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Lineage tracing involves labeling cells to track their subsequent behavior within the normal
tissue environment. The advent of genetic lineage tracing and cell proliferation assays, to-
gether with high resolution three-dimensional (3D) imaging and quantitative methods to
infer cell behavior from lineage-tracing data, has transformed our understanding of murine
epidermal stem and progenitor cells. Here, we review recent insights that reveal how a
progenitor cell population maintains interfollicular epidermis, whereas stem cells, quiescent
under homeostatic conditions, are mobilized in response to wounding. We discuss progress
in understanding how the various stem cell populations of the hair follicle sustain this
complex and highly dynamic structure, and recent analysis of stem cells in sweat and seba-
ceous glands. The extent to which insights from mouse studies can be applied to human
epidermis is also considered.

Mammalian epidermis is both highly dy-
namic and adaptable. There is constant

turnover with cells being shed at the epidermal
surface and replaced by proliferation in the basal
layer (Leblond 1964). In addition, as the epider-
mis is the frontier with the external environ-
ment, it is frequently injured and must rapidly
repair any damage (Gurtner et al. 2008). Here
we review the recent insights into the cellular
behaviors that underpin adult epidermal main-
tenance and repair provided by lineage tracing.
We also consider the challenge of lineage tracing
in the hair follicle and the extent to which find-
ings from transgenic mouse studies may be ex-
trapolated to humans.

The simple organization of the epidermis
lends itself to studying cell behavior. The organ
comprises sheets of keratinocytes that form the
interfollicular epidermis (IFE) punctuated by

hair follicles and sweat glands. The appearance
of the skin varies markedly between different
parts of the body with marked variations in
the morphology of differentiated keratinocytes,
and the number and distribution of epidermal
appendages. For example, in the mouse, “typi-
cal” epidermis with a high density of hair folli-
cles is found over most of the body. In contrast,
tail epidermis is covered in scales and is sparse in
hair, whereas the forepaws are covered in thick
skin devoid of hair but with numerous sweat
glands (Potten 1974; Spearman and Hardy 1977;
Braun et al. 2003; Lu et al. 2012). However, all
body sites share some common features. Prolif-
eration is confined to the basal cell layer. In adult
mice, basal cells divide in parallel with the un-
derlying basement membrane to produce two
basal cell daughters (Sherman et al. 1961; Smart
1970; Clayton et al. 2007; Doupé et al. 2010). On
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commitment to terminal differentiation, basal
cells exit the cell cycle and subsequently migrate
into the first suprabasal cell layer. From here
they progress through a series of differentiating
cell layers, culminating in their being shed from
the tissue surface.

It has long been argued that both the lifelong
production of epidermal cells and the ability of
the epidermis to regenerate after injury depend
on stem cells within the basal layer (Adami 1901;
Potten and Morris 1988). Two models of self-
renewal were proposed. The first, based on
short-term analysis of the behavior of cells la-
beled with H3 thymidine and allowed to divide
generating cell pairs, argued that all proliferat-
ing cells were equivalent and that after division
there was a 50:50 chance of every cell differenti-
ating or going on to divide (Leblond 1964; Mar-
ques-Pereira and Leblond 1965). The second
hypothesis, derived from cell kinetic observa-
tions and the histological structure of mouse
epidermis, argued that the tissue was split into
regularly sized clonal units (Mackenzie 1970;
Potten 1974, 1981). Each “epidermal prolifera-
tive unit” (EPU) was sustained by a single, slow-
cycling, self-renewing stem cell, which divided
asymmetrically to produce a stem cell and a
transit-amplifying (TA) cell daughter. The TA
cell underwent a limited number of divisions
after which all of its progeny differentiated, en-
suring that 8–10 differentiated keratinocytes
resulted from each stem cell division (Potten
1974). It was the second “stem TA” hypothesis
that won out and became profoundly influen-
tial, being used to interpret numerous experi-
ments in epidermal biology (Jones et al. 2007).

Despite its popularity, there was a body
of data inconsistent with the stem/TA model
(Jones et al. 2007; Jones and Simons 2008;
Doupé and Jones 2012). These inconsistencies
were the motivation for lineage-tracing studies
to resolve the behavior of the proliferating cells
and explain how homeostasis was achieved. The
results argue that IFE is maintained by a popu-
lation of cells termed progenitors. Individual
progenitor cell fate is random, but generates
progenitor and differentiating daughters with
equal probability, ensuring that homeostasis is
achieved across the progenitor cell population.

There is also evidence that there are rare, slow-
cycling cells in parts of the IFE that generate
progenitor and stem cell daughters with equal
likelihood. We refer to these cells as stem cells.
Stem cells make minimal contribution to epi-
dermal maintenance, but are mobilized follow-
ing epidermal wounding. In summary, progen-
itors maintain the epidermis, whereas stem cells
remain in reserve in case of injury.

