA in PBS for 3 hours. Plates were washed as previously, and either
mounted in Vectashield® Hardset™ Mounting Medium with 4’,6-diamidino-2phenylindole (DAPI, Vector labs H-1500) or counterstained with 1:1000 DAPI
(Molecular Probes® D1306).

2.2.2 Detection of EdU
Incorporated EdU was detected using the Click-iT® EdU Alexa Fluor® Imaging Kits
(Invitrogen™ Molecular Probes® 10337-10340) according to the manufacturer’s
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instructions. Plates were permeabilised in 0.5% Triton PBS for 1 hour and washed
three times in 3% BSA. The pates were then incubated in the Click-iT® reaction
cocktail (containing buffer, CuSO4, Alex Fluor® azide, and buffer additive) for 1 hour
at room temperature. Samples were then washed three times for 5 minutes each in 3%
BSA.
When used in conjunction with standard immunofluorescence as in 2.2.1, the
sequence of labelling was: block, primary antibody incubation, washes, post fix 4%
PFA 30 minutes, washes, EdU detection protocol, secondary antibody incubation
(without Triton), washes (PBS only) and finally mounting.

2.2.3 Microscopy
Immunofluorescent staining for two dimensional cultures was imaged on a Zeiss
Axio Observer D1 microscope with Zeiss AxioVision® Software. Three dimensional
images were acquired with a Zeiss Axioplan 2 confocal microscope with Zeiss LSM510
software, which allowed differential interference contrast (DIC) imaging.

2.2.4 Image Acquisition, Processing and Figure Preparation
Images were initially analysed using Zeiss LSM Viewer software. For 3
dimensional analysis confocal z stacks were rendered using Volocity® Visualisation
software (Improvision). Figures were prepared using Adobe® Photoshop® and Adobe®
Illustrator®.
Colony area was measured by the Zeiss AxioVision® software. Clonal counting for
large colonies was automated using the ImageJ (1.40g NIH) cell counter plugin.

2.2.5 Cell Lysate Preparation for Western Blots
At appropriate times during experimental protocols, whole cell lysates were
prepared after washing cell plates twice with PBS at 4°C. Lysis buffer was prepared
and added to plates with a constitution of 20mM Hepes-NaOH pH 7.9, Glycerol 10%,
NaCl 0.4M, NP-40 0.5%, EDTA 0.2mM, Dithiothreitol (DTT) 1mM, Protease inhibitor,
and Phosphatase inhibitor. Cell lysates were scraped from plates, and transferred to
pre-chilled 1.5mL tubes and centrifuged at 13000rpm 4°C for 10 minutes. Projected
protein concentrations were calculated using standard Bradford protein assays. A
dilution series of standard dye reagent and bovine serum albumin (BioRAD
QuickSTART™ Bradford Dye Reagents 500-0202) was made, and 1!L of protein extract
from experimental or control samples were similarly diluted to the same volume. An
Eppendorf® BioPhotometer™ Plus was used to measure absorbance at 600nM
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3 cell colony lineage tree
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day 0; 05:10

A

24
day 1; 09:30
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day 2; 22:10

69.83 ; 37
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Figure 2.2. Deriving lineage trees from timelapse images. Timelapse images were
used to reconstruct lineage trees. (A) Single cells were identified at early timepoints.
(B) First division recorded in time from seeding. The first division time was not
included in any cell cycle analysis. (C) Any subsequent divisions were recorded
with parentage noted. (D) Any cell which did not divide within 48 hours were
classified as a non-dividing cell. Dividing cells were recorded as green nodes, and
non-dividing cells were coloured red. Time bar in hours.
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wavelength. The absorbance of the standards was plotted against their concentration
to obtain the extinction co-efficient. This was used to calculate the concentration of the
unknown samples. Remaining cell lysate was mixed 1:1 with loading buffer (2X
concentration of Tris-HCl pH6.8, 4% SDS, 20% Glycerol, Bromophenol blue and 0.2%
β-mercaptethanol). Samples were heated at 95°C for 5 minutes before storage in prechilled 1.5mL tubes at -20°C.
Western Blot analysis was done by Dr Kasumi Murai.

2.3

Data Analysis

2.3.1

Comparisons of Populations

For all statistical analysis, I have used non-parametric tests not assuming Gaussian
distributions. Confidence intervals were computed for 95% confidence and statistical
significance was defined using an alpha of 0.05. All computations were done using
GraphPad Prism® 6 for Mac.
To compare the entire distributions of populations, I have used the KolmogorovSmirnov test, which is a nonparametric test to compare unpaired groups of data. It
compares the cumulative distribution of the entire dataset, and is therefore sensitive
to any differences in the shape, spread or median, unlike the more commonly used
Mann-Whitney test which is sensitive to the median alone.
To compare paired observations, such as 2-, 3- and 4-cell colonies in various culture
conditions, I have used the Wilcoxon matched-pairs signed-rank test
To compare unpaired median observations, such as average colony sizes in large
keratinocyte colonies, I have used the Mann-Whitney unpaired test.
To compare multiple unmatched groups, such as EdU distribution groups within
keratinocyte populations, I have used the Kruskal-Wallis test.

2.3.2

Lineage Trees

Videos from the Incucyte were initially traced working backwards to identify
keratinocyte colonies. Then, working forwards, starting from a single keratinocyte, all
divisions were noted in time from the seeding as the separation of daughter cells after
mitosis (Figure 2.2). Cells that divided were marked green, while cells which did not
divide after a minimum of 48 hours of observation were marked red (non-dividing).
When cells did not divide within the observed 48 hours (typically cells in the last 48
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A

Time
22.17; 22.17

48.67; 14.17
62
13.33

118.33

66
17.33

B

Time

Figure 2.3. Lineage trees can be drawn from larger colonies. (A) Lineage trees
were drawn from larger colonies in the same manner as Figure 2.4. Here, all cells
were traced till ~96 hours. After this time point, it was more practical to sample a
few cells (up to 6) to draw sub-colonies within the colony. Cells not followed for >48
hours are shaded grey, and not used in the outcome analysis. (B) Still images at the
bottom showing progress of the colony through time. Trees scaled to time were
subsequently plotted (not shown here).
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hours of recording), they were marked as unknown (grey), and not included in the
analysis (Figure 2.3). Lineage trees were then scaled to time according to the
observations. Relationships of the dividing cell pairs were also noted. For large
colonies between D7-D12, cells were additionally given locational co-ordinates within
the colony (Figure 3.7). At any cell division in such data, the distance of the cell from
the centre of the colony (bisecting maximal dimensions), and its distance from the
edge along the same axis were noted. Cells within the inner third of the colony were
classified as “inner” cell divisions. Similarly, “outer” divisions occurred in the outer
third of the colony, with the remaining colonies being in the “middle” third.
Lineage trees were drawn in Adobe® Illustrator® CS6 for Mac. Groups of division
types and relationships were initially built in in Microsoft® Excel® 2011 for Mac, and
analysed in GraphPad Prism® 6.

2.3.3

Monte Carlo Simulations

Monte Carlo simulations were run in Excel® using a sequential random number
generator. Repeated sequences of divisions were repeated up to 21 rounds of divisions
in up to 210 divisions per simulated colony. Triplicated sets of 10,000 colonies were
used for each dataset analysed. The master set of observed divisions in the relevant
Incucyte cohorts were used for sampling. Resulting distributions were plotted in
Prism® 6.

2.3.4

Growth Curve Fitting

Growth curve fits were done by a least squares approach using Prism® 6. Curves
were constrained at starting points, but otherwise unaltered. Goodness of fit was
calculated using R2 analysis in Prism® 6.

2.3.5

Figure Preparation

All graphs were made in Prism® 6. Publishing layout was finalised in Illustrator®
CS6.
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At cell division

a
b
c

Stratification

Dividing cell
Differentiated cell
Stratified cell

a=c

Figure 2.4. Cell division as a branching birth-death process. Cell division is a
birth-death process with three possible outcomes based on the proliferative ability
of its daughters. A dividing cell (P) may divide to two dividing daughters (PP), a
dividing and differentiated daughter (PD), or two differentiated daughters (DD) in
proportions a, b and c respectively. Differentiated cells are lost through stratification. In tissues with high turnover, the number of new dividing cells is equal to the
number lost through stratification (a=c).
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2.4

Combinatorial Statistics Theory

In Chapters 3 and 4, I describe a combinatorial approach to understanding
population-wide size distribution of colony sizes achieved by single human
keratinocytes ex vivo. The conclusions of my studies hinge on the quantitative insights
that can be drawn from the analysis of the colony size distribution from single cells. In
this section I expand on the basis of my statistical rationale and its application, with
further details of applications in Appendix 2.

2.4.1 Assumptions and Parameters
Adult mammalian epidermis has a single layer of dividing cells on a basement
membrane. As dividing progenitor cells (P) divide, they produce two daughter cells
either of which may be a progenitor cell or a differentiated cell (D) resulting in the
combinations (PP), (PD) or (DD). We assume the probabilities of these occurring are a,
b, and c, respectively represented in Figure 2.4.
Assumption 1: I will assume for the moment that cell division is a Markovian
process, where the outcome probabilities are independent in time, holding the same
value at any observation point. Biologically, this implies that individual cell division is
independent, and memory of previous cell divisions is not retained. This assumption
is borne out by experimental data in Section 3.4.
Assumption 2: I will also assume for the purposes of calculations, that the
population averages of a, b, and c are constant under the same growth conditions, but
may respond dynamically with changes in external environment or signalling. That is
to say that the population likelihood of any particular cell division outcome is the
same given the same growth conditions. This is confirmed in the experiments
described in Section 3.2 and Section 3.3.
Assumption 3: The cell cycle distribution of the keratinocytes must follow a narrow
and defined distribution. This allows accurate definition of an average cell cycle to be
used in the modelling process. The large cohort of directly observed cell cycles bears
this out in Section 3.2.
The general approach to calculations of clone size distributions is usually as a
function dependent on the time of observation. To remove time from the equations, I
take a different approach. The observed frequency of any given clone size at a time point
that is far distant from the time taken to reach that size is constant. This implies that at
late time-points the number of small clones is constant. In larger clones with persistent
progenitor cells, division or differentiation will continue depending on the number of
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Forward moves

Motzkin Triangle
Up
Flat
Down
Up
Flat
-Y-axis

X-axis

Down

Death
Figure 2.5. Motzkin paths are analogous to cell division choices. On an infinite
chessboard, if the king were to be started off at the origin, and have only “forward”
moves in the x-axis, the resulting set of moves lies within a defined area. In such a
game, the player would be able to move “up”, “flat” forward, or “down”, but never
horizontally up or down, or “backward” on the x-axis. These three moves are akin
to PP, PD and DD divisions respectively. Note that the player cannot cross the diagonal, and that if the piece falls below the horizontal, the game ends in “death”. The
resulting triangle of possible moves is known in combinatorial statistics as the
Motzkin Triangle, and is a description of the probabilities of reaching any available
position on the board after a known set of moves.
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dividing cells within the clone. This basic realisation allows me to use the most
frequent clone size distribution, which is that of small clone sizes, to build a robust
picture of cell fate outcome. Small clone distribution data is the most statistically
robust due to the high frequency of observation.

2.4.2 Colony Size Distribution as Motzkin Paths
For simplicity, we assume that we start with a single dividing cell. We will denote
the total number of cells in a colony as n, with a total number of dividing progenitor
cells as p. Thus, any specific colony can be described as (n,p).
With each division, irrespective of outcome, the colony size increases by 1 cell,
forming a colony of n+1 cells. If the cell division results in two progenitor daughters
(PP), the number of dividing cells p increases to p+1. If the cell division results in a
progenitor cell and a differentiated cell (PD), the number of dividing cells p stays the
same. The production of two differentiated daughters (DD) results in a loss of
dividing cells to p-1. Thus,
With each cell division,
!!!!"#$%&!!!

!, !

!!!!"#$%&!!!

!!!!"#$%&!!!

! + 1, ! + 1 !!"#ℎ!!"#$%$&!"#$!!
! + 1, ! + 0 !!"#ℎ!!"#$%$&'&()!!
! + 1, ! − 1 !!"#ℎ!!"#$%$&'&()!!

Each colony has therefore a defined number of steps it can take at given time that is
independent of the time of observation. Such defined steps is analogous to a
combinatorial statistics problem, called a Motzkin path (Weisstein 2012b; Motzkin
1948; Aigner 1998; Donaghey & Shapiro 1977). To visualise such a system, imagine an
infinite chessboard, where a king-piece was placed on the origin of the lattice (Figure
2.5). With each move, such a piece is allowed only to move one square “forward”
along the x-axis in one of three moves – an “up” move diagonally upwards the y-axis,
a “flat” move horizontally, or a “down” move diagonally downwards the y-axis. Any
move that results in falling below the horizontal is “dead” and ends the game. In our
analogy, the chess piece is a dividing cell, and the number of total cells n and the
number of dividing cells p are the x- y-axis respectively. A “up” move is a PP division
resulting in adding a P cell to the colony, a “flat” move maintains the number of P cell,
while a “down” move reduces the number of P cells in colony, and in effect changes
the proliferative potential of the colony overall. In effect, the progress of the colony is
limited between the upwards diagonal and the x-axis, resulting in a triangle of paths
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Non-proliferating differentiated cell

Figure 2.6. Cell proliferation as a combinatorial branching process. (A) Cell division in progenitor cells is a branching process with three possible outcomes (PP, PD
or DD, Figure 2.4). The expansion of a single cell to form a colony of cells is thus a
combinatorial process, where any outcome of total colony size n and proliferating
cells within it p occurs along fixed paths of a Motzkin triangle. Colonies that fall
below the horizontal are dead. (B) Example showing the 9 paths that a single proliferating cell can take to reach a clone of n=5 and p=2. The first three routes have three
PP divisions and one DD division, while the remaining six routes involve two each
of PP and PD divisions (cumulative probability =3a3c+6a2b2).
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5

called the Motzkin triangle (Kociemba 2004). Defined in terms of probability, if !(!,!)
represents the probability of reaching any point on the clone size of n with dividing
progenitors of p, then it follows from the previous equation:
! !,! ! = ! ! !!!,!!! ! + ! ! !!!,! ! + ! ! !!!,!!!
where,

n≥2

and

n≥p≥1

This implies that the number of ways in which a cell can reach any given position
on the triangle is a sum of the number of ways the piece can reach the three preceding
possible positions.
Any position on the Motzkin triangle can also be defined as a combination of all the
possible paths taken to reach that position (example illustration in Figure 2.6), and is
given by the equation (Kociemba 2004):
!(!,!) =

(!!!)/!
!!!
!!!
!!!!!!

!!!!!!
!

−

!!!!!!
!!!

For any given path to reach a colony of total n cells and p dividing cells, the
following hold:
∆!! = ! − 1 = ! ! − ! !
∆! = ! − 1 = ! ! + ! ! + ! !
where ∆!=change in number of dividing cells, ∆!=change in total number of cells,
! ! =total number of up steps, ! ! =total number of flat steps, and ! ! =total number of
down steps.
Thus, for any given path, if ! ! = !,
! ! = ! + ! − 1, and
! ! = ! − ! − 2!
Thus it follows that the weighted probabilities of any colony is given by:
!(!,!) =

(!!!)/!
!!!
!!!
!!!!!!

!!!!!!
!

−

!!!!!!
!!!

! !!!!! ! !!!!!! ! !

This implies that for the first few colony sizes, the probability is given by:
!(!,!) = !! = !
!

!,!

= !! = !"

!(!,!) = !! = ! ! ! + !! !
!(!,!) = !! = 3!"! ! + ! ! ! …
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Cell Population 1

Cell Population 2

a2>>c2
Proportion (1-x)

a1=c1
Proportion x

C2=x ∙ (c1)
C3=x ∙ (b1c1)
C4=x ∙ (a1c12+b12c1)

Mixed Cell Population
Figure 2.7. Small clone sizes alone can define proliferative behaviour. We have
two proliferative cell populations with progeny outcomes a1/b1/c1 and a2/b2/c2
respectively. These are mixed in the ratio x:(1-x), where x>>(1-x). If a2>>c2, the
contribution of population 2 to the small colony sizes in the mixed population is
negligible. The small clone size distribution in the mixed population therefore is
related to a1/b1/c1 and x. Although x is unknown, a1/b1/c1 can be inferred from the
relative ratios of the small clones in the mixed population. If C2=clones of size 2, and
C3=clones of size 3, b1=C3/C2. Similar derivations for a1 and c1 can be made as
a1+b1+c1=1.
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We consider a few special cases of biological significance:
Special Case 1
For the case where there are no dividing cells remaining in the colony, the colony
must transit through a stage with only one dividing cell remaining, and undergo a
enforced final DD division, the probability of which can be given by:
!

!!!,!

=!∙!

where, !(!,!) =

!,!
(!!!)/! !!!
!!!
!!

!!
!

−

!!
!!!

! ! ! !!!!!! ! !

Special Case 2
For the case where the probabilities a, b, and c are equal, implying that the process
has no weightage, the probability ℰ(!,!) !simplifies to:
ℰ(!,!) =

(!!!)/!
!!!
!!!
!!!!!!

!!!!!!
!

−

!!!!!!
!!!

! (!!!)
!

Special Case 3
For the case where all cells in the colony remain dividing (n=p), the probability
!(!,!) reduces to:
!

!,!

=!

!!!

In a cell with no death process (a theoretical stem cell) a=1, this would indicate
absolute probability of continued division.

2.4.3 Small Colony Sizes Can Define Proliferative Behaviour
If we were to have two cell populations mixed together, we have an additional
variable to consider, the proportion in which the two populations are mixed (Figure
2.7). If this proportion in which the two populations are mixed is unknown we need
additional insight to compute the proliferative characteristics a, b, and c. Thus,
Population 1
Relative Proportion

(Proportion x)

Population 2
(Proportion (1-x)

2 cell colonies

!! ∙ !

!! ∙ (1 − !)

3 cell colonies

!! !! ∙ !

!! !! ∙ (1 − !)

4 cell colonies

!! !! ! + !! ! !! ∙ !

!! !! ! + !! ! !! ∙ (1 − !)
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Number of dividing cells, p

a=1

A

a>c E

c=1
B

a<c
D

a=c
C

Total number of cells, n
Figure 2.8. Gambler’s ruin predicts the proportion of “everlasting” clones. If
weighted Motzkin paths continue indefinitely, the relative weights can inform us of
the clone size distribution. (A) If a clone has the relative probability of a=1, all divisions occur on the diagonal with exponential increase in cell numbers. (B) If the
clone has a relative probability of c=1, the clone is destined to be ruined and form a
2 cell differentiated colony. (C) If a=c, the colony will be of finite size (n-1)/2 and
contain a maximum of either 1 dividing cell (if n=even) or no dividing cell (if
n=odd). There will be no “everlasting” clones. (D) If a<c, then all clones are certain
to differentiate eventually. (E) In the case of a>c, there will be a proportion of cells
given by 1-(c/a) that are everlasting.
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If population 2 is rare, that is (1 − !) is small, and it is biased towards proliferation,
that is !! is small, the contribution that population 2 makes to small colony sizes is
negligible. We can thus assume that all the very small colonies (<5 cells) resulting
from a mixed ex vivo culture occur through population 1. We still have to resolve the
proportion x.
We can use the ratios between the proportions of small colonies to eliminate this
unknown variable x. Since the values !! , !! , !! … are known, we can compute a, b, and
c. Thus,
!! = !! ∙ !! ! = !! ∙ !!
!! =

!!
!!

!! = !! ! !! ! + !! !! ! ! = !! ∙ !! + !! !! ∙ !!
and, recalling that !! + !! + !! = 1
!! = !! !! + !! ! ∙ !! !
!!
= !! !! + !! !
!!
!!
!!
!!
= !! ∙ 1 − !! −
+
!!
!!
!!
!!

!

!!
+
− 1 !! +
!!
−(

!! =

!!
− 1) ±
!!

!

!!
!!
−
!!
!!
(

!

!!
− 1)! − 4
!!

=0

!!
!
− !
!!
!!

2

!

!

2.4.4 A Game of Gambler’s Ruin
Additional insight can be gained from the comparison with another statistical
problem known as the Gambler’s Ruin (Weisstein 2012a; Lengyel 2009; Kraitchik
1942). If a gambler is playing to win, draw or loose on each bet, one can work out the
probability of winning overall in n games if prior odds of winning, drawing and
loosing are known and constant. If the chances of winning an individual game are
equal to the chances of loosing the game, on average the player will not make any
gain. If the chances of winning are higher than the chances of loosing, the gambler will
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be better off. If however, the chances of loosing are higher than the chances of
winning, the player will loose the initial investment and be “ruined”.
In our analogy, if for any given clone size n, knowing the relationships between a,
b, and c can tell us the chances of proliferative success. If the chances of winning are
higher (! > !), the some colonies will continue to divide indefinitely. If the chances of
differentiation are higher (! < !), there can be no indefinitely dividing colonies, and
all the colonies will eventually differentiate. If exact odds are maintained (! = !),
colonies of even number will be left with a single dividing cell (no gain or loss), while
colonies of odd number will be completely differentiated (Figure 2.8).

2.5

Mouse Oesophagus Experiments

All experiments were conducted according to the UK Home Office Project Licence
80/2282 entitled “Stem and Progenitor cell fate regulation in vivo”.

2.5.1

Mouse Strains

Adult mice doubly transgenic for the inducible cre allele AhcreERT and the
conditional reporter allele of EYFP targeted to the Rosa 26 locus (AhcreERTR26flEYFP/wt)
were generated for lineage tracing in wounded oesophagus (Srinivas et al. 2001; Kemp
et al. 2004).
For label retaining studies, Rosa26MrtTA/TetO-HGFP mice doubly transgenic for a
reverse tetracycline-controlled transactivator (rtTA-M2) targeted to the Rosa 26 locus
and a HIST1H2BJ/EGFP fusion protein (HGFP) expressed from a tetracycline
promoter element was used (Kanda et al. 1998; Tumbar et al. 2004; Hochedlinger et al.
2005).
For short term cell proliferation assays using EdU, wild type C57BL/6 mice were
used.

2.5.2

Induction of Cre Mediated Recombinase

In AhcreERTR26flEYFP/wt mice, transcription of the cre mutant oestrogen receptor
fusion protein (creERT) is induced by β-napthoflavone (β-NF). Tamoxifen is also
required for creERT to gain access to the nucleus and excise the loxP flanked “STOP”
cassette resulting in EYFP expression. EYFP expression was induced in animals aged
8-12 weeks by an intraperitoneal dose of 80mg/kg β-NF and 1mg Tamoxifen (Kemp et
al. 2004; Clayton et al. 2007; Doupé et al. 2012). β-NF (Sigma N3633) was dissolved in
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Figure 2.9. Mouse oesophageal endoscopic biopsies. (A) Microendoscope with
biopsy forceps emerging from the instrument channel and jaws open to show
relative size. (B) Endoscopic image of oesophageal inlet showing 1.5 cm mark on
biopsy forceps for mid oesophageal wounding. (C) Stereomicroscopic image showing wound at 24 hours. (D) Healed wound at 5 days. Scale bar 0.5 mm.
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autoclaved sunflower oil at a final concentration of 8mg/mL. Tamoxifen (MP
Biomedicals 02156738) was dissolved in autoclaved corn oil at 10mg/ml.

2.5.3

Induction of HGFP Expression

In Rosa26MrtTA/TetO-HGFP mice, HGFP expression was induced by treatment with
2mg/ml doxycycline (Sigma-Aldrich D9891) in drinking water sweetened with
sucrose (Sigma-Aldrich S-9378) for 4 weeks, after which doxycycline was withdrawn
for up to 4 weeks to chase HGFP dilution.

2.5.4

Labelling of S-Phase with EdU

EdU given as a single 0.1mg (100µl of 1mg/ml) dose administered by
intraperitoneal injection at times indicated in the main text.

2.5.5

Eosophageal Microendoscopy

To perform the endoscopy on mice anaesthesia was given using a combination of
100mg/kg Ketamine (Pfizer Animal Health) and 10mg/kg Xylazine (Bayer
HealthCare AG) administered intraperitoneally. I used a 9.5 Fr 30° forward oblique
diagnostic miniature endoscope with a 3 Fr instrument channel in conjunction with an
AIDA® COM II image capture system for high definition video recording (Karl Storz
GmBH) (Figure 2.9). To cannulate the oesophageal inlet, I placed the mouse on its
dorsal surface, and extended the neck to allow straight line passage of the endoscope
under direct visualisation up to the vocal chords. Endoscopy of the mouse differed
significantly from the human in the flexibility of the neck and voicebox, and therefore
direct visualisation was very important to ensure atraumatic cannulation. I then used
a 3Fr diameter biopsy forceps with double action jaws (Karl Storz GmBH) to create
single superficial wound in the middle third of the mouse oesophagus, approximately
1.5cm from the vocal chords, of between 0-4-0.9mm diameter. For post-procedure
analgesia, 0.1mg/kg

of Buprenorphine (Alstoe

Animal Health) was given

subcutaneously, before reversal of anaesthesia using Atipamezole (Pfizer Animal
Health) given at 1mg/kg subcutaneously at least 20 minutes after induction. Postprocedure, animals were maintained on a soft mashed diet and euthanised at
appropriate timepoints mentioned in the text.
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2.5.6

Wholemount Preparation

Wholemounts of the oesophagus were prepared by harvesting the entire
oesophagus and making an anterior slit to avoid the wound on the posterior surface.
The entire oesophagus was incubated in 5mM EDTA for 2-3 hours at 37°C. The
epithelium was then carefully peeled away from the underlying tissue with fine
forceps and fixed in 4% PFA for 15-25 minutes. Wounded oesophageal wholemount
images

were

taken

with

a

Leica

M205

stereomicroscope.

Wholemount

immunofluorescence staining and imaging were done by Dr Maria Alcolea.

2.5.7

Wholemount Imaging

To investigate the intensity of HGFP fluorescence in wounded oesophageal
epithelium from Rosa26M2rtTA/TetO-HGFP mice, samples were analysed at the
following time points after 4 weeks of Doxycycline treatment: 0 hrs, 3 hrs, 6 hrs, 12
hrs, 24 hrs, 48 hrs, 72 hrs, 96 hrs, 168 hrs, 10 days and 14 days. Unstained
wholemounts of the entire oesophagus were imaged on a Leica SP5 II confocal
microscope using identical settings for all samples. Single 2!m slice images of the
basal layer were analysed for quantitative assessment of HGFP fluorescence in each
independent cell using Volocity 5 (Improvision).
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Figure 3.1 Live tracking of clonal density neonatal keratinocytes. (A-F) Single
keratinocytes can be tracked as they divide in co-culture with 3T3 J2 fibroblasts
using the IncucyteTM live imaging system. Daily snapshots are shown at 24 hour
intervals showing auto-focussed high definition images with single cell resolution.
(G) Population colony sizes showing no change in growth distribution with different culture environment (standard incubator vs. IncucyteTM). Plot as a 1-99% box
and whisker plot, p=0.15 Kolmogorov-Smirnov test, IncucyteTM n=81, Bulk=1487.
(H) Directly observed cell cycle distribution shows a median cell cycle of 15.67 hrs
(range 4.67-100.17 hrs, n=2127). 99.2% of all cell divisions occur within 48 hrs. (I)
DD divisions are longer than PP or PD divisions. (p=0.007, Kolmogorov-Smirnov
test, PP n=1109, PD n=338, DD n=330, PP vs. PD, p=0.28).
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CHAPTER 3
HUMAN KERATINOCYTES HAVE TWO GROWTH DYNAMICS
IN VITRO
3.1

Chapter Overview

Growth of individual human keratinocytes in culture have been used to gain
insight in to their proliferative capacity (Barrandon & Green 1987b; Jones & Watt
1993). These

cultures

contain

a

mixture

of

proliferating

and

post-mitotic

differentiating keratinocytes. The description of three morphological colony types,
with a wide range of colony sizes, suggests a diversity of proliferative behaviour. In
this chapter I set out experiments conducted to examine human keratinocyte divisions
in detail to investigate these appearances.
Section 3.2 describes proliferative behaviour from live tracking of human neonatal
foreskin keratinocyte cultures that identifies two distinct modes of cell division.
Section 3.3 uses the same methodology to study primary adult keratinocytes, and
finds the same two modes of division. Section 3.4 analyses lineage data from previous
two sections to argue that cell division outcomes are independent of neighbouring
cells. Section 3.5 makes use of these insights in to the outcome of individual cell
divisions to demonstrate that two modes of cell division are sufficient to achieve the
heterogeneity of colony sizes seen in culture. To verify these findings, I present data
from two additional datasets. Section 3.6 tracks dye labelled keratinocytes to confirm
the existence of two modes of growth in culture. Section 3.7 uses the distribution of
small colonies to deduce the proliferation characteristics of one of the two modes of
growth. Section 3.8 looks at the distribution of differentiated and dividing cells at (60
hours) to confirm proliferative behaviour. Section 3.9 investigates transcriptional
signatures for these two behaviours, validating microarrays done by Dr Kasumi
Murai. Finally, in Section 3.10 I discuss a few key implications of my findings in this
chapter.

