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Introduction

The epidermis forms the outer layer of

the skin. It comprises a multi-layered

epithelium, the interfollicular epider-

mis (IFE) and associated adnexal

structures that include hair follicles

(HFs) and sebaceous glands (SGs;

Fig 1). The outermost, cornified layers

of the IFE are continually shed from the

surface of the skin and are replenished

through proliferation of cells in the

basal layer. Within the SGs, fully differentiated sebocytes burst,

releasing their lipid content onto the skin surface, and are

replaced by proliferation of cells at the periphery of the gland.

The HF has amore complex organization than the IFE and SG,

since it is made up of eight distinct cell layers, representing

different differentiated lineages (Fig 1). Nevertheless, the

terminally differentiated cells of the HFs, including the hair

shaft, are also lost in adult skin and replenished by proliferation

of less highly differentiated cells. HFs go through phases of

growth (anagen), regression (catagen) and rest (telogen)

(Alonso & Fuchs, 2006), allowing new hairs to form to replace

those that are lost in the previous cycle.

It has been appreciated for many years that the epidermis

contains stem cells that are responsible for replacing the

differentiated cells of the IFE, HFs and SGs. However, it has only

recently become apparent that there are multiple populations of

stem cells. In addition, there is emerging evidence for

intersection between the pathways that regulate stem cell

proliferation and lineage selection.

Stem cells of the interfollicular epidermis

Some of the earliest studies of turnover of cells within the

epidermis focused on the organization of adult mouse IFE

(reviewed by Hall & Watt, 1989; Potten & Morris, 1988). It was

noted that within the basal layer of the epidermis there is

heterogeneity in cell cycle time, and this was incorporated into a

concept that stem cells divide infrequently, while their non-stem

progeny, named transit amplifying cells, undergo a small

number of rounds of division before withdrawing from the cell

cycle and undergoing terminal differentiation in the suprabasal

cell layers. A single stem cell, surrounded by transit amplifying

cells, was hypothesized to lie at the base of a column of

differentiated cells, forming an ‘epidermal proliferative unit’

(Potten & Morris, 1988).
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Mammalian epidermis is maintained by self-renewal of stem cells and terminal

differentiation of their progeny. New data reveal a diversity amongst stem cells that

was previously unrecognized. Different stem cell populations have different

locations and differ in whether they are quiescent or actively cycling. During normal

epidermal homeostasis, each stem cell population feeds a restricted number of

differentiated lineages. However, in response to injury or genetic manipulation the

different pools of stem cells demonstrate multi-lineage differentiation ability. While

it is well established that Wnt signalling promotes hair follicle (HF) differentiation,

new observations suggest a role for EGF receptor signalling in promoting differen-

tiation of interfollicular epidermis. NFATc1 maintains quiescence in the HF, while

Lrig1 exerts the same function in the junctional zone. The stage is now set for

exploring the relationship between the different epidermal stem cell populations

and between quiescence and lineage selection.
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Lineage tracing experiments performed in both human and

mouse epidermis confirm that differentiating, suprabasal cells

are the progeny of the undifferentiated, proliferative cells

directly beneath them (see, e.g. Ghazizadeh & Taichman, 2001,

2005; Jensen et al, 2009). Nevertheless, the model that the IFE is

organized into self-limiting epidermal proliferative units is not

supported by recent lineage tracing and clonal analysis (Clayton

et al, 2007; Jones et al, 2007). In adult mouse tail epidermis, IFE

homeostasis can be explained using a very simple model in

which a single population of cells has three stochastic choices

upon cell division, resulting in the production of two postmitotic

cells destined to undergo terminal differentiation, two cells that

remain undifferentiated in the basal layer, or one of each.