LINEAGE TRACING

Labeling an individual cell or population of cells
to trace the fate of its descendants is an approach
long used in developmental biology that has
only been applied to the epidermis compara-
tively recently (Kretzschmar and Watt 2012).
Modern lineage tracing uses genetic labeling to
track the fate of keratinocytes and their prog-
eny (Fig. 1) (Snippert and Clevers 2011; Kretz-
schmar and Watt 2012; Alcolea and Jones 2013).
The decisive advantage of this approach over
other methods is that cell behavior is studied
in a physiological context rather than after gross
environmental alterations such as those in tissue
culture or transplantation assays.

Early lineage-tracing experiments exploited
modified deoxyribonucleotides such as tritiat-
ed thymidine or bromodeoxyuridine (BrdU),
which are taken up by proliferating cells during
S phase (Marques-Pereira and Leblond 1965;
Taylor et al. 2000; Braun et al. 2003). When
the labeled cells divide, the progeny of further
divisions inherit the label, enabling them to be
visualized until the label is diluted below the
detection limit. In adult IFE, both daughters
of a cell division are initially found in the basal
layer, but over time one or both daughter cells
stratify or go on to divide (Doupé et al. 2010).

A second application of labeled nucleotides
is the label-retaining cell assay, which is used to
detect slow-cycling cells. Historically, it was as-
sumed that LRCs were slow-cycling stem cells
based on the prediction of the stem/TA model
(Doupé and Jones 2012). In a typical protocol,
neonatal mice are administered a course of
BrdU to label all the proliferating cells in the
epidermis (Bickenbach 1981; Bickenbach and
Chism 1998; Braun et al. 2003). Over the suc-
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ceeding weeks, the label is diluted in dividing
cells, but retained in those that divide more
slowly. Such assays have shown the presence of
LRC in the IFE and the bulge region of the hair
follicle (Cotsarelis et al. 1990; Braun et al. 2003).
However, these approaches are limited as LRC
identified by nucleotide labeling cannot be iso-
lated for molecular characterization.

Nucleotide-based assays remain useful, but
have been complemented by transgenic ap-

proaches to both track the fate of cycling cells
and identify slow-cycling cells. Transgenic line-
age tracing exploits genetic labeling to heritably
mark a cell and its progeny. This is normally
achieved by expressing the enzyme cre recombi-
nase in the cell type under study. Cre activity
leads to the expression of a reporter gene, typ-
ically b-galactosidase (b-gal) or a fluorescent
protein such as GFP, by removing a stop cassette
that blocks transcription of the reporter (Fig. 1)
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Figure 1. Lineage tracing and transgenic proliferation assay. (A–C) Genetic lineage tracing with cre recombinase.
This is performed in mice expressing two transgenes (A). The first is cre, expressed either from a transgenic
promoter or targeted to a specific gene. Cre may be fused to a mutant estrogen receptor (CreERT) so it is only
active following treatment with tamoxifen. The second transgene is a reporter, such as green fluorescent protein,
(GFP), which often targeted to the ubiquitous Rosa26 locus. The reporter is only expressed following the
excision of a loxP flanked “stop” cassette by cre. The progeny of the labeled cell also express the reporter. If cells
are labeled at low-frequency, single-cell-derived clones result (B). (C) Rendered confocal z stack showing a
typical four-cell clone in AhcreERTR26flEYFP/wt mouse epidermis (numbers indicate individual cells in the
clone). (D,E) Transgenic label-retaining assays based on the Histone 2B GFP fusion protein (H2BGFP) system.
(D) The expression of the stable H2BGFP protein is under the control of doxycycline (DOX), which activates the
TetR/VP16 transcription factor to drive expression of H2BGFP from the tetracycline-responsive regulatory
element (TRE) regulatory element. TetR/VP16 is typically expressed from a cell-type-specific promoter. DOX
added to the animal’s diet inactivates the H2BGFP expression allowing the fluorescent content to be diluted
through cell division. (E) In this example, TetR/VP16 is driven by Keratin 5 promoter, which homogenously
labels the epidermal basal layer until DOX treatment. Following cessation of H2BGFP synthesis, the protein is
diluted in proliferating cells but retained in more slow-cycling cells (label-retaining cells or LRCs) that remain
fluorescent green. Interfollicular LRCs lie adjacent to the hair follicles, whereas in hair follicle, LRCs are found in
the bulge region. Sebaceous glands are omitted for clarity. ORS, outer root sheath.
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(Soriano 1999; Nagy 2000; Srinivas et al. 2001).
More recently, multicolor reporters have been
developed that randomly label cells with one of
three or more colors (Livet et al. 2007; Snippert
et al. 2010b; Rinkevich et al. 2011). Many stud-
ies exploit drug-regulated forms of cre to con-
trol when labeling takes place, most common-
ly by fusing cre to a mutant estrogen receptor
(ERT) (Littlewood et al. 1995). The creERT fu-
sion protein is sequestered in the cytoplasm un-
til the animal is treated with tamoxifen, which
frees the protein to enter the nucleus and me-
diate recombination. To achieve specific label-
ing of subsets of epidermal cells, many groups
have expressed creERT from short transgenic
promoters such as keratin 14 (Krt14), which
targets basal cells (Vasioukhin et al. 1999). Un-
fortunately, the random integration of short
transgenic promoters into the genome may re-
sult in expression patterns that differ signifi-
cantly from the native gene (Heffner et al.
2012; Murray et al. 2012). For example, a widely
used keratin15 (Krt15) inducible cre strain la-
bels the hair follicle bulge as expected, but is also
active in IFE (Ito et al. 2005). Similarly, a trans-
genic creERTexpressed from the involucrin (Ivl)
promoter is active in the basal epidermis where
Ivl is not normally expressed (Mascré et al.
2012). To overcome this problem, gene target-
ing is increasingly being used to express cre from
the endogenous gene (Barker et al. 2007; Snip-
pert et al. 2010a; Wong et al. 2012).