3.2

Live Imaging of Cultured Human Neonatal Keratinocytes

To identify the types of proliferative behaviour in human keratinocytes, I
performed live imaging of fourth to sixth passage single unlabelled neonatal foreskin
keratinocytes (NFSKs) co-cultured at clonal density with mitotically inactivated 3T3 J2
fibroblasts (Rheinwald & Green 1975). High definition brightfield images were taken
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Type 1 colony growth dynamics

0.28 (0.25-0.31)
0.34 (0.31-0.37)

a

Proportion (95% CI)

0.38 (0.35-0.41)

c

Figure 3.2 Type 1 colonies in neonatal keratinocytes. Type 1 colonies (all
data in Figure 3.3 overleaf) are characterised by frequent and evenly distributed DD divisions. The proportions of PP: DD are similar, with an overlapping range. PP n=353, PD n=259, DD n=318, 95% confidence interval in
brackets.
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Figure 3.3. Lineage trees of neonatal keratinocyte Type 1 clonal growth. Single keratinocytes colonies tracked up to 168 hours. Green nodes are dividing cells. Red nodes do not divide within
at least 48 hours of birth. Note similar red and green numbers. Grey nodes are undivided within observation period less than 48 hours. Divisions n=1052, colonies n=70.
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Figure 3.5. Lineage trees of neonatal keratinocyte Type 2 clonal growth. Single keratinocytes colonies tracked up to 168 hours. Colour code as in Fig 3.3. Note overwhelming
green cells, and only PP divisions within first three rounds of division. Divisions n=1156, colonies n=11.
80-81

Type 2 colony growth dynamics

0.10 (0.08-0.12)
0.02 (0.01-0.03)

Proportion (95% CI)

0.88 (0.86-0.90)

a >> c

Figure 3.4 Type 2 colonies in neonatal keratinocytes. Type 2 colonies (all
data in Figure 3.5 overleaf) are characterised by predominant PP divisions.
PP n=819, PD n=91, DD n=18, 95% confidence interval in brackets.
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Cell cycle distribution is similar in Type 1 & Type 2
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Figure 3.6. Similar cell cycles across division types. (A) Cell cycle distribution of
keratinocyte clones does not differ between Type 1 and Type 2 growth patterns for
the same division outcome. ( PP divisions p=0.1 n=301 & n=808, PD divisions p=0.6
n=247 & n=91, DD divisions p=0.3 p=312 & n=18; Kolmogorov-Smirnov test, box &
whisker plot with 1% outliers). (B&C) Immunofluorescence images of colonies at
168 hours. 25-cell colony typically produced through Group 1 growth dynamics
composed of non-dividing cells (Keratin 1 differentiation marker, EdU proliferation marker), while an illustrative 1196 cell colony formed by Type 2 dynamics had
predominantly EdU positive cells, with a few central Keratin 1 positive cells. Scale
bar=50µm.
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at 10-minute intervals for at least 168 hours (and up to 278 hours) using the Incucyte™
Kinetic Imaging System (Essen BioScience Inc.). Small colonies at time points longer
than 14 days are lost from the culture plate to the media (Jones & Watt 1993). Static
images were stitched to form videos from which keratinocyte lineage trees were
reconstructed (Figure 3.1A-F). The average exposure time per frame was 1.07 ms,
resulting in a cumulative exposure time of 1.08 s over 168 hours, thus minimising light
toxicity. A fixed area at the centre of the culture well totaling 3.7% of the total seeded
area was recorded, and all clones that remained in the field of vision throughout the
observation period were included in the analysis. There was no difference in clone
distribution comparing the imaged cells with those cultures in a standard incubator
(Figure 3.1G). At the end of the experiment, colonies were fixed and stained for
proliferation and differentiation markers.
2208 complete cell cycles were observed in 81 colonies. Excluding the first cell
cycle, to account for any plating lag, the median cell cycle length was 15.67 hrs (range
4.67-100.17 hrs, n=2127, Figure 3.1H). As this experiment was done on live cells, I
needed criteria to identify post-mitotic differentiating cells. I observed that 99.2% of all
keratinocyte divisions occurred within 48 hours. All cells that were observed for a
minimum of 48 hours and did not divide were hence classified as post-mitotic. Cells
observed for time periods less than 48 hours, and were classified as “Unknown” and
were not included in the analysis (exclusions n=228).
Colonies did move within the field of observation, but rarely moved more than
400!m from their original seeding point. Any colony that migrated outside the field of
view was not included in the analysis. Rare colony fragmentation was observed (2
colonies, 2.46%), as was colony fusion (2 cases, 2.46%). These were late events,
occurring at time-points >144 hours. It was still possible to resolve individual cell
outcomes within such colonies. These events were therefore included in the data.
Three types of cell division outcomes were noted based on the proliferative ability
of the two daughter cells. A proliferating cell (P) could produce two dividing
daughters (a PP outcome), a dividing and a non-dividing daughter (a PD outcome), or
two non-dividing daughters (a DD outcome). The median cell cycle time for each of
these types of division were 15.17 hrs (range 4.67-68 hrs, n=1109), 15.00 hrs (range
6.16-60.83 hrs, n=338), and 15.33 hrs (range 5.34-77.16 hrs, n=330) respectively. There
was no statistical difference between the cell cycle time for PP or PD outcomes (nonparametric unpaired comparisons of cumulative distribution using KolmogorovSmirnov test p=0.28) (Figure 3.1I). However, the DD cell cycle is significantly longer
(Kolmogorov-Smirnov test p=0.007) (Figure 3.1I).
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Figure 3.7 Cell fate changes in the middle of large colonies. (A) Cell divisions within
large colonies with type 2 cell fate were tracked between 7-12 days. Cells were classified
as being within the inner third or outer two thirds based on area. Example clone shown
on 9th day with maximum diameter and perpendicular determining centre of the colony.
Scale=500µm. (B) Divisions within the inner third of the colony have type 1 cell fate with
widespread DD outcomes, unlike divisions in the outer two thirds which have type 2 cell
fate, consisting of predominantly PP outcomes. Inner third n=77 divisions in 17 sub colonies, Outer two thirds n=104 in 4 sub colonies.
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Lineage trees were drawn for all colonies, which ranged in cell number from 2 cell
clones to 722 cells (Figure 3.3 and 3.5). In large colonies, it was not possible to
manually track all dividing cells at late time points. In these cases, I tracked all cells up
to ~96 hours, and then randomly chose up to 6 cells from with in the clone to track to
168 hours. Up to 20 cell generations were tracked in this manner. Based on the
frequencies of the three division types, PP:PD:DD, two distinct types of colonies
emerged (Figure 3.2 and 3.4).
In type 1 colonies (86.4%, n=70) the frequency of PP divisions approximately equals
DD divisions (! ≈ !; 0.38 and 0.34 respectively, n=353 and n=318, respectively). These
colonies are usually small in final size, and in the rare cases that the total colony size
reaches 10s of cells, the majority of the colony consists of non-dividing cells. In
contrast, Type 2 colonies (13.5%, n=11) divide exclusively by PP divisions for the first
three rounds of division and overall most divisions produce PP progeny (a=0.88,
n=819), with occasional PD divisions (b=0.10, n=91) and rare DD divisions (c=0.02,
n=18) (Figure 3.4). There is no difference in cell cycle length between the two types of
colonies (Figure 3.6A). Type 2 division dynamics formed colonies typically in the
hundreds of cells at 168 hours, although rare colonies may remain less that this size.
Immunofluorescence of colonies fixed and stained after 168 hours showed that type
1 colonies had a majority of differentiated cells (Keratin 1 positive, EdU negative),
while type 2 colonies have widespread EdU uptake and patchy Keratin 1 positivity in
stratified cells (Figure 3.6B&C). It was not possible to accurately match each
photographed cell to immunofluorescence image due to frame shift algorithms within
the Incucyte™ software.
To further investigate whether the near exponential growth rate in Type 2 colonies
is maintained, I looked at the videos of such colonies between 7 days to 12 days. As it
was not possible to track all the cells within such a large colony, a sample of
consecutively observed divisions was chosen. Lineage trees were created in a similar
fashion to previous colonies, with additional data on the location within the clone of
the cell that was tracked. At any observation point the colony was divided in to thirds
based on area. Keratinocytes were assigned to belong to the “inner”, “middle” or
“outer” third of the colony (Figure 3.7A). 21 sub-colonies were reconstructed in this
manner with 181 observed cell divisions (Figure 3.7B). A clear difference was noted
between sub-colonies in the inner third of the colony versus the outer two thirds. In
the inner third of the colonies cell fate appeared similar to that in type 1 colonies with
29% of divisions resulting in a DD outcome. On the other hand, divisions in the outer
two thirds of the colonies continued with the type 2 cell fate resulting in PP divisions
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Figure 3.8. Live tracking of clonal density adult keratinocytes. (A-D) Divisions in
colonies from single primary human keratinocytes are recorded in the same
manner as Section 3.2. (A) Entire population colony sizes showing no change in
growth distribution with different culture environment (standard incubator vs.
IncucyteTM). Plot as a 1-99% box and whisker plot, p=0.052 Kolmogorov-Smirnov
test, IncucyteTM n=56, Bulk=627. (B) Directly observed cell cycle distribution shows
a median cell cycle of 15.0 hrs (range 5.5-62.33 hrs, n=1100). 99.6% of all cell divisions occur within 48 hrs. (C) DD divisions are longer than PP or PD divisions (Kolmogorov-Smirnov test p<0.0001). PD divisions are longer than PP divisions (Kolmogorov-Smirnov test p=0.024). PP n=724, PD n=207, DD n=169. (D) Cell cycle
distribution of keratinocyte clones does not differ between Type 1 and Type 2
growth patterns for the same division outcome. (PP divisions p=0.2 n=187 & n=537,
PD divisions p=0.15 n=155 & n=52, DD divisions p=0.3 p=155 & n=14; Kolmogorov-Smirnov test, box & whisker plot with 1% outliers).
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in 95% of divisions. This demonstrates that cell fate changes within the central area of
large colonies to form increasing numbers of differentiated cells, while outer rim cells
continue proliferating in a near-exponential manner.

3.3

Live Imaging of Primary Human Adult Keratinocytes

To see whether first passage human keratinocytes exhibited the same growth
dynamics, I performed the live tracking experiment with identical methodology as the
previous section on independent primary keratinocyte cultures from three adults
ranging in age from 24-45 years (clinical details of donors in Chapter 2). There was no
difference to colony size distribution due to culturing within the Incucyte™ machine
versus a standard incubator (Figure 3.8A). Additionally, no colony fragmentation or
fusion was seen.
Here, I followed 1156 keratinocyte cell divisions over 56 colonies. Excluding the
first cell cycle, the median cell cycle length was 15.0 hrs (range 5.5-62.33 hrs, Figure
3.8B). I used a 48 hour cut-off to identify post-mitotic cells, as in the previous section.
99.6% of all divisions occurred within this 48 hour window. With the benefit of
experience from section 3.2, all cells were followed for a minimum of 48 hours, and
therefore there are no cells of “unknown” growth potential, with the video capture
lasting till 216 hours.
All three proliferation outcomes observed with NFSKs were seen (PP, PD, and
DD). The median cell cycle times for each of these divisions were 14.5 hrs (range 5.533.5 hrs, n=724), 15.67 hrs (range 7.83-56.17 hrs, n=207), and 17.33 hrs (range 7.5-62.33
hrs, n=169) respectively. Unlike neonatal foreskin, there was a progressive statistically
significant lengthening of cell cycle between division types. Divisions with PD
outcomes were longer than those with a PP outcome (p=0.024, Kolmogorov-Smirnov
test) (Figure 3.8C), and divisions with DD outcome were significantly longer than
both PD and DD outcomes (p<0.0001, Kolmogorov-Smirnov test) (Figure 3.8C). There
was no difference in cell cycle distribution between the two modes of growth (Figure
3.8D).
Lineage trees were drawn in a similar fashion to Section 3.2 (Figure 3.10 and 3.12).
The colony sizes varied from 2 cells to 876 cells. Similar dynamics are seen to that in
neonatal foreskin cultured keratinocytes, with the distinct emergence of two types of
growth dynamics. Type 1 colonies (89.3%, n=50) have ! ≈ ! (0.38 and 0.31
respectively, n=202 and n=173) while Type 2 colonies have predominantly PP
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Type 1 colony growth dynamics

0.31 (0.28-0.36)
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Proportion (95% CI)
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c

Figure 3.9 Type 1 colonies in adult keratinocytes. Type 1 colonies (all data
in Figure 3.9 overleaf) are characterised by frequent and evenly distributed
DD divisions. The proportions of PP: DD are similar, with an overlapping
range. PP n=202, PD n=172, DD n=173, 95% confidence interval in brackets.
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Figure 3.10. Lineage trees of adult keratinocyte Type 1 colonies. Single keratinocytes colonies tracked up to 168 hours. Green nodes are dividing cells. Red nodes do not divide within at least
48 hours of birth. Note similar red and green numbers. Divisions n=547, colonies n=50.
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Figure 3.12. Lineage trees of adult keratinocyte Type 2 colonies. Single keratinocytes colonies tracked up to 168 hours. Colour code as in Fig 3.9. Note overwhelming green cells, and only PP
divisions within first three rounds of division. Divisions n=609, colonies n=6.
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Type 2 colony growth dynamics
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Figure 3.11 Type 2 colonies in adult keratinocytes. Type 2 colonies (all data
in Figure 3.11 overleaf) are characterised by predominant PP divisions. PP
n=543, PD n=52, DD n=14, 95% confidence interval in brackets.
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Figure 3.13 Closely related keratinocytes in a colony stay together. (A) Schematic
lineage tree showing indirect lineage relations. In order of degree of kinship, they
are sister (first degree), niece (second degree), cousin (third degree), and second
cousin (fifth degree). (B) Pairs of related cells stay together. On average, sister cell
pairs have no cells separating them in 97.7% of cases, cousins have a single cell
separating in 92.3%, and second cousins have 2 cells separating in 91.8% of cases
(sisters n=349, cousins n=456, second cousins n=390). (C) Serial photographs showing that descendants stay together within a clone. In this colony, by 12 hours a
second cousin has divided, and the index and sister divide by 24 hours. Descendants of these founding cells form areas within the colony that largely stays together
over time. Scale bar = 100µm.
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divisions (a=0.89, b=0.09 and c=0.02; n=543, n=52 and n=14 respectively) (Figure 3.9
and 3.11).
The pattern of immunofluorescence imaging in fixed and stained colonies at 168
hours have features similar to NFSKs.
In effect, the pattern of proliferation seen in primary human culture is not
distinguishable from neonatal foreskin keratinocytes in established culture.

3.4

Cell Division Outcomes are Independent

Apart from the cell cycle data that emerged from tracing keratinocytes, the second
aspect of lineage trees was the detailed relationships between cells within a single
colony. As the origin of individual cells, and their progeny outcome was known, it
was possible to investigate whether related cells had the same fate. In other words,
was cell fate dependent on a cell’s past, or was it independent in the future?
For any given colony, pairs of cells were recorded based on their degree of
relationship. Similar terminology to that used in family genealogy trees will be
applied to the rest of this section. First-degree relations were comprised of sister or
daughter cell (Figure 3.13A). Second-degree relations were niece or granddaughter
cell. Third degree relations were a cousin or a great-grand-daughter. Some
relationships are direct descendent relatives (“lineal kinship” - daughter, granddaughter, great-grand-daughter, and so on), while others are indirect descendent
relatives (“collateral kinship” - sister, niece, cousin, et cetera). I have used collateral
relatives to study any causative relationships. It is not possible to use direct
descendants to study division outcomes as any PD or DD division biases the number
of subsequent descendants. Also direct descendants are completely separated from
each other in time, making the changes in neighbouring cells a potential source of
bias.
The first question was whether related cells stayed together within a colony. This
was important in order to address whether the microenvironment within a colony
influenced cell division outcome. I looked at the maximum number of cells between
two related pairs of cells. For this, the related cells needed to exist at the same time of
observation. It is thus logistically more practical to look at sister pairs, cousin pairs,
and second cousin pairs (first, third and fifth degree relatives, Figure 3.13C). I found
that sister cells stay together throughout their life cycle in 97.7% of cases (n=349 cell
pairs, range 0-1 cells). Cousins had 1 cell between them in 92.3% of cases, while 91.8%
of second cousins had 2 cells separating them (Cousin pairs n=456 range=0-3, second
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Figure 3.14 Closely related keratinocytes make independent outcome choices.
Pairs of related cells were observed for fate outcome. (A) Sister pairs showed no
difference in either colony type (Type 1 n=305, Type 2 n=415). For each possible
outcome of the index cell, the sister cell has a similar chance of the same outcome.
None of the matched pairs had a statistically different outcome. (B) The same result
was seen in aunt-niece (Type 1 n=617, Type 2 n=782) and cousin pairs (Type 1
n=413, Type 2 n=689). Population chances of PP, PD and DD division types are plotted as background filled bars. Proportions of individual cell pairs with the same
outcome are plotted as foreground symbols with 95% confidence interval. Large
confidence intervals are seen with the PD-PD and DD-DD pairs in Type 2 colonies
due to small numbers.
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cousin pairs n=390 range 2-4, Figure 3.13B). Thus, descendants of related cells stayed
together within a clone (Figure 3.13C). As related cells stayed together, it was possible
to explore division outcomes in more depth without the potential confounder of a
different microenvironment.
Division outcomes of related sister cell pairs were observed in both type 1 (n=305)
and type 2 colonies (n=415). For any of three possible outcomes of division for an
index cell, there was no increase or decrease in the likelihood of the sister cell having
the same outcome in either of the colony types (Figure 3.14A).
To look at more distant relations, division outcomes of aunt-niece pairs (Type 1
n=617, Type 2 n=782) and cousin pairs (Type 1 n=413 and Type 2 n=689) were
investigated (Figure 3.14B). Here too, for any given division outcome in the index cell,
the likelihood of having the same outcome was not increased or decreased, and the
likelihood of having a different outcome is the same as the general population. The
proportions are shown in Figure 3.14B.
Taken together, the analysis of cell division pairs showed that related cells stayed
together within a keratinocyte colony, but all related cells had independent division
outcomes.

3.5

Two Growth Dynamics Explain the Entire Population
Distribution

From the insights of the live imaging data, predictions could be made for
validation. Since individual cell divisions retained no memory of previous outcomes,
colonies formed as a sequence of cell divisions with one of three outcomes, selected at
random but with the likelihood of each outcome dependent on whether the founder
cell had type 1 or type 2 behaviour. I was able to create a Monte Carlo simulation of
the colony size distribution by repeatedly randomly sampling from the observations
(paired cell cycle time and division outcomes), in a large number of simulated
colonies.
I first designed an algorithm to randomly choose, in the observed proportions of a,
b and c, from the Type 1 distribution of PP, PD and DD divisions. This was repeated
10,000 times in three separate runs. For any given end observation time point, I could
then find the colony size and the number of dividing cells within the virtual colony. I
ran this simulation for 168 hours (7 days) and 288 hours (12 days). Similarly, I ran a
simulation for the Type 2 colony growth dynamics for 7 days. I did not run a
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Figure 3.15 Growth behaviour can predict colony size distributions. Monte Carlo
simulations of keratinocyte colony sizes (total cells and dividing cells) using Type 1
and Type 2 live imaging data. (A) At 168 hours, colonies arising from type 1 divisions overlap in cell number with those from type 2 divisions. This overlap (46-148
cells) can be resolved by the number of dividing cells within the clone. (B) At 288
hours, colonies arising from type 1 divisions can reach several 100s of cells in size.
(C) At 168 hours, type 1 colonies have <50% dividing cells, while type 2 colonies
have >50% dividing cells within clones of 43-148 cells. (D) Colony area is not linearly related to cell number. Smaller clones are larger than expected from a linear fit,
while large colonies are smaller than expected. For the same area (e.g. 0.1 mm2), a
five fold difference in cell number is seen. Inset 261 cell colony of 0.057mm2, Scale
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simulation for type 2 colonies for 12 days, as the change in cell fate observed is
dependent on location and difficult to simulate.
At 168 hours, the distribution of the simulated type 1 and 2 colonies overlapped. By
maintaining type 1 divisions, the colony sizes ranged between 2-148 cells, while the
size range reached by clones running on type 2 dynamics was 46-2697 cells (Figure
15A). Thus, there was a predicted overlap at this time point with 3.69% of type 1
clones having reached sizes ≥46 cells, and 0.84% of type 2 clones remaining ≤148 cells.
However, as may be expected, a prediction of the type of clone could be made based
on the number of dividing cells within a clone. Thus, in a type 1 clone above the size
of 46 cells, the proportion of dividing cells remaining ranged between 0-49.4%, while
in a type 2 colony smaller than 143 cells, the proportion of dividing cells ranged
between 70.2-99.1% (Figure 15C). This would reflect the fact that type 1 dynamics
would continue to form non-dividing colonies, while type 2 colonies persisted in
forming ever larger colonies.
This distribution at 168 hours also brought a prediction that could be tested. Small
colonies (<46 cells) are formed by type 1 behaviour, while large colonies (>148 cells)
are a result of type 2 proliferation. Intermediate sized colonies (46-148 cells) with
≤50% dividing cells were predicted to have type 1 behaviour, while those in this
range with >50% had type 2 behaviour. If 50% of cells were dividing in a colony, and
the mean cell division time was known, it would be expected that this colony would
increase in total size by ~50% in a 24 hour period. Or taken another way, the ratio of
colony size at 168 hours to the colony size at 144 hours would be 1.5. This D7/D6 ratio
for intermediate colonies was utilised further in Section 3.6.
Although, intermediate colony cell number alone at the 168 hour time-point did
not reveal the behaviour of the founder cell, it would be expected that this would
become apparent at later time points (288 hrs, 12 days) as the gap between type 1 and
type 2 colonies will get broader over time. I used my algorithm to predict the
distribution of colony sizes for Type 1 proliferative behaviour at this time point.
Triplicated sets of 10,000 Type 1 colonies alone were simulated as before (Figure 15B).
At 288 hours, type 1 cell fate produced colonies in the size range 2-373 cells with 034.6% proliferating cells remaining within them. As the number of dividing cells
within the Type 2 colonies is much higher at 168 hours, there is likely to be a clear
separation of these two types based on cell number by 288 hours. Colonies formed
from type 1 dynamics, that still contained a small fraction of dividing cells, continued
to proliferate reaching cell numbers in the hundreds, and are predicted to form
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Figure 3.16 Microscopic characteristics of day 12 keratinocyte colonies. (A) 12
day keratinocyte clones show three macroscopic morphologies (L=Large,
M=Medium, S=Small). (B) Small colonies have 10s of keratinocytes, have no EdU
positive cells, and express the differentiation marker Keratin10. (C) Wrinkled edge
medium colonies have 100s of keratinocytes, have occasional EdU positive cells at
the edge (inset), and widely express Keratin10. (D) Smooth edged large colonies
have 1000s of keratinocytes, and uniformly uptake EdU with increased uptake in
the outer rim (inset from middle and periphery of clone), and express Keratin 10 in
suprabasal layers. (Scale bars: main=0.5mm, inset=0.1mm)
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irregular margins due to the number of differentiated cells accumulating at the edge
of colonies (Barrandon & Green 1987a; Klein et al. 2011).
It was important to note here that cell number did not equate to colony size.
Individual keratinocytes become larger in size upon differentiation, to the extent that
some researchers have used cell size as a surrogate marker for differentiation (Watt &
Green 1981). Thus for colonies with large proportion of dividing cells, the overall
colony would appear smaller than a colony with the same number of cells but more of
which were differentiated. To confirm this point, I measured the microscopic area of
colonies of keratinocytes against the cell number in a random sample of 139 colonies
(Figure 15D) of total cell number ranging between 2-1204 cells. If cell size remained
constant, it would be expected to see a linear increase in colony size compared to cell
number. However, I found that for the best linear fit curve, small colonies were
bigger, while larger colonies were smaller than expected. To highlight this further, for
the same colony size of 0.1mm2, there was a 5-fold difference in cell number (~100
cells versus ~500 cells). Colony area alone is a thus a poor predictor of proliferative
behaviour.
Figure 3.16 shows the macroscopic morphologies and the immunofluorescence
characteristics of keratinocyte colonies at 12 days of culture. These colonies were
cultured in the presence of the nucleoside analogue EdU for the last 24 hours of
growth. Cells in small clones do not take up and EdU, while a small proportion of
cells in intermediate sized colonies do. In the largest colonies, where there is
significant stratification, a proportion of the basal layer cells in the centre, and nearly
all the cells at the edge take up EdU. Correspondingly, all cells in small colonies were
positive for the differentiation marker Keratin 10, most cells in intermediate sized
colonies were positive for Keratin 10, while in the largest colonies Keratin 10 was
expressed only in the large stratified keratinocytes.

3.6 PKH26 Labelled Keratinocytes Confirm 2 Rates of Growth
To confirm the observation of two growth rates from Section 3.2, I used a different
approach to measure this directly. I labelled cultured neonatal foreskin keratinocytes
at single cell clonal density after labelling with the inert membrane lipid dye PKH26
for visualisation. These labelled keratinocytes were tracked at 24 hour intervals for 7
days under a microscope to follow the growth of each plated cells. At the end of the
observation period, the colonies were fixed and stained for the proliferative marker
EdU administered in the last 24 hours of culture. This approach allowed a larger
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Figure 3.17 PKH26 labelled keratinocytes show two growth patterns. Keratinocytes colonies labelled with the inert lipid membrane dye PKH26 were tracked at 24
hour intervals for 168 hours (n=339). (A) A 23 cell clone is tracked, with only 2 cells
remaining EdU positive. (B) A 406 cell clone with most cells EdU positive. (C & D)
Growth curves for all colonies tracked. Colonies of size <46 cells or between 46-148
cells with <50% EdU positive cells are Type 1, while remaining are Type 2. Individual colonies plotted as background lines, while linear and exponential fits with 95%
CI in foreground. Linear fit to Type 1 colonies with R2=0.96, and exponential fit to
Type 2 colonies with R2
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1.0

number of colonies to be indirectly investigated, although at lower resolution than
live imaging.
934 single labelled keratinocytes were followed through time in this manner, of
which 339 divided to form colonies. An example of a 23 cell colony with 2 EdU
positive cells, and a 406 cell colony with 302 EdU positive cells for comparison is
illustrated (Figure 17A and 17B).
Based on my Monte Carlo simulations, I expected colonies less than 46 cells in
number to follow type 1 growth and those more than 148 cells to follow type 2
growth. Colonies in the intermediate size range between 46-148 cells could be
assigned to either type 1 or type 2 colonies based on the proportion of EdU positive
cells. Intermediate clones in this range with less than 50% of EdU positive cells were
classified as type 1, while those with EdU positivity in more than 50% of cells were
classified as type 2. Based on my previous experiments, colonies undergoing type 1
growth where a≈c should demonstrate an average linear rate of increase. Colonies
undergoing Type 2 divisions, would approximate exponential growth. This prediction
could be tested from the growth curves measured in this experiment.
In my cohort of 339 labelled colonies, I found 298 (87.9%) were smaller than 46
cells, 21 (6.2%) were larger than 148 cells, and the remaining 20 (5.9%) were
intermediate in size. Of the intermediate sized colonies, 11 had <50% EdU positive
cells (range 0.08-0.29), while 9 had >50% EdU positive cells (range 0.51-0.84). These
were classified as type 1 and type 2 respectively. Additionally, type 1 colonies
classified in this manner increased by less than 50% in cell number in the last 24 hours
of growth (D7/D6 ratio <1.5), while those classified as Type 2 had ratios>1.5. For these
two groups of cells, the best linear fit to the average of the type 1 colonies and the best
exponential fit to the average of the type 2 colonies was performed using a least
squares fit approach (Figure 17C & D). The type 1 colonies had good agreement
(R2=0.96) with a linear fit, while type 2 colonies too had a good agreement (R2=0.98)
with the exponential fit.
This analysis confirms that the entire population of keratinocytes at 7 days of
culture can be described in terms of two growth behaviours: one resulting in a linear
expansion of colony size, and another approaching exponential growth. In the
colonies classified as type 1 based on a combination of final cell size, and EdU positive
cells, a linear growth process was the most likely outcome. Similarly, in the colonies
classified as type 2, a near-exponential single curve was the best description for the
entire dataset.
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Figure 3.18 Day 7 keratinocyte colony distribution. (A) Colony distribution was
determined in independent datasets showing good agreement (n=1460, 321 and
305). (B) Colony size was fractionated according to the proportion of positive EdU
cells, with each point representing a colony. The average of each group increases
with EdU positivity (Kruskal-Wallis test p<0.001). However, the dispersion of
distribution makes this an imperfect correlation (R2=0.40). (C) Small colony sizes
(up to 4 cells) can be used to determine type 1 growth proportions. (n=259, 72 and
53 for 2-, 3- and 4-cell colonies respectively).
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3.7 Small Colonies Confirm Type 1 Proliferative Dynamics
Further experimental evidence of type 1 clonal growth could be gleaned from
distribution of small colonies in large keratinocyte populations. The distribution of the
smallest colonies composed of 2 cells, 3 cells and 4 cells could be used to calculate the
proportions of PP, PD and DD divisions in type 1 colonies (Section 2.4, statistics
methods). Since these colonies are the most frequent in any clonal population
distribution, it is predicted to give a statistical derivation for a, b and c. As previously
observed, this is independent of the proportion of type 1 colonies in the overall
population as such small colonies are formed by type 1 divisions alone at late time
points.
1460 keratinocyte colonies seeded at clonal density were counted at 168 hours. Two
smaller replicates of 305 and 321 colonies were also done to confirm the distribution
(Figure 18A). 26.3% of all clones were 2-4 cells in size. The proportion of EdU positive
cells was counted within each colony and grouped in increasing proportions. Here I
found that increasing EdU positivity was broadly related to a larger average clone
size, but that this was imperfect for individual clones (Figure 18B, Kruskal-Wallis test
p<0.0001 for mean clone size in each group, but R2=0.40).
I observed 259 2-cell colonies (!! ), 72 3-cell colonies (!! ), and 53 4-cell colonies (!! ),
resulting in the proportions !! = 0.177 ± 0.01, !! = 0.049 ± 0.006 and !! = 0.036 ±
0.005 (Figure 18C). The derived values are thus, ! = 0.415, ! = 0.278 ± 0.036 and
! = 0.307. The value of b is consistent with my observation in the Incucyte™ data (0.28
±!0.03). The values of a and c are correlated when calculated in this manner, and
therefore confidence intervals cannot be calculated from standard error propagation
methods.

3.8 Proliferating Cells Within Colonies at Early Time Points
Keratinocyte colony size distributions were informative for confirming type 1
clonal dynamics at late time points. At early time points, however, quantitative
predictions using a sequential combinatorial approach were difficult to make due to
two main factors. Firstly, colony size distributions from the two types of cell division
overlap at early stages, making prediction only possible if the relative ratio of the two
types were known. Secondly, multiple dividing cells within a colony divided in
parallel making sequential models difficult to apply. However, combinatorial
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Figure 3.19 Keratinocyte colonies at 72 hours post seeding. 2-, 4- and 8-cell colo-
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approaches did suggest heterogeneity in proliferating cells within colonies that could
be explored qualitatively.
I set out to determine qualitatively at early time points if colonies can demonstrate
the heterogeneous distribution of dividing and non-dividing cells predicted. I seeded
unlabelled keratinocyte colonies at clonal density, and added 10!M EdU in the last 24
hours of culture. At 3 days, feeders were removed and plates were fixed and stained
for EdU as a proliferation marker and Keratin 1 as a differentiation marker (Figure
3.19). I found that in 2 cell colonies, all three predicted colony types were observed:
colonies with 2 EdU positive cells, 1 EdU positive cell, or no EdU positive cells.
Similarly Keratin 1 positivity was seen in 0, 1 or 2 cells. The heterogeneous
distribution of EdU positive and Keratin1 expressing cells were also seen in 4-cell and
8-cell colonies.