Balanced symmetrical cell division ensures steady-state home-

ostasis, and individual clones die out or expand progressively

over time (Clayton et al, 2007; Jones et al, 2007). Whether these

cells are stem cells is, to some extent, a semantic issue.While we

would argue that, on a population level, they are stem cells,

since they maintain the IFE and have the dual properties of self-

renewal and terminal differentiation (Hall & Watt, 1989), their
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Glossary

Anagen
The phase of the hair growth cycle when the hair is growing.

Basal layer
The layer of epidermal cells that is attached to the basement

membrane (extracellular matrix) that separates the epidermis from

the underlying dermis.

Bulge
The bulge lies at the insertion point for the HF arrector pili muscle and

marks the bottom of the permanent portion of the HF.

Catagen
The phase of the hair growth cycle when the HF stops growing and

regresses.

Hair follicle
The multi-layered epithelium that forms the hair.

Hair peg
A stage in the development of the HF during embryogenesis.

Hair shaft
The dead cells that form the hair that protrudes from the skin surface.

Infundibulum
The portion of the HF that lies above the SG and is continuous with

the IFE.

Interfollicular epidermis
The multi-layered epithelium that forms the outer covering of the

skin.

Isthmus
The region of the HF that extends from the bulge to the SG.

Lineage tracing
A technique that marks all the progeny of a single cell.

Mesenchymal condensate
A cluster of fibroblastic cells in the embryonic dermis that marks the

location of the future HFs.

Placode
The epithelial bud in embryonic skin that will give rise to the HF.

Quiescence
State in which cells that are competent to proliferate have not

undergone cell division for a prolonged period of time.

Sebaceous glands
Glands at the junction between the HF and the IFE that produce

sebum to lubricate the skin surface.

Stem cells
In adult tissues these are cells with extensive ability to self-renew and

the ability to produce cells that undergo further differentiation.

Telogen
The resting phase of the hair growth cycle.

Figure 1. Organization of adult mouse epidermis.

A. The differentiated lineages of the interfollicular epidermis (IFE), sebaceous

gland (SG) and hair follicle (HF) are shown. ORS, outer root sheath; IRS,

inner root sheath.

B. In response to appropriate stimuli, stem cells (SC) in any region of the

epidermis can give rise to any of the epidermal differentiated lineages. SCs

are therefore represented as being interconvertible. Based on Owens and

Watt (2003).
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ability to repair the epidermis following injury has not been

tested.

In the basal layer of human IFE, as in mouse, there is

proliferative heterogeneity. Clonal growth assays of cultured

human epidermal cells have been used as a surrogate readout of

stem and transit amplifying cells (Barrandon & Green, 1987;

Jones &Watt, 1993; Jones et al, 1995). This in turn has led to the

identification of a number of markers that enrich for highly

clonogenic cells, the putative stem cells, including high

expression of b1 integrins and the EGF receptor antagonist

Lrig1 (Jensen & Watt, 2006; Jones & Watt, 1993; Jones et al,

1995, 2007). These markers are expressed by clusters of basal

cells that have a low proliferative index and tend to lie where the

dermis comes closest to the skin surface (Jensen & Watt, 2006;

Jensen et al, 1999; Jones et al, 1995). Clustering of stem

cells has been proposed both to maintain their location within

a specific microenvironment and to protect against terminal

differentiation stimuli, such as Notch activation (Estrach et al,

2007; Jensen et al, 1999; Lowell et al, 2000; see also Gurdon,

1988).

Hair follicle stem cells

Within the HF, the best characterized stem cell compartment lies

in the bulge, the lower permanent part of the HF (Cotsarelis et al,

1989, 1990; Oshima et al, 2001; Rochat et al, 1994) (Fig 2).

Mouse bulge cells express a number of markers, including K15

and CD34 (Lyle et al, 1998; Morris et al, 2004; Trempus et al,

2003). Markers expressed in the human bulge have also been

documented, including CD200, follistatin and frizzled homo-

logue 1 (Ohyama et al, 2006). The bulge contains quiescent,

DNA label retaining cells (LRCs) (Braun et al, 2003; Cotsarelis

et al, 1990; Tumbar et al, 2004), which can be recruited into the

cell cycle by a number of stimuli, including exposure to the

phorbol ester, TPA (Braun et al, 2003).