Once cre has been induced, it may label a
population of cells, or, if doses of inducing
drugs are titrated down, scattered single cells.
Single-cell labeling is a powerful technique be-
cause the groups of labeled cells that develop as
the cell proliferates are clones. To ensure label-
ing is truly clonal and that the labeled cell clus-
ters do not arise from the fusion of two or more
clones, only about 1% of basal cells should be
labeled at the start of the experiment for a neu-
tral reporter gene that does not alter cell behav-
ior (Clayton et al. 2007). If clones have a muta-
tion that gives them a proliferative advantage,
the labeling efficiency may need to be much
lower to resolve individual clones. By combin-
ing clonal labeling with confocal imaging and
three-dimensional (3D) reconstruction, clones

can be visualized at single-cell resolution (Clay-
ton et al. 2007; Doupé et al. 2010). The tail has
emerged as a preferred site for study, as prepar-
ing whole mounts of tail epidermis is straight-
forward and the wide spacing of hair follicles
facilitates resolving whether clones originate in
IFE or the hair follicle (Braun et al. 2003; Clay-
ton et al. 2007). Because there is no detectable
apoptosis in the basal layer of normal epidermis
(Gandarillas et al. 1999; Clayton et al. 2007),
clones capture the entire history of the original
cell and its progeny since labeling, recording the
number of rounds of cell division, and whether
daughter cells have differentiated.

A second important advance has been the
development of transgenic proliferation and
LRC assays. These exploit DOX-regulated pro-
moters driving expression of a very stable
H2BGFP (Fig. 1) (Kanda et al. 1998; Tumbar
et al. 2004). These have a substantial advantage
over earlier nucleotide experiments as all cells
can be labeled, including those that are quies-
cent, and the potential toxicity of modified nu-
cleotides, which may alter cell behavior, is
avoided (Doupé and Jones 2012). A typical ex-
periment is to express high levels of H2BGFP in
basal keratinocytes and then shut off transcrip-
tion of the protein; H2BGFP is then diluted by
proliferation, being partitioned equally between
daughter cells (Kanda et al. 1998). The rate of
cell proliferation can be inferred from measur-
ing levels of H2BGFP fluorescence either by
flow cytometry or quantitative confocal micros-
copy (Doupé et al. 2012; Mascré et al. 2012).
Additionally, slow-cycling H2BGFP LRCs may
be readily identified and sorted for molecular
and functional characterization (Tumbar et al.
2004; Mascré et al. 2012).

IFE IS MAINTAINED BY PROGENITORS
AND REPAIRED BY STEM CELLS

So, what have these new transgenic tools re-
vealed about cell behavior in IFE? An early but
significant result was the demonstration that
IFE is not dependent on hair follicle stem cells
but is self-sustaining under normal conditions
(Ito et al. 2005; Levy et al. 2005). The progeny of
genetically labeled bulge stem cells populate the
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hair follicles, but do not cross into IFE; also,
transgenic deletion of this population leads to
loss of hair, but has no effect on IFE (Ito et al.
2005).

The next key insight into IFE homeostasis
was achieved by lineage tracing of a representa-
tive sample of proliferating cells in tail epidermis
using the AhcreERT strain crossed onto a yel-
low fluorescent protein (YFP) reporter (Kemp
et al. 2004; Clayton et al. 2007). One in 500 basal
cells was inducibly labeled in a cohort of adult
animals, generating single-cell-derived clones.
Whole mounts were prepared at multiple time
points over the next year, and clones were im-
aged using confocal microscopy and 3D recon-
struction. Counting each cell in more than 4000
clones yielded a large-scale data set that was used
to resolve cell behavior (Clayton et al. 2007). The
surprising conclusion of this analysis was that
epidermis was not maintained by slow-cycling

stem cells and TA cells, but by a single popula-
tion of functionallyequivalent cells, termed pro-
genitors (Fig. 2). These cells divide once a week,
generating equal numbers of progenitor and dif-
ferentiating cells, which subsequently leave the
basal layer without dividing again. However,
rather than every cell dividing asymmetrically,
as was long assumed to be the case for stem cells,
cycling epidermal cell divisions have one of
three potential outcomes, producing two differ-
entiating daughters, two progenitors, or one cell
of each type. Further, although the fate of indi-
vidual progenitors is random, the probabilities
of each type of division are tuned so as to achieve
homeostasis across the large number of divi-
sions in the entire progenitor cell population
(Jones et al. 2007; Jones and Simons 2008).
The molecular basis of the balanced probabili-
ties in the three-way cell fate decision of progen-
itors remains an intriguing mystery. Subsequent