3.9 Colony Behaviours Have Distinct Transcriptional Profiles
I then set out to examine if colonies at early time points could be identified based
on their transcriptional signatures. With the absence of direct markers for behaviour
type, prospective identification is difficult. At early time points, colony size is not
helpful either, as demonstrated by my PKH26 data. I therefore first examined if within
a fixed colony size (8 cell colonies), the two division behaviours would lead to
overlapping characteristics at early timepoints. 8 cell colonies should have enough
RNA for reliable amplification, thus allowing identification of differentially expressed
genes.
Using my Monte Carlo algorithm, I ran triplicated sets of 10,000 simulated clones
for each of the behaviour types, for hourly intervals between 48-72 hours (Figure
3.20A). This time period would cover 3-5 rounds of division on average based on the
median 15.1 hour cell cycle time from the live imaging data. In simulated colonies
dividing on Type 1 cell fate, the proportion of 8-cell clones gradually increased from
1.4% to 6.0% of the total colonies. In these 8-cell colonies, the average number of
dividing cells decreased in this timeframe from 4.3 cells to 2.1 cells. Therefore, this
represents that following type 1 cell fate results in the accumulation of non-dividing 8cell clones progressively throughout the 48-72 hour period. By contrast, colonies
dividing by type 2 division dynamics show a peak of 8-cell colonies by 54-60 hours at
15.7-16.8% of all type 2 colonies. After this peak, numbers of 8-cell Type 2 colonies
decrease as further cell divisions increase the total number of cells. In the Type 2 8-cell
colonies, the average number of dividing cells in the 48-72 hour period decreases only

107

A

25

8

20

6

25
20

6

15

15

4

4

10
2
0

10
2

5
48

52

56

60

64

68

72

0

0

Time (hours)

5
48

52

56

60

64

68

72

Percentage of
all clones

Number of
dividing cells

8

0

Time (hours)

8 cell clones as % of all Type 1 clones

8 cell clones as % of all Type 2 clones

Dividing cells in 8 cell Type 1 clones

Dividing cells in 8 cell Type 2 clones

C

B
8 cell NFSK colonies
n=11

RNA extraction

Whole transcriptome
amplification
& purification

13
11
9
7

Fragmentation
& labelling

Affymetrix Human
Gene 1.0 ST Array
FABP5, S100 family fc 1.3-1.8x

Figure 3.20 Studying 8-cell keratinocyte colonies at 2.5 days post seeding. (A)
Monte Carlo simulation of Type 1 and Type 2 dynamics distinguishes 8 cell clones
formed by either dynamic. Type 1 8-cell colonies have 3-4 dividing cells on average,
while those formed by type 2 divisions have 6-7 dividing cells. (B) Experimental
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groups showed low fold change of the differentiation genes FABP5 and the S100
family in the larger cohort, suggesting this may be associated with type 1 cell fate.
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marginally from 7.3 cells to 6.4 cells per colony. This indicates that type 2 divisions
result in increasing number of 8 cell colonies capable of further divisions, and with
time have fewer 8-cell colonies as they carry on dividing.
If transcriptional differences reflected the difference in behaviour at this early
timepoint, it would be expected that two groups of colonies could be identified, but
with low fold differences as the number of dividing cells differs two-fold between the
two groups.
To investigate the transcriptional differences between the two groups of cells, I
drew from experiments conducted by Dr Kasumi Murai (Figure 3.20B). Here, single
colonies were grown per well of a half-area 96 well plate. Colonies of 8 cells were
identified at 2½ days (n=11). From these colonies, RNA was extracted and the whole
transcriptome was amplified and purified. The Affymetrix Human Gene 1.0 ST array
was used for gene expression profiling for whole-transcript coverage. On hierarchical
clustering, three groups of colonies emerged – a group of 4 colonies that were distinct
from the other two groups of 2 and 5 colonies (Figure 3.20C). Comparing the two most
different groups of 8-cell colonies, the differentiation markers FABP5 and S100 family
were seen at low fold changes compared with the other (fold changes FABP5 1.67,
S100A10 1.59, S100A11 1.83 and S100A2 1.31). This suggests that this group had a
higher proportion of differentiated cells, and is likely to be following type 1 dynamics.
A gene list was drawn up based on fold change, and number of probes detecting
changes.
To validate the differences seen in the array data, I performed immunofluorescence
imaging of fixed and stained colonies of 2½ day old keratinocyte colonies to see if
heterogeneity of protein expression could be detected. I found that for the proteins for
which commercially available and validated antibodies were available, two higher
expressed proteins, and one lower expressed protein did indeed show the
heterogeneity of cell-to-cell expression expected within colonies (Figure 3.21). This
indicated that at the protein expression level, there were distinct signatures of the two
behaviours predicted from live imaging. While these proteins were unlikely to be
regulators of the behaviour, they were likely to be effectors of the fate decisions taken
by the cell.
Taken together, the two types of observed cell fate in keratinocytes have
distinguishable transcriptional differences seen through cell-to-cell heterogeneity
within colonies.
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Figure 3.21 Protein heterogeneity in keratinocyte colonies. Transcriptional
differences identified from microarrays (Figure 3.20) were validated using
immunofluorescence of keratinocytes at day 7 and day 2.5. Day 7 colonies
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3.10 Discussion
Keratinocyte colony size distributions may vary based on either cell cycle time or
cell division outcome. Live imaging directly demonstrates that cell cycle time does not
significantly vary between colony sizes. A broad distribution of colony sizes is,
however, generated by two, and only two, modes of cell fate. Such fate choices are
independent in neighbouring cells within a colony. Fate choices are not fixed, with
cells at the centre of large colonies switching their fate after initial symmetric growth
indicating that such switches can occur, at least unidirectionally.
Traditional ways of describing a cell’s growth potential in vitro have been to use
combinations of surrogate markers based on prior proliferative ability (clone size)
along with its future colony forming ability (sub-clonal assays). Using the proliferative
ability in the present live imaging study coupled with population-wide analysis in the
form of 7 day colony size distributions, we see that the “continuum” of colony sizes
can be achieved by proliferating cells with one of two modes of cell division. This is
consistent with evidence from the literature, where quantitative observations of
keratinocyte growth in vitro shows three morphologies of colonies, but I demonstrate
this is produced by only two types of divisions (Barrandon & Green 1987b).
It is an important question to ask whether the two observed modes of proliferation
indicate a fixed cell phenotype, or if these are interchangeable cell states. A fixed
phenotype is not the case within the centre of large colonies, where cells undergo
change from type 2 cell fate to type 1 fate. However, it is not proven from my results
whether this is unidirectional, and if type 1 colonies can change fate to type 2
outcomes. Evidence from the literature suggests that small keratinocyte colonies have
the potential for forming large colonies through viral oncogene transduction
(Barrandon et al. 1989), and that large colonies undergo clonal conversion to small
colonies with continuous Rac1 inhibition (Nanba et al. 2013). In the context of wound
healing, dedifferentiation of suprabasal differentiated cells evidenced by changes in
keratin expression are seen to contribute to wound re-epithelialisation (Usui et al.
2005; Patel et al. 2006). Additionally, differentiated cells have been shown to take up
stem cell function following the depletion of resident stem cells in the stomach or lung
in recent in vivo studies (Stange et al. 2013; Tata et al. 2013). Thus, it is conceivable
that an alteration in epigenetic programs regulating type 1 dynamics may be able to
change cells from type 1 behaviour in to type 2 (Mulder et al. 2012).
While exponential growth of keratinocytes has been extensively studied, less is
known about the contribution of type 1 fate outcomes to normal IFE. There is strong
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evidence that the IFE is maintained separately from the follicular epidermis, although
some contribution is made by the hair follicle and other appendages following wound
healing (Rochat et al. 1994; Claudinot et al. 2005; Ito et al. 2005; Levy et al. 2005; Lu et
al. 2012; Rittié et al. 2013). Within the separately maintained mouse inter-follicular
epidermis, there is evidence for the existence of type 1 keratinocyte behaviour from in
vivo mouse lineage tracing experiments (Clayton et al. 2007; Doupé et al. 2010; Mascré
et al. 2012). There is also indirect evidence that biased type 1 dynamics exist in p53
mutant clones in sun-damaged IFE in the presence of persistent UV irradiation (Klein
et al. 2010). My findings show that balanced cell division occurs within human
keratinocytes in vitro. The existence of such behaviour in vitro indicates that this is
robust, and not generated by external signals within homeostatic tissue.
The wide range of colony sizes seen in human xenograft colony tracing
experiments is also consistent with stochastic outcome choices in human keratinocytes
(Ghazizadeh & Taichman 2005). The distribution of such colonies throughout the
epidermis in these experiments may indicate that this is the dominant mode of cell
division in the human epidermis in vivo. Since the proliferative capacity of large
colony forming cells seems to be reduced with age, type 1 divisions forming the bulk
of homeostatic divisions provides a mechanism for skin maintenance in the face of
diminishing proliferative reserve (Barrandon & Green 1987b; Giangreco et al. 2010).
These findings have implications for regenerative medicine. Switching the more
numerous keratinocytes with stochastic cell fate to a proliferative cell fate may be an
appealing complimentary strategy for regeneration and wound healing.
Taken together, my results argue that human keratinocytes demonstrate two robust
cell intrinsic modes of proliferation in vitro. Despite the histological differences
between mouse and human epidermis, keratinocytes from both sources share the
same proliferative organisation. Thus, fate choices in dividing cells may be a
conserved feature of homeostasis in the epidermis, and its manipulation may lead to
renewed regenerative strategies.
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Figure 4.1 Culture conditions influence keratinocyte protein expression. (A)
Western Blot analysis of the effects of EGF levels on keratinocytes in culture.
Culture and cell lysate preparation by AR, Western from Dr. Kasumi Murai. Cells
grown with no added EGF(0), 10ng/mL EGF (10) or 20ng/mL EGF (20) at indicated
timepoints. Phosphorylated EGF was lower at early timepoints in EGF0, with corresponding downstream decrease in phospho-ERK. The effects were similar by 72
hours. By 16 hours, total EGF is higher, and ligand induced degradation products
(arrow) are absent in cells at EGF0. (B) Immunofluorescence of keratinocyte colonies grown in the presence or absence of R-Spondin 150ng/mL. Widespread nuclear
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CHAPTER 4
EFFECTS OF EGF AND R-SPONDIN ON KERATINOCYTE
GROWTH
4.1

Chapter Overview

The supplementation of Epidermal Growth Factor (EGF) in culture media increases
culture lifetime, improves sub-culture efficiency making it an important component of
standard keratinocyte culture conditions (Rheinwald & Green 1977; Navasaria et al.
1994). When grown in the absence of supplemented EGF, keratinocytes appear to
grow at the same rate in early culture (up to 7 days), but at slower rates at late
timepoints (up to 24 days) (Rheinwald & Green 1977; Barrandon & Green 1987). In
this chapter I set out to examine the effect supplemented EGF on the growth pattern of
cultured keratinocytes using the methodologies used in Chapter 3. Additionally, I also
studied the effect of R-Spondin, a secreted agonist of the canonical Wnt/!-catenin
signalling pathway known to have mitogenic effects on epithelial cell proliferation
(Parma et al. 2006; Kim et al. 2005).
Section 4.2 demonstrates that altering the concentration of added EGF in culture
has downstream signal effects determined by western blots. Additionally, the effect
on individual colonies of adding R-Spondin to culture can be detected by
immunofluorescence. Section 4.3 uses live imaging of keratinocytes in the absence of
supplemented EGF to define cell fate in this culture condition. In Section 4.4, I show
mathematically that exponential growth of a fixed rim of cells in a colony will result in
linear rates of radial growth in agreement with published literature. Section 4.5
describes the effect of EGF withdrawal on keratinocyte colony area. Section 4.6
analyses the distribution of colonies to demonstrate that EGF and R-Spondin change
the population distribution without affecting Type 1 colonies. Finally, Section 4.7
discusses a few key implications of my findings.

4.2

Changes in Culture Media Affects Protein Expression

I first investigated if varying the levels of supplemented EGF has a detectable
molecular effect on keratinocytes. I cultured keratinocytes at 1000 cells/cm2 with
varying levels of supplemented EGF: no EGF (EGF0), 10ng/mL (EGF10) or 20ng/mL
(EGF20). These culture conditions were maintained from seeding up to harvest. I
collected protein extracts from technical triplicates at 15 minutes, 1 hour, 16 hours and
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Figure 4.2. Cell cycle distribution in EGF0 is similar to EGF10. (A) The median
cell cycle length in EGF0 was 15.17hrs (range 5.83-54.33hrs, n=805). (B)
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72 hours after seeding and quantified the levels of protein. Electrophoresis was on a
7.5% SDS polyacrylamide gel for EGFR and 10% SDS polyacrylamide gel for other
proteins. Western blots were performed by Dr Kasumi Murai.
At early time points up to 16 hours, there were decreased levels of phosphorylated
EGF receptor in EGF0 cultures, which returned to comparable levels at 72 hours
compared with EGF10 and EGF20 (Figure 4.1). In contrast, levels of the total EGF
receptor was higher in EGF0 cultures throughout the 72 hour time course with
minimal ligand induced degradation products as reported in the literature (Beguinot
et al. 1984; Sousa et al. 2012). Together, this reflects decreased EGFR degradation and
increased phosphorylation of EGFR in EGF0 culture. However, only modest decreases
in downstream p-p90RSK and p-ERK1/2 in EGF0 culture was seen. P-AKT and p-S6
did not appear markedly different between culture conditions.
To examine if there was a cellular effect on keratinocytes cultured with the Wnt
agonist R-Spondin, I cultured clonal density keratinocytes at clonal density in serial
dilutions between 1-100 ng/mL, changing the media on day 3. At 7 days, feeders were
removed, and plates were fixed and stained for activated !-catenin. Increased nuclear
staining was seen in concentrations between 10-100ng/mL compared to controls. A
typical colony grown with 50ng/mL R-Spondin1 is illustrated in Figure 4.1B. This
demonstrates that R-Spondin can have effects on Wnt signalling in individual
keratinocytes at this concentration.

4.3 Live Imaging of Cultured Keratinocytes Without Added
EGF
To identify the types of proliferative behaviour in the absence of supplemented
EGF, I performed live imaging of fourth to sixth passage single unlabelled
keratinocytes at clonal density in the Incucyte™ imaging system. Images, and videos
were acquired in the same manner as before up to 216 hours. At the end of the
experiment, colonies were fixed and stained for proliferation and differentiation
markers.
856 complete cell cycles were observed in 51 colonies. Excluding the first cell cycle
to account to for any plating lag, the median cell cycle length was 15.17 hrs (range
5.83-54.33 hrs, n=805, Figure 4.2A). 99.8% of all divisions occurred within 48 hours.
There were no colony fragmentation or fusion events. The colonies were similar to
before, but had an increased cell density making tracking challenging, especially in
large colonies at later time points.
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Figure 4.3 Cell fate in keratinocytes without supplemented EGF. (A) Type 1
divisions (all data in Figure 4.3 overleaf) are characterised by frequent and
evenly distributed DD divisions similar to Type 1 divisions in the presence of
EGF10. The proportions of PP: DD are similar, with an overlapping range. PP
n=112, PD n=94, DD n=135. (B) Type 2 division in the absence of EGF have
sustained proliferation (a>>c) early in their lineage (up to 96 hours), but then
switch to balanced division (a=c) in their inner 2/3rds, with continued sustained
proliferation in an outer rim of cells. Early PP n=186, PD n=31, DD n=8; Late
outer rim PP n=84, PD n=11, DD n=3; Late inner 2/3rds PP n=65, PD n=63, DD
n=64.
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Figure 4.4. Lineage trees of keratinocytes without supplemented EGF. Single keratinocytes colonies tracked up to 168 hours. Green nodes are dividing cells. Red nodes do not divide within
at least 48 hours of birth. Divisions in Type 1 are similar to growth in EGF10. Divisions in large colonies followed similar fate to those in EGF10 early in culture (up to 4 days), but changed dynamics subsequently. Dividing cells at the outer rim (empty green nodes) of the type 2 clones continue with near symmetric growth. Divisions in Type 1 n=341, colonies n=45; Divisions in Type 2
n=515, colonies n=6.
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Cell divisions were classified as PP, PD or DD based on the proliferative ability of
the daughters. The median cell cycle time for each type of division was 15.17 hrs
(range 6.17-54.33 hrs, n=410), 14.83 hrs (range 5.83-34.00 hrs, n=192), and 15.67 hrs
(range 6.33-39.83 hrs, n=203) respectively. There was no statistical difference between
the cell cycle time for PP or PD outcomes (Kolmogorov-Smirnov test p=0.35) or
between PD and DD outcomes (Kolmogorov-Smirnov test p=0.08) (Figure 4.2B). Cell
cycle distribution did not differ between the two modes of division (KolmogorovSmirnov Type 1 PP vs. Type 2 PP p=0.34, Type 1 PD vs. Type 2 PD p=0.51, Type 1 DD
vs. Type 2 DD p=0.30) (Figure 4.2C). Finally, there was no statistically significant
difference in cell cycle distribution between the cohorts grown at EGF10 and at EGF0
(Kolmogorov-Smirnov EGF10 vs. EGF0 p=0.06; EGF0 n=805, EGF10 n=1777) (Figure
4.2D).
Lineage trees were drawn for all colonies (Figure 4.4). As before, in large colonies
all cells were tracked up till ~96 hours, but subsequently 4-6 consecutively observed
cells were tracked up to the end of the video. As before, two colony types emerged
based on the frequency of observed cell fate outcomes (Figure 4.3).
In type 1 colonies (88.2%, n=45), the frequency of PP divisions approximately
equaled DD divisions (a=0.33 (95%CI 0.28-0.38) and c=0.40 (95% CI 0.23-0.33)
respectively; n=112 and n= 135 respectively). These colonies remained small in size.
Compared to the type 1 colonies in EGF10, the c is 10% higher than a, but this
difference is not statistically significant.
In type 2 colonies (11.8%, n=6), the dynamics are different from that seen in EGF10.
Up till 96 hours, cells undergoing type 2 divisions operate in a manner similar to
keratinocytes in EGF10. Most progeny are PP (a=0.83, n=186), while the remaining are
PD (b=0.14, n=31) or DD (c=0.04, n=8). However, divisions after 96 hours show
different dynamics depending on the location of the cell, similar to that seen in
colonies growing in EGF10 after 7 days. Thus, cells in the inner two thirds of the
colony have division proportions similar to those seen in type 1 divisions (a=0.34,
b=0.33, c=0.33; n=65, 63 and 64 respectively). However, divisions occurring at the
outer rim of these colonies continue dividing in the same manner as early culture
(a=0.85, b=0.11, c=0.03; n=84, 11 and 3 respectively). Thus, the colonies with EGF0
show growth dynamic change in the inner part of large colonies at an earlier stage (96
hours onwards) compared to those at EGF10 (168 hours onwards), and a much
smaller rim of cells continue to divide almost exponentially.
Immunofluorescence of the fixed and stained colonies was then performed at day 3
and day 7 (Figure 4.5). At day 3, 2-cell colonies were seen with 2-cells, 1-cell or no cell
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Figure 4.5 Keratinocyte colonies in EGF0 culture media. (A&B) 2-cell and 4-cell
colonies at 3 days showing EdU distribution of all combinations. (C) Colony at 7
days showing 8 cell colony with no EdU positive cells likely to form from type 1
dynamics. (D) Large colony at 7 days with central stratified keratin 1 positive cells
and EdU positive cells mostly as an outer rim, typical of type 2 dynamics. Scale
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positive for EdU. Similarly, 4-cell colonies had the entire range of EdU positivity. At
day 7, small colonies were largely positive for the differentiation marker Keratin 1,
with occasional EdU positive cells. Large colonies at day 7 were more densely packed
than those at EGF10, and showed a rim of EdU positive cells with central stratification
and Keratin 1 positivity. This is consistent with the difference in dynamics in the
central area of the colonies.

4.4 A Dividing Rim of Cells Drives Linear Radial Colony
Growth
According to my live imaging data, after 96 hours large colonies grow in size
mainly through a rim of exponentially dividing cells. Here I explore mathematically
the effects of such sustained growth at the rim on the growth rates of the entire
colony.
Let us assume a colony of radius !! , and a fixed rim of dividing cells of constant
width a. After one average cell cycle, the new radius of the colony is !! , and the
central core of non-dividing cells remains constant at (!! − !). As the dividing rim of
cells almost doubles in number over the cell cycle, it holds that the increase in area is
twice the area of the initial rim. Or,
!"#$%&'%!!"!!"#! = ! ∙ !"#!!!"!!"#"!"$%!!"#
!!! ! − ! !! − !
!! ! − !! − !

!

!

= ! ∙ !!! ! − ! !! − !

= ! ∙ !! ! − !! − !

!! ! = ! ∙ !! ! − !! − !

!

!

!

!! ! = !! ! + !"!! − !!
!! =

(!! ! + !"!! − !! )

This expression resulted in a linear rate of radial growth, with the slope only
dependent on the width of the fixed rim of dividing cells. A wider rim of dividing
cells will result in a faster rate, but would be still linear (Figure 4.6). This is in
agreement with published growth rates of colonies at up to 24 days, where the
presence of EGF results in a faster linear rate of growth compared to no supplemented
EGF (Barrandon & Green 1987). It is worthwhile noting that the increase in area with
such growth is quadratic, and not exponential.
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Figure 4.6. An exponentially dividing rim gives linear colony growth. (A)
A colony of keratinocytes with a small (colony 1) or large (colony 2) fixed
outer rim of cells dividing exponentially. With progressive rounds of division, the colony increases in size with an expanding central core of non-dividing cells. (B) Colony radius plotted against time with such divisions
result in a linear increase of the colony radius. The rate of growth is dependent on the thickness of the dividing rim.
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4.5 Changes in Colony Size With Supplemented EGF
One of the most striking differences to colonies grown in the absence of EGF
compared to those grown with supplemented EGF is their smaller size (Rheinwald &
Green 1977). Changes to the size of large colonies is rapid in the presence of the
transforming growth factor-α (TGF-α) occurring within a couple of hours (Barrandon
& Green 1987). In this section I set out to explore if the presence or absence of EGF in
the culture media affected all types of colony sizes equally.
To study the effects of EGF on colony size, I quantified the colony area against cell
number for four culture conditions (Figure 4.7A&B). Firstly, I quantified 7-day old
colonies cultured in EGF10 or EGF0, which had been previously cultured in EGF10
(EGF10→EGF10 or EGF10→EGF0 respectively). From the cultures in EGF10, parallel 7
day cultures were done in either EGF10 or EGF0 (EGF0→EGF10 or EGF0→EGF0
respectively). A comparable number of colonies across the entire range of colony sizes
were quantified (EGF10→EGF10 n=133, EGF0→EGF10 n=117, EGF0→EGF0 n=109,
EGF10→EGF0 n=136). There was no difference in the population distribution of
colony cell number between an EGF10 bulk population and the quantified colonies
grown in EGF10 (Kolmogorov-Smirnov test, p=0.16). Similarly, there was no
difference in the population distribution between an EGF0 bulk population, and the
quantified colonies grown in EGF0 (Kolmogorov-Smirnov test, p=0.23) (Figure 4.7C).
I then plotted the area for each of the four culture conditions against colony cell
number (Figure 4.7D). Here I found that small colonies (<50 cells) in EGF0 and EGF10
had comparable areas with no difference (Wilcoxon matched-pairs signed-rank test
EGF0 versus EGF10 p=0.53). However, for the larger colonies, there was a significant
difference based on the culture condition. Colonies larger than 50 cells grown at
EGF10 were significantly larger that those grown at EGF0 (Mann-Whitney unpaired
test EGF0 versus EGF10 p<0.0001). Additionally, colonies initially grown at EGF0,
when grown back in EGF10 reverted to larger colony sizes, while those re-plated in
EGF0 persisted with small sizes but with no further reduction. Note that an unpaired
analysis was done for large colonies as matched pairs of the same cell numbers in this
distribution was not possible.
From the experiments in this section I concluded that small colonies did not show
any sustained size changes associated with varying levels of culture EGF. However,
EGF readily affected large colonies in terms of colony area. Additionally, this change
of colony size with EGF was reversible with re-supplementing withdrawn EGF. EGF
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withdrawal in successive re-plating did not have an incremental effect of decreased
colony size.

4.6

EGF and R-Spondin Do Not Affect Type 1 Behaviour

To quantify the effect of EGF and R-Spondin on the population distribution of
keratinocyte colonies, I counted cohorts of keratinocytes at clonal density in EGF0,
EGF5, EGF20 and R-Spondin at 50ng/mL to compare with my previous cohort
cultured at EGF10 in Chapter 3.
The total number of colonies observed in each of the five conditions were as
follows: EGF0 (n=1682, range 2-1123 cells), EGF5 (n=723, range 2-1320 cells), EGF10
(Chapter 2 cohort n=1460, range 2-1812), EGF20 (n=563, range 2-1254), and R-Spondin
(n=882, range 2-793). Each distribution had replicates with smaller distributions to
determine the confidence intervals for proportions. The distribution for EGF0 with
95% confidence intervals is shown in Figure 4.8A.
To study if the culture conditions changed the distribution of keratinocyte colonies,
I compared each distribution against EGF10 using the Kolmogorov-Smirnov test
(Figure 4.8B). Each of the populations thus compared were significantly different from
the reference EGF10 population (EGF10 versus EGF0 p=0.0015, EGF10 versus EGF5
p<0.0001, EGF10 versus EGF20 p<0.0001, and EGF10 versus R-Spondin p<0.0001). As
expected, this confirmed that the culture conditions had an effect on the population
distribution.
I then compared the relative proportions of 2-cell, 3-cell and 4-cell colonies to see if
changes in type 1 dynamics contributed significantly to this difference in population
distribution (Figure 4.8C). To do this, I compared the proportions of 2-, 3- and 4-cell
colonies in each of the cohorts and compared them to the EGF10 reference cohort.
Wilcoxon matched pair analysis was then done to see if the distributions were
different. In all the conditions, I found that the distribution of 2-, 3- and 4-cell colonies
was not different from the reference population (EGF10 versus EGF0 p=0.75, EGF10
versus EGF5 p=0.25, EGF10 versus EGF20 p=0.25, and EGF10 versus R-Spondin
p=0.25). As the relative distribution of 2-, 3- and 4-cell colonies were the determinants
for a, b, and c in type 1 cell fate, they were not significantly changed by rising EGF, or
R-Spondin at 50ng/mL.
From these observations it follows that the change in colony distribution seen with
changes in EGF concentration is due to a change in type 2 dynamics. R-Spondin too,

127

Colony distribution at day 7 in EGF0

20
15
10

Colony size

B

12
925
6
25
751
2
51
310
24
10
25
-2
04
8

17
-3
2
33
-6
4
65
-1
28

916

0

34

5

2

Proportion

25

58

A

Comparison of
entire populations

C

p=**
Proportion

Clone size
(Log2)

128
16
2
EGF10

Proportion

Clone size
(Log2)

128
16
2
p=****

Proportion

Clone size
(Log2)

16
2
p=****

Proportion

Clone size
(Log2)

128
16
2
EGF10

EGF10

R-Spo

EGF5
p=ns

0.2
0.1
EGF10

EGF20
p=ns

0.3

1024

EGF10 vs.R-Spondin

0.1

0.0

EGF20

EGF0
p=ns

0.3

128

EGF10

EGF10

0.2

0.0

EGF5

1024

EGF10 vs.EGF20

0.1

0.3

1024

EGF10

0.2

0.0

EGF0
p=****

EGF10 vs.EGF5

p=ns

0.3

1024

EGF10 vs. EGF0

Comparison of
2-, 3-, and 4-cell colonies

0.2
0.1
0.0

EGF10

R-Spo

Figure 4.8 Effect of EGF and R-spondin on keratinocyte population distributions.
(A) Population distribution of keratinocytes in EGF0 at day 7 (n=1682, 787 and 689).
(B) Comparison of entire day 7 population distribution in EGF0, EGF5, EGF20 and
R-Spondin compared with EGF10. All distributions were different from EGF10
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p=0.25, vs. EGF20 p=0.25, vs. R-Spondin p=0.25).
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changes colony size distribution of keratinocyte populations without changing the
proportions of 2-, 3- and 4-cell colonies.

4.7

Discussion

In this chapter I have shown that keratinocyte populations respond to changes in
EGF by changing their cell fate, and not their cell cycle time. Direct observation of the
keratinocyte colonies in the absence of EGF demonstrates that there is a negligible
effect on the type 1 colony dynamics. In contrast, type 2 colonies showed an early
switch to stochastic fate within their centres, and developed a narrower rim of
exponentially dividing cells. Finally, the signatures of type 1 growth in the
distribution of 2-, 3- and 4- cell colonies did not show any change for varying levels of
EGF, and R-Spondin.
In trying to perturb the dynamics of cell fate choice in culture using EGF, I have
found that type 1 dynamics is relatively insensitive to varying levels of EGF or to RSpondin. A recent paper has shown that small keratinocyte clones respond to higher
levels of EGF (30ng/mL) given late in culture by shrinking in the first few hours after
administration (Nanba et al. 2013). I find that at later time points, this is not sustained.
The robustness of Type 1 dynamics argues that it may have a mechanistic role to play
in epidermal homeostasis. Type 2 colonies, on the other hand, has been recently
shown to undergo clonal conversion with continuous Rac1 inhibition suggesting that
this is much more sensitive to external environmental cues (Nanba et al. 2013).
While balanced type 1 dynamics is seen in murine inter-follicular epidermis, the
ratios are different to those seen in human in vitro cultures (a:b:c=10:80:10 versus a:b:c
of 30:40:30 respectively) (Clayton et al. 2007; Mascré et al. 2012). It is not clear why this
is the case. A larger proportion of divisions resulting in asymmetric divisions in type 1
colonies will result in a larger maximum colony size. Thus 80% PD divisions as seen in
vivo, are likely to maintain larger maximum colony sizes than can be reached by cells
dividing in a balanced stochastic manner with 40% PD divisions as seen in vitro. This
indicates that in homeostatic epidermis in vivo larger colonies are likely to be
maintained than those in culture conditions. This is an avenue that warrants further
exploration.
Where cell replacement in excess of homeostasis is required, as in the case of reepithelialisation following major burns, type 1 cell fate alone cannot provide the
increase in cell division. Type 2 dynamics on the other hand, has the ability to increase
cell division exponentially. The ability of EGF to increase the keratinocyte colony area,
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and recruit larger rims of dividing cells within colonies reconciles the linear radial
growth rate of such colonies with cellular fate dynamics (Barrandon & Green 1987).
Blister fluid from both superficial wounds and superficial burns have increased levels
of heparin-binding EGF (HB-EGF), platelet derived growth factor (PDGF) and TGF-α,
although not EGF (Marikovsky et al. 1993; Ono et al. 1994; Ono et al. 1995). Both HPEGF and TGF-α function as autocrine growth factors in normal human keratinocytes
culture (Coffey Jr et al. 1987; Hashimoto et al. 1994; Shirakata et al. 2005). TGF-α has
been seen to have effects on human keratinocytes in a manner similar to EGF, albeit
with greater potency (Barrandon & Green 1987). This suggests that such growth
factors in a large wound healing environment may contribute to the wound healing
response by increasing recruitment of exponentially dividing cells.
As a consequence of the effects of EGF on keratinocyte growth, great promise was
held by EGF therapies in burns. While there is a 15-20% increase in re-epithelialisation
rates seen with high doses of EGF administered through silver sulfadiazine creams
(10!g/mL), the benefits are not large enough for routine use clinical burns treatment
(Brown et al. 1989). Similar results have been seen with TGF-α (Schultz et al. 1987).
Limited benefits from trials of EGF in chronic wounds too, have resulted in limited
use, although some improvement is likely to be made by improved drug delivery
(Falanga et al. 1992). This suggests that the recruitment of type 2 cell fate has limits.
While some cells may retain the capacity to switch to type 2 cell fate, not all cells are
likely to have this capacity, thereby limiting the clinical effects seen.
The combined used of live imaging and combinatorial statistics in this chapter also
highlights its power to understand the effects of growth factors on keratinocytes.
Understanding changes in cell fate in culture could be an effective screening strategy
prior to expensive in vivo testing. Improved ability to automatically trace live imaged
cell monocultures have led to advances in understanding of fate in certain cell types,
although for shorter time frames (Eilken et al. 2009; Gomes et al. 2011; He et al. 2012;
Schroeder 2013). Computer algorithms recognising co-cultured cells, and being able to
track for longer periods would pave the way for wider use of this versatile technique.
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Figure 5.1 Cell proliferation in wounded oesophageal epithelium. (A) Timeline of
experimental protocol. Wounded wild type C57/Bl6 mice were culled at 2 and 5
days post wounding. Animals were treated with EdU 24 hours prior to timepoints.
(B) At 48 hours after wounding, wounds were still open, completely closing by 5
days (inset higher magnification). (C) Immunostaining of epithelial wholemounts
showing widespread and uniform EdU uptake at 2 days in the proliferating zone
(PZ) around the wound and little uptake in the migratory front (MF). (D) High
power view showing cell pairs labelled by EdU in the controls at 48 hours, uptake
of EdU in the PZ of wounded oesophagi, and return to control levels of EdU adjacent to the healed wounds at 5 days. Images C-D from Dr. Maria Alcolea. Scale bars
(B & C) 500 m, (D) 50 m.
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CHAPTER 5
CELL PROLIFERATION IN INJURED MOUSE OESOPHAGEAL
EPITHELIUM
5.1

Chapter Overview

In the murine oesophagus, quantitative cell fate analysis across the epithelium has
shown that homeostasis is maintained by dividing cells with balanced stochastic fate
(Doupé et al. 2012). Although there is no contribution from a slow cycling population
in homeostasis, such quiescent cells may be recruited upon injury. In this chapter I set
out experiments that looked at the re-epithelialisation of murine oesophagus
following superficial microendoscopic biopsy. Some figures have been published
(Appendix 1). For this chapter, experiments were done in collaboration with Dr. Maria
Alcolea, who performed the wholemount immunostaining and imaging, apart from
those in Figure 5.3.
Section 5.2 uses EdU uptake in wounded epithelium to detect dividing cells.
Section 5.3 studied the contribution of cell populations across the epithelium
following wound repair compared to controls via dilution of HGFP. Section 5.4
explored the contribution of clonally labelled keratinocytes that were adjacent to the
biopsy wound. Finally, Section 5.5 discusses a few key implications of my findings.