It is now clear that there is more than one stem cell population

within the mouse HF bulge (Fig 2). Two distinct CD34-positive

bulge stem cells can be distinguished on the basis of location and

a6 integrin expression (Blanpain et al, 2004). One population

has high levels of a6 integrin and is attached to the basement

membrane. The other has low a6 integrin levels, a suprabasal

location and arises only after the start of the first postnatal hair

cycle, coincident with the onset of CD34 expression.

Lower down the bulge, a third population of CD34 positive

cells is distinguished by expression of Lgr5 (Fig 2), originally

identified as a marker of intestinal stem cells (Jaks et al, 2008).

In contrast to other CD34 positive cells, cells that express Lgr5

are actively cycling. Lgr5 positive cells can reconstitute all

the epidermal lineages in skin reconstitution assays, in which

disaggregated epidermal cells are combined with neonatal

dermal cells in chambers implanted onto the back of syngeneic

or immunocompromizedmice. In situ lineage tracing shows that

Lgr5 expressing cells maintain the HF lineages under steady-

state conditions andmigrate down the lower outer root sheath to

contribute to anagen hair growth.

Lying above the CD34 positive bulge are cells that express the

epitope MTS24, now known to correspond to Plet1 (Depreter

et al, 2008) (Fig 2). MTS24-positive cells express a6 integrin but

not K15 or CD34 (Jensen et al, 2009; Nijhof et al, 2006);

nevertheless, they do express some bulge markers (Nijhof et al,

2006). Some MTS24 positive cells are quiescent LRC; they are

clonogenic in culture, but have not been tested in epidermal

reconstitution assays of long-term self-renewal and differentia-

tion potential (Nijhof et al, 2006).

One further stem cell population that has been documented in

the HF lies between the infundibulum and bulge (Jensen et al,

2008, Fig 2). These cells have low a6 integrin expression and

lack CD34 and Sca-1, but express MTS24 (Jensen et al, 2008,

2009). They can reconstitute the IFE, HF and SGs in skin

reconstitution assays, but have a gene expression profile that

differs from bulge stem cells. Like Lgr5 expressing cells, this

stem cell population is actively cycling and does not have

characteristics of long-term quiescence.

While it is evident that there are multiple stem cell

populations in the HF, it is not clear whether they are indepen-

dent or organized in a hierarchy. For example, since stem cells

are reported to move downwards from the bulge during anagen

(Oshima et al, 2001), are CD34 positive LRC the source of

proliferative, Lgr5 cells? Lineage tracing to simultaneously track

the fate of two or more stem cell populations is now required.

Sebaceous gland stem cells

Sebaceous glands are formed as outgrowths from HFs during

embryonic development (see, e.g. Collins & Watt, 2008; Jensen

et al, 2009) and loss of HFs can often result in failure to maintain

the SG (discussed by Lo Celso et al, 2008). Nevertheless, using
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Figure 2. Different epidermal SC populations in adult mouse HF and

junctional zone. Red: Lrig1 expressing cells of the junctional zone (Jensen et

al, 2009). Blue: CD34 negative, a6 low cells of the upper isthmus (Jensen et al,

2008). MTS24 is expressed by both populations. Orange and green: CD34

positive, K15 positive cells of the bulge (Lyle et al, 1998; Trempus et al, 2003).

The suprabasal, a6 low subpopulation is shown in pale green (Blanpain et al,

2004). Orange: Lgr5 expressing cells (Jaks et al, 2008). Label retaining cells are

indicated by asterisks. The club hair shaft is shown in black within the bulge

region.
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long term, retroviral-mediated lineage tracing, Ghazizadeh and

Taichman (2001) demonstrated that SGs do not obligatorily

share the lineage of cells in the adjacent HF. This is clear

evidence for the existence of a distinct SG stem cell compart-

ment.