Hair follicle
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Figure 2. Cell behavior in IFE. Analysis of large clonal lineage-tracing studies reveals mouse tail epidermis
containing two populations of proliferating cells, stem cells (green), and progenitor cells (blue), along with
differentiated basal cells (red) that have exited the cell cycle and are waiting to stratify. Epidermal maintenance is
achieved by the self-renewing population of progenitors. As a differentiating cell leaves the basal layer through
stratification, a neighboring progenitor divides. Progenitor division occurs once a week on average, and results in
two progenitors, two differentiated cells, or one cell of each type as shown. The outcome of a given progenitor
division is random, but the probabilities are balanced, so homeostasis is achieved across the progenitor pop-
ulation. Stem cells (green) are clustered around the hair follicles and under the edges of the overlying scales, and
only divide every 3 months, generating stem or progenitor daughters with the probabilities shown. Stem cells
make a negligible contribution to tissue maintenance, but proliferate following wounding.
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studies have confirmed these findings using a
different inducible cre line (ivlcreERT) in tail
epidermis (Mascré et al. 2012).

In addition, both ear epidermis and the
stratified squamous epithelium of the esopha-
gus are maintained in a similar manner to tail
IFE (Doupé et al. 2010, 2012). Indeed, the prin-
ciple of tissue maintenance by “population self-
renewal,” first shown in epidermis, now appears
to extend to multiple tissues and be highly con-
served in evolution from Drosophila to mouse
(Klein et al. 2010b; Lopez-Garcia et al. 2010;
Snippert et al. 2010b; Sheng and Mantunis
2011; de Navascues et al. 2012).

If progenitors maintain epidermis, how is it
repaired? BrdU assays showed the presence of
LRC in tail epidermis, a finding confirmed by
a recent study using a transgenic H2BGFP ap-
proach (Braun et al. 2003; Mascré et al. 2012).
The LRC lie adjacent to the hair follicles and in
the basal layer beneath the margins of the scales
that cover the outer surface of the tail, but there
are very few LRC cells over the rest of the IFE
(Fig. 2) (Mascré et al. 2012). the fortuitous dis-
covery that treating transgenic Krt14creERT
mice with very low doses of tamoxifen preferen-
tially labels slow-cycling cells with a similar
distribution to the LRC enables the fate of this
population to be resolved (Mascré et al. 2012).
A plausible quantitative fit to the clonal lineage-
tracing data is obtained with a cell division
time of 10–12 weeks and a similar model of
population self-renewal to that seen in progen-
itors, but with the slow-cycling cells generating
progenitors or slow-cycling daughters with
equal probability (Mascré et al. 2012). A recent
study used Krt14creERT mice induced with
topical low-dose tamoxifen to track clones
from 2 days of age, when scale formation begins
(Schweizer and Marks 1977; Gomez et al. 2013).
At 2 days of age, clones appeared to be random-
ly induced across the whole IFE; a week later
the proportion of clones crossing the scale–
interscale boundary was only 4%, although
this increased to 9% by 3 months. These obser-
vations argue that, during the rapid postnatal
expansion of tail IFE, the scale and interscale
regions are mostly sustained by different cell
populations (Gomez et al. 2013). Larger quan-

titative studies in adult mice are required to de-
termine whether the scale and interscale regions
are discrete compartments, possibly with differ-
ing stem and progenitor cell dynamics, in ho-
meostatic IFE.

This picture changes dramatically when tail
epidermis is wounded, however. The slow-cy-
cling cells “wake up” and contribute numerous
cells to repair the defect and generate clones that
persist in the healed epidermis (Mascré et al.
2012). The slow-cycling cells thus have the po-
tential to regenerate the epidermis with a local-
ized distribution suggestive of a niche and show
population self-renewal, so may reasonably be
termed stem cells (Mascré et al. 2012). Together
with stem cells in epidermal appendages, IFE
stem cells function as “reserve cells,” mobilized
to repair IFE after injury, but only making a
negligible contribution to epidermal mainte-
nance (Ito et al. 2005; Levy et al. 2005; Snippert
et al. 2010a; Lu et al. 2012; Mascré et al. 2012).

Although they are backed up by the mobi-
lization of slow-cycling stem cells, is there any
evidence that progenitors also play any role in
injury repair? Early studies revealed widespread
cell synchronization and acceleration of cell di-
vision following abrasion of the epidermal sur-
face, arguing that progenitors have the ability to
respond to injury (Morris and Argyris 1983).
This is confirmed by recent lineage-tracing stud-
ies that show that progenitor-derived clones are
substantially expanded in the vicinity of an ex-
cisional wound. However, by the time the
wound heals, progenitor clones are lost, pre-
sumably by differentiation (Mascré et al. 2012).