5.2

Cell Proliferation in Wounded Oesophagus

To study patterns of active cells following wounding, I used wild type C57/Bl6
mice of 3-6 months in age. Parallel cohorts of experimental and control animals were
wounded using my endoscopic technique (Figure 5.1A). Animals were culled at 2
days and 5 days following wounding, after being injected with EdU 24 hours prior to
culling. Oesophageal wholemounts were harvested and stained for DAPI and EdU.
After an initial weight loss following the procedure, all animals regained their preprocedure weight and remained alert and active until harvest.
The oesophageal wounds showed a typical pattern of wound repair (Gurtner et al.
2008). Macroscopically, wounds were still open at 48 hours, and closed completely by
5 days (Figure 5.1B). At 48 hours, microscopy revealed extensive recruitment of cells
in to cycle in an area closely surrounding, but not adjacent to the wound edges (Figure
5.1C). This has been described in the literature as a proliferating zone (PZ) of cells that
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Figure 5.2 Uniform contribution of cells to oesophageal wound repair. (A) Timeline of experimental protocol. R26M2rtTA/TetO-HGFP mice expressed HGFP upon
doxycycline induction in all cells. Cohorts were culled at 2 and 5 days post wounding. (B) Low magnification showing retained HGFP in the migrating front, and
uniform dilution in the proliferating zone. A similar pattern, albeit with further
dilution was seen at 5 days. (C&D) High magnification images taken with the same
exposure settings. Control oesophagi had uniform retention of HGFP indicating
slow turnover. PZ showed uniform dilution at 2 days, that subsequently progressed
by 5 days. Inset of 5 day PZ field showing a Langerin positive HGFP bright cell.
Images from Dr. Maria Alcolea. Scale bars (B) 500 m, (C) 50 m.
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contribute to wound repair, while an area adjacent to the wound with infrequent cell
divisions constitutes a migratory front (MF) (Potten & Allen 1975). This recruitment of
cells in to cycle in the PZ was much higher compared with unwounded controls at 48
hours (Figure 5.1D). In the controls, scattered labelling of cell pairs indicated that
uniform proliferation at slow rates occurred with single labelled cells having divided
once during the 24 hour period of EdU administration.
By 5 days, in contrast, EdU uptake in cells adjacent to the healed wound returned
to levels comparable to the unwounded controls. Pairs of EdU positive cells were seen
throughout the epithelium, comparable to homeostatic epithelium (Figure 5.1D)
Taken together, this indicates that there was a widespread contribution to the
cellular proliferation response following wounding. This occurred predominantly in a
proliferating zone of cells separated from the wound edge by a relatively quiet
migratory front. Proliferative recruitment returned to control levels following early
stages of re-epithelialisation.

5.3

Dilution of HGFP in Wounded Mouse Oesophagus

To further investigate if cell contribution to wound healing was uniform across the
epithelium, or if some cells contributed more than others, I took a complementary
approach studying HGFP dilution. I first labelled all the cells of the basal layer of the
oesophageal epithelium using doxycycline induction of Rosa26M2rtTA/TetO-HGFP
mice. Withdrawal of the doxycycline results in halting HGFP transcription, after
which time the protein is diluted by division in proliferating cells but retained in slow
cycling cells. Cohorts of induced mice underwent oesophageal biopsy, and samples
were harvested at 2 days and 5 days as before (Figure 5.2A). In contrast to the EdU
experiment, dividing cells dilute label resulting in an inverse relationship between
label retention and cell division. With successive cell division, HGFP was
progressively diluted in daughters of dividing cells, while remaining undiluted in
non-dividing cell populations.
At 2 days after biopsy, I found that HGFP was substantially and evenly diluted
within the proliferating zone of the wounded epithelium compared with unwounded
controls (Figure 5.2 B&C). The migrating front retained HGFP indicating that
substantially fewer divisions occurred in this zone. HGFP fluorescence in areas distant
from the wound (>10mm) was similar to unwounded controls suggesting that these
areas are not recruited to turnover cells at a higher rate. The wound edges in the
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Figure 5.3 Rapid and uniform dilution of HGFP during wound repair. (A)
H2BGFP was induced in Rosa26M2rtTA/TetO-HGFP mice similar to Figure 5.2,
and timepoints were taken up to 14 days. Entire oesophageal imaging was done
using a standardised exposure. Figure shows composite entire oesophagus at
12hours and 7 days with inset showing wound. Overexposed 7d oesophagus to
show orientation (inset) (B) Migrating front shows slow HGFP dilution, compared
with unwounded controls. (C) Proliferating zone dilution of HGFP is rapid with
changes as soon as 12 hours post wounding. Overexposure shows dilution is more
severe than unwounded controls at 7 days. (D) Unwounded controls showed
uniform dilution of HGFP for comparison. Scale bars (A) 1mm and (B-D) 250 m.
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HGFP sample illustrated in the figure have already just opposed by 2 days (Figure
5.2B)
At 5 days after biopsy, dilution had progressed becoming marked in the
proliferating zone compared to either the migratory front (which retained HGFP), and
distant areas (which diluted HGFP at rates comparable with unwounded controls
(Figure 5.2 B&C). Dilution within the proliferating zone was uniform, apart from
retention in non-keratinocyte lineages indicating that all keratinocytes divided at a
uniform rate in this area contributing to re-epithelialisation. As an example of this, a
Langerhans cell is shown with label retention and CD207 (Langerin) positivity in the
inset of Figure 5.2C.
To further elucidate the time course of cellular recruitment to proliferation
following wounding, I performed a more detailed time course of dilution (Figure 5.3
A-D). Here Rosa26M2rtTA/TetO-HGFP mice were induced to express HGFP by 4week treatment with doxycycline. Cohorts of animals underwent anaesthesia and
oesophageal biopsy, with samples taken at 3 hours, 6 hours, 12 hours, 24 hours, 2
days, 3 days, 4 days and 7 days. Control cohorts were induced, and underwent
anaesthesia, but no procedure, and were taken at the same timepoints, but with
additional samples at 10 days and 14 days. Here, I found that the proliferating zone
underwent rapid recruitment of cell division, with HGFP dilution being noticeable at
12 hours, and marked by 24 hours (Figure 5.3 C&D). By 48 hours, HGFP dilution was
comparable to 4-day dilution in unwounded controls. By 4 days in the proliferating
zone, dilution was comparable to 14-day dilution in unwounded controls (Figure 5.3
C&D). This rate of dilution is equivalent to three extra rounds of division compared to
normal dilution at homoeostatic rates of cell division. Although there was further
dilution between 4 days and 7 days in wounded oesophagi, this was not as marked as
prior to 4 days (Figure 5.3 C&D). In contrast, HGFP in the migratory front remained
brighter than matched controls through out the 7 day time-course, although there was
a slower rate of dilution (Figure 5.3 B&D).
Taken together, this suggested that rapid widespread cell division occurred in the
proliferating zone between 12 hours-4 days after wounding at 2-3 times normal cell
turnover. By 7 days, the proliferative recruitment had waned.

5.4

Wounding of Clonally Labelled Oesophagus In Vivo

To investigate the contribution of oesophageal progenitor cells to wound healing, I
made use of clonal genetic labelling in AhcreERTR26flEYFP/wt mice. Low frequency clonal
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Figure 5.4 Clonal contribution to wound repair in oesophageal epithelium. (A)
Timeline of experimental protocol. AhcreERTR26flEYFP/wt mice label individual cells
and their subsequent progeny upon induction at clonal density. Cohorts were
culled at 1 and 10 days post wounding, having received EdU 1 hour prior to culling.
(B) Low magnification image at 1 day showing migrating colonies fragmented by
movement in the proliferating zone (PZ). High power view showing fragmented
colony. Arrows showing direction of migration. (C) Low magnification image at 10
days showing fragmented colonies with a Christmas tree appearance due to cell
divisions. Inset showing labelled colony. (D) Unwounded controls showing single
and double cell YFP labelling at day 1, and small clone sizes at day 10 characteristic
of homeostatic epithelium. Images from Dr. Maria Alcolea, Scale bars 50 m.
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labelling was induced 1 week before endoscopic biopsy. Whole oesophagi were
harvested at timepoints of 1 day and 10 days following biopsy, with a pulse of EdU
given 1 hour prior to harvest (Figure 5.4A).
At 24 hours following wounding, fragmented trails of clones were seen aligned in
the direction of the wound edge, and spanning the junction of the proliferating zone
and the migratory front (Figure 5.4B). These clones, highlighted at higher
magnification were a largely a single cell across, and several cells in length,
fragmented by gaps of a about a cell (Figure 5.4B inset). This indicated that rapid
recruitment, and rapid increase in cell turnover was coupled with migration of
daughter cells towards closing the epithelial defect. The proliferative zone indicated
by the area showing high EdU positivity was apparent even with the short 1 hour
pulse given.
At 10 days following wounding, the wounds had completely healed, but could be
easily identified by the disrupted pattern of clustered cells marking the restoration of
epithelial integrity (Figure 5.4C). The YFP labelled colonies of cells spanning this area
showed a “Christmas tree” appearance. This was due to the fragmented linear column
of migrating cells dividing laterally once the wound edges had been opposed (Figure
5.4C inset). The orientation of these colonies, as before indicated the direction of travel
in relation to the wound edge. EdU uptake was much less pronounced than before,
with levels similar to unwounded controls.
Control homeostatic unwounded oesophageal epithelium showed characteristic
single or 2-cell colonies at 24 hours post induction, and a wide distribution of small
colonies at 10 days. EdU uptake in these wholemounts was scattered throughout, and
remained unchanged at the two time points (Figure 5.4D).
As EYFP labelled cells in this system had been previously shown to be proliferating
progenitors, I concluded that these progenitor cells participate in tissue regeneration
after wounding (Doupé et al. 2012).

5.5

Discussion

In this chapter I have shown with three complementary cell labelling strategies that
dividing progenitors participate in wound regeneration, and that participation of cells
across the proliferating zone is rapid and uniform. For repair of biopsy wounds, no
recourse is needed to a specialised subset of cells that have different rates of
proliferation compared to the surrounding cells.
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Epithelial tissues are continually subject to trauma ranging from minor friction to
major lacerations. To heal these insults, epithelial populations must have the ability
for the transient generation of large numbers of cells above that normally required for
homeostasis. This role for transient massive expansion is usually attributed to
activation of a resident slow cycling stem cell, although nature of the cells involved in
this regeneration, and their relative contributions to different types of injury has not
previously been resolved.
In the mouse oesophageal epithelium, BrdU label retention assays have been
reported to identify a subpopulation of cells that reconstitute the epithelium in
organotypic cultures (Kalabis et al. 2008). In my wounding studies in vivo, no label
retaining population seems to contribute to the repair of the esophageal epithelium.
Additionally, label retention in the basal layer was seen to be a feature of nonkeratinocyte populations predominantly expressing CD45 (Doupé et al. 2012).
Multiple recent studies across different epithelia have shown that a variety of cell
populations are involved in epithelial repair. In the skin, both interfollicular slowcycling cells and stem cells from epidermal appendages contribute to wound repair
(Tumbar et al. 2004; Ito et al. 2005; Levy et al. 2007; Snippert et al. 2010; Mascré et al.
2012; Lu et al. 2012). Additionally, differentiated suprabasal keratinocytes have been
widely reported to contribute to wound repair, at least in early stages (Potten et al.
2000; Usui et al. 2005). In the oesophageal epithelium, experiments in this chapter
show that epithelia can be maintained without the presence of a reserve cell with
different proliferating dynamics (Doupé et al. 2012). In the intestine, early
differentiating precursor cells can revert to regenerate the epithelium following
radiation induced injury (Buczacki et al. 2013). Accelerated dedifferentiation of Troy+
chief cells in response to injury reveals plasticity of the wound response in the
stomach epithelium (Stange et al. 2013). A recent report highlights that the
dedifferentiation of airway secretory Clara cells can renew both multi-ciliated and
secretory cell types following injury (Tata et al. 2013). Taken together, these studies
highlight that cellular response to wounding in epithelia is undertaken by multiple
cell types with diverse functions in normal homeostasis.
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CHAPTER 6
CONCLUSIONS AND OUTLOOK
6.1

Key Lessons

In this dissertation, I have demonstrated the power of using live imaging combined
with novel statistical methodology to unravel cell fate choices in human keratinocytes
in vitro.
I have found that human keratinocytes have a narrow cell cycle time distribution
that does not change with changes in the supplemented EGF or R-Spondin. With a
narrow cell cycle distribution, any variations in colony size are due to cell division
outcome choices. Analysis of cell divisions across the entire population reveals there
are two, and only two, modes of cell fate. These are responsible for the wide range of
colony sizes observed in human keratinocyte cultures. Additionally, cell fate is not
fixed, and may change as seen in the centre of large keratinocyte colonies. Type 1 cell
fate choices are seen to be robust and do not change with varying levels of EGF or Rspondin. The demonstration that Type 1 cell divisions occur in human keratinocytes
parallels observations in mouse IFE in vivo, p53 mutant cell dynamics in human sundamaged IFE, and viral clone labelling studies in human xenograft experiments.
I have also resolved the cell contributions made by keratinocytes to wound healing
in the mouse esophageal epithelium in vivo. Here, I have developed a technically
challenging technique to take a superficial biopsy of the mouse oesophageal
epithelium alone, allowing studies of repair to be carried out. The mouse oesophageal
epithelium does not contain keratinocyte LRCs, is maintained by stochastically
dividing progenitors, and is devoid of stem cell niches. In this tissue, I find repair is
taken on by actively dividing progenitors without the need for recruitment of a
specialised quiescent stem cell.

6.2

Outlook: Open Questions and Future Experiments

Several exciting questions remain for exploration.

6.2.1 Molecular Mechanisms Underlying Cell Fate
Cell fate is clearly defined by direct visualisation. However, the identification of
such behaviour does not reveal the molecular mechanisms by which cell fate decisions
are made and adjusted in response to external cues. As type 1 stochastic behavior is
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relatively resistant to external growth factors, it is of interest to understand the
molecular mechanisms underlying such fate. Such mechanisms are likely to be
conserved as this type of behaviour is seen in both murine and human keratinocytes,
although ratios of balance (10:80:10) versus (35:30:35) may reveal further insights. One
possible mechanism for such differences may lie in the inherent stochasticity of
transcription, as demonstrated by the discovery that key regulatory genes oscillate in
normal cells. The fate outcomes may vary depending on the level of gene oscillation at
the time of cell division (Shimojo et al. 2008; Hoffmann et al. 2008).

6.2.2 Lineage Tracing in Human Xenografts: Steady state Ex Vivo
Genetic lineage tracing in mouse has revealed much about cell fate in vivo. To be
able to conduct such studies in vivo in man has major practical obstacles. To
circumvent this, ex vivo introduction of inducible viral labelling in single
keratinocytes within human epidermal sheets, and subsequent xenografting to mice
may provide insights. A period of time between grafting and inducing the label
would allow wound responses to settle, before tracking individual clone contributions
to xenograft maintenance.

6.2.3 Cell Fate Dynamics in Mutant Clones and Carcinogenesis
Additional resources should be put to investigate cell fate choices in mutant clones
in human epidermis. My work demonstrates that a population of cells with stochastic
type 1 fate is seen in normal human keratinocytes. With work in human sun-damaged
p53 mutant clone distributions demonstrating that such stochastic fate becomes biased
with ongoing sun-exposure, it would be interesting to investigate the underlying
mechanisms for this. A next generation sequencing approach could allow determining
the genetic differences in pre-neoplastic clones that allow such a bias to occur. This
has important medical applications.

6.2.4 Automated Long Term Imaging In Vivo
In vitro studies are ideally placed to utilise the advances in live cell imaging of cells.
Two problems remain that are starting to be addressed. Firstly, automated methods of
cell identification, especially in co-cultured cells for long periods allow a scale that
manual methods do not afford. Secondly, practical limitations such as length of
anaesthesia currently limit in vivo applications to a few cell cycles at best. Addressing
both these two issues would lead to resolution of many outstanding questions of cell
fate choices during homeostasis and perturbation.
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A Single Progenitor Population
Switches Behavior to Maintain and
Repair Esophageal Epithelium
David P. Doupé,1,4* Maria P. Alcolea,1* Amit Roshan,1 Gen Zhang,2 Allon M. Klein,2,3
Benjamin D. Simons,2,4 Philip H. Jones1†
Diseases of the esophageal epithelium (EE), such as reflux esophagitis and cancer, are
rising in incidence. Despite this, the cellular behaviors underlying EE homeostasis and
repair remain controversial. Here, we show that in mice, EE is maintained by a single
population of cells that divide stochastically to generate proliferating and differentiating
daughters with equal probability. In response to challenge with all-trans retinoic acid
(atRA), the balance of daughter cell fate is unaltered, but the rate of cell division increases.
However, after wounding, cells reversibly switch to producing an excess of proliferating daughters
until the wound has closed. Such fate-switching enables a single progenitor population to both
maintain and repair tissue without the need for a “reserve” slow-cycling stem cell pool.

M

urine esophageal epithelium (EE) consists of layers of keratinocytes. This tissue lacks structures such as crypts or
glands that form stem cell niches in other epithelia (Fig. 1, A and B) (1–5). Proliferation is confined to cells in the basal layer (6). On commitment
to terminal differentiation, basal cells exit the cell
cycle and subsequently migrate to the tissue surface from which they are shed. Early studies suggested that all proliferating cells were functionally
equivalent, but recent reports propose that a discrete population of slow-cycling stem cells is responsible for both maintenance and wound healing
(7–11). This controversy and the importance of
EE in disease motivated us to resolve the proliferative cell behavior in homeostatic EE and in
tissue challenged by systemic treatment with the
vitamin A metabolite all-trans retinoic acid (atRA)
or acute local wounding (12, 13).
To investigate cell division rates in EE, we
used a transgenic label-retaining cell (LRC) assay
(Fig. 1C) (1, 14, 15). Doxycycline (DOX) induction of the fusion protein Histone-2B enhanced
green fluorescent protein (HGFP) expression in
1
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Rosa26M2rtTA/TetO-HGFP mice resulted in nuclear fluorescent labeling throughout the EE (Fig.
1D and fig. S1A). When DOX is withdrawn,
HGFP is diluted by cell division, leaving 0.4%
basal layer cells (561 out of 140,000) retaining
label after a 4-week chase (Fig. 1E and fig. S1B).
Three-dimensional imaging showed that these
LRCs had smaller nuclei than the surrounding
keratinocytes and did not stain for the basal keratinocyte marker Keratin14 (0 out of 561 LRCs)
(fig. S1, C and D). The stem cell markers CD34
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and Lgr5 were also undetectable in LRCs or other
cells (figs. S2 and S3) (2, 4, 10, 16). However,
99.9% (2457 out of 2459) of LRCs were positive
for the pan leukocyte marker CD45 (Fig. 1E, inset), comprising a mixture of Langerhans cells
and lymphocytes (fig. S1, E and F). These findings lead to the unexpected conclusion that, unlike
tissues such as the epidermis, there are no slowcycling or quiescent epithelial stem cells in EE
(1, 17). Indeed, HGFP dilution in basal cells was
strikingly homogeneous, suggesting that all cells
divide at a similar rate of about twice per week
(fig. S1G).
Although epithelial cells have the same rate of
division, they may still differ in their ability to
generate cycling and differentiated progeny. We
therefore used inducible cre-lox–based genetic
marking to investigate whether the proliferating
cell population is heterogeneous and to quantify
cell behavior (18, 19). The fate of single-cellderived clones was tracked in cohorts of adult
AhcreERT R26flEYFP/wt mice at multiple time
points over a year after induction, during which
period EE was homeostatic (Fig. 2A and fig.
S4). Crucially, analysis of the composition of
clones at 1 year showed that they were representative of unlabeled cells (fig. S5). Over the
time course, clone number decreased through
differentiation, whereas the size of the remaining
clones progressively increased (Fig. 2, B and C).
Although variation in labeling efficiency limits
the accuracy with which the proportion of labeled
cells can be estimated, within statistical error,
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Fig. 1. Esophageal epithelium contains no slowcycling epithelial cells. (A) Microendoscopy showing esophageal lumen; scale bar, ~500 mm. (B)
Section of epithelium, basal layer (b), suprabasal
layers (sb), and lumen (l); scale bar, 10 mm. (C)
Protocol: Adult Rosa26M2rtTA/TetO-HGFP mice treated
with doxycycline (DOX) express HGFP (green). After DOX withdrawal, HGFP is diluted upon cell
division, except in slow-cycling cells. (D and E)
Rendered confocal z stacks, showing HGFP (green)
at time 0 (D) and after 4-week chase (E). Scale bar, 10 mm. Dashed line indicates basement membrane. Inset
shows CD45 (red) staining in HGFP-retaining cell at 4 weeks. 4´,6-diamidino-2-phenylindole (DAPI), blue; scale
bar, 5 mm.
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Fig. 2. Proliferating cell fate in esophageal epithelium. (A) Protocol: Clonal
labeling was induced in AhcreERTR26flEYFP/wt mice and analyzed at intervals from
3 days to 1 year (triangles). Images are rendered confocal z stacks of the basal
layer showing typical clones at times indicated. Enhanced yellow fluorescent
protein (EYFP), yellow; DAPI, blue. Scale bars, 10 mm. (B to D) Clone quantification. (B and C) Clone density and average clone size (basal cells). Observed
values (orange) with error bars (mean T SEM); green curves show predictions of
model (E). (D) Average percentage of labeled basal cells at indicated time points
(orange); error bars indicate mean T SEM. Green line and shading show average

this proportion remains constant, which is consistent with the labeled population being in homeostasis (Fig. 2D).
Notably, the average size of persisting clones
increased linearly with time, and their size distribution acquired long-term scaling behavior,
a hallmark of a single functionally equivalent
population of cells dividing at the same rate
(Fig. 2C and fig. S6, A, B, and E) (18–21). Studies
of interfollicular epidermis (IFE) revealed that
this pattern of clonal evolution was consistent with
progenitors dividing stochastically to generate differentiated and cycling daughters with equal probability (18, 19). By implementing a Bayesian
inference analysis, we showed that the entire data
set conforms to the IFE paradigm (Fig. 2E; fig.
S6, C to E; and supplementary theory). We conclude that esophageal progenitors (EP) are functionally equivalent.
The observation of similar progenitor behavior in EE and epidermis, derived from endoderm and ectoderm, respectively, argues that
squamous epithelia share a common mechanism of homeostasis irrespective of their developmental origin. However, EP behavior differs from
that of crypt stem cells in the endoderm-derived intestinal epithelium, where stochastic fate is a result
of competition for limited niche space (16, 22).
Unlike progenitors in other tissues, such as
the epidermis, EP are not supported by a discrete
slow-cycling stem cell population (1). This raises
the intriguing question of how the tissue responds
to stress or injury. To investigate this issue, we
subjected EE to a tissue-wide challenge in the
form of atRA treatment and to acute local excisional wounding.

1092

and SEM across all time points. (E) Cell fate in EE. Basal layer comprises 65%
functionally equivalent EP (green, dividing at a rate of 1.9/week, consistent with
the rate of dilution of HGFP) (fig. S1G) and 35% postmitotic cells (pink), which
stratify (arrow) at a rate of 3.5/week. Ten percent of EP divisions generate two EP
daughters, 10% two differentiated daughters, and 80% one of each fate. Values
are optimal fits with 95% plausible intervals.

To determine the effects of atRA, we selected
a dose that induced a “hyperproliferative” response (fig. S7A) and then used quantitative
lineage tracing to define the changes in cell behavior (23, 24). Mice were treated for 9 days,
clonal labeling was induced, and treatment then
continued for a further 21 days, when clone size
was scored (Fig. 3A). Bayesian analysis revealed
that the rates of EP proliferation and differentiated cell stratification had approximately doubled. There was a small but statistically significant
decrease in the proportion of proliferative cells
but, critically, no significant change in the proportions of symmetric and asymmetric divisions,
which indicated that the treated tissue was homeostatic (Fig. 3, B to D). To evaluate this finding, we used a second experimental schedule in
which clonal labeling was induced before atRA
treatment. The values of parameters determined
in the first experiment accurately predicted the
number of basal cells per clone on completion of
the second protocol (fig. S7, B to D). We conclude that during atRA treatment, EP establish a
new homeostatic state.
To investigate the repair of EP after wounding, we developed microendoscopic biopsy of
mouse esophagus (fig. S8F). Biopsy produced a
typical epithelial wound response (25, 26). Cells
immediately next to the defect formed a migrating front (mf) in which there was minimal proliferation, surrounded by a proliferative zone (pz) in
which cell division was dramatically increased
(Fig. 4B and fig. S8D). We used three different
protocols to analyze cell behavior (Fig. 4). First,
we examined clonally labeled EP in AhcreERT
R26flEYFP/wt mice induced 1 week before biopsy
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Fig. 3. All-trans retinoic acid (atRA) treatment of EE.
(A) Protocol (see text). (B and C) Size distribution of
multicellular clones containing at least one basal cell
in control [(B), 307 clones] and atRA-treated [(C), 300
clones] EE. Green bars indicate 95% plausible fit to
models in Figs. 2E (control) and 3D (atRA). (D) Optimal
fit during atRA treatment; proliferation and differentiation rates (red) increase compared with control.
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ture (10). The widespread participation of progenitors in tissue repair provides a rapid and
robust mechanism of wound healing without an
underpinning stem cell pool.

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.

Fig. 4. Response of EP to wounding. Cartoons show protocols; blue triangles indicate sampling. (A to C)
Wounding of clonally labeled mice. Confocal z stacks, 1 (B) or 10 (C) days after biopsy. Solid line shows
pz-mf boundary; dashed line shows wound margin. (A) Day 1 unwounded control. EYFP is yellow,
keratin 14 (Krt14) red, and EdU grayscale. Scale bars, 50 mm. (D to F) Dilution of HGFP. Confocal z
stacks from unwounded control day 2 (D) and wounded mice at 2 (E) and 5 (F) days after biopsy,
showing HGFP (green). Arrow indicates HGFP bright cell (overexposed to reveal remaining cells); such
cells stain for CD45 (red, inset). Scale bars, 10 mm. (G to I) Cell proliferation. Confocal z stacks from
unwounded control at 2 days (G) and experimental mice at 2 (H) and 5 (I) days after biopsy stained for
EdU (grayscale). Scale bars, 10 mm.

(Fig. 4, A to C). Twenty-four hours after wounding, fragmented clones of labeled cells were seen,
aligned toward the wound and spanning the pz
and mf (Fig. 4, A and B, and fig. S8D). By 10
days, clones were evident in and around the repaired defect (Fig. 4C and fig. S8, A and E). These
findings indicate that EP participate in tissue regeneration after wounding, a behavior recapitulated in explant culture, suggesting that active
recruitment of immune cells is not essential for the
switch in EP fate (fig. S9) (27, 28). To investigate the
proportion of EP that participate in regeneration,
we biopsied DOX-treated Rosa26M2rtTA/TetOHGFP mice (Fig. 4, D to F). HGFP was substantially and evenly diluted within the pz at 2 and 5
days after biopsy compared with controls but was
retained outside the mf (Fig. 4, D to F; fig. S8B;
and fig. S10, A and B). We conclude that there is

widespread mobilization of EP within the pz and
that the recruited cells proliferate to a similar extent. In a complementary experiment, animals were
injected with EdU (5-ethynyl-2′-deoxyuridine)
24 hours before culling, revealing extensive recruitment of cells into cycle in the pz at 2 days, which
reverted to control levels at 5 days when the epithelial defect had closed (Fig. 4, G to I; fig. S8C;
and fig. S10, C to F). This indicates that the switch
in EP fate after wounding is reversible.
In summary, these results show that EE is
both maintained and repaired by a single progenitor
cell population capable of reversibly switching
between homeostatic and regenerative behavior
in response to injury. These findings may be
reconciled with the reported proliferative heterogeneity of EE cells in vitro if only some EP cells
switch into “wound mode” when placed into cul-
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Methods
Animals
Adult mice doubly transgenic for the inducible cre allele AhcreERT and the conditional
reporter allele of EYFP targeted to the Rosa 26 locus (AhcreERTR26flEYFP/wt) were generated
as described (12, 13). In these mice, transcription of the cre mutant estrogen receptor fusion
protein (creERT) is induced by ß-napthoflavone. Tamoxifen is also required for creERT to
gain access to the nucleus and excise the loxP flanked “STOP” cassette resulting in EYFP
expressionEYFP expression was induced in animals aged 8-12 weeks by an intraperitoneal
dose of 80mg/kg -napthoflavone and 1mg Tamoxifen (18). For label retaining studies,
Rosa26M2rtTA/TetO-HGFP mice doubly transgenic for a reverse tetracycline-controlled
transactivator (rtTA-M2) targeted to the Rosa 26 locus and a HIST1H2BJ/EGFP fusion
protein (HGFP) expressed from a tetracycline promoter element were used (1,14 and 15).
HGFP expression was induced by treatment with doxycycline (DOX, 2mg/ml in drinking
water sweetened with sucrose) for 4 weeks, after which DOX was withdrawn for two and
four weeks in order to chase HGFP dilution (1,14 and 15) . Cohorts of three animals per time
point were culled and esophagus and tail epidermis taken for analysis. Visualization of Lgr5
transcription was achieved by using the Lgr5EGFP-IRES-CreERT2/+ reporter mouse, in which EGFP
was targeted to the 3’ untranslated region of the Lgr5 gene (3). All experiments were
conducted according to Home Office project licenses PPL80/2056 and PPL22/2282.
Immunostaining
Wholemounts from the middle third of esophageal epithelium and tail skin were
prepared by cutting tissue into rectangular pieces of approximately 5 by 8mm and incubating
for 2-3 hours in 5mM EDTA at 37ºC. The epithelium was then carefully peeled away from
underlying tissue with fine forceps and fixed in 4% paraformaldehyde (PFA) in PBS for 1525 minutes. For staining, wholemounts were blocked for 1 hour in staining buffer (0.5%
Bovine Serum Albumin, 0.25% Fish skin gelatin, and 0.5% Triton X-100 in PBS) with 10%
donkey or goat serum, according to the secondary antibody used. Primary and secondary
antibodies were incubated in staining buffer overnight, followed by washing for 2 hours with
0.2% Tween-20 in PBS. Cryosections of 10µm thickness were fixed with 4% PFA for 5
minutes. EdU incorporation was detected with a Click-iT® chemistry kit according to the
manufacturer’s instructions (Invitrogen). When EdU staining was combined with
immunofluorescent staining, the Click-labeling reaction was performed between primary and
secondary antibody incubation. Please refer to Table S1 for a list of antibodies used in
immunofluorescence. Confocal images were acquired on Zeiss LSM 510 META, Nikon
ECLIPSE TE2000-U and Leica TCS SP5 II confocal microscopes and reconstructed using
Volocity 5 image processing software (Improvision).
Esophageal endoscopy and biopsy
Mice undergoing endoscopy had anesthesia using a 100mg/kg Ketamine (Pfizer Animal
Health) and 10mg/kg Xylazine (Bayer HealthCare AG) combination administered
intraperitoneally. A 9.5Fr 30° forward oblique diagnostic miniature endoscope with a 3Fr
instrument channel was used in conjunction with an AIDA COM II image capture system for
high definition video recording (Karl Storz GmBH). Cannulation of the mouse esophagus
was done under direct visualization up to a distance of 1.5-2cm from the vocal chords. 3Fr
diameter biopsy forceps with double action jaws (Karl Storz GmBH) were used to create
2

superficial wounds in the middle third of the mouse esophagus of between 0.4 – 0.9mm
diameter. Anesthesia was reversed using Atipamezole (Pfizer Animal Health) given at
1mg/kg subcutaneously at least 20 minutes after induction. Post-procedure, animals were
maintained on a soft mashed diet and euthanized at appropriate timepoints mentioned in the
text.
Dilution of Histone 2B-EGFP (HGFP) protein in esophageal epithelium (EE) in
Rosa26M2rtTA/TetO-HGFP mice
To quantify the intensity of HGFP fluorescence in EE from Rosa26M2rtTA/ TetO-HGFP
mice, samples were analyzed at time 0 (immediately after 4 weeks DOX treatment) and two
weeks later. Unstained wholemounts from the middle third of the esophagus were imaged on
a Leica TCS SP5 II confocal microscope using identical settings for all samples. Single 2 m
slice images of the basal layer were analyzed for quantitative assessment of HGFP
fluorescence in each independent cell by using Volocity 5 (Improvision).
Flow cytometric analysis
Esophagi from 3-5 adult mice (C57/Bl6; 2-3 month old) per sample were pooled, opened
longitudinally, washed in PBS and treated with 0.5mg/ml thermolysin (Sigma) for 30 minutes
at 37°C. The epithelium was then carefully peeled away from underlying tissue with fine
forceps and washed in PBS to remove any contaminants. Epithelial sheets were then
thoroughly minced and single-cell suspension obtained by non-enzymatic tissue dissociation
using gentleMACS™ Dissociator (Miltenyi Biotec) followed by filtration through a 30µm
cell strainer. Cells were centrifuged and resuspended in 1% fetal bovine serum in PBS.
Staining with primary antibodies and/or isotype controls (5µg/ml) was performed for 30
minutes at 4°C. The following immunoglobulins were used for FACS at (1:100): FITC Rat
anti-Mouse CD34 (RAM34; #553733) and FITC Rat IgG2a, isotype control (#553929) both
from BD Pharmingen; Alexa Fluor® 647 Hamster anti-Mouse/Rat CD29 (HM 1-1;
#102214) and Alexa Fluor® 647 Hamster IgG isotype control (#400924) both from
Biolegend. Incorporation of 7AAD (2µg/ml) was used to determine the cell viability.
Samples were analyzed on a MoFlow cell sorter (Dako Cytomation) and FlowJo FACS
software (v7/9; Tree Star, Inc). 45,000 viable single cells were acquired for analysis. Isotype
controls were used to exclude unspecific immunoglobulin binding. Surface expression of
CD29 was used to identify basal cells. A population of doubly positive cells for CD34/CD29
could not be identified when compared to fluorescence minus one control for FITC
(CD34/7AAD/CD29 was compared to FITC isotype/7AAD/CD29). Results were reproduced
in each of 3 independent experiments.
Activated Caspase-3 staining
Wild type mice esophagi were cut into 10 µm cryosections. Immunostaining was
performed as described. Fluorescent images were collected on a Zeiss Observer D1
microscope. 20 sections were analyzed for each mouse (3 in total), containing a total of
30000 basal cells. A positive control for the staining was obtained by irradiating a fresh
esophageal sample with UVC and maintaining it in explant culture for 24 hours prior to
sectioning (18).
3