One proposed marker of SG stem cells is the transcriptional

repressor, Blimp1 (Horsley et al, 2006). Although Blimp1 is also

expressed in the IFE and HFs (Lo Celso et al, 2008; Magnúsdóttir

et al, 2007), loss of Blimp1 primarily affects the SG (Horsley

et al, 2006). In the absence of Blimp1, there is increased Myc

expression, SG hyperplasia and enhanced proliferation in the

bulge stem cell compartment. It is proposed that when normal

SG homeostasis is perturbed by loss of Blimp1, bulge stem cells

are mobilized to migrate upwards and replenish the SG

compartment (Horsley et al, 2006).

Junctional zone stem cells

Lrig1 was identified as a marker of human IFE stem cells by

single cell gene expression profiling (Jensen & Watt, 2006). In

adult mouse epidermis, the Lrig1 positive population is located

in the junctional zone between the IFE, SG and bulge (Fig 2) and

expresses Lgr6 but not Lgr5 and CD34. In skin reconstitution

assays, the Lrig1 positive population is as effective as CD34

positive bulge cells in giving rise to IFE, SG and HF. However,

lineage tracing shows that in homeostatic conditions these

junctional zone stem cells are only bipotent, contributing to the

SG and IFE (Jensen et al, 2009). On treatment with all-trans

retinoic acid, which stimulates IFE proliferation (Collins &Watt,

2008), there is selective enlargement of junctional zone clones,

and they extend upwards into the IFE.

The existence of stem cells that contribute to SG and IFE was

predicted by earlier studies. Thus, sebocytes can be induced in

the IFE by Myc activation (Braun et al, 2003) and clonogenic

human SG cells generate progeny that differentiate into

sebocytes and IFE, both in culture and in xenografts (Lo Celso

et al, 2008).

There is evidence that in some tissues, including epidermis,

lung and pancreas, stem cells do not actively participate in

homeostasis (Clayton et al, 2007; Dor et al, 2004; Giangreco et

al, 2009), but are mobilized for tissue repair following injury

(Giangreco et al, 2009; Jensen et al, 2009). In adult mouse

epidermis, cells from within the HF are required for an effective

wound response (Langton et al, 2008) and lineage analysis has

demonstrated that those cells come from the upper isthmus or

infundibulum rather than the bulge (Levy et al, 2007). These

observations would lend support to the proposal that the

junctional zone cells defined by Lrig1 expression are a quiescent

reservoir of IFE stem cells that are stimulated to repair the IFE on

injury or hyperplasia (Jensen et al, 2009).

Epidermal stem cell plasticity

The recent studies on junctional zone stem cells highlight a

general principle: that stem cells with the ability to generate all

the epidermal lineages in skin reconstitution assays or following

genetic manipulation may exhibit more restricted lineage

selection in situ in undamaged skin (Clayton et al, 2007;

Ito et al, 2005, 2007; Jensen et al, 2009; Levy et al, 2005, 2007;

Oshima et al, 2001; Silva-Vargas et al, 2005; Taylor et al, 2000).

This leads to the concept that different epidermal stem cell

populations are functionally equivalent and interconvertible,

and their differentiation potential is largely, if not solely,

determined by their local microenvironment (Owens & Watt,

2003; Fig 3).

These observations suggest a number of interesting possibi-

lities. First, it may be that any epidermal cell that has not lost the

ability to divide and embarked on a programme of terminal

differentiation can self-renew and exhibit other stem cell

properties. If this is so, then the markers of the different

stem cell pools may be expressed in response to the local

environment rather than being inherent characteristics of those

cells. Second, transit amplifying cells may not be a distinct cell

population, but rather part of a continuum between cells of high

self-renewal probability and cells that have initiated terminal

differentiation (Jones et al, 2007; Niemann & Watt, 2002).

Do all the different adult stem cell populations
arise from a common embryonic cell population?