The apparent dependence of epidermis on
reserve stem cells contrasts with murine esoph-
ageal epithelium (EE), a stratified squamous
epithelium, which resembles IFE, but lacks
any appendages such as glands (Doupé et al.
2012). Transgenic H2BGFP assays show that
there are no LRCs in the basal layer of EE, and
lineage tracing reveals a single progenitor pop-
ulation with balanced stochastic behavior sim-
ilar to that seen in IFE (Clayton et al. 2007;
Doupé et al. 2012). When EE is wounded, pro-
genitors close to the injury switch to producing
an excess of progenitor cell daughters until the
epithelium is repaired, when they revert to ho-
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meostatic behavior. This shows that in EE both
maintenance and wound repair are achieved by
a single-cell population without any support
from slow-cycling stem cells (Doupé et al.
2012). Further studies to resolve the dynamics
of the epidermal progenitor response to injury
are required.

FROM MOUSE TO HUMAN?

Human IFE has some obvious differences from
the mouse. There are many more layers of ker-
atinocytes and in most body sites thickness of
the epidermis undulates, projecting into the
dermis in the form of rête ridges (RR), separat-
ed by dermal papillae (DP) (Chacko and Vaidya
1968; Lavker and Sun 1982). However, as in the
mouse, the dynamic turnover of keratinocytes
is supported by the proliferation of basal cells,
although this is sustained over a 50-fold lon-
ger lifespan (Epstein and Maibach 1965). We
now consider whether the cellular dynamics in
mouse epidermis are conserved in humans. The
challenge addressing this issue is the indirect
nature of the evidence. Cell culture and trans-
plantation studies perturb the environment so
that extrapolation of the results back into ho-
meostatic tissue may be unreliable, whereas
lineage-tracing data is very limited.

As in the mouse, there appears to be hetero-
geneity in the proliferative potential of basal
cells in human IFE. Early evidence of this
came from studies of established cultures of hu-
man keratinocytes. When single-cell-derived
colonies are subcloned, three distinct types of
colony-initiating cells are revealed. Holoclones
have a very high proliferative potential, whereas
paraclones generate small, differentiated colo-
nies. Cells with intermediate properties, termed
meroclones, are also observed (Barrandon and
Green 1987). There is a hierarchy of colony-
forming potential. Holoclones and meroclones
generate paraclones, but paraclones cannot gen-
erate larger colonies.

Subsequent studies showed that cultured
human keratinocytes could be fractionated on
the basis of the expression and function of b1
integrin extracellular matrix receptors (Jones
and Watt 1993). Cells expressing high levels of

active b1 integrins isolated directly from neo-
natal skin form large growing colonies and re-
generate human epidermis when xenografted, a
finding that parallels the high expression of b1
integrins in mouse tail IFE stem cells (Jones
et al. 1995; Mascré et al. 2012). In contrast, ker-
atinocytes with lower levels of functional integ-
rin form small colonies in which all cells even-
tually undergo terminal differentiation and are
unable to regenerate epidermis following xeno-
grafting. Additional markers of highly clono-
genic keratinocytes, which are coexpressed in
cells high inb1 integrins, have also been defined.
These are a high-level expression of the Notch
ligand Delta1, MCSP, and LRIG1, as well as a low
expression of DSG3 (Lowell and Watt 2001; Legg
et al. 2003; Wan et al. 2003, 2007; Jensen and
Watt 2006; Estrach et al. 2007). Analysis of ex-
pression of these markers in human IFE reveals
that cells expressing high levels of clonogenic
markers lie in irregular clusters localized around
the tips of DP (Jones et al. 1995; Legg et al. 2003;
Jensen and Watt 2006; Wan et al. 2007). Strik-
ingly, the great majority of cells within the clus-
ters are quiescent, whereas proliferating cells lie
between the clusters (Jensen et al. 1999; Legg
et al. 2003).

The study closest to in vivo lineage tracing
took normal neonatal human epidermis, graft-
ed it onto immune compromised mice, waited
for 6 weeks to let the tissue stabilize and then
injected lentiviral vectors carrying red and green
fluorescent protein reporters (Ghazizadeh and
Taichman 2005). This resulted in confluent re-
porter adjacent to the injection site, but low-
frequency labeling more distant from it. Sec-
tions of grafted epidermis were imaged after
6 months, revealing groups of labeled cells that
ranged widely in size and shape, and arose
throughout the basal layer. The interpretation
of the data requires caution as it is unclear
whether labeled areas are single-cell clones.
However, it is clear that the capacity to generate
long-lived clones is found throughout the basal
layer, as it is in the mouse. Further, no evidence
of regular-sized EPU is seen, but rather irregu-
larly shaped clusters consistent with the sto-
chastic cell behavior seen in mouse epidermis
(Ghazizadeh and Taichman 2005; Doupé et al.
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2010). More recently, it has been proposed that
human IFE may actually be maintained by pro-
genitor cells behaving in the same manner as
those in the mouse, allowing the clusters of
stem cells to remain quiescent (Klein et al.
2011). Although the data are insufficient to con-
clusively resolve human epidermal cell dynam-
ics, these observations suggest that the basic
maintenance mechanism might be relatively
similar in human and mouse epidermis.