Parameters measured to determine homeostasis
Wholemounts from the middle third of the oesophagus were stained with DAPI and the
basal cell marker keratin14, and Z stack images acquired by confocal microscopy. Images
were viewed in Volocity software (Improvision). DAPI staining was used to score the
number of basal cells per unit area and mitotic index, and Ki67 positive basal cells were
scored from confocal images: 10 fields containing at least 2000 cells were scored for each
mouse. The basal:suprabasal cell ratio was determined from Z stacks encompassing the basal
layer and all nucleated suprabasal cells. The ratio of keratin 14 positive basal cells to
nucleated, DAPI positive, suprabasal cells was scored using Volocity in at least three Z stacks
per mouse.
Representativeness of labeling
Z stack images of clones one year post-induction were visualized by anti-GFP
immunostaining. To assess proliferation in clones and surrounding unlabelled cells, we costained for either Ki-67 or Geminin, a protein expressed solely from S phase to early mitosis,
using an anti-Geminin antibody that gives no staining in Geminin null embryos (29). The
basal: nucleated suprabasal cell ratio and the number of basal cells/unit area were scored in
138 clones and compared with the ratio in unlabelled cells measured as above.
Explant cultures
In order to study esophageal epithelial regrowth without the influence of the immune
system, we developed a novel explant technique. Esophageal submucosa from wild type
C57/Bl6 mice is dissected away from both the mucosa and muscle layers after 2 hour
incubation with 5mM EDTA at 37ºC. The obtained submucosa is then cut in 5mm x 10 mm
pieces and placed in transparent tissue culture inserts of 0.4 microns pore size (Greiner Bioone). Immediately afterwards, two strips of esophageal epithelium (5 x 1 mm) from 7 days
induced AhcreERTR26flEYFP/wt mice were placed on top of the submucosa. The mounted
explants were left for 5 minutes to settle at 37ºC, and then covered with minimal medium
containing: 1 part DMEM, 1 part Ham’s F12, 10% fetal calf serum, 0.18 mM adenine, 5
µg/ml transferrin, 100 U/ml penicillin, 100 µg/ml streptomycin, 1.25ng/ml amphoteracin.
The epithelium was cultured for 15 days at 37ºC and 5% CO2, replacing the medium on
alternate days. During this time new epithelium grows over the submucosa developing a new
epithelial sheet. The new epithelium was either cryosectioned or wholemounted by peeling it
away from the submucosa in a similar manner to the esophageal samples described above.
Statistical AnalysisThe methods used to analyze the cell lineage tracing experiments in
AhcreERTR26flEYFP/wt mice are set out in supplementary methods: theory.

4

Fig. S1

Dilution of Histone 2B-EGFP (HGFP) protein in esophageal epithelium (EE) in
Rosa26M2rtTA/TetO-HGFP mice and immunostaining of HGFP label retaining cells.
HGFP dilution in EE. Rosa26M2rtTA/TetO-HGFP mice were treated with doxycycline (DOX)
for 4 weeks, after which DOX was withdrawn and animals culled immediately (time 0) and 4
weeks later (4w) (Fig. 1C).
A, B: Wholemounts of EE were immunostained for GFP (green). At time 0, HGFP is
expressed throughout the epithelium, whilst scattered HGFP retaining cells are seen at 4w.
Scale bars: Main panels 500 m, insets10 m.
C - F: Rendered confocal z stacks of EE basal layer showing label retaining cells (green) at
4w are negative for Keratin 14 (red, C, D), but positive for CD45 (Fig. 1E inset), comprising
Langerin positive Langerhan’s cells (E) and CD3 positive lymphocytes (F). Scale bars 5 m.
G: Quantification of HGFP dilution. Box plots show median (central line), 25th and 75th
percentile (box), 2.5th and 97.5th percentile (whiskers) and outliers (dots) for three mice at
times indicated. AU, arbitrary units.
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Fig. S2

Histone 2B-EGFP (HGFP) retaining cells in EE do not express CD34 or Lgr5.
A: CD34 immunostaining in HGFP retaining cells in Rosa26M2rtTA/TetO-HGFP mice treated
with doxycycline (DOX) for 4 weeks, after which DOX was withdrawn and animals culled 4
weeks later (4w, Fig. 1C). Wholemounts of EE and epidermis were immunostained for HGFP
(green), CD34 (red), the epithelial cell marker E Cadherin (purple) and DAPI (blue). CD34 is
expressed by HGFP retaining cells in the hair follicle bulge (1), but was undetectable in the
HGFP retaining cells in the EE from the same animals. Scale bar 10 m.
B: Lgr5 expression in EE. Esophageal and epidermal wholemounts were prepared from
Lgr5EGFP-IRES-CreERT2/+ mice in which EGFP, targeted to the 3’ untranslated region of the Lgr5
gene, reports Lgr5 transcription (3). Cells in the hair follicle express EGFP, as previously
reported, but no EGFP expression is detected in EE (5). Lgr5 transcription is revealed by GFP
staining, green, Keratin14 (Krt14) is red and Dapi is blue. Scale bars: Esophagus 10 m,
Epidermis 50 m.
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Fig. S3

Esophageal epithelium does not contain a CD34 positive cell population.
Esophageal keratinocytes from C57/Bl6 mice were freshly isolated and stained for FACS
analysis with 7AAD (viability marker), CD29-Alexa Fluor® 647 (basal keratinocyte marker)
and, CD34-FITC or the FITC isotype control (A and B, respectively). 45000 events from
viable single cells were acquired per sample. Comparison of the FITC-CD34 stained sample
with the FITC-isotype control reveals no specific staining for CD34. Results shown are
typical of three independent experiments.
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Fig. S4

Homeostasis in EE over one year
A-D: Measurements of mitotic index (A), % Ki67 positive basal cells (B), basal cell density
(cells/100 m2) (C), and the ratio of basal cells: nucleated suprabasal cells (D) were
performed, from at least 3 mice per time, dashed line shows the mean of all values at all time
points, error bars indicate s.e.m. E: Activated Caspase 3 staining in EE. Left panel shows
section of normal EE, right panel shows a UV irradiated explant culture as a positive control.
Blue is Dapi, arrowheads indicate activated Caspase 3 positive cells (green), dashed line
indicates basement membrane, scale bar 10 m. None of 30,000 basal cells from normal
esophagus were positive for activated Caspase 3.
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Fig. S5

Representativeness of clonally labeled cells
A-D: Data from confocal imaging of labeled cells within clones and surrounding non labeled
cells in EE wholemounts one year post-labeling. A, % Geminin positive basal cells; B, %
Ki67 positive basal cells; C, basal cell density (cells/100• •m2); D, the ratio basal to nucleated
suprabasal cells. Error bars indicate s.e.m. There was no statistically significant difference
(P>0.2) when comparing labeled and unlabeled cells for any parameter by 2 tailed Student's ttest.

A-15

Fig. S6

Clonal data and fit to model
A: Clone quantification. Clone size distribution (basal cells/clone) in a total of 1784 clones.
Each point represents one clone, histograms are normalized so modal values are of equal
width at each time.
B: Cumulative clone size distribution shows convergence onto scaling behavior at late times.
The raw basal layer clone size distribution in panel A is reproduced here as the cumulative
clone size distribution, Cn(t), plotted as a function of n divided by the average clone size for
each timepoint. The cumulative distribution Cn(t) represents the probability of finding a
surviving clone with a basal layer size larger than n. At times of 3 months or more postinduction, the data sets converge onto each other, a manifestation of long-term scaling
behavior. Combined with the observed homeostatic nature of the turnover, such scaling
behavior shows that the self-renewing progenitor cells function as a functionally equivalent
population. The black curve denotes an exponential cumulative clone size distribution; the
long-term behavior predicted for any strategy involving population asymmetric self-renewal
including the model discussed here (1-2).
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Fig S6 continued
C, D: Detailed clone size distribution at 30 (C) and 84 (D) days post-induction. Graph shows
the joint distribution of basal and suprabasal cells in a total of 292 (C) and 489 (D) clones
containing at least one basal layer cell, e.g. bar in red box in C indicates clones with 1 basal
cell (b) and 2 suprabasal cells (sb), as shown in cartoon. The blue crosses show the
prediction of the model represented in Fig. 2E with the 95% plausible interval indicated by
vertical blue bars (see Supplementary Discussion and Results).
E: Cumulative basal layer clone size distribution, Cn(t), as a function of size (number of cells)
rescaled by the average for each time point, n/<n(t)> as in A, i.e. Cn(t) denotes the probability
of finding a clone with a size equal to, or larger than, n/<n(t)>. Here we have presented the
cumulative probability distribution on a logarithmic scale and, for clarity, we have separated
consecutive time points by one decade. The points denote experimental data from panel A,
and the lines represent the corresponding model predictions following the fit to the data with
the parameters shown in Fig. 2E and 2F. The shaded regions represent estimates of the
stochastic error due to finite sample size, indicating approximately one standard deviation
(68%). In the long time limit, the model predicts that the distribution should tend to a simple
exponential, exp(-n/<n(t)>), (black line). The model shows good agreement with the
experimental data at both short and long time points.
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Fig S7

Response to atRA and second treatment protocol
A: Sections from control and treated mice, 24 hours after a single dose of atRA, stained for
retinoid target genes CRABPII (red) or FABP5 (green), and DAPI (blue). Dotted lines
enclose EE, note thickening in atRA samples. Scale bar 20 m. Graph shows % Ki67 positive
basal cells during atRA treatment.
B: To validate the model of the effects of atRA on EE shown in Fig. 3D, labeling was
induced in AhcreERTR26flEYFP/wt mice, which were then left untreated for 21 days after which
they were treated with atRA on alternate days for 9 days. EE was then collected.
C: Number of basal cells per clone in EE treated as in B: orange triangles indicate
experimental data, blue line indicates prediction of model shown in Figs 2F and 3D with 95%
plausible interval. A total of 316 clones were scored in 3 mice.
D: Detailed clone size distribution of the same 316 clones, in orange. The blue crosses show
the prediction of the model represented in Figs 2F and 3D with the 95% plausible interval
indicated by vertical blue bars (see Supplementary text).
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Fig. S8

Controls for esophageal biopsy experiments and low power views of wound sites in
biopsied mice
A-C Controls were anesthetized but did not undergo endoscopic biopsy, (see Fig. 4).
A: Clonal labeling control at 10 day post-wounding (compare with Fig. 4D).
AhcreERTR26flEYFP/wt mice were treated as shown in Fig. 4, column 1. EdU was given 1h
before culling the animals and wholemounts were stained for YFP (yellow), EdU (white) and
Keratin14 (Krt14, red). Scale bar 50 m. B: HGFP dilution at 5 days post-wounding
(compare with Fig. 4F). Rosa26M2rtTA/TetO-HGFP mice were treated with doxycycline
(DOX) for 4 weeks pre-biopsy and sampled as shown in Fig. 4, column 2. Wholemounts
were imaged by confocal microscopy to detect endogenous HGFP fluorescence (green). Scale
bar 10 m. C: 24 hour EdU control at 5 day post-wounding (compare with Fig. 4I). Wild type
animals were treated as shown in Fig. 4, column 3. EdU was given 24h before culling and
wholemounts stained for EdU (greyscale). Scale bar 10 m. Clone appearances, EdU staining
and HGFP levels distant from the wound site in biopsied animals were similar to those in the
unwounded controls.
D, E: Low power views of the wounds shown in Figs 4B and 4C respectively (regions
imaged in Fig 4 indicated by white box), wholemounts were stained for YFP (yellow), EdU
(white) and Keratin14 (red), scale bars 50 m.
F: Stereoscopic image of wound 2 days post-biopsy, scale bar 500 m.
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Fig. S9

Progenitor fate switching in esophageal explant cultures.
A: Protocol for explant culture on submucosa: clonal labeling was induced in
AhcreERTR26flEYFP/wt mice 7 days prior tissue harvesting. Parallel strips of EE, with
underlying submucosa, were laid on submucosa from unlabeled mice and cultured for a
period of 15 days, over which new epithelium forms between the strips (see supplementary
methods). B-C: cryosections of cultured epithelium, stained for hematoxylin and eosin (B) or
Cyclin D1 (green) and DAPI (blue, C). Dashed line indicates basement membrane, scale bar
10 m. D: Rendered confocal Z stack of wholemount of cultured epithelium stained for the
basal layer marker keratin 14 (red) and the suprabasal marker keratin 4 (purple), dotted line
indicates basement membrane. Scale bar 10 m. E: Confocal z stack of epithelial wholemount
preparation of explant culture. Yellow is YFP, blue is DAPI. Dashed lines indicate boundary
of new epithelium formed in culture and the original strips of EE. Scale bar 200 m. Note
labeled cells make a substantial contribution to the new epithelium, consistent with in vivo
behavior (Fig. 4).
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Fig. S10

Epithelial proliferation at wound site.
A-B: Low power views of wounded EE in Rosa26M2rtTA/TetO-HGFP mice treated with
doxycycline (DOX) for 4 weeks pre-biopsy and sampled as shown in Fig. 4 column 2, at 2
days (A) and 5 days (B) post-biopsy, HGFP is green, note the epithelial defect has closed by
2 days in A. C-F: Low power view of wounded EE in wild type mice, treated with EdU 24
hours before culling, at 2 days (C, E) or 5 days (D, F) post-biopsy (Fig. 4, column 3). EdU is
grayscale, dapi blue, dashed line in C and E indicates epithelial injury. Note HGFP retaining
cells, encircled in dotted line in A and B, and EdU negative cells adjacent to the wound
margin (C-F) correspond to the migratory front as indicated in Fig. 4B. Scale bars 100 m.
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Fig. S11

Estimation of from the basal clone size distribution of individual mice (data from Fig.
S6, see supplementary theory). From the data from each mouse, we can separately estimate
the combined parameter
Here we plot log
with 68% (1 ) credible intervals for
28 mice, along with the combined average (and 1 credible interval) in green from treating
all mice as exactly identical.
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Fig. S12

Estimation of from the detailed (basal and suprabasal) clone size distributions of
individual mice (see Supplementary Theory).
log
with 68% (1 ) credible intervals is plotted for 11 mice, with the combined average in
purple. The combined average from basal data in fig. S11 is reproduced in green.
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Fig. S13

Relative frequency of clones with one basal cell and no suprabasal cells (see
supplementary theory).
There is a very slow decay of the relative frequency of clones consisting of a single basal cell.
Nevertheless, this is well accounted for by the model (Fig. 2F). Here we plot the observed
relative frequency in orange, and in blue the model prediction (with 95% likelihood intervals
arising from finite number of clones counted).
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Table S1: Antibodies used for immunofluorescence
Antigen

Clone

Company

Cat No

Species

Dilution

GFP

-

Invitrogen

A11039

Chicken

1/500

K14

-

Covance

PRB-155P

Rabbit

1/1000

K4

6B10

Vector

VP-C399

Mouse

1/1000

CD45

30-F11

Biolegend

103102

Rat

1/200

CD3

17A2

eBiosciences

16-0032-82

Rat

1/100

CD34

RAM34

BD Biosciences

553731

Rat

1/100

Langerin

-

Santa Cruz

sc-22620

Goat

1/100

E-cadherin

24E10

Cell Signaling

3195

Rabbit

1/100

CyclinD1

SP4

Thermo Scientific

RM-9104

Rabbit

1/100

Active Caspase3

-

Abcam

Ab2302

Rabbit

1/100

Geminin

-

3988065

Rabbit

1/300

CRABPII

-

Gift Dr. MA
Gonzalez
Proteintech

10225-1-AP

Rabbit

1/50*

FABP5

-

R&D systems

AF1476

Goat

1/50*

*Acetone/methanol fixation: all other samples were fixed with paraformaldehyde.
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Supplementary methods: theory

In the main text, we describe a lineage tracing experiment using inducible AhcreERT R26flEYFP/wt
mice. The conclusions of our study hinge on the quantitative insights that can be drawn from
the analysis of the clones of labeled cells in this experiment. The aim of this supplementary
methods theory section is to expand on the basis of this analysis and its application. In doing
so, we will set out in detail the experimental evidence in support of the esophageal progenitor
(EP) cell model, how the parameters of this model are constrained by the experimental data,
and how the model can be challenged experimentally by drug treatment. In section 1, we will
discuss the additional observations that underpin the quantitative analysis of the clonal fate data
– the homeostatic nature of esophageal epithelium (EE), and the representativeness of labeling.
In section 2 we will describe how the experimental data identifies the dynamics of a single progenitor cell population allowing us to formulate a simple model of EE turnover. In section 3 we
will use the clonal fate data to fit the parameters of the modeling scheme. Finally, in section 4,
we will challenge the model by considering the effects of drug delivery on tissue.

1
1.1

Clonal analysis: controls
Homeostasis of tissue turnover in normal EE

To prepare for the quantitative analysis of the clone fate data, it is first necessary to establish
whether the EE is in homeostasis over the year long timecourse of the experiment. We found
that there was no significant difference in the mitotic index in the basal layer, the proportion of
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cells expressing the proliferation associated antigen Ki-67, the number of basal cells per unit
area or the ratio of basal cells to differentiated, nucleated suprabasal cells over the year of the
experiment (Figs S4A–D). On this basis, we conclude that the tissue was indeed homeostatic
over this period.

1.2

Apoptosis

We also investigated whether apoptosis occurred in normal EE by staining for activated Caspase
3. Positive cells were readily detected in control sections of EE which had been UV irradiated
and cultured for 24 hours, but undetectable in 30,000 basal cells in sections of normal EE (Fig.
S4E). We therefore conclude that apoptosis is negligible in normal EE.

1.3

Representativeness of the labeled cell population

Although the analysis of the Rosa26M2rtTA /TetO-HGFP transgenic mice confirms the absence
of slow-cycling or quiescent epithelial cells in EE, this does not rule out heterogeneity in the
proliferative potential of cycling cells. To reliably interpret the results of the clonal labeling
experiment, it is therefore important to confirm that the labeled cell population is representative
of the total cell population and therefore capable of revealing proliferative heterogeneity should
it exist.
To this end, we first compared the cell composition within clones at the one-year timepoint
with that of the surrounding unlabeled epithelium. We found that there was no statistically significant difference in the proportion of cycling cells between the labeled and unlabeled tissue,
as determined by immunostaining for the S-M phase marker Geminin as well as the proliferation associated antigen Ki-67 (Figs S5 A, B). Similarly there was no statistically significant
difference in the density of basal cells (cell number per unit area), or the ratio of basal cells to
nucleated suprabasal cells when comparing cells within and outside labeled clones (Figs S5 C,
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D).
Although the cell composition and activity of the clones within the unlabeled tissue at the
one-year timepoint confirm that the labeled cell population is representative of the total population, it does not immediately follow that dividing and non-dividing cells are induced in a
representative manner, or that there is not a proliferative hierarchy comprising a self renewing
stem cell population which supports a population of non self-renewing progenitor cells. Providing the induction protocol includes the self-renewing population, over time, the persistent
clones will converge to a stationary and representative ensemble, while clones derived from a
non self renewing progenitor cells that were primed or committed to terminal differentiation
on induction are transient and will become lost over time. However, since we find no statistically significant variation in the percentage of labeled basal cells over the entire experimental
timecourse, from 1 month to 1 year (Fig. 2Bc), we can conclude that either (a) clones derived
from a putative non self-renewing progenitor compartment are very rapidly lost (within the first
month post-labeling), or (b) that such cells do not exist - i.e. there is only one progenitor cell
population - or (c) that basal layer cell types are induced in the exact proportions in which they
are present in tissue. Analysis of the detailed clonal fate data below will confirm the veracity of
option (b).

2
2.1

Clonal analysis: defining the model of EP cell dynamics
Scaling and equipotency

To isolate and quantify the behavior of proliferating cells, we scored the number of basal cells
in clones containing two or more cells (i.e. clones in which a proliferative cell was labeled at
the start of the experiment) from 3 days to one year post-induction, by confocal imaging of
esophageal wholemounts (Fig. 2A). Previously, it has been shown that in a similar homeostatic
stratified squamous epithelium, interfollicular epidermis, a simple statistical characterization
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can be used to both establish the equipotency of a self-renewing cell population, and elucidate
the pattern of cell fate (18, 19). In particular, if self-renewal involves the stochastic loss and
replacement of such progenitors, clones derived from these cells will undergo a process of
“neutral drift” in which ongoing clonal loss is compensated by the expansion of adjacent clones.
However complex is the underlying dynamics, such processes lead inexorably to the long-term
scaling of the surviving clone size distribution, in which the chance of finding a clone with a
size larger than some multiple of the average remains constant over time.
Applied to the current dataset, the convergence of the basal layer clone size distribution
onto a scaling form (Fig. S6A) both confirms the functional equivalence of the self-renewing
progenitor cell population, and shows that the balance between their proliferation and differentiation is achieved on a population basis, and not at the level of individual cell divisions, i.e., in
the course of turnover, some cells may undergo terminal division leading to loss while others
may undergo symmetric duplication. Indeed, such behavior is consistent with the observed heterogeneity in the clonal composition at short times, which reveals that, soon after induction, all
possible permutations of two-cell clones can be found (i.e. two basal cells, one basal and one
suprabasal, and two suprabasal cells). The same degree of heterogeneity is apparent in larger
clones (Figs S6B, C).
Taken together, the results above suggest that, as in interfollicular epidermis, EE is maintained by a single cycling progenitor cell population in which cell division can lead to all three
possible fate outcomes; two daughters that go on to divide, two cells that exit cycle and then
stratify out of the basal layer, or one daughter that goes on to divide and one that differentiates
(18, 19). To assess the validity of this model, and to quantify the respective rates and probabilities, we must turn now to a more detailed analysis of the short-time data, prior to scaling,
where signatures of the detailed dynamics can be elucidated. To prepare for this analysis, we
must embed the progenitor cell dynamics into a parameterization that includes the stratification
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and loss of terminally differentiated cells.

2.2

Parameterizing EP dynamics

To be concrete, we will suppose that the basal layer comprises a single population of cycling
esophageal progenitor cells (with proportion ⇢), and their differentiating progeny (with proportion 1 ⇢), which remain in the basal layer without dividing until they stratify. If we assume that
the progenitors divide with an average rate , and the differentiating cells stratify at an average
rate , to achieve homeostasis, it follows that ⇢ = (1

⇢) , i.e. the rate at which differentiated

cells are generated in the basal layer must be perfectly matched by the rate at which they stratify
into the suprabasal cell layer.
To further specify the model, we must also define the distribution of cell cycle and stratification times. Here, for simplicity, we will suppose that division and stratification are both
uncorrelated between successive events leading, in both cases, to an exponential (Poisson) time
distribution, with averages set by the rates and , respectively. While this assumption is surely
unsafe (after all, cell division must be accompanied by a small refractory period before further
division is possible), any degree of synchrony in the cell cycle or stratification timings will be
rapidly erased from the clonal record over the timecourse. In particular, we expect features due
to potential synchrony to be lost within experimental error bars after ca. 1–2 rounds of division
(20).
Alongside the division and stratification rates, we must further specify the probabilities for
the respective fate outcomes following division. Since both the labeled cell number and their
composition is found to be conserved over the time course, any process of cell division must be
consistent with homeostatic turnover. Moreover, since, through scaling, EPs are seen to function
as an equipotent cell population, we will therefore suppose that proliferation and differentiation
is finely balanced so that, with probability, r, EP division results in two dividing cells, with
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probability, 1

2r, one dividing and one non-dividing basal later cell, and with probability,

r, two non-dividing basal layer cells. Although we cannot rule out a small contribution arising
from perpendicular cell divisions resulting in the placement of one of the daughters directly into
the suprabasal layer, given such divisions are observed to be rare, the effect of such “orientationally asymmetric” divisions would again be impossible to resolve. Similarly, we will neglect
apoptosis, which was found to be negligible in the basal layer (Fig. S4E).
In summary, the time-evolution of the basal layer population, along with the clonal fate
data, is therefore fully characterized by three adjustable parameters, the division rate, , the
stratification rate, , and the fraction of divisions that lead to symmetrical fate, r. The progenitor
cell fraction is then fixed by the rates ⇢ =

/( + ). To fully characterize the behavior

of the total clone size, including suprabasal as well as basal cells, we must include a further
parameter, µ, which defines the average rate at which suprabasal cells are shed from the tissue
(once again, we will suppose for simplicity that the corresponding distribution of shedding
times is Poisson). Fortunately, this additional parameter can be related directly to the division
and stratification rates through the ratio of nucleated suprabasal to basal layer cells, m, which
can be measured directly. Then, since the “flux” of differentiated cells stratifying from the basal
layer must be perfectly compensated by the flux of differentiated cells that are shed, we must
have mµ = ⇢ =

/( + ), thereby providing a relation linking µ with

and .

Taken together, the EP cell model dynamics can be cast as a critical (i.e. balanced) continuous time Markovian branching process,
8
< EP + EP Pr. r
EP + TB Pr. 1
EP !
:
TB + TB Pr. r

2r ,

T B ! TS ,
µ
TS ! loss,

where EP represents the progenitor, TB/S differentiated cells in the basal/suprabasal layer, and
the rates , , and µ are defined above. As discussed above, we suppose that EP cell fate follows
a pattern of intrinsic or cell-autonomous regulation in which the fate outcome following division
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is uncorrelated with the behavior of neighboring cells. In previous studies, we have shown that,
in the two-dimensional geometry pertinent to EE, the long-term clonal dynamics is largely
insensitive to this choice (30).
This completes the specification of the cellular dynamics as a generalized branching-type
process. In principle, we could further refine the modeling scheme to include aspects of the
spatial regulation. However, our aim here is to establish and challenge the simplest model
which is consistent with the observed range of clonal fate data. Indeed, we will find that, by
itself, this model provides a faithful description of the cellular dynamics over the timecourse of
the experiment. To assess the integrity of the model, and to fit the three adjustable parameters,
we will make use of a Bayesian approach.

3
3.1

Clonal analysis: quantitative modeling
Scaling

According to the EP cell paradigm, following induction, a differentiated basal or suprabasal cell
would progressively stratify, lose its cell nucleus and be shed, providing only a transient contribution to the clonal dynamics. By contrast, a clone derived from an EP cell would progressively
undergo chance expansion or contraction according to the fate choice of the constituent cells.
As tissue turns over, the gradual extinction of some clones due to chance commitment to terminal differentiation will be perfectly compensated by the expansion of other clones. Analysis
of the branching process shows that, over time, neutral drift dynamics leads to a progressive
(linear) increase in the average size of the surviving clones, while the surviving fraction falls
proportionally such that the total density of labeled cells remains constant (Fig. 2B) (18). In
this regime, the basal layer clone size distribution (Fig. S6A) acquires a scaling behavior (Fig.
S6A) described above. In particular, the chance of finding a clone with more than n basal layer
cells, takes the form of an exponential exp[ n/hn(t)i] where, according to the parameters of
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the model, the average basal layer clone size (i.e. the average size of the clone “footprint” on
the basal layer) is given by hn(t)i ' t/⌧ with 1/⌧ = ⇢/r .
Although the long-term scaling behavior provides the means to extract the characteristic
timescale ⌧ (see below), the rapid convergence to this regime does not allow the individual
parameters ⇢, r, and

to be inferred reliably from the basal layer clone size distribution alone.

Therefore, to properly validate the model, and effect a reliable fit of the parameters, we consider
the full range of clonal fate data, short-term and long-term, basal and suprabasal.

3.2

Parameter estimation

The data itself is acquired in the form of a set of frequencies D = {fbn (t)} describing the
number of observations of clones with b basal cells and n suprabasal cells at time t; an example
is Fig. S6B. The stochastic nature of our model will predict probabilities pbn (t) for a single cell
to turn into a clone at time t with b basal and n suprabasal cells, based on the parameters ⇢, r and
. One might approach the fit with a least-squares method to optimize the parameters. However,
as a significant portion of our data lies in the tails with large b and n, where the counts are small,
we would have to employ complex methods such as ad-hoc binning or continuity corrections.
As such, we have elected to use a more Bayesian approach, which allows us to analyze the
experiment with no manipulation of the data.
To fit the model to the range of experimental data, we implement a basic algorithm involving
Bayes’ theorem for updating prior probabilities in the presence of data. More precisely, the
probability that the observed clonal fate data D is described by the model is specified by the
proportionality,
P ( , r, ⇢|D) / P (D| , r, ⇢) P ( , r, ⇢) ,
where the posterior distribution P (D| , r, ⇢) denotes the probability of obtaining the data D
given the parameters , r, and ⇢, multiplied by the likelihood that the parameters are given by
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those same values. The constant of proportionality may be calculated a posteriori by imposing
R1 R1 R 1
the normalisation, 0 d 0 d⇢ 02 dr P ( , r, ⇢|D) = 1. In our case, the posterior distributions
will turn out to be approximately Gaussian, so we may characterize the distribution by its first
two moments and treat them as a point estimate for the parameters, and a credible interval
covering approximately 68% (using one standard deviation) or 95% (using two).
From Bayes’ equation above, it is apparent that we need to specify a prior distribution
P ( , r, ⇢) and a likelihood function P (D| , r, ⇢). We chose the maximum entropy prior as
we have no further cogent information, which corresponds to ⇢ uniform on the interval [0, 1],
⇥ ⇤
r uniform on the interval 0, 12 , and log-uniform. Crucially, since we have sufficient data,

the likelihood function is sharply peaked and only significant on a small support, and thus the
posterior distribution is dominated by the likelihood function, and so any reasonable prior (one
which does not fluctuate strongly over that narrow support) would give quantitatively similar
results.
Turning to the likelihood function, since each observed clone is independent, it is a multinomial distribution with a countable number of outcomes:
Y [P fbn (t)]! Y
Q bn
P (D| , r, ⇢) =
[pbn (t)]fbn (t) ,
[f
(t)!]
bn bn
t
bn

where pbn (t) denote the expected probabilities that a clone contains b basal cells and n suprabasal
cells at time t post-induction. In the following, we will suppress the time index t for notational
concision where it is considered unambiguous. To eliminate potential ambiguities due to uncertain induction frequencies of the two cell types, we conditioned the data on having at least two
cells, which removes the events where a differentiated cell is induced. Moreover, to focus on
a defined population, we further consider only clones which retain at least one basal layer cell.
Thus we consider the probabilities,
pbn 7! p̃bn =

(

0
1 p10

pbn
P

n

p0n
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b = 0 or b + n < 2,
otherwise.