While distinct epidermal stem cell populations are present in

adult epidermis, there is evidence that they may all arise from a

common multi-potent stem cell in embryonic skin (Fig 3).

Lineage tracing studies demonstrate that cells within the early

developing HF contribute to all lineages of the epidermis (Levy

et al, 2005, 2007; Nowak et al, 2008).
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Figure 3. Regulation of epidermal SC quiescence and lineage selection. All

SCs may arise from a common population of embryonic SCs that reside in the

developing HF (Lrig1, NFATc1 and Sox9 positive). In adult epidermis, Myc

promotes proliferation of interfollicular epidermal and SG SCs. Quiescence is

maintained by negative regulation of Myc by Lrig1 and Blimp1 in the IFE and

SG, respectively. Lrig1 is a Myc target gene and Lrig1 expression reduces Myc

activity. NFATc1 maintains quiescence of bulge SCs by negatively regulating

CDK4.
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In mouse skin, the HF placode develops at approximately

embryonic day 14 (E14), induced by an evenly patterned

mesenchymal condensate (Sick et al, 2006). The placode

subsequently elongates into the underlying dermis, becoming

the hair peg. The development of the peg coincides with the

appearance of a subpopulation of HF cells that co-express

markers of adult HF stem cells (NFATc1, Sox9) (Horsley et al,

2008; Nowak et al, 2008) and Lrig1, a marker of interfollicular

and SG stem cells (Jensen et al, 2009) (Fig 3).

As HF development proceeds further, NFATc1 and Sox9 are

no longer co-expressed with Lrig1, and the bulge and junctional

zone become distinct regions of the HF (Jensen et al, 2009). We

speculate that the Sox9 positive cells are the future adult

HF stem cell populations (Nowak et al, 2008), while the

Lrig1 positive cells will become the stem cells of adult IFE and

SG (Fig 3).

Lineage selection: contrasting roles of
Wnt and EGF

The Wnt pathway plays a central role in specifying HFs during

development and in directing HF differentiation in adult

epidermis (Andl et al, 2002; Blanpain & Fuchs, 2009; Gat et

al, 1998; Lo Celso et al, 2004; Watt et al, 2006). In adult

epidermis, different levels of b-catenin activation have different

biological effects, ranging from initiation of anagen, to

formation of ectopic follicles and tumour development (Gat et

al, 1998; Lowry et al, 2005; Silva-Vargas et al, 2005). b-Catenin

activation in adult epidermis can also lead to expansion of the

CD34 positive and Lrig1 positive stem cell compartments

(Jensen et al, 2009; Silva-Vargas et al, 2005), although this is not

always observed (Lowry et al, 2005).

Constitutive activation of b-catenin during development

leads to uncontrolled placode formation, but the placodes do not

progress to mature HFs or express adult stem cell markers such

as Sox9, K15 and Lrig1 (Narhi et al, 2008; Zhang et al, 2008).

Excessive placode induction reflects b-catenin induced Shh

expression (Suzuki et al, 2009), as also observed upon

activation of b-catenin in adult epidermis (Lo Celso et al,

2004; Silva-Vargas et al, 2005). Thus, b-catenin activation in

embryonic and adult epidermis induces similar pathways but

with strikingly different consequences for HF morphogenesis.

One possible explanation is that HF formation cannot proceed

until the multi-potent stem cell pool (expressing Sox9, NFATc1

and Lrig1) has been specified.