Another set of informative results comes
from studies of aging, sun-exposed skin. The
basal layer of heavily sun-exposed human epi-
dermis flattens, losing the undulating pattern of
RR and DP, and the clustered staining of the
putative stem cell markers b1 integrin and
MCSP, arguing that the clusters of marker pos-
itive cells are not essential for epidermal main-
tenance (Giangreco et al. 2010). Analysis of the
sizes of p53 mutant clones in sun-exposed hu-
man epidermis indicates that they are formed by
cells with stochastic fate, but instead of this being
in homeostatic balance, the odds of producing
proliferating daughter cells are increased result-
ing in exponential clone growth (Jonason et al.
1996; Jensen et al. 1999; Klein et al. 2010a;
Roshan and Jones 2012). The quantitative sig-
nature of the human clone size distribution was
the same as that seen in UV-exposed mouse epi-
dermis (Zhang et al. 2001; Klein et al. 2010a).
This argues that in human and mouse epider-
mis, the effect of p53 mutation and UVexposure
results in a small tilt in stochastic cell fate toward
proliferation.

To summarize, the evidence available for
human epidermis is consistent with the hypoth-
esis of slow-cycling stem cells with a minimal
role in tissue maintenance and progenitor cells
that support homeostasis, as is found in the
mouse. However, the evidence is far from con-
clusive, and innovative approaches are required
to fully resolve human IFE stem and progenitor
cell dynamics. As culture methods improve,
however, human keratinocytes will increasingly
provide a platform for investigating gene func-
tion far more rapidly than is feasible in the
mouse (Kretz et al. 2013). Seeding a low pro-
portion of cells carrying a fluorescent reporter
and a short hairpin RNA in 3D culture allows

the effects of gene knockdown in clones to be
studied in the context of wild-type cells (Mulder
et al. 2012).

HAIR FOLLICLES

Hair follicles are complex organs that have been
a focus of intense research, including several
lineage-tracing studies (Lee and Tumbar 2012).
Lineage tracing in hair follicles is challenging
because of their complex 3D structure, the mul-
tiple cell lineages involved, and the alternate
apoptosis and regeneration that characterize
the cycle of the lower hair follicle (Fig. 3). Nev-
ertheless significant progress is being made and
we will highlight some key advances here.

Labeled nucleotide studies identified the
hair follicle bulge as a region that contained
slow-cycling cells in mouse (Cotsarelis et al.
1990; Braun et al. 2003). This was later con-
firmed using transgenic label-retaining assays,
showing that cells were able to generate all epi-
dermal lineages when transplanted (Tumbar
et al. 2004). The first lineage-tracing experiment
on bulge cells used a transgenic inducible cre
driven by a Krt15 promoter to label bulge cells
and their progeny (Morris et al. 2004). This
showed that the progeny of bulge cells labeled
in the resting (telogen) phase of the hair cycle
contributed extensively to the expansion of the
lower follicle below the bulge in the next growth
(anagen) phase of the hair cycle. Subsequent
studies showed that the progeny of bulge cells
labeled with Krt15 or sonic hedgehog-driven
cre make no contribution to the IFE in homeo-
stasis (Ito et al. 2005; Levy et al. 2005). Combin-
ing transgenic label-retaining assays and lineage
tracing from a Krt14-driven cre line suggests that
although bulge stem cells cycle slowly, they may
undergo both symmetric and asymmetric cell
divisions to achieve population self-renewal
(Waghmare et al. 2008; Zhang et al. 2009).
More recently, H2BGFP and nucleotide labeling
were used in combination to show that some
bulge stem cells migrate from the bulge into
the lower follicle, proliferating to contribute to
cells to the ORS in anagen. These proliferating
cells return to the bulge to contribute to the stem
cell niche in telogen (Fig. 3) (Hsu et al. 2011).
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A series of studies has used ubiquitously
expressed CreERT lines to analyze clone size
and distribution in the proliferating cells in syn-
chronized follicles (Legue and Nicolas 2005;
Legue et al. 2010; Sequeira and Nicolas 2012).
The results reveal a wide range of size and ap-
pearance in clones in the hair matrix and inner
root sheath and ORS cells. These observa-
tions may reflect distinct cell populations with
divergent behavior, stochastic differentiation,
and proliferation or a combination of both.
Live imaging will be key to resolving the dynam-
ics of the hair follicle cells (Rompolas et al.
2012).

Another set of lineage-tracing studies ex-
ploited mouse lines in which cre was targeted
to candidate stem cell marker genes, avoiding
the potential misexpression that can occur with
short randomly inserted promoters. Lgr5 is a
wnt target gene that is expressed in stem cells
in the intestinal and gastric epithelium of mice
(Barker et al. 2007, 2010). Using a transgenic
strain in which both CreERT and EGFP are tar-
geted to the Lgr5 locus revealed that the gene is
expressed in “cycling” cells in the bulge and
secondary germ of telogen follicles, but that
the zone of Lgr5 expression expands to encom-
pass the ORS below the bulge in anagen follicles