To determine the probabilities pbn , we consider the more fundamental distribution plmn describing the (unconditioned) probability of finding a clone with l progenitors, m differentiated
basal layer cells and n suprabasal cells. From these probabilities we can determine pbn through
P
the relation, pbn = l+m=b plmn . The probabilities plmn obey a continuous time Markov process, with the time-evolution given by the Master equation,

⇥
d
plmn = r(l 1)p(l 1)mn + (1 2r)lpl(m 1)n + r(l + 1)p(l+1)(m
dt
⇥
⇤
+ (m + 1)pl(m+1)(n 1) mplmn
µnplmn .

with the initial conditions plmn =

2)n

lplmn

⇤

l1 m0 n0 .

Although this is a straightforward set of coupled differential equations, direct numerical
solution is prohibitively computationally expensive because each element is coupled to all the
others: attempts to truncate the lmn-space causes errors that are hard to control. Instead, to
develop the computational scheme, it is helpful to package the equations into the form of a genP
erating function, G(x, y, z, t) = lmn plmn (t)xl y m z n , which obeys the differential equation,
@G
=
@t

=

⇥

rx2 + (1

2r)xy + ry 2

[fx (x, y, z)

x]

x

⇤ @G
+ (z
@x

@G
+ [fy (x, y, z)
@x

@G
,
@z
@G
@G
y]
+ µ [fz (x, y, z) z]
.
@y
@z
y)

@G
+ µ(1
@y

z)

with G(x, y, z, t = 0) = x and
fx (x, y, z) = rx2 + (1

2r)xy + ry 2 ,

fy (x, y, z) = z,

fz (x, y, z) = 1

which can be recognized as the probability generating functions for individual divisions of each
cell type.
The partial differential equation for G may be solved by the method of characteristics. Introducing the auxiliary equations,
@
Fv (v, t) = av [fv (Fx , Fy , Fz )
@t
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v]

where v = (x, y, z), v ranges over the set {x, y, z}, av ranges over { , , µ} and Fv (v, t = 0)
ranges over {x, y, z}, we can write the solution to G as G(x, y, z, t) = Fx (x, y, z, t). In fact,
we can recognize the auxiliary function Fv as the probability generating functions for the clone
size distribution starting with a cell of type v.
Finally, the coefficients plmn may be extracted from G by complex analysis. Indeed, it is
possible to directly extract pbn by considering G(x, x, z, t). Defining
H(x, y, t) = G(x, x, y, t) =

X

pbn (t)xb y n ,

bn

we see that H is analytic in both x and y on the complex unit disc |x|, |y|  1, and so there
are no poles within it. Defining C to be an anticlockwise contour around the unit circle, we can
recover pbn by considering residues at zero:
pbn (t) =

✓

1
2⇡i

◆2 I

dx
C

I

dy
C

H(x, y, t)
.
xb+1 y n+1

Note that, up to a minus sign, it is just a multi-dimensional inverse Z-transform. The integral
can be approached by a sum
pbn (t) = lim

M !1

M X
M
X

H e2⇡ij/M , e2⇡ik/M , t e

2⇡ijb/M

e

2⇡ikn/M

j=1 k=1

the truncation of which at finite M approximates the integral and is in the form of a twodimensional discrete Fourier transform. This allows the use of industrial Fast Fourier Transforms to evaluate all pbn for M being a power of two simultaneously. We use adaptive oversampling to estimate the error in the truncation, and use it to bound the errors. This gives a robust
black box algorithm which gives point estimates and credible intervals for arbitrary clonal data
sets.
Before finally carrying out the parameter estimation, it is important to confirm that the
degree of inter-mouse variation is sufficiently small to justify collating data from different mice.
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For this purpose, we made use of the long-term scaling behavior of the clone size distribution.
Although, generically, the dynamics of the basal layer cells depends independently on the three
adjustable parameters, ⇢,

and r, in the scaling limit, the basal layer clone size depends only

on the only on the combination, 1/⌧ = r /⇢, a measure of the rate of progenitor cell loss and
replacement. As a result, this parameter can be estimated with a smaller uncertainty, allowing it
to be inferred on a mouse by mouse basis for each timepoint. Inferring this parameter from the
basal layer clone size distribution, as well as the total clone size at shorter times, the comparison
shown in Figs S11 and S12 reveal that, although there is some degree of inter-mouse variation,
the amalgamation of data from different mice at the same timepoint can be justified.
Using the full clone data (Figs 2B, 3B, S6B and C) we computed a posterior distribution
on ⇢,

and r. This distribution is narrow and Gaussian-like, so we can describe it using its

first two moments. Specifically, the mean is a point estimate for the parameters, and twice the
standard deviation is an estimate for the 95% credible interval; the results are shown in Fig.
2C. We show a comparison between the fitted parameters and the detailed basal and suprabasal
cell number distribution in Figs 3B, S6B and C. We used the point estimates to computed
a set of probabilities, with which we can compute 95% likelihood intervals for fbn knowing
the total number of clones observed (which we have called plausible intervals due to a lack
of standard nomenclature); these are plotted as the error bars in the model, and the graphs
form a visual significance test with the null hypothesis being the model with the parameters
as estimated. We draw attention to the fact that these do not contain the uncertainties in the
parameters themselves. Furthermore, Fig. S6D contains a detailed comparison with the much
larger basal clone size data set, which shows the expected deviations from scaling at shorter
times; again the error regions refer to the sampling error only. Lastly, in Fig. 2Ba and 2Bb we
show the comparisons with density and average size of basal clones; the error bars in are the
mouse to mouse variation. Given that we can fit the entire distributions at all times the average
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size also fits (unsurprisingly). However it should be noted that we can make a prediction of
the density which fits within the experimental error, with only one parameter, the induction
efficiency, estimated by the labeling frequency at time zero (Fig. 2Ba).

4

Clonal analysis: challenging the model

4.1

Effects of atRA treatment

It is straightforward to implement the same inference algorithm to address the atRA treated
tissue. Wit the assumption that atRA pre-treatment establishes a new steady-state EP cell dynamics, the resulting fit of the model to the experimental data is shown in Fig. 3D, while the
resulting model predictions are shown alongside the experimental data in Fig. 3C. Once again,
the fits reveal a close agreement of the model with the experimental data.
With the parameters for normal and atRA treated tissue in hand, it is then possible to predict the outcome when atRA is applied after induction. In particular, if we assume that, following atRA treatment, the division and stratification rates immediately adjust from their normal to atRA treated steady-state values, we can predict the resulting clone dynamics. Indeed,
when compared to the measured basal clone distribution, we find that the predictions offer a
favourable fit (Fig. S7C). By contrast, comparison with the joint suprabasal and basal distribution shows significant deviations (Fig. S7D). This departure can be easily understood as the
effect of atRA treatment on cells which have already stratified and left the basal layer is more
complex, and there may be some time-lag before the entire tissue changes to the new steadystate behavior. Nevertheless, these results suggests that, as far as the basal layer is concerned,
the application of atRA treatment can be well-approximated as an instantaneous change of the
parameters of the EP cell dynamics.
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4.2

Single cell clones

Finally, the development of the EP model relied upon the observation of long-term scaling
behavior of the basal layer clone size distribution which suggested that tissue maintenance involves only a single equipotent progenitor cell population. However, by focusing on clones with
a total size greater than one, we eliminated the potential signature of a second very slow-cycling
or quiescent cell population. Although the existence of such a population in EE was ruled out
by the H2B-GFP assay, with the predictions of the EP model, we can do back and question
whether the dynamics of the single-cell clones are consistent with the ansatz of the modeling
scheme.
Since, for times in greatly in excess of the cell stratification time, 1/ , differentiated cells
labeled at induction will have been lost from the basal layer, we can use the long-term evolution
of the single-cell basal clones to challenge the predicted model dynamics. Once again, the
results, shown in Fig. S13, reveal an excellent agreement between theory and experiment over
the year long timecourse. In particular, we can conclude that the persistence of single-cell
clones merely reflects the set of clones which, by chance, have expanded and the sister cells
have been shed leaving behind a single labeled cell.

5

Conclusion

In summary, motivated by parallel studies of tissue turnover in interfollicular epidermis, we
have shown that the range of clonal fate data is consistent with a simple model dynamics in
which a single population of epidermal progenitors give rise to differentiated cells that stratify
and become shed at the surface of tissue. In this model, EP cell division results in balanced
stochastic fate where, on average, following division, one cell remains in cycle and the other
commits to differentiation. The model is fully-defined by just four adjustable parameters: the
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EP cell division rate , the ratio of symmetric to asymmetric cell divisions controlled by the
parameter r, the stratification rate , and the loss rate of cells from tissue µ. Indeed, the latter
parameter is constrained and therefore fixed by the ratio of basal to suprabasal cells, which is
easily and accurately measured. In the long-term scaling regime, the dynamics is fully-specified
by a single parameter reflecting the ratio of the remaining three adjustable parameters.
By adopting a Bayesian approach, we have shown that this simple model provides an excellent agreement with the range of complex clonal fate data (covering both basal and suprabasal
cells) engaging more than 140 independent data points (Figs 3B, S6B, C and D). Moreover, we
have shown that this model can capture the effect of atRA treatment through a straightforward
adjustment of the average EP cell division rate. The predictive power of the model has also
been tested both through the clone survival curve (Fig. 2B) as well as a second schedule of
atRA treatment.
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Abstract
Biological tools such as genetic lineage tracing, 3D confocal microscopy and next generation DNA sequencing are providing new ways to quantify the distribution of clones of
normal and mutated cells. Population-wide clone size distributions in vivo are complicated
by multiple cell types, and overlapping birth and death processes. This has led to the increased need for mathematically informed models to understand their biological significance.
Standard approaches usually require knowledge of clonal age. We show that modelling on
clone size independent of time is an alternative method that o↵ers certain analytical advantages; it can help parameterize these models, and obtain distributions for counts of mutated
or proliferating cells, for example. When applied to a general birth-death process common
in epithelial progenitors this takes the form of a gambler’s ruin problem, the solution of
which relates to counting Motzkin lattice paths. Applying this approach to mutational processes, an alternative, exact, formulation of the classic Luria-Delbrück problem emerges.
This approach can be extended beyond neutral models of mutant clonal evolution, and also
describe some distributions relating to sub-clones within a tumour. The approaches above
are generally applicable to any Markovian branching process where the dynamics of di↵erent
‘coloured’ daughter branches are of interest.
Key Words: Clone Size Distribution; Dyck Paths; Motzkin Triangle; Luria-Delbrück;
Mathematical Modeling

1 Introduction
One approach to understanding the cellular hierarchy in multicellular organized tissue has been
tracking the fate of individual cells either labeled in vivo or isolated ex vivo [1]-[6]. Improved
techniques including genetic lineage tracing and 3D imaging by confocal microscopy have helped
further investigate this basic area of research [7]–[9]. Typically, a cell type of interest is labeled
with an identifier and the distribution of its progeny at later time points are observed. Clone
distribution data can then be used to decipher division dynamics across the population of cells
with great resolution. However, the current methods use population averaging, and are timedependent posing analytical challenges. There is a need for alternative statistical approaches
that may be complementary.
§Corresponding Author

1

A

0/2 EdU+

1/2 EdU+

2/2 EdU+ C

Mutagen

a’
b’

EdU
Krt14

c’

B At cell division

a’ > c’

D Mutagen

a
b
c

1

a=c

0

Dividing cell
Differentiated cell

1

Mutant cell

0

Figure 1: Colony formation in normal and mutated cells. (A) Immunofluorescence images of 2-cell clones with
the keratinocyte marker Keratin14, and the proliferation marker EdU, showing three possible outcomes of division:
two non-proliferating daughters (0/2 EdU+), a non-proliferating and a proliferating daughter (1/2 EdU+), or
two proliferating daughters (2/2 EdU+). Scale bar 50µ. (B) Cell division is a birth-death process with three
possible outcomes based on the proliferative ability of its daughters. As above, a dividing cell (P) may divide to
two dividing daughters (PP), a dividing and di↵erentiated daughter (PD), or two di↵erentiated daughters (DD)
in proportions a, b and c respectively. In tissues with high turnover, the number of new dividing cells is equal
to the number of non-dividing cells (a = c). (C) In the presence of mutagens like UV radiation, this process is
imbalanced in p53 mutant clones in favour of proliferation (a0 > c0 ). This gives a survival advantage to mutant
clones. (D) Mutant cell formation itself is a birth process that can follow one of three possibilities. The first is cell
division independent and can occur with background exposure. The second and third possibilities occur following
cell division, producing one or two mutant cells out of two daughter cells with probability µ1 = 1 µ0 .

Adult mammalian epithelium has a high rate of cell division during steady state. Despite this
rapid rate of proliferation, the tissue remains in homeostasis as new cells are being generated at
the same rate as loss of di↵erentiated cells in a birth-death process (a = c in Figure 1B). A simple illustration of this is in the inter-follicular epidermis, where cell division occurs in the basal
layer of a multi-layered epithelium. Cell division here can produce proliferating daughters, that
remain in the basal layer, or non-dividing daughters, which are shed to the supra-basal layers,
and eventually lost in a process of di↵erentiation. When these keratinocytes are grown in culture,
a typical cell division can result in two dividing daughters, one dividing daughter or no dividing daughter out of two total daughters as seen through the uptake of the proliferation marker
5-ethynyl-2’-deoxyuridine (EdU, Figure 1A). Genetic lineage tracing in basal keratinocytes has
allowed conditional expression of fluorescent proteins, with all subsequent daughter cells retaining the label, and thus being highlighted as a clone. Clone size distributions thus observed shows
maintenance through a population asymmetry of fate outcome in dividing progenitors, with reserve stem cells contributing to wound healing [1],[3],[10]. Additionally, this balance is disturbed
in chronic UV irradiation, where p53 mutant keratinocyte clones gain a survival advantage over
non-mutant clones mediated through increased proportions of proliferative daughters [11] (a > c
in Figure 1C). The recent technical advance of live-imaging in epithelia may provide additional
information to these models, such as the distribution of cell cycle times [12].
There is also an increasing body of work investigating the growth dynamics of pre-neoplastic
and neoplastic tissue [13]–[16]. A growing colony of cells can be modeled as a branching process.
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Luria and Delbrück were the first to produce an analytical examination of the distribution of
the number of mutant cells in growing bacterial colonies [17]. They used this to show that
mutations arise randomly rather than in response to the environment. Their argument was
partly deterministic and Lea and Coulson [18] and Bartlett [19], [20] derived approaches with
greater stochastic rigour. These methods generally consider the problem of how many mutants
are present after a fixed amount of time. An unpublished combinatorial method by Haldane also
exists [21] where all cells divide simultaneously.
These distributions generally assign genes the binary status of mutated or non-mutated. They
do not consider the number of mutations in a gene, or the number of di↵erent combinations of
mutations a subclone of cells may contain. Modern sequencing techniques mean greater resolution
of mutations is now possible and there is increased interest in considering distributions associated
with combinations of mutations [22].
As Kendall observed [23], [24] there are broadly three models for mutation formulation (Figure 1D). The first formulation would indicate a single cell converts to mutated status at any
time independent of the cell division process. This may be the case for continuous exposure to
mutagens, such as UV light [25]. The second formulation is the most common formulation where
mutations occur in one of the two daughter cells during the cell division process. This is likely to
be the case for many mutational processes, where nucleotide errors occur on one of the two DNA
strands [26]. DNA repair machinery then erroneously corrects this during checkpoints in the cell
cycle, resulting in one mutant daughter cell. The third formulation assumes that both daughter
cells are mutant. This is also a valid model, and is likely to arise when double stranded breaks
occur. When double stranded repair incorrectly repairs the damage, rearrangements result and
both daughter cells will be mutant. Some processes such as breakage-fusion-bridge cycles will
even result in two mutant daughter cells with distinct rearrangements [27], [28]. For analytical
purposes in this paper, we will assume the most common second formulation. Additionally, we
assume that a mutation does not increase the chance of cell loss through apoptosis.
In this work, we consider a di↵erent statistical approach to clonal distributions. A standard
technique to analyzing a branching process involving two classes of objects, such as mutant/nonmutant, or progenitor/di↵erentiated, is to write down a Chapman-Kolomogorov equation for
Pm,n (t); the probability of having m and n cells of the two types, at time t, and obtain a solution
[29]. Instead, we determine the distribution of the number of di↵erent types of cells that are
present when a fixed number of cells have accumulated, rather than the time that has passed.
With this approach, we will see that treating cell di↵erentiation or mutation as time-independent
results in exact analytic forms for the distributions of interest. In the next section we obtain
the distribution for the number of dividing cells in an epithelial population. We then obtain
distributions for the number of mutant cells in a clone undergoing a pure birth process.

2 Distribution of Colony Sizes in Homeostatic Tissue
Tissue homeostasis is balanced by two types of cells; progenitor (dividing) cells (P ), and di↵erentiated (non-dividing) cells (D). As progenitor cells (P) divide, they produce two daughter cells
which may be either a progenitor cell or a di↵erentiated cell (D) resulting in the combinations
(PP), (PD) or (DD). We assume the probabilities of these occurring are a, b, and c, respectively
represented in Figure 1B. Across a population, these probabilities are assumed to be constant,
holding the same values for any cell division that takes place at steady state. There is the
possibility that apoptosis may form an additional component of this process. Whilst one could
incorporate this as an additional branch in the process of Figure 1A, it is assumed negligible in
the following analysis.

3

For simplicity, we assume that we start with a single dividing cell. We also assume the number
of descendant cells can be observed, but that (P) and (D) cells can not be distinguished. There
are two problems we would like to consider. Firstly, if we trace the lineage of a single cell, we
wish to determine the distribution of the number of progenitor (P) cells present. Secondly, the
physical similarity between (P) and (D) cells without any protein markers make the parameters
a, b and c difficult to directly measure. Thus, we would like a method to estimate them.
Now, our approach is based on the size of
the clone (rather than time passed). Now,
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with the height of the solid line indicating total number
portional to the number of proliferating cells. of cells, and the height of the dashed line indicating numIn Figure 2B we see the same information in- ber of dividing cells. In (A), plotted against time, we see
dexed by the number of cell divisions; the tim- the rate of cell division is dependent upon the number of
proliferating cells. In (B), plotted against number of cell
ing is not important.
divisions, we see the number of proliferating cells only
Such a problem is closely related to count- depends upon the nature and number of cell divisions,
ing Motzkin lattice paths [30]. Lattice paths not their timing.
are paths connecting positions with integer coordinates and can take a variety of forms [31], [32]. In particular, Motzkin paths start from the
origin (0, 0) on a 2-d integer lattice and allow movement with an up (1, 1) step, a flat (1, 0) step,
or a down (1, 1) step such that we never move below the horizontal axis. There are several path
counting techniques for such conditions [30], [33], [34], which have also seen applications to paths
similar to the ones we describe [35] [36]. These have been studied for a range of combinatorial
problems [37], including some problems with weighted edges [38].
These paths can be utilised to represent our problem. The position (n, k) corresponds to the
total number of cells, n, and the number of dividing cells, k, respectively. The PP, PD or DD
divisions correspond to the up, flat and down steps, respectively. There are three di↵erences
to Motzkin paths to note. Firstly, we start with one (P) cell, represented by position (1, 1).
Secondly, we stop if we touch the horizontal axis, because no dividing (P) cells remain (k = 0).
Lastly, we have probabilities a, b and c associated with each step. Now, we would like to find the
probability Pn,k of finding k dividing cells in a clone of size n. This probability then corresponds
4
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Figure 3: Cell proliferation as a combinatorial branching process with predictable paths. (A) Cell division in
progenitor cells is a branching process with three possible outcomes (PP, PD or DD, See Figure 1). The expansion
of a single cell to form a clone of cells is thus a combinatorial process, where any outcome of total clone size n and
proliferating cells within it k occurs along fixed paths of a Motzkin like triangle. Clones that reach the horizontal
axis have only non-dividing cells, and therefore do not progress further. (B) Example showing the 9 paths that a
single proliferating cell can take to reach a clone of n = 5 and k = 2. The first three routes have three a divisions
and one c division, while the remaining six routes involve two each of a and b divisions (cumulative probability
= 3a3 c + 6a2 b2 ). (C) is a Dyck path, which moves up and down and not below the horizontal axis. (D) is a
Motzkin path, which also includes horizontal moves. (E) is a gamblers ruin problem, which starts from height 1
rather than the origin, representing the formation of a fully di↵erentiated clone from a single dividing cell.

to a weighted sum of Motzkin paths from (1, 1) to (n, k), where Motzkin paths in this context
do not touch the horizontal axis.

2.1 Motzkin Paths Describe the Entire Distribution of Colony Sizes
We have the following distribution for the number of progenitor (P) cells in a colony.
Theorem 2.1. If we seed a single dividing cell, then the probability of having k(> 1) dividing
cells when the colony is of size n is given by:
b n2 k c
P
n 1
k+2i 1
k+2i 1
Pn,k =
)ak+i 1 bn k 2i ci
k+2i 1 (
i
i 1
i=0

Proof. We start with Dyck paths; paths from (0, 0) to (0, 2n) that do not go below the horizontal
axis involving steps of type up, (1, 1) or down, (1, 1), such as portrayed in Figure 3C. The
2n
1
number of such paths is known to be counted by the Catalan numbers Cn = n+1
n [39]. A
Dyck triangle is the collection of paths from (0, 0) to (n, k) that do not go below the horizontal
5

axis and involve up and down steps. Note that n and k must have the same parity. If Dn,k
count these paths then conditioning over one step we find Dn,k = Dn 1,k 1 + Dn 1,k+1 . It
n+1
k+1
is straightforward to show by substitution that Dn,k = n+1
satisfies this recurrence,
1
2 (n k)
along with boundary condition D2n,0 = Cn . This formula di↵ers to other counts involving
Dyck triangles because this lattice formulation of the triangle is rotated through ⇡4 to the usual
presentation [40].
We now turn to Motzkin paths, which are the same as Dyck paths except we now allow an
additional horizontal step (1, 0). Now any Motzkin path from (0, 0) to (n, k) can be partitioned
into a Dyck path from (0, 0) to (k + 2i, k) involving k + i up steps and i down steps, along with
n k 2i horizontal steps, where i 2 0, 1, ..., b n 2 k c. For any i, the probability of such a path
n
arising is ak+i bn k 2i ci . Then noting that we have k+2i
permutations of the horizontal steps
with the Dyck path steps, we sum across the possibilities to get the following probability.
b n2 k c
b n2 k c
P
P
n
n
k+2i
k+2i
k+i n k 2i i
k+i n k 2i i
mn,k =
Dk+2i,k k+2i a b
c =
b
c
k+2i (
i
i 1 )a
i=0

i=0

Finally we note that we are going from position (1, 1) to (n, k) without touching the horizontal
axis, so substituting n ! n 1 and k ! k 1 gives the required result; Pn,k = mn 1,k 1 .

This result allows us to look at the case where all n cells in the colony are fully di↵erentiated
(all are (D) cells) and there is not further potential for growth. In our Motzkin triangle analogy,
this would be a Motzkin path (with an additional final down step) from (1, 1) to (n, 0), such as
the path in Figure 3E. All colonies that have a corresponding path touching the horizontal axis
thus have no proliferating cells. We have an absorbing barrier, also known as the gambler’s ruin
problem.
Corollary 2.1. The probability Pn,0 is given by weighted Motzkin numbers:
b n2 2 c
b n2 2 c
P n 2 2i
P n 2
2i
i n 2 2i i+1
i n 2 2i i+1
Pn,0 =
(
)a
b
c
=
c
i
i 1
2i
2i C2i a b
i=0

i=0

Proof. For the case where there are no dividing cells remaining in the colony, the colony must
transit through a penultimate stage (n 1, 1) with only one dividing cell remaining, and undergo
an enforced final (DD) division. Multiplying the formula for Pn 1,1 by c gives the required
result.
Both of these results have corresponding generating functions as described in the following
result:
1 P
n
P
Theorem 2.2. The generating function F (x, t) =
Pn,k xk tn is given by:
n=0
k=0
p
p
1 bt
(bt 1)2 4act2
x(2tax 1+bt+ ((bt 1)2 4act2 ))
F (x, t) =
+
2a
2a(x tc tbx tax2 )
Proof. First we construct a weighted generating function for paths in a standard Motzkin triangle,
1 P
n
P
m(x, t) =
mn,k xk tn , where mn,k are the Motzkin numbers weighted by the elements a, b
n=0 k=0

and c associated with each path from (0, 0) to (n, k). Now conditioning over a single step gives
the following recurrence; mn+1,k = cmn,k+1 + bmn,k + amn,k 1 . Then substituting this into the
generating function yields the following:
0
1 P
n
1 nP
+1
P
P
0
m(x, t) = 1 +
mn,k xk tn = 1 +
mn0 +1,k xk tn +1
=
=

1+
1+

n=1 k=0
0
1 nP
+1
P

n0 =0 k=0

(cmn0 ,k+1 + bmn0 ,k + amn0 ,k

n0 =0 k=0
tc
m(0, t))
x (m

+ tbm + taxm
6

1 )x

k n0 +1

t

Which gives us:
m(x, t) = x xtc tcm(0,t)
tbx tax2 .
To find m(0, t) we note that a Motzkin path from (0, 0) to (n, 0) involves either a first
horizontal step and a weighted Motzkin path one step smaller, or an up step, a motzkin path, a
nP1
down step, and a Motzkin path. This is summarised as mn+1 = bmn + ac
mk mn 1 k , where
k=0

mn is the weighted sum of these paths. Now substituting this recurrence into the generating
1
1
P
P
function m(0, t) =
mk tk = 1 + t
mk+1 tk yields m(0, t) = 1 + btm(0, t) + t2 acm(0, t)2 . The
k=0

k=0

solution satisfying p
m(0, 0) = 1 is then:
1 bt
(bt 1)2 4act2
m(0, t) =
2act2
Substituting this above
p then yields the general form:
2tax 1+bt+

(bt 1)2 4act2

m(x, t) =
2at(x tc tbc tax2 )
The result is obtained by noting that the generating function for Pn,k corresponds to paths
from (1, 1) to (n, k). Furthermore, a path from (1, 1) to (n, 0) involves a weighted Motzkin path
of length n 2, followed by a down step, and we find that:
1
1
P
P
P
P
F (x, t) =
Pn,0 tn +
Pn,k xk tn = t2 c
mn,0 tn + xt
mn,k xk tn = t2 cm(0, t) +
n=0

n=0

n,k 1

n,k 0

xtm(x, t).
Substituting the weighted Motzkin generating functions results in the desired form.

2.2 Gambler’s Ruin
We are now in a position to describe the probability of ruin, or equivalently the probability of a
fully di↵erentiated clone, where we have the following result:
1
P
Corollary 2.2. The generating function G(t) =
Pn,0 tn is given by:
n=0
p
1 bt
(bt 1)2 4act2
G(t) =
2a
This results in an alternative expression for the probability Pn,0 that a clone of size n is fully
di↵erentiated:
p
p
( 12 )n Pn
2(n r) 2r (b+2 ac)n r (b 2 ac)r
Pn,0 = 2a
r=0
n r
r
(2(n r) 1)(2r 1)
Furthermore, we find that the probability P0 that a single proliferating cell will become fully
di↵erentiated
⇢ is given by:
1 a>c
P0 =
a
a<c
c

Proof. To get the generating function G(t), we simply substitute x = 0 into F (x, t) from Theorem
2.2. To get the alternative expression for the probabilities Pn,0 note that we can write G(t) as:
p
p
1
1
1
G(t) = 2a
[1 bt (1 (b + 2 ac)t) 2 (1 (b 2 ac)t) 2 ]
A double binomial expansion gives us:
P1 P1 2j 2k ( b+22pac )j ( b 22pac )k j+k
1
G(t) = 2a
[1 bt
t ]
j=0
k=0 j
k
(2j 1)(2k 1)
The constant and linear terms cancel and a reordering of the summation to collect powers of
t leaves us with the required expression.
1
P
Lastly we note that G(1) =
Pn,0 and so substituting t = 1 into the generating function
gives us:
G(1) =

n=0

1
2a (1

b

p
(b

1)2

4ac =

1
2a (a

+c
7

|a

c|)

where we have used 1
required results.

b = a + c. Separately considering the cases a > c and a < c gives the

2.3 Estimating Di↵erentiation Probabilities
We are now in a position to estimate the
probabilities a, b and c of getting the different daughter cell combinations of (PP),
(PD) or (DD), even when (P) and (D) cells
are visually indistinguishable. Clone size distributions in a range of homeostatic epithelia demonstrate that dividing progenitor cells
have (PP) outcomes in similar proportions to
(DD) outcomes (or a=c) [11]. Colonies arising from such populations will eventually become fully di↵erentiated and stop growing,
as represented in the bottom row of Figure
3A. Therefore, at late time points of observation all colonies of cells with few cell numbers will be formed exclusively of non-dividing
cells, as any colonies with dividing cells will
continue to expand in cell number. Thus
repeated measurements of small clone sizes,
nc , of fully di↵erentiated non-dividing colonies
of size n can readily be counted. We can
then compare these counts to the probabilities {c, bc, c(b2 + ac), ...} = {Pn,0 }n of either
Corollary 2.2 or 2.1, and hence determine a, b
and c using maximum likelihood. Small clone
sizes form the bulk of clones seen in population distributions, and therefore can provide
robust quantifiable results.
It is also important to highlight, that this
is not a↵ected by the presence of additional
cell populations which have a branching birth
process alone (putative stem cell populations).
The clones formed by such populations will be
much larger, continuing to expand with time,
so can be readily identified and excluded.
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Figure 4: A branching process of non-mutated and mutated cells. A single dividing cell is followed in time with
the height of the solid line indicating total number of
cells, and the height of the dashed line indicating number
of mutant cells. In (A), plotted against time, we see the
rate of cell division is proportional to the total number
of cells, resulting in exponential growth. In (B), plotted
against the number of divisions, we see the number of
mutant cells only depends upon the number of mutant
cell divisions, not their timing.