While the role of b-catenin in specifying the HF lineages is

well established, traditionally EGF signalling is thought of more

in terms of controlling proliferation. EGF promotes proliferation

of human epidermal stem cells in culture (Rheinwald & Green,

1977). In vivo, reduced EGFR signalling within the epidermis

(Hansen et al, 1997; Luetteke et al, 1994; Miettinen et al, 1995;

Sibilia &Wagner, 1995; Threadgill et al, 1995) leads to decreased

proliferation, while constitutive activation of EGFR results in

increased proliferation and development of epidermal tumours

(papillomas and squamous cell carcinomas) (Ferby et al, 2006;

Sibilia et al, 2000; Vassar & Fuchs, 1991). Nevertheless, a role for

EGFR signalling, acting in concert with FGF7, in specifying IFE is

now emerging. During embryonic development, receptors for

EGF and FGF7 (KGF) are downregulated in the HF placodes

(Richardson et al, 2009). Increased levels of EGFR ligands and

FGF7 inhibit follicle formation by promoting epidermal

differentiation at the expense of HF fate (Richardson et al,

2009). In postnatal skin, inhibition of EGFR leads to defects in

the hair growth cycle (Ballaro et al, 2005; Hansen et al, 1997;

Miettinen et al, 1995; Schneider et al, 2008; Sibilia & Wagner,

1995; Threadgill et al, 1995). Overexpression of FGF7 leads to

IFE hyperproliferation and inhibition of HFmorphogenesis (Guo

et al, 1993).

A potential role for EGFR signalling in lineage selection

would be consistent with the ability of EGF ligands to activate

Myc (Jensen & Watt, 2006). Myc activation not only

stimulates epidermal proliferation but also promotes differ-

entiation of the IFE and SG lineages (reviewed by Watt et al,

2008). In cultured human sebocytes overexpression of Myc

stimulates sebocyte differentiation, whereas overexpression of

b-catenin stimulates expression of IFE and IRS differentiation

markers (Lo Celso et al, 2008). While high levels of Myc

promote IFE and SG differentiation they do not prevent

anagen entry (Arnold & Watt, 2001) and indeed expression of

the dominant interfering Myc bHLHZip dimerization domain

mutant Omomyc inhibits the hair growth cycle (Soucek et al,

2008). This suggests that, as in the case of Wnt signalling,

different levels of Myc activity may yield different outcomes in

the epidermis.

Stem cell quiescence

While quiescence (infrequent cell division) is not an obligatory

characteristic of epidermal stem cells (Jaks et al, 2008; Jones &

Watt, 1993), the bulge, junctional zone and IFE all contain

quiescent, DNA LRCs (Braun et al, 2003; Cotsarelis et al, 1990;

Jensen et al, 2009; Nowak et al, 2008; Potten & Morris, 1988;

Tumbar et al, 2004), and the putative stem cell clusters in

human IFE contain fewer cycling cells than other regions of

the basal layer (Jensen et al, 1999; Jensen & Watt, 2006; Jones

et al, 1995).
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Pending issues

Are there more stem cell populations to be discovered and, if so, is it
possible that all undifferentiated epidermal cells are stem cells?

Are the different epidermal stem cell pools autonomous or do they
exist in a hierarchy?

Are actively dividing stem cells more likely to undergo lineage
commitment than quiescent stem cells?

Do Myc and Wnt induced differentiation act as fail-safe devices to
prevent uncontrolled epidermal stem cell proliferation?

How does communication between epidermal stem cells and other
cells in the skin influence their behaviour?
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Some of the pathways that regulate epidermal quiescence

have now been elucidated. Quiescence of bulge stem cells is

regulated by the transcription factor NFATc1 (nuclear factor of

activated T cells c1), which is activated by BMP signalling

(Horsley et al, 2008). The telogen phase of the hair growth cycle

comprises a refractory phase, during which HF stem cells are

exposed to high levels of BMP, and a competent phase, when

BMP levels are reduced (Plikus et al, 2008). Reduced BMP levels

not only create a permissive environment for b-catenin

activation (Kobielak et al, 2007; Zhang et al, 2006), but also

reduce NFATc1 expression (Horsley et al, 2008). NFATc1

expression maintains quiescence by repressing CDK4 (Horsley

et al, 2008). In addition, NFATc1 signalling stimulates

expression of p21(WAF1/Cip1) and p27(KIP1), two cyclin-