Scs1

Interfollicular
epidermis

Isthmus

Bulge

α6/β1 Integrins
Krt14/Krt5

Lrig1
MTS24
Lgr6
Gli1

K15
CD34
Lgr5
Sox9
Lhx2 K15

Lgr5
Gli1

Infundibulum
Sebaceous
gland

Blimp1

Hair germ

Dermal papilla

LRC

Catagen

Dermal papilla
Anagen

ORS

Old bulge

Telogen

New bulge

Lgr5

CD34

Fast-cycling cells

CD34+

Lgr5+

A

B

Figure 3. Hair follicle stem cell dynamics. (A) Summary of the expression of proposed stem cell markers in the
hair follicle. The extent to which these markers identify functionally distinct populations has yet to be fully
resolved. (B) Stem cell proliferation and migration in the hair cycle. During anagen, cells from the lower bulge
region start proliferating, contributing to the formation of the outer root sheath (ORS). Genetic label retaining
shows that some bulge cells remain quiescent (green), whereas others migrate into the lower follicle, losing their
stem cell properties, and proliferate (white). In catagen, the proliferating cells return to the bulge where they
provide a niche sustaining the quiescent stem cells through telogen and into the next hair cycle. Marker
expression changes dynamically through the cycle. CD34 is expressed in the telogen bulge and retained by
quiescent stem cells throughout the cycle. Lgr5 expression overlaps with CD34 in telogen, but is localized to the
proliferating cells in the lower follicle in anagen. The functional significance of the changes in Lgr5 expression is
unclear. (Figure based on data from Jaks et al. 2008 and Hsu and Fuchs 2012.)
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(Fig. 3) (Jaks et al. 2008). There is partial over-
lap between Lgr5 expression and that of another
bulge stem cell marker, CD34, in telogen, but
not in anagen (Trempus et al. 2003; Jaks et al.
2008). This changing expression pattern is in-
dicative of a general problem with hair follicle
stem cell markers, that gene expression is driven
by multiple regulators, and a marker may label
stem cells in telogen, but is a functionally dis-
tinct population(s) in anagen, when stem cells
migrate into the lower follicle from the bulge
(Hsu et al. 2011). Lineage tracing revealed that
inducing labeling in telogen leads to widespread
labeling of the lower follicle that persists for at
least 6 months, but not to labeling of the seba-
ceous gland and upper follicle. The proportion
of hair follicles that were labeled remained cons-
tant over time, arguing that Lgr5þ cells are a
self-maintaining population (Jaks et al. 2008).
In summary, lgr5 labels stem cells in the bulge
region of telogen follicles that maintain the low-
er follicle through successive hair cycles.

A similar strategy has been applied to line-
age trace the progeny of cells expressing a related
gene, Lgr6 (Snippert et al. 2010a). In telogen,
Lgr6 is expressed in a distinct population of
nondividing cells lying directly above the
CD34 and Krt15-expressing cells in the bulge
and below other proliferative populations in
the “junctional zone” of the upper follicle ex-
pressing the markers MTS24 and Lrig1 (Nijhof
et al. 2006; Jensen et al. 2009). Lineage tracing in
juvenile mice indicated that Lgr6 cells contrib-
uted labeled progeny to the upper follicle and
sebaceous gland, which persisted for up to a
year. Labeling was also present in IFE, a finding
at variance with previous studies, and may re-
sult from the presence of Lgr6þ cells in IFE
rather than a flux of cells from the hair follicle
into the epidermis (Snippert et al. 2010a). Anal-
ysis of labeled cells in uninduced Krt14creER
mice suggests that junctional zone cells may
also contribute to the infundibulum, sebaceous
gland, and IFE (Jensen et al. 2009).

How do hair follicle stem cells respond to
epidermal wounding? In back skin, lineage trac-
ing indicates that progeny of hair follicle stem
cells in the upper follicle and bulge migrate out
of the follicle to contribute to IFE repair, and

that some of these cells persist long term in the
healed epidermis (Ito et al. 2005; Levy et al.
2005, 2007; Jaks et al. 2008; Snippert et al.
2010a; Arwert et al. 2012). In the tail, where
hair follicles are sparse, both IFE and hair folli-
cle stem cells are mobilized, although the obser-
vation that wounds heal in Edar mutant mice,
which lack hair follicles in tail skin, argues that
the hair follicle contribution is nonessential
(Langton et al. 2008; Mascré et al. 2012). The
relative contribution of IFE and hair follicle
stem cells to wound healing in typical mouse
epidermis remains to be determined.

Can the findings in the mouse be extrapo-
lated to human hair follicles? The lineage-trac-
ing studies of mouse hair follicle stem cells
highlight how misleading the culture and trans-
plantation assays used in human studies may be.
For example, mouse lgr5þ stem cells that only
contribute to the lower hair follicle in vivo gen-
erate epidermis and sebaceous gland when
transplanted (Jaks et al. 2008). This said, there
is evidence for proliferative heterogeneity in hu-
man hair follicles. Microdissection studies indi-
cate that different regions of human hair folli-
cles vary in their ability to generate keratinocyte
colonies in culture, with cells in the lower follicle
just below the bulge region having the highest
proliferative potential, perhaps reflecting the
migration of stem cells out of the bulge (Rochat
et al. 1994; Hsu et al. 2011). Markers for the
clonogenic cells have been identified with the
highest colony-forming efficiency residing in
cells positive for CD200, but negative for the
mouse bulge marker CD34 (Ohyama et al.
2006). Studies of patients with androgenic alo-
pecia show that CD200þ cells are lost in bald
follicles, although expression of the bulge mark-
er KRT15 persists (Garza et al. 2011). The recent
development of a combined culture and trans-
plantation protocol that generates hair follicles
from human bulge cells will significantly en-
hance the analysis of the potential of human
hair follicle stem cells (Toyoshima et al. 2012).