2.4 Stochastic Processes Approach
Finally, we remark that a lot of the derivations using Motzkin paths can also be replaced with
approaches from stochastic processes. We highlight this with an alternative derivation of the
gambler’s ruin generating function of Corollary 2.2 in the Appendix.
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3 An Exact Luria Delbrück Distribution
We now investigate the mutation process of a growing clone of cells. Here, we assume no death
process is involved, and initially that the mutation provides no additional survival advantage. In
all that follows k = m + n is the number of cells, where m and n count the number of mutants
and non-mutants, respectively.
Again we start with a single dividing cell. An example of this can be seen in Figure 4A.
The cells are dividing randomly at a rate
according to the following Markovian branching
(Yule-Furry) process. When any non-mutant cell divides we assume a mutant cell arises with
probability µ1 , such as the first division of Figure 4A at time t1 . Conversely, we may obtain two
non-mutants with probability µ0 = 1 µ1 , such as in the second division portayed at time t2 .
Finally, any dividing mutant produces two mutant daughters with probability 1, as displayed at
times t3 and t4 . We ignore any back mutation or loss of mutation.
As the colony grows, the rate of division, k, increases in proportion to the number of cells
present, k. If tk is the time of the k th division, the mean time intervals tk+1 tk correspondingly
decrease as we get exponential growth. Note that at time tk the colony increases in size (by one
cell) to k + 1 cells. It is this single dividing cell that has the opportunity to e↵ect the number of
mutations at this point; this is independent of the either the time tk at which this takes place,
or the time tk+1 tk between divisions.
In Figure 4B we see the mutation process as a discrete process on the number of divisions
that have taken place. We assume for the moment that mutant and non-mutant cells divide at
the same rate in a Markovian manner. All cells are thus equally likely to divide at any point
in time. If we have n non-mutant cells and m mutant cells, we then find that a mutant will
m
divide with probability m+n
resulting in m + 1 mutants and m + n + 1 cells. Conversely, a
n
non-mutant divides with probability m+n
resulting in m + n + 1 cells. This non-mutant will
mutate with probability µ1 resulting in m + 1 mutants, otherwise we will still have m mutants,
with probability µ0 . This observation leads to the following correspondence.
(k)

Theorem 3.1. If pm denotes the probability of having m mutant cells present when the popu(1)
lation is of size k, we have the following recurrence, which is initialized with p0 = 1.
(k)
(k
1)
(k
1)
1
k m
k 1 m
pm = ( m
k 1 + k 1 µ1 )pm 1 + ( k 1 µ0 )pm
Proof. This result is a statement of conditional probability. There are two ways we can obtain
m mutants amongst k cells, depending upon the mutation status of the k 1 cells prior to the
previous cell division. If we have m 1 mutant cells out of k 1 cells in total, then to obtain m
1
mutants in k cells we either select a mutant to divide with probability m
k 1 , or pick a non-mutant
k m
to divide and generate a new mutation with probability k 1 µ1 . Alternatively, if we already have
m mutants from k 1 cells, then we require that the next division be a non-mutant cell that
doesn’t mutate on division, with probability k k1 1m µ0 .
Note that we have reduced the mutation process to a discrete heterogeneous Markovian
random walk starting from (1, 0) where we have either a horizontal step (1, 0) with probability
k m
m
k m
k µ0 , or the step (1, 1) with probability k + k µ1 . We have the following general form for
(k)
the k division distribution of mutants, pm .
Theorem 3.2.
(k)

pm = µk0

1

P

m
Q

{1i1 <i2 <...<im k 1} j=1

µ

(j 1)+ij µ1
0
k j

9

800

800

800

600
400

600
400
200

200
0

No. Mutants

C 1000

No. Mutants

B 1000

No. Mutants

A 1000

0

200

400 600
No. Cells

800

1000

0

600
400
200

0

200

400 600
No. Cells

800

1000

0

0

200

400 600
No. Cells

800

1000

Figure 5: The distributions for the number of mutants for a range of colony sizes up to 1000 cells. (A) is for
µ1 = 0.05, ⇢ = 1, (B) is for µ1 = 0.2, ⇢ = 1, (C) is for µ1 = 0.05, ⇢ = 2, where µ is the mutation rate and ⇢ is the
1
relative mutant fitness ( µ
).
µ
0

Proof. We start with a single cell, so the (i 1)th division results in i cells. The required number
of cells is k so we have k 1 cell divisions in total to consider. We require m mutants, so we need
m divisions that either generate a new mutant when a non-mutant divides, or involve a dividing
mutant parent. We let the ith
1 to
j division be the one that increases the mutation count from j
j. Then prior to this event we have j 1 mutant cells and ij cells. The probability that the next
(j 1)+(ij (j 1))µ1
dividing cell is a mutant, or a non-mutant developing a mutation, is then
. For
ij
the remaining cell divisions we require a non-mutant to divide and not mutate. This will keep
the mutant count constant. If this is the ith division, where m mutants are present, this occurs
with probability i im µ0 . For the first i1 1 divisions there are no mutants present and this will
simply be µ0 . Then we find that:
P
(k)
i2 2
1
pm =
µi01 1 ·µ1 · i1i+1
µ0 · ii11 +1
+2 µ0 · . . . · i2 1 µ0 · . . .
{1i1 <i2 <...<im k 1}

1+(i2 1)µ1 i2 1
...
· i2 +1 µ0 · . . . · ii33 31 µ0 · . . .
i2
..
.
(m 1)+(im 1 (m 1))µ1 im 1 m
...
· im 1 +1 µ0 · . . . ·
im 1
Most term then cancel to leave us with:
m
P
Q
µ0 1 ((j 1)+(ij (j 1))µ1 )
(k)
pm = µk0 1
k j

im 1 m
im 1 µ 0

{1i1 <i2 <...<im k 1} j=1

Noting that µ0 = 1

µ1 then gives the desired result.

An example of the resulting distributions can be seen in Figure 5A,B. Although one can
attempt to expand the summation and further reduce this formula, it quickly results in complicated expressions involving Faulhaber’s formula for summing integer powers which do not seem
to readily simplify. We have the following result concerning the moments.
(k)

Theorem 3.3. If Er represent the rth moment when k cells are present, we have the following
(1)
(1)
recursions for the first two moments, initialised with E1 = 0 and E2 = 0.
(k)
(k 1)
E 1 = µ 1 + E1
(1 + kµ01 )
(k)

(k 1)

(k 1)

3
E 2 = µ 1 + E1
(2 µ0 2k
(1 +
k 1 ) + E2
The mean value can be written as follows.
P k 1 Qk 1
(k)
E1 = µ1 u=1 r=k u+1 (1 + µr0 )

2µ0
k 1)

Proof. The recurrences for the rth moment are obtained by multiplying the recurrence of Theorem
3.1 by mr and summing over m. The resulting equations reduce to the stated expressions after
10

some standard algebraic manipulation. To establish the formula for the mean, we use induction
on the stated result with the first recursion. For the initial values, note that the process starts
with one non-mutant cell, so the mean value and second moment must both be zero.

4 Incorporating Selection
For certain mutations, there may be a subsequent growth advantage. This has been observed with
p53 mutations in epidermal tissue, for example [11]. Our assumption that all cells are equally
likely to divide is no longer valid, with mutants dividing at a di↵erent rate to non-mutants.
However, we find that the mutation process is only dependent upon the ratio of these rates, and
we can condition on the number of cells and apply a similar technique to the previous section to
obtain the following.
Theorem 4.1. Let the division rate for non-mutants and mutants be n and m , respectively,
(k)
with ratio ⇢ = m
. If pm represents the probability of having m mutant cells when there are
n
(1)

k = m + n cells present, then we have the following recurrence, initialized with p0 = 1.
(k)
(k 1)
(k 1)
⇢(m 1)
n
n 1
pm = ( ⇢(m
1)+n + n+⇢(m 1) µ1 )pm 1 + ( n 1+⇢m µ0 )pm
Proof. If we suppose that the mutant cells are dividing at a rate m and the non-mutant cells
are dividing at a rate n . We further suppose we have m and n of these cells, respectively. Then
if Tm is the time until the next mutant cell divides, this has exponential distribution with mean
1
. The time Tn until the next normal cell divides is similarly exponential with mean time
mm
1
. Then if we know we have a cell division at some point in time, we would like to know which
nn
type of cell will divide.
we require:
R 1 Rspecifically
t
⇢m
m
P r(Tm > Tn ) = 0 0 m m1m e m mtm m1m e m mtm dtn dtm = m m
= ⇢m+n
m +n n
Thus we just have to weight the mutant count by the relative increase in division rate. In
particular, if we have m mutant cells and n 1 non-mutant cells, the probability that we have m
mutants and n non-mutants after the next cell division requires a non-mutant to divide without
1
a new mutation forming. This occurs with probability n n1+⇢m
µ0 . Similarly, if we have m 1
mutant cells and n non-mutant cells, the probability that we have m mutants and n non-mutants
after the next cell division requires a mutant to divide, or a non-mutant to divide with a new
⇢(m 1)
n
mutation forming. This occurs with probability ⇢(m
1)+n + n+⇢(m 1) µ1 . The recurrence is a
statement of conditional probability connecting these two observations.
(k)

The recurrence can be used to derive formulae for pm and the moments. The method is
identical to that of Theorem 3.2 and the details are left to the reader. An example of the
distribution can be seen in Figure 5C, where we have mutation rate µ1 = 0.05 and relative
fitness ⇢ = 2. This gave a comparable distribution to Figure 5B, where the mutation rate is
µ1 = 0.20 with neutral relative fitness ⇢ = 1, although the variance is notably higher in Figure
5C.

5 Distributions of Sub-Clones in Mutated Colonies
In the questions considered so far, we just have the binary status of mutated or non-mutated.
This is generally the status of a gene, or a portion of a chromosome that may be of interest,
but could also be the status of a single nucleotide of DNA, which number in the billions. DNA
sequencing techniques now mean that individual mutations can now be distinguished by their
position in the genome. For example in Figure 6A we see that five of six cells are mutant, arising
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Figure 6: (A) A representation of clonal mutant growth; six cells result from five cell divisions, three of which
produce four mutations(†), which cluster into four clones. (B) represents the cellular count for each mutation
against illustrative chromosomal co-ordinates.

from four mutations produced during three cell divisions (†), that combine into into four distinct
clones. In Figure 6B we have the distribution of the number of cells for each mutation. This
is a symbolic representation of the mutation and sequencing depth information obtained from
modern experiments and points to other avenues of investigation. Firstly we would like to know
the number of cells containing a randomly selected mutation. Secondly, we would like to know
the number of clones. Thirdly, we would like to know the number of cells. Finally, we would like
to know the number of distinct mutations in a randomly selected clone. We have the following
results.

5.1 The Number of Cells Containing a Specific Mutation
(k)

Theorem 5.1. If pr is the probability that a randomly selected mutation exists in r cells in a
colony of k cells, we have:
k P
r+1
rQ1
(k)
j 1
pr =
(1 k j m2 1 )
(k 1)2
m=1

j=1

This di↵ers slightly to the original problem considered by Luria and Delbrück in that instead
of asking how many cells contain a mutation in a specific gene (or region), which may involve
many di↵erent mutation events, we randomly sample a mutation from all mutations found in
that region, and count the corresponding number of cells containing that mutation. We assume
each mutation arises only once, which may not be true for large colonies or small genomes.
Proof. Now there are k 1 divisions that take place to give a sample size of k. Now if we
randomly select a mutation it can arise during any of these divisions with equal probability. We
(j,k)
let qr
denote the probability that if a mutation forms when there are j cells, it is present in
(k)
r cells when the cell population is k
j. Then if pr is the probability a randomly selected
mutation is in r cells when the population is of size k, we have:
k P
r+1
(k)
(j,k)
pr = k 1 1
qr
j=1

If the mutation arises when the population has size j, then this mutation may be present in
any of 1 to k j + 1 cells, depending on whether the cells containing the mutation divide. Thus
j  k r + 1. Furthermore, following a population size of k 1, we either had r 1 copies of
the mutation and the next cell division duplicates a copy, or we have r mutant cells, and the
dividing cell does not contain the mutation of interest. This gives us the recurrence:
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(j,k)

qr

(j,k 1)

= qr

r
k 1)

(1

(j,k 1) r 1
(k 1)
1
(j,j)
initial value p1

+ qr

Now if we start with the
= 1, so that initially one of j cells carries the
mutation, then we can show by substitution that this recurrence and initial condition is satisfied
by the following expression:
(j,k)
qr
= (j 1) (k(k j)1)r r 1
where (a)b = a(a 1) . . . (a (b 1)) is the Pochhammer symbol. Substituting into the
expression above then gives:
k P
r+1
(k)
j 1 (k j)r 1
pr =
k 1 (k 1)r
j=1

This is equivalent to the expression in the theorem.

5.2 Distribution of the Number of Clones
The second problem requires the distribution of the number of clones. Every time a new mutation
occurs, it will occur in a single cell that belongs to some clone already present. That cell will
divide into two daughters, one of which will contain the new mutation. That cell will have a new
combination of mutations and a new clone is born. We thus trivially observe that the number of
clones is always one more than the number of cells divisions that produce new mutations. Now,
mutations can arise during a cell division. For a colony of size k we have k 1 independent cell
divisions in total, each of which may generate new mutations with probability µ1 . We thus find
that:
Theorem 5.2. If C represents the number of colonies, we find that for a colony of size k, C
has Binomial distribution Bin(k 1, µ1 ).

1
⇤

5.3 Size Distribution of Mutant Clones
The third question concerns the size of the clones. For example, in Figure 6A we note that clone
2 was formed in the 3rd cell division, and contains a single cell. The associated distribution for
the size of a random clone is described in the following result.
(k)

Theorem 5.3. If pn represents the probability a randomly selected clone from a population of
(i,k)
size k contains n cells, and pn
is the corresponding probability for a clone formed in the ith
kPn
(k)
(i,k)
cell division, then pn = k 1 1
pn
where:
i=1

(i,k)
pn

P

=

n
Q

1 k 1} j=1

ij

ij
Q

m=1

1

(1

j

ij

1 +m

{i<i1 <i2 <...<in
(i,k)
Furthermore, pn
satisfies the following recurrence:
(i,k)
(i,k 1)
(i,k 1)
pn = pn
· (1 k n 1 µ0 ) + pn 1 · nk 11 µ0

with boundary values
kQ1
(i,k)
p1
=
(1 1j µ0 )

1 µ0 )

·

nQ1
j=1

j
ij µ 0

where i0 = i.

j=i+1

Proof. A new clone arises whenever a mutation occurs. For a colony of size k, a randomly
selected mutation arises with equal probability k 1 1 at any of the k 1 divisions that have taken
place. Let us suppose the colony appears at division i. The clone contains a single cell at this
moment in time and there are k 1 i divisions remaining to take place. If any of these divisions
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occurs in a cell not in the clone, the clone will not change in size. If the division occurs in a
clone cell with mutation, the clone also does not change size because one of the two daughter
cells starts a new distinct clone. However, if the division occurs in a clone cell without mutation,
the clone increases in size by 1. If the clone is of size x and we have y cells, this occurs with
(i)
probability xy µ0 . Then if pn represents the probability that a clone starting at division i ends
up of size n we require n 1 of the remaining k 1 i divisions to be divisions within the clone
without mutation. Then if i1 , i2 , ..., in 1 denote the corresponding divisions, analogously to the
derivation of Theorem 3.2, we require the sum:
P
(i,k)
1
1
pn
=
(1 i+1
µ0 ) · (1 i+2
µ0 ) · . . . · (1 i11 1 µ0 ) · i11 µ0 · . . .
{i<i1 <i2 <...<in

...
..
.
...
...

1 k

1}

(1

2
i1 +1 µ0 )

(1
(1

n 1
in 2 +1 µ0 )
n
in 1 +1 µ0 )

2
i1 +2 µ0 )

· (1

· . . . · (1
· . . . · (1

2
i2 1 µ 0 )

· . . . · (1

n 1
in 1 1 µ 0 )
n
k 1 µ0 )

·

n 1
in 1 µ 0

·

2
i2 µ 0

· ...

· ...
(k)

Next note that a clone is equally likely to occur at any of k 1 cell divisions, so pn =
kP1
(i,k)
1
pn . Finally we note that we must have i  k n to provide enough cell divisions to
k 1
i=1

(i,k)

reach size n, otherwise pn is zero and so we obtain the required form.
For the recurrence we use a telescoping technique. First we note that we can split the sum
up to give the following (where i0 = i, in = k and n 2),
ij 1
kP1
n ij Q
nQ1
P
Q
(i,k)
j
j
pn
=
(1 ij 1 +m
1 µ0 ) ·
ij µ 0
in

=

in

1 =i+n

1 {i<i1 <i2 <...<in 2 in
kQ1
n 1
(1
in 1 µ 0 ·
j=in 1 +1
1 =i+n 1
kP1

1

1} j=1

n
j µ0 )

m=1

(i,in
1

· pn

j=1

1)

(i,k 1)

From this we subtract the corresponding equation for pn
(i,k 1)
pn 1

n 1
k 1 µ0 .

· (1

n
k 1 µ0 )

which results in

the term
·
We then have the stated recursion.
For the initial value note that for a clone formed in the ith cell division to remain one cell in
size, we must ensure that for each subsequent cell division, the single cell either does not divide
(the clone remains the same), or divides with mutation (so one of the daughter cells forms a new
clone). This is 1 1j µ0 for the j th division, which results in the initial condition specified in the
theorem.

5.4 Number of Mutations in a Random Clone
Finally, we need the number of mutations in a randomly selected clone. For example, note that
clone 2 from Figure 6A is composed of three mutations, two of which formed during the 3rd cell
division. In general we have the following result.
Theorem 5.4. Let Xi be the Bernoulli variable with success probability 2i for i = 2, 3, ..., k.
A clone arises at cell division i with probability k 1 1 , where k is the total population size. The
Pi 1
number of mutations accumulated by a clone formed in cell division i is P oisson(
j=1 Xi ),
where e = µ0 .
Proof. New mutations occur during any cell division with a probability µ1 = 1 µ0 . Now if we
assume that di↵erent mutations arise independently, we can assume they are Poisson distributed
per cell division with some parameter so that µ0 = e . Now if a clone occurs at division
i, any subsequent mutations form new clones and do not belong to this clone. However, any
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earlier mutations may have been incorporated into its lineage. The first cell division occurs in
this lineage with probability 1, the second division with probability 23 , the rth with probability
2
r . The total number of mutations in the lineage is then a sum of identical Poisson variables over
cell divisions in this lineage.

6 Conclusions
We have shown that the number of mutated or proliferating cells in a clone has a natural dependency upon the total clone size, rather than time taken for a single cell to grow into the
observed clone, resulting in combinatorial and generating function approaches to analyze their
distributions.
The approaches above are applicable to any Markovian branching process where daughter
branches in the process have distinct characteristics. In the examples we have discussed, the
branches represented the di↵erentiation status, or the mutation status of daughter nodes. However, the branches can be more generally coloured as we like and the distributions of the number
of descending nodes examined with these techniques.
These approaches are exact but can be difficult to handle for large samples sizes and some
asymptotics would be useful. Furthermore, the results all assume that the processes of cell
division are Markovian and so the cell cycle exponentially distributed. This is unlikely to be
accurate, with cell cycle generally being better approximated by gamma distributions. This may
have significant e↵ect on some results and warrants further exploration.
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Appendix
Alternative proof of Corollary 2.2 using stochastic processes methods.
Proof. Consider a random walk which moves up or down by one unit at each step, starting from
height 1. We are interested in the number of steps taken until we first reach height 0.
We let un denote the probability of being at height 0 after n steps, where the walk is initially
unrestricted and may move below or above height 0. This requires x up steps and x + 1 down
steps for some x  n 2 1 and so we obtain the multinomial sum for n 1:
un =

b n2 1 c

P

x=0

n!
x n 2x 1 x+1
c
x!(x+1)!(n 2x 1)! a b

This can be used to construct an associated generating function:
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1
P

1
P

b n2 1 c

P

n!
x n 2x 1 x+1 n
c
t
x!(x+1)!(n 2x 1)! a b
n=0
n=1 x=0
1
1
1 P
1
P
P
P
(m+2x+1)!
n!
c
n ac x
m+2x+1 ac x
= cb
( b2 )
x!(x+1)!(n 2x 1)! (bt) ( b2 ) = b
x!(x+1)!(m)! (bt)
x=0 n=2x+1
x=0 m=0
1
1
1
P
P
P
2x+1
m+2x+1
2x+1
1
= ct
(act2 )x
(bt)m = ct
(act2 )x (1 bt)
2x+2
x
m
x
x=0
m=0
x=0
1
P
2
bt)2
2x+1
1
= (1 ctbt)2
( (1actbt)2 )x = (1 ctbt)2 (12act
1]
1
2 [
2
x
(1 (14act
)2
x=0
bt)2
2
1
1
2
= 2at
[(1 (14act
1]
bt)2 )
1
P
1
2x+1 x
Here we have used the identity 2z
z = (1 4z) 2 1 on the penultimate line.
x
x=0
Similarly, we let vn denote the probabililty of being at height 0 after n steps, this time starting

U (t)

=

u n tn =

from height 0. Again, we do not prohibit negative heights. This requires x up steps and x down
steps for some x  n2 and so we obtain the multinomial sum for n 1:
bn
2c
P
n!
x n 2x x
vn =
c
x!x!(n 2x)! a b
x=0

This also has an associated generating function:
n
1
1 bP
2c
P
P
n!
x n 2x x n
V (t) =
v n tn =
c t
(x!)2 (n 2x)! a b
=
=
=

n=0
1
P

1
P

n=0 x=0

1 P
1
P

(m+2x)! ac x
m+2x
(x!)2 m! ( b2 ) (bt)
x=0 m=0
1
1
P
P
m+2x 2x
2x
m+2x
2 x
m
2 x
(bt)m
m
x (act ) (bt) =
x (act )
m
x=0 m=0
x=0
m=0
1
1
P
P
2x
2x
1
1
act2
2 x
x
(act
)
=
2x+1
x
(1 bt)
1 bt
x ( (1 bt)2 )
x=0
x=0
1
1
4act2
2
1 bt (1
(1 bt)2 )
x=0 n=2x
1 P
1
P

n!
ac x
n
(x!)2 (n 2x)! ( b2 ) (bt)

=

=
We are interested in the first visit to height 0 starting from height 1. Now, if we know we are
at height 0 after n steps, then there must be a first visit to height zero after r steps for some r
with 1  r  n. If fr represents the probability of a first visit to 0 after r steps we then have
the discrete
Pnconvolution:
un = r=1 fr vn r
Multiplying by tn and summing then results in the following relation between generating
functions:
U = FV
P1
r
where F =
r=0 fr t is the generating funtion for the probabilities fr we desire. Then
substituting the generating functions above yields the following:
2
1
2
F (t) = 12atbt [1 (1 (14act
bt)2 ) ]
To obtain the required expression in Corollary 2.2, we note that the generating function
1
P
G(t) =
Pn,0 tn relates to the probability of ruin Pn,0 when there are n cells present. We start
n=0

from 1 cell, so this involves n 1 steps and we find fn 1 = Pn . In terms of generating functions,
we find G(t) = tF (t), which gives the desired form for G(t).
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a b s t r a c t
In all tissues the balance of cell proliferation and differentiation needs to be tuned to match the varying
requirements of embryonic development and adult life. This is well illustrated by the interfollicular
epidermis (IFE), which undergoes expansion and remodeling in utero, significant post natal growth and
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1. Introduction
The mammalian epidermis is a remarkable tissue, forming a
flexible but impermeable surface barrier from embryonic development throughout life. The interfollicular epidermis (IFE) consists
of multiple ordered layers of keratinocytes overlying a basement
membrane and is punctuated by appendages such as hair follicles
and sweat glands. Even in adulthood the epidermis has to keep
“running to stand still”, being in a constant state of flux as differentiated cells are continually shed from the external surface while new
cells are generated in the basal layer. In addition, because the epidermis is continually subject to injury, it must be able to repair itself
to restore this protective barrier. It has recently become possible to
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resolve the behavior of proliferating cells in vivo in the epidermis
of transgenic mice. This review considers advances in tracking cell
fate through lineage tracing, which are starting to reveal how the
proliferating cell behavior is tuned to meet tissue requirements in
IFE at different life stages.
2. Development: growing thicker and larger
During development the epidermis develops from a single
layered, fragile and permeable surface ectoderm into a multilayered structure that forms an impermeable barrier to the external
environment [1,2]. In the mouse embryo, the earliest recognized
molecular sign of surface epithelial development is the expression of the simple keratins KRT8 and KRT18, and the induction
of the epidermal lineage-determining transcription factor p63 at
E8.5 through dermal signaling [3,4]. At approximately E9.5, the

A. Roshan, P.H. Jones / Seminars in Cell & Developmental Biology 23 (2012) 884–889

basal keratinocyte identifiers KRT5 and KRT14 are expressed prior
to the first morphological change seen with the formation of an
intermediate cell layer between the basal layer and periderm
[5–7]. The intermediate keratinocytes express the differentiation
associated keratin KRT1 and continue to divide, such suprabasal
layer proliferation is a feature that appears to be unique in this
short developmental window. Following cell cycle exit, intermediate layer cells withdraw from cell cycle and form post-mitotic
suprabasal keratinocytes [3,6]. By birth, the epidermis is an ordered
multilayered structure of dividing basal keratinocytes continuing
to express KRT5 and KRT14, overlaid by non-dividing suprabasal
spinous layer keratinocytes expressing KRT1 and KRT10, which
progress through granular layers as terminal differentiation proceeds, eventually being shed from the cornified outer layer.
A keen focus of developmental studies on IFE has been the orientation of mitoses in the basal layer of embryonic epidermis. When
basal cells divide they may do so either with the mitotic spindle
parallel with the basement membrane, generating two basal cell
daughters (planar division, parallel with the basement membrane)
or perpendicular to the basement membrane, producing one basal
cell and one suprabasal cell (a perpendicular division, Fig. 1). Prior
to E12.5 mitoses are predominantly planar [6]. The proportion of
perpendicular divisions then increases from <10% at E12.5 to peak
at 90% as the intermediate cell layer forms [6,8,9]. The proportion
of perpendicular mitoses then falls progressively, falling to 35% at
birth, until adulthood when almost all divisions are planar [6,10,11]
(Fig. 1). Additionally the frequent suprabasal planar divisions characteristic of early epidermis are absent in later development and
adulthood.
The regulation of mitotic orientation in developing epidermis
has been the subject intensive research and the focus of several excellent reviews, so we will not comment on it in depth,
but it is worth highlighting one key point [9,12–14]. Perpendicular divisions are sometimes referred to as asymmetric, as the
two daughters have different locations, while planar divisions
are described as symmetric, implying the daughters are functionally equivalent. However, studies on adult epidermis which is
maintained almost exclusively by planar divisions, have revealed
the majority of divisions result in daughters with asymmetric
fate, with one daughter dividing again while the other stratifies out of the basal layer without further division [10,11,15].
Furthermore, both daughter cells from a perpendicular division
during development may be proliferative, one dividing in the basal
layer, the other in the intermediate layer [6]. Using terminology equating the orientation of mitosis with the fate outcome
of daughter cells can thus be confusing. The changes in the proportion of parallel and perpendicular divisions in embryonic IFE
cannot be used to infer the proliferative status of the daughter
cells and resolve whether there is proliferative heterogeneity in
development.
Tracking the outcome of cell divisions in embryonic epidermis is
challenging as the tissue is expanding rapidly and changing in structure. However, short term lineage tracing experiments tracking
genetically labeled cells from E14.5 to E15.5 demonstrate that the
progeny of a single basal cell can undergo planar or perpendicular
division [9]. This suggests each proliferative cell in the developing
epidermis has the capacity to undertake either type of division leading to symmetric or asymmetric proliferative fate, a feature central
to adult epidermal homeostasis (see below) [10]. The development
of new methods to genetically label IFE cells using lentiviral vectors
introduced in utero offers the prospect of lineage tracing combined
with genetic manipulation for multiple genes, allows the pathways
that regulate cell behavior to be better resolved [12]. In summary,
the nature of the proliferating cells which support the development
of IFE have yet to be fully resolved, but their net behavior is the production of an excess of cycling over post mitotic cells to sustain the
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expansion in the surface area and the increase of cell layers from
embryonic days E12.5 to E18.5.

3. Adulthood: the challenge of staying the same
In adulthood, the increase in body surface area is halted and the
IFE enters a phase of homeostasis where the loss of cells from the
epidermal surface matches the production of new cells by proliferation in the basal layer. Despite the apparent simplicity of adult IFE,
the nature and behavior of the proliferating cells which maintain
epidermal homeostasis has proved controversial.
An early model was based on studies of rat esophagus, a stratified squamous epithelium similar to IFE, in which proliferation is
confined to the basal layer and differentiating keratinocytes stratify
out of the basal layer eventually being shed at the tissue surface. Cell
behavior was followed by administering a pulse of H3 -thymidine
to label S phase cells in the basal layer [16]. These went on to divide
producing labeled cell pairs. Initially both cells in each pair were,
indicating that basal cell division produces two basal cell daughters. However, as labeled cells began to stratify, three kinds of cell
pairs containing two basal cells, one suprabasal and one basal cell or
two suprabasal cells were observed. Based on relative proportions
of each type of cell pair at 48 h, it was argued that all cycling cells
were functionally equivalent and had a 50:50 chance of differentiating or going on to divide [16]. Unfortunately the labor intensive
nature of reconstructing cell pairs from autoradiogaphy of tissue
sections prevented the tracking of sufficient numbers of pairs over
a long enough period to confirm this hypothesis.
Later, an alternative model was proposed that has proved highly
influential over many years. The “stem/transit amplifying (TA)” cell
hypothesis proposed that adult IFE is maintained by long lived, slow
cycling, self renewing stem cells, which divide asymmetrically to
self renew and generate TA cells [17]. After a limited number of
cell divisions, all the progeny of a TA cell undergo terminal differentiation. In the epidermis, it was argued stem and TA cells were
arranged into clonal epidermal proliferative units (EPU). Each EPU
consisted of a central stem cell, with surrounding TA cells, that
maintains the overlying differentiated cell layers. Although the EPU
paradigm was widely assumed, it was inconsistent with the findings of a series of studies [11,18,19]. More recently, the advent
of cre recombinase based inducible genetic labeling in transgenic
mice has provided a direct way to track the behavior of proliferating cells in vivo [20,21]. Doubly transgenic mice are engineered
to express a drug regulated form of cre and a reporter gene that is
only expressed following cre mediated excision of a “STOP” cassette
which blocks reporter expression. By using low doses of inducing
drugs it is possible to induce reporter expression to label scattered
single cells, which subsequently expand into clones with proliferation [10]. Lineage tracing can be combined with wholemount
techniques in which pieces of IFE are removed and stained intact
[22]. The three dimensional reconstruction of confocal image stacks
of wholemount IFE allows entire clones to be visualized at single cell
resolution [10,15]. In a tissue such as normal IFE, where there is no
detectable apoptosis, the composition of the clone (the number of
basal and suprabasal cells) can reveal what happened to the founder
cell and its progeny over the time between labeling and analysis.
If sufficient clones are analyzed over a prolonged time course, the
data can be used to uncover the behavior of proliferating cells.
In a large scale experiment, lineage tracing was applied to adult
IFE, first in the specialized epidermis of the tail and subsequently in
the more typical epidermis of the ear (Fig. 2a and b). Basal cells were
genetically labeled at low frequency with a fluorescent protein
reporter, in a cohort of transgenic mice [10,15]. Mice were culled at
time points out to a year and hundreds of clones per time point were
analyzed by imaging epidermal wholemounts. Clone size increased
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Fig. 1. Developing murine IFE and cellular players. The earliest stages of recognized IFE development as a KRT8/KRT18 expressing surface ectoderm at E8.5 to a single layered
basal epidermis expressing K5/K14 has relatively few mitoses, and is predominated by planar basal divisions. Between E11.5 and E18.5, there is a rapid expansion in number
of layers beginning with the formation of an intermediate layer. The formation of the intermediate layer at E11.5–E14.5 is characterized by an increase in mitotic activity
overall, but crucially a rapid increase in proportion of perpendicular basal divisions. Additionally there are frequent suprabasal layer mitotic figures accounting for the rapid
expansion in IFE volume. Perpendicular divisions predominate from E15.5 to birth, but proliferation is confined to the basal layer. In adult IFE division under is planar under
homeostatic conditions.