SEBACEOUS AND SWEAT GLANDS

Hair follicles do not just comprise hair, but also
contain apocrine sebaceous glands located just
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above the bulge. Lineage tracing in homeostatic
adult epidermis indicates that different follicle
stem cell populations may contribute progeny
to the sebaceous gland including Krt15 positive
bulge cells, the Lgr6 positive population, and
junctional zone stem cells (Jensen et al. 2009;
Snippert et al. 2010a; Petersson et al. 2011).
However, other studies support the existence
of Blimp1-expressing sebaceous progenitors on
the margins of the gland and a self-maintaining
population within the gland itself (Ghazizadeh
and Taichman 2001; Horsley et al. 2006).

Compared with the hair follicle and seba-
ceous glands, the sweat glands (SG) and the
ducts that connect them to the epidermal sur-
face have received scant attention in lineage-
tracing studies until recently (Lu et al. 2012).
In the mouse, SG are confined to the paws.

Adult SG are quiescent, but the ducts are con-
tinually turned over (Fig. 4). Transgenic lineage-
tracing studies within the glands suggest the ex-
istence of unipotent myoepithelial and luminal
progenitor cell populations that are able to re-
generate their own lineage after specific cells
have been deleted by transgenic expression of
diphtheria toxin receptor (Fig. 4) (Lu et al.
2012).

Following injury of mouse forepaw epider-
mis, the cells of the sweat duct, but not the gland,
contribute to wound repair (Lu et al. 2012). The
role of sweat duct cells may be much more sig-
nificant in other species however (Miller et al.
1998). In humans, eccrine SG outnumber hair
follicles several-fold. A recent study used 3D re-
construction of sections of human epidermis
regenerating after laser ablation to show that

HomeostasisA

B C

Epidermis

Duct progenitor

DT

Gland progenitor

Lumenal progenitor

Myoepithelial progenitor

Duct

Gland

Unipotent progenitors

WoundingGland lineage depletion

Figure 4. Mouse sweat-gland maintenance and wound repair. (A) In adult skin, SG are quiescent, whereas the
myoepithelial and luminal cells that form the sweat duct are continually turned over, being replaced by lineage
committed progenitor cells (inset). (B) Transgenic deletion of glandular cells using diphtheria toxin (DT)
receptor mobilizes glandular progenitors to replenish the lost cells. (C) Wounding of the epidermis adjacent
to the sweat gland triggers proliferation of the duct progenitor cells, but not the sweat gland, to repair the
connection of the duct to the epidermal surface. Green shading indicates nondividing cells as determined
H2BGFP proliferation assay (see Fig. 1).
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the ducts of SG make a substantial contribu-
tion to the regeneration of human IFE, at least
matching that from the hair follicles (Rittie et al.
2013). Further studies of sweat ducts are needed
to determine which cells participate in wound
healing and if they can be manipulated to pro-
mote epidermal regeneration.

CONCLUDING REMARKS

Lineage tracing has revealed normal cell behav-
ior and produced startling insights into stem
cell behavior. Rather than every stem cell behav-
ing in the same manner, the maintenance of IFE
and possibly the hair follicle depends on balanc-
ing the probabilities of differentiation and self-
renewal over the stem/progenitor cell popula-
tion. Although the task of maintaining IFE is
achieved by progenitors, they are underpinned
by stem cells, possibly confined to a niche, that
are activated in response to injury.

Despite significant progress, resolving the
stem cell populations within the hair follicle
remains a challenge. Further lineage-tracing
studies are required to resolve the behavior of
upper follicle stem cells, such as those express-
ing Lrig1, and address whether the multiplicity
of stem cell markers reveals multiple function-
ally distinct stem cell populations or reflects al-
terations in gene expression as a consequence of
the varying microenvironment of the follicle
(Jensen et al. 2009; Watt and Jensen 2009).
The relationships between multilineage and lin-
eage-restricted progenitors such as for the seba-
ceous gland also need further definition, as does
the role of nonkeratinocyte lineages in regulat-
ing stem cell behavior (Horsley et al. 2006; Festa
et al. 2011; Rikiishi 2012). An exciting new de-
velopment is the live imaging of hair follicle cells
expressing fluorescent proteins enabling the
highly dynamic process of hair regeneration to
be tracked directly for up to 8 hours (Rompolas
et al. 2012). This will allow short-term cell dy-
namics at key stages of the hair cycle to be linked
with long-term cellular outputs assayed by ge-
netic lineage tracing.

This review has focused on epidermal ho-
meostasis and wound repair, but lineage tracing
is also beginning to make inroads into resolving

cell behavior in disease. Recent studies have fo-
cused on cancer, but in principle the technique
can be applied to any disease for which there is a
mouse model, and promises to transform our
understanding of the role of stem cells in epi-
dermal pathology (Driessens et al. 2012).

ACKNOWLEDGMENTS
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