as cells proliferated, but the number of clones remaining in the tissue declined as differentiated clones were shed. The proportion of
labeled cells remained constant, indicating the labeled cells were
themselves in homeostasis. Importantly, after a year, there was no
difference in marker expression comparing the cells in the clones
and the surrounding unlabeled cells, indicating that the labeled
cells were representative of all cells in the IFE.
The data had some significant features. Firstly, three possible
outcomes of cell division were identified. The daughters of a basal
cell could be two proliferating cells, one proliferating and one postmitotic cell or 2 post-mitotic cells. This variability in the fate of
daughter cells was reflected in an increasing range of clone sizes
at each time point. Secondly the average size of persisting clones
increased in direct proportion to time, indeed the entire clone size
distribution “scales” linearly with time (e.g. if the proportion of 4
cells at 3 weeks is 10%, the proportion of 8 cell clones at 6 weeks
is also 10%). Such scaling is diagnostic of the clones arising from a
population of functionally equivalent progenitor cells dividing at
the same average rate [10,15,23,24]. As the clones are representative sample of proliferating cells it follows that all proliferating cells
in the IFE are functionally equivalent, with the same “life chances”.
They divide at the same rate, but each division has one of three
outcomes. It is worth emphasizing that the scaling of the clone size
data excludes the EPU hypothesis, as the size distribution of long
lived clones do not show evidence of two rates of division (slow
cycling stem cells and rapidly dividing TA cells).
It is possible to distill the data to reveal the behavior of proliferating cells [10,15]. As the tissue is in homeostasis, each cell
division, on average, produces one proliferating and one differentiated daughter cell, so that the proportion of proliferating cells
remains constant. For the three possible outcomes of division in IFE,
the proportion of divisions which produces two dividing daughters
must be the same as that which produces differentiated daughters,
resulting in a balanced ratio of proliferating and non-proliferating

cells. The progressively widening range of clone sizes seen as the
experiment proceeds suggests that the outcome of each cell division is random. A very simple model may be formulated from these
observations. The basal layer contains proliferating cells and nondividing basal cells which stratify. Stratification of a non-dividing
cell is linked to division of a nearby proliferating cell (it is not
clear whether division drives stratification or vice versa). When a
cell divides it has an equal chance of producing two proliferating
daughters or two non-dividing daughters, with remaining divisions
resulting in one dividing and one differentiating cell. This model
may be embodied in a simple equation, which gives an excellent
predictive quantitative fit to the clone size data from the tail and the
ear. Lineage tracing thus reveals that while the fate of the division
of an individual basal cells is random, the balance in probabilities
is tuned to achieve homeostasis across the basal cell population.
This provides a simple and robust means of homeostasis. Incidentally, this progenitor model avoids semantic controversy: it does
not matter if one terms the proliferating cell is a stem cell or a
progenitor cell, as its behavior is defined in quantitative terms.
A new study has used a different inducible cre line, in which
expression of a Tamoxifen inducible cre recombinase is driven by
the involucrin promoter (ivlcreERT), to investigate cell proliferation in the mouse tail epidermis [25]. Tail skin is a specialized
epidermis, in which rectangular scales, alternate with clusters of
hair follicles in a regular array (Fig. 2a). The pattern of hair follicles demarcates rectangular regions of IFE, here termed “tail units”
containing around 5000 basal cells (Fig. 2c) [10]. Induction of ivlcreERT mice labels proliferating basal cells across the whole of the
IFE. Quantitative analysis of the resultant clones gives an excellent agreement with the progenitor model, confirming that the
maintenance of homeostatic IFE is achieved by a self maintaining
progenitor population [10,25].
The stochastic behavior of progenitors may seem at odds with
the highly ordered architecture of IFE seen in body sites like the ear,
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Fig. 2. Lineage tracing and cell fate in adult IFE. (a and b) Specialization of epidermis at different body sites. (a) Scale forming tail skin, arrowheads indicate edges of a scale,
note that clusters of hair follicles lie between the scales. (b) Typical epidermis from mouse ear, arrowhead indicates hexagonal cornified cell outlined by melanin pigment.
Scale bars 0.5 mm. (c) Proliferative compartments in tail IFE. Hair follicles demarcate regular “tail units” of IFE. Slow cycling stem cells are predominantly localized to the
edges of the tail unit and sparse or absent over the majority of the epidermis which is maintained by progenitors. (d and e) Cell behavior in tail IFE inferred from lineage
tracing studies. Rare stem cells divide once every 10 weeks on average, generating either two stem cell daughters, two progenitor daughters or one of each in the proportions
shown. Progenitors divide 12 times faster than stem cells, generating progenitor and differentiated daughters in the proportions shown.

where the cornified cells form strikingly regular columns which
have been argued to reflect highly regulated proliferation and differentiation in the basal layer [17]. However, IFE morphology may
be a consequence of the shape (a tetrakaidecahedron) of cornified
cells, which results in them self assembling into a regular array of
columns [26,27]. Lineage tracing in the ear reveals late time point
clones are irregular in shape crossing multiple ordered columns,
arguing that columns are not clonal units but contain a mixture
of cells from different founders [15]. The simplest explanation for
these observations is that cells leave the basal layer at random,
and that the cornified cell columns form independently due to the
packing properties of the cells.
It is worth commenting further on some of the other implications of this model. Firstly, lineage tracing reveals the eventual
fate of dividing cells, but not when cell fate is specified (at division
or subsequently) or at what point after division the programs

of epigenetic regulation and gene expression associated with
continued proliferation or differentiation are enacted. Secondly,
the clone size distribution at early time points in IFE indicates that
in vivo cell cycle time is itself stochastic and that its duration is
highly variable [15,23]. By chance, a progenitor may divide after
say half the average cycle time or may only divide after several
average cycle times (in the tail the mean cycle time is about a week,
in the ear it is 4 weeks). Finally, the behavior of IFE progenitors
differs from that of other tissues where a stem cell niche is a key
element in stem cell regulation. For example, in the intestinal
epithelium, lineage tracing reveals that the Lgr5 positive stem cells
which maintain the tissue have a 50% probability of differentiating
and exiting their niche at the base of the intestinal crypt [28,29].
When this happens the stem cell is replaced by division of an
immediate neighbor. Competition for limited niche space results
in stochastic stem cell fate. In both IFE and intestine, the fate of

888

A. Roshan, P.H. Jones / Seminars in Cell & Developmental Biology 23 (2012) 884–889

individual proliferating cells varies, but homeostasis is achieved
as there is a 50:50 ratio of in the production of proliferating and
differentiating cells across the proliferating cell population, an
example of “population asymmetry” [30,31].
3.1. Quiescent IFE stem cells?
While lineage tracing studies have resolved the behavior of
proliferating IFE cells, they do not exclude the presence of a subpopulation of quiescent interfollicular stem cells, as if such cells
divided only rarely, they would make a negligible contribution
to tissue maintenance. Indeed, label retaining studies support the
existence of such a population. In these experiments neonatal or
adult mice are administered a DNA precursor taken up by cells in
S phase (3H thymidine or BrdU), for sufficient time to label most
basal cells. The label is subsequently diluted as cells divide, so is
lost from proliferating cells but retained by those which are slow
cycling. Such experiments reveal the presence of label retaining
keratinocytes in the epidermis, which may represent quiescent IFE
stem cells [22,32–34].
The existence of a slow cycling IFE population has recently been
demonstrated in tail epidermis using a transgenic label retaining cell (LRC) assay that avoids the problems of nucleotide based
approaches. In this approach epidermal basal cells are labeled with
a stable histone-green fluorescent protein (HGFP) [25]. HGFP transcription can be halted by drug treatment, after which time the
protein is diluted by division in proliferating cells but retained in
slow cycling cells. The results show a striking heterogeneity in proliferation over the IFE. Over the majority of the tail unit the label is
diluted at a rate consistent with progenitor behavior. However at
the edges of the tail unit and close to the hair follicles LRC are seen,
indicating the presence of a spatially restricted quiescent subpopulation of keratinocytes (Fig. 2c) [25].
What types of cells are generated by the rare divisions of the
LRC population? When another inducible cre strain, k14CreERT, is
treated with very low doses of Tamoxifen it labels clones at the edge
of the scale plate [25]. Quantitative analysis suggests these clones
may result from the labeling of the slow cycling population and
their progeny, and is consistent with the slow cycling cells dividing ten times more slowly than progenitors. The labeled cells are
found to self renew or generate progenitors with equal probability
(Fig. 2c–e). These stem cells comprise around 5% of basal cells but
as they divide 12 times more slowly than progenitors make a minimal contribution to homeostasis (only about 1 in 200 progenitors in
the IFE arise from a stem cell division), so it is perhaps unsurprising
they were undetected in earlier studies.
3.2. A hair follicle and sweat gland contribution to IFE?
The hair follicle contains multiple stem cell populations expressing distinct surface markers [35–41] although the degree to which
these populations are functionally distinct in vivo has yet to be fully
determined.
In adult homeostatic IFE lineage tracing studies in which cre was
expressed from a transgenic keratin15 or a sonic hedgehog regulated promoters, both of which label stem cells in the HF bulge,
indicated that there was no flow of bulge derived cells into IFE
in back skin [42,43]. This conclusion is supported by quantitative
analysis of the distribution of clones in tail IFE [10].
More recently, Mts24, Lrig1 and Lgr6 have been identified as
markers of stem cells lying in the junctional zone between the bulge
and the infundibulum have been identified [36,37,41]. Lineage tracing in adult mice with an inducible cre targeted to the lgr6 locus,
reveals labeled cells in the IFE adjacent to follicles in the dorsal
epidermis which persist for months after cre induction [36]. Similarly, epidermal reconstitution assays involving disaggregation of

the follicle, cell sorting and testing the ability of cells to generate
epidermis in immune compromised mice indicate that Lrig1 positive cells also have the potential to generate IFE [37]. However, the
extent to which hair follicles contribute cells to IFE in unperturbed
adult epidermis has not been fully defined and may vary between
body sites, such as dorsal epidermis where the density of follicles
is high and the tail where they are sparse.
3.3. Repair
Though often treated separately from discussions of homeostasis, the epidermis is continually subject to trauma ranging from
minor friction to major lacerations requiring the transient generation of an excess of cells above those required for homeostasis to
heal the injury. Epidermal repair is thus an essential part of long
term tissue maintenance. The nature of cells involved in IFE regeneration and their relative contributions to different types of injury
has yet to be resolved.
Following epidermal injury, there are dramatic changes in
the behavior of multiple proliferating cell types. After abrasion
injury which removes the superficial layers of differentiated cells,
thymidine labeling studies indicate a burst of proliferation in IFE,
consistent with a dramatic acceleration and synchronization of
progenitor cell division [44]. Whether the balanced output of proliferating and differentiating cells is tilted in favor of proliferation
in response to abrasion remains to be determined.
A more substantial injury is excisional wounding, where a piece
of epidermis is removed requiring the generation of additional
tissue [45]. Analysis of k14CreERT marked cells in tail IFE indicates that these are mobilized following excisional wounding, make
a substantial contribution to the healed epidermis and produce
clones that persist at late time points after injury [25]. In contrast
progenitor cells do not generate long lasting clones to the regenerated tissue, but in view of the number of rounds of cell division
involved in healing a large wound many progenitor clones would
be expected to be lost by differentiation.
Following excision of IFE, there is also mobilization of stem cell
pools in epidermal appendages. A significant number of keratinocytes derived from both junctional zone and bulge stem cells in
the hair follicle migrate into the wounded area [36,42,43]. A recent
study of sweat gland progenitor cells has used lineage tracing to
show that cells in the sweat gland duct can contribute keratinocytes
to repair injured mouse paw epidermis, consistent with previous
observations in pig epidermis [46,47]. Intriguingly the epidermis
generated from sweat glands in the pig differs from the typical
epidermis derived from hair follicles post wounding, more closely
resembling the specialized palmar-plantar epidermis found on the
paws. Further studies applying lineage tracing to a range of injuries
at different body sites are essential if the relative contributions of
different proliferating cell types to IFE repair is to be fully resolved.
4. Conclusion
In vivo lineage tracing has started to make inroads into understanding the behavior of cells in IFE, overturning long held models
and revealing that the cycling cells which sustain homeostasis are
effectively playing a game of chance. While individual cell fate is
random, the “rules of the game” are set so as to achieve homeostasis. The latest discoveries of quiescent stem cells in the scale plate
margin of tail epidermis confirm the hypothesis that in homeostasis
“progenitors do the work while stem cells sleep” [18,25]. Determining the molecular basis of these rules is a crucial challenge, as
they embody the functional output of the multitude of pathways
regulating proliferation and differentiation in IFE progenitors. A
second key problem is to fully understand injury responses and the
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contributions of hair follicle stem cells, IFE progenitors and the
normally quiescent IFE stem cells to tissue repair. Further lineage
tracing studies are likely to play a key part in resolving these outstanding questions.
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Summary
Purpose—This review addresses how mutation of the TP53 gene (p53) and ultraviolet light alter
the behavior of normal progenitor cells in early epidermal preneoplasia.
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Conclusions—Cancer is thought to evolve from single mutant cells, which expand into clones
and ultimately into tumors. While the mutations in malignant lesions have been studied
intensively, less is known about the earliest stages of preneoplasia, and how environmental factors
may contribute to drive expansion of mutant cell clones. Here we review the evidence that
ultraviolet radiation not only creates new mutations but drives the exponential growth of the
numerous p53 mutant clones found in chronically exposed epidermis. Published data is reconciled
with a new paradigm of epidermal homeostasis which gives insights into the behavior of mutant
cells. We also consider the reasons why so few mutant cells progress into tumors and discuss the
implications of these findings for cancer prevention.
Keywords
Epidermis; Preneoplasia; Ultraviolet; p53 mutation; Stem cell

Introduction
Cancer is thought to develop from an initial oncogenic mutation in a single cell, which goes
on to expand into a mutant clone. If such microscopic clones persist in the tissue, they may
acquire further mutations that eventually result in the formation of visible preneoplastic
lesions and tumors. These processes of clonal expansion and genetic heterogeneity have
been hypothesized to recapitulate Darwinian evolution, a highly inefficient, random process
in which only rare mutant clones succeed in developing into malignant lesions (Nowell
1976; Greaves & Maley 2012). Mutagenesis is a random process, generating many
mutations which are “passengers” which do not alter cell behavior. Preferential clonal
expansion depends on the founder cell developing a “driver mutation” that promotes its
persistence and/or clonal expansion in the tissue. External selective pressures, in the form of
environmental carcinogens, can also alter the fate of mutant clones (Cairns 1975; Brash &
Cairns 2009). Evolutionary success in early preneoplasia results from cells receiving a driver
mutation that increases their odds of survival and proliferation, giving them a selective
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advantage over their wild type neighbors in the carcinogen challenged tissue. These themes
are well illustrated by p53 mutant clones in epidermis chronically exposed to ultraviolet
radiation, which we consider here.

Ultraviolet radiation and p53 mutant clones (PMC)
Europe PMC Funders Author Manuscripts

Early studies identified p53 mutations in a majority of human non melanoma skin cancers
(NMSC) and the commonest preneoplastic lesion, actinic keratosis, from sun exposed body
sites (Ratushny et al. 2012). A high frequency of cytosine (C) to thymidine (T) base pair
changes and the presence of some CC to TT double base pair changes, a signature of
ultraviolet (UV) induced mutation, was observed, arguing that these mutations were caused
by UV (Brash et al. 1991; Pierceall et al. 1991; Moles et al. 1993; Ziegler et al. 1993;
Ziegler et al. 1994). These and subsequent studies have confirmed a characteristic
distribution of mutations and frequently mutated codons in UV associated NMSC (Ziegler et
al. 1993; Ziegler et al. 1994; Pfeifer & Besaratinia 2009). Several of the commonest
mutations have been shown to result in proteins with a gain of function properties, able to
cooperate with oncogenes to promote epidermal tumorigenesis, establish metastatic
transformation and/or activate reporters repressed by wild type p53 (Caulin et al. 2007; Goh
et al. 2011; Torchia et al. 2011). Taken together these observations argue that such
mutations may give a selective advantage to mutant cells leading them to be found
frequently in tumors in UV exposed epidermis.
A second key observation that has facilitated the study of p53 mutant cells in tissues is that
some, though not all, p53 mutations result in protein stabilization in epidermal cells
(Jonason et al. 1996; Ren et al. 1996; Ling et al. 2001; Rebel et al. 2005). Cells harboring
such stabilizing mutations may stain with p53 antibodies while cells with wild type levels of
p53 do not. p53 immunostaining, particularly in wholemount preparations of epidermis
where the morphology and frequency of clones can be rapidly assessed, appeared to be a
way to gain insight into early photocarcinogenesis in humans.
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Analysis of immunopositive p53 mutant clones (PMC) in histologically normal human
epidermis reveals several key characteristics. PMC are rare on sun protected skin but
common (30/cm2) on chronically sun exposed sites, where PMC account for up to 4% of the
epidermis (Jonason et al. 1996). The size of PMC varies widely, from 60 to 3000 cells, the
clones in an individual varying 20 fold in size (Jonason et al. 1996). The cell clusters are
cohesive but the shape of PMC is strikingly irregular, with some extending into hair follicles
whilst others are confined to the interfollicular epidermis (IFE) (Jonason et al. 1996; Ren et
al. 1997).
PMC can also be generated in murine epidermis following chronic exposure to low doses of
UV, at or below the minimum level that causes skin reddening or erythema (Berg et al.
1996; Rebel et al. 2001; Zhang et al. 2001; Rebel et al. 2012). The clones generated in these
experiments resemble those seen in human epidermis, and are confined to the interfollicular
epidermis (Rebel et al. 2012). Larger interfollicular clones encircle but do not cross into hair
follicle openings, consistent with the follicle and the IFE being maintained as separate
cellular compartments (Rebel et al. 2001; Zhang et al. 2001; Ito et al. 2005; Levy et al. 2005;
de Gruijl & Rebel 2008; Rebel et al. 2012). In two large studies of PMC in wholemount
preparations of skin from animals irradiated for up to 11 weeks, the number and average size
of PMC increased progressively, but the range of PMC sizes seen at each time point was
very broad, extending from 3 to over 2000 cells at the 10 week time point (Zhang et al.
2001; Remenyik et al. 2003). Intriguingly, the number of PMC falls after cessation of
treatment (Berg et al. 1996; Zhang et al. 2001; Remenyik et al. 2003).
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These observations raise several important questions. Here we will first consider whether the
data on PMC give insight into the behavior of p53 mutant cells in UV exposed epidermis,
and then discuss the evidence regarding whether PMC are precursors of NMSC and the
implications for cancer prevention strategies.

Models of normal and P53 mutant cell behavior
Europe PMC Funders Author Manuscripts

The majority of PMC arise within the IFE. The data on PMC in mouse and human epidermis
was originally interpreted through the epidermal unit (EPU) model of IFE homeostasis.
Drawing on the histological organization of murine epidermis, particularly in the ear, and
cell kinetic studies with tritiated thymidine, the EPU model sought to explain the
organization of the differentiated cell layers of the epidermis into regular columns (Figure 1
A, B) (Mackenzie 1970). It was hypothesized that if there was no lateral migration of cells,
each column was supported by a single slow cycling stem cell, which divided
asymmetrically to generate transit amplifying (TA) cells that underwent several rounds of
division before exiting the cell cycle and leaving the basal layer by stratification (Allen &
Potten 1974; Potten 1974; Allen & Potten 1976; Potten 1981). The EPU was thus a self
maintaining clonal unit of about 12 basal cells and the overlying differentiated keratinocytes.
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Whilst the EPU model was widely assumed to be correct, there is a significant body of
evidence at odds with this hypothesis (Jones et al. 2007; Jones & Simons 2008; Doupe &
Jones 2012). In brief, early studies of the epidermis of chimaeric mice revealed that the
borders of mosaic patches were irregular and did not follow the boundaries of the supposed
EPU, as should have been the case if the epidermis was organized into clonal units (Schmidt
et al. 1987). Later, lineage tracing was used to follow the fate of proliferating cells,
introducing a reporter gene encoded in a retrovirus which would be expressed in the
proliferating cell and its progeny (Ghazizadeh & Taichman 2001). In such an experiment the
EPU model predicts that only labeled stem cells and their progeny will remain in the tissue,
the labeled cells being organized into EPU. However, when the epidermis was examined
nine months after labeling, clones in the IFE were found to vary in size and did not fit within
EPU (Ghazizadeh & Taichman 2001). Further small scale labeling studies also failed to
confirm the existence of EPU as originally defined (Kameda et al. 2003; Ro & Rannala
2004, 2005).

When interpreted within the EPU model, PMC data presents some challenges. Mutation of
short-lived TA cells, which constitute most of the proliferative cells in the epidermis, would
be predicted to generate small clones (up to 12 cells) which would be rapidly lost as they
differentiate, unless p53 mutations block TA cell cycle exit. In this model, long lived PMC
could only arise from mutated stem cells. These would expand to occupy a single EPU, but
would have to “colonize ” adjacent wild type EPU in order to expand: once a wild type stem
cell had been displaced, the entire neighboring EPU would rapidly be occupied by mutant
cells, so the clone would comprise multiple adjacent EPU (Figure 2A) (Ling et al. 2001;
Zhang et al. 2001). However, PMC are actually highly irregular in shape with ragged edges
that do not follow EPU boundaries and found in a continuum of sizes from 3 to over 2000
cells.

Decisive evidence excluding the existence of EPU comes from large scale lineage tracing
experiments using inducible genetic labeling in transgenic mouse epidermis (Clayton et al.
2007; Doupe et al. 2010). Such lineage tracing experiments reveal the behavior of cells
proliferating directly in a way that surrogate assays, such as those used to argue for the
existence of EPU, cannot. Inducible cre recombinase was used to express a fluorescent
reporter gene in a representative sample of proliferating basal cells in adult mice. The
animals were culled at time points out to 1 year post labeling and thousands of clones
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imaged in three dimensions at single cell resolution. Average clone size increases linearly
throughout the experiment, with a wide range of clone sizes a despite loss in the number of
clones progressively due to differentiation. Furthermore, the data exhibits the property of
“scaling” with time. Scaling means that not only the average clone size, but the entire clone
size distribution increases in direct proportion to time (e.g. if the proportion 4 cells at three
weeks is 10%, the proportion of 8 cell clones at 6 weeks is also 10%). Such scaling is
diagnostic of the clones arising from a population of functionally equivalent progenitor cells
dividing at the same average rate, and excludes epidermal maintenance by stem and TA cells
dividing at different rates (Clayton et al. 2007; Klein et al. 2007; Doupe et al. 2010; Klein &
Simons 2011). At late time points, clones vary widely in size and are highly irregular in
shape, resembling the appearance of PMC. Three dimensional reconstructions of 63 clones
one year after labeling in ear epidermis revealed none that conform to the predicted shape of
an EPU, but vary widely in size and are irregular in shape.
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Further analysis reveals that the entire clone fate data set, in both tail and ear epidermis,
gives an excellent fit to a remarkably simple “epidermal progenitor” model of cell behavior.
The basal layer contains progenitor cells, which will go on to divide, and differentiated cells
which have withdrawn from cycle and will soon stratify. Stratification of a differentiating
cell is associated with division of a neighboring progenitor. The outcome of a progenitor cell
division is random, generating either two progenitor cells, two differentiating cells or one
cell of each type (Figure 1C). In normal epidermis, probabilities of producing two progenitor
or two differentiating daughter cells are equal, so that on average an equal number of
differentiating and progenitor cells is generated across the basal layer, ensuring homeostasis
(Clayton et al. 2007; Doupe et al. 2010). In this paradigm, all proliferating cells have the
same “life chances”. Following random labeling most proliferating cells will produce a short
lived clone which undergoes terminal differentiation but a few “get lucky” producing
proliferating daughters in successive divisions to generate a large clone that remains in the
tissue long term. The irregular shape of clones reflects the random fate of progenitor cells
(Klein et al. 2008; Doupe et al. 2010). The progenitor model does not account for the
formation of regular columns of differentiated cells, but this may be a simple consequence
of the packing properties of objects with the shape of the cornified keratinocytes, which
spontaneously assemble themselves into columns (Menton 1976a, b; Honda et al. 1996).
It is important to stress that while lineage tracing studies have resolved the behavior of
proliferating cells, they do not exclude the presence of a subpopulation of quiescent
interfollicular stem cells, which as they might divide rarely, if at all, would make a
negligible contribution to tissue maintenance. Indeed tritiated thymidine and
bromodeoxyuridine label retaining assays, which detect the presence of slow cycling cells,
indicate there is a subpopulation of quiescent keratinocytes in the epidermis that may
represent interfollicular stem cells (Braun et al. 2003; Braun & Watt 2004). The self
maintaining progenitor population would enable such cells to remain out of cycle in
homeostasis, but they may be subject to p53 mutation and mobilized to proliferate by UV
light.
Two studies have undertaken a quantitative analysis of data of PMC generated by chronic
low dose UV radiation in mouse epidermis (Zhang et al. 2001; Remenyik et al. 2003). The
first drew on the EPU model, arguing that if the epidermis is organized into clonal units
supported by a single stem cell, expansion of a PMC would depend on the loss of a stem cell
maintaining an EPU adjacent to the mutant clone, for example by UV induced apoptosis
(Chao et al. 2008). This “frontier” model predicts that as PMC can only expand at their
edges, their growth will be quadratic (Chao et al. 2008). However, the size distribution of
PMC indicates that they in fact grow exponentially, except for the very largest clones whose
growth rate is slower (Klein et al. 2010). Further analysis reveals that mutant cells have a
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stochastic fate similar to that of the normal epidermal progenitor cells. However, instead of
the rates of production of cycling and post mitotic cells being balanced as they are in
homeostatic epidermis, UV exposure results in a small excess of proliferating cells over
those lost through differentiation and apoptosis within PMC (Figure 3). Clone size
distributions in sun-exposed human epidermis are also consistent with p53 mutation
resulting in a net increase in the probability of mutant progenitors generating proliferating
daughter cells (Jonason et al. 1996; Klein et al. 2010).
So how do these changes in mutant cell behavior result in PMC expansion? Chronic low
dose UV irradiation below the minimal erythema dose induces a sustained increase in
epidermal thickness (Remenyik et al. 2003). However, despite these changes, epidermal
integrity is maintained, indicating the increase in cell production of proliferating wild type
cells balances the increase in cell loss induced by UV (Remenyik et al. 2003). This suggests
that compared to wild type cells, p53 mutant progenitors are relatively resistant to growth
arrest, apoptosis and/or terminal differentiation that can be induced by UV treatment
(Ziegler et al. 1994; Stout et al. 2005). If both wild type and p53 mutant progenitor cells
respond equally to UV by generating more proliferating cells, the reduced loss of p53mutated cells will result in exponential growth, as there is an effective imbalance between
the rate of mutant cell loss and proliferation, giving the mutant cells a competitive advantage
over wild-type cells (Zhang et al. 2005). The behavior of PMC remains stochastic, giving
rise to irregular shaped clones that do not conform to the boundaries of supposed EPU
(Figure 2B).
The competitive advantage of p53 mutant cells is only present during UV exposure.
Following cessation of UV treatment, mutant cells revert to the balanced behavior of wildtype progenitors in homeostatic epidermis, the number of clones falling through
differentiation, whilst the size of the remaining PMC increases through proliferation (Klein
et al. 2010). The net effect is that the proportion of mutant cells in the epidermis remains the
same, as the population of PMC mutant progenitors is self maintaining. This has important
implications for prevention strategies, discussed below.
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Inefficient progression of PMC to tumors
The relationship between PMC and NMSC has yet to be resolved. The spectrum of p53
mutations found in PMC in both UV exposed mice and in humans matches that observed in
actinic keratosis and NMSC, consistent with these lesions evolving from PMC (Ziegler et al.
1994; Jonason et al. 1996; Zhang et al. 2001; Rebel et al. 2005). However, in adult human
sun exposed skin, interfollicular PMC are very common. A recent deep sequencing study
reveals 14% of human basal cells in sun exposed sites carry a p53 coding exon mutation,
consistent with earlier immunostaining results (Jonason et al. 1996; Stahl et al. 2011). These
observations argue that a very small proportion of cells in PMC evolve in to tumors (de
Gruijl 2008; Stahl et al. 2011). A major factor contributing to scarcity of PMC progression is
the low probability of mutant progenitors acquiring the additional mutations required for
malignant transformation. Additional explanations for the scarcity of tumor development
include the differentiation of all the proliferating cells in PMC which although less likely
than for wild type cells will still occur frequently, resulting in the clone being eliminated
before additional mutations are acquired (Klein et al. 2010). The nature of the p53 mutation
harbored by the clone is also likely to be a factor. There is increasing evidence that while
some p53 mutations are effective in driving squamous tumor formation in the epidermis,
others, including the commonest germ line p53 mutations in Li Fraumeni syndrome, are not
(Marin et al. 2000; Caulin et al. 2007; Petitjean et al. 2007; Wijnhoven et al. 2007; Gonzalez
et al. 2009; Goh et al. 2011).
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NMSC is rarely fatal, but has reached epidemic levels in Caucasians and carries a substantial
healthcare cost (Mosterd et al. 2008; Stang et al. 2008; Doherty et al. 2010). PMC are the
commonest known oncogenic lesions present in human epidermis, and whilst the process of
converting PMC to NMSC is very inefficient, mouse models indicate the size of the p53
mutant population in the epidermis is likely to predict future cancer risk (Jiang et al. 1999).
It follows that reducing the number of mutant cells in the epidermis even if only a few of
these will evolve into AK or tumors, is a plausible strategy for decreasing the incidence of
NMSC.
The finding that PMC grow exponentially during UV exposure, but appear revert to
homeostatic behavior following cessation of UV highlights the risks of long term sub
minimal erythema dose exposure to UV. A given dose of UV administered over a long
period will potentially have a greater impact than acute exposure, as chronic exposure drives
the growth of existing clones (Zhang et al. 2001; Klein et al. 2010). Once mutant cells are
acquired, the resulting clones will persist through winter periods, but expand in summer
when UV exposure increases. Given the exponential nature of the increase in mutant cell
numbers, older people will gain the most benefit from avoiding UV exposure.
Whilst epidermal PMC were first described almost 30 years ago, many questions about their
significance remain to be addressed, in particular how frequent p53 mutation is common in
human skin and yet very few of the mutant cells progress to NMSC. Further research in this
area is likely to give insights into more effective means of preventing the commonest cancer
in Western populations.
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Figure 1. Models of normal epidermal homeostasis
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A, B: The epidermal proliferative unit (EPU) model. A: It was hypothesized that the
epidermis was maintained by slow cycling epidermal stem cells which divide
asymmetrically to generate a stem cell and a transit amplifying (TA) cell. TA cells undergo
3-4 rounds of cell division after which they exit the cell cycle and differentiate. B: Stem and
TA cells were thought to be arranged in EPU, a separate clonal unit lying under each stack
hexagonal column of suprabasal cells. Stem cells occupy the central position, while transit
amplifying cells are pushed peripherally before differentiating and moving to a suprabasal
position.
C: The epidermal progenitor model. Interfollicular stem cells are quiescent in normal tissue
making no detectable contribution to maintaining the epidermis. The tissue is supported by a
single population of functionally equivalent progenitor cells. Stratification of a differentiated
basal cell (marked 1) is associated with division of a nearby progenitor cell (2). There are
three possible outcomes of progenitor division (3), the generation of two progenitor cells,
two differentiating cells or one cell of each type. The outcome of a given progenitor division
is random (depicted by the dice), but the probabilities of producing two progenitor and two
differentiated daughters are equal, so that an equal number of progenitor and differentiated
cells is produced across the progenitor population, ensuring homeostasis.
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Figure 2. Models of PMC expansion

A: EPU model prediction. In this paradigm only mutation of the stem cell lying at the centre
of the EPU will generate a long lived PMC, resulting in the entire EPU being populated by
mutant cells (shaded fill). For the clone to expand it must colonize an adjacent EPU, perhaps
following the death of an adjacent stem cell. The clone would be expected to consist of
multiples of EPU.
B: In the epidermal progenitor model, basal cell behavior is independent of the boundaries
of supposed EPU. The stochastic nature of progenitor cell behavior is predicted to result in
ragged, irregular clones. This prediction fits with the observed shape of PMC in both mouse
and human interfollicular epidermis.
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Figure 3. Effect of UV exposure on PMC fate

A: p53 mutant progenitors (indicated by X) in UV exposed epidermis behave in a similar
manner to wild type progenitor cells, but the combined effects of UV exposure and mutation
are to produce a small net imbalance (ca. 10%, Δ) in the outcome of mutant progenitor
division in favor of proliferation. B: When UV exposure ceases, the mutant cells revert to
homeostatic behavior, becoming a self maintaining preneoplastic population.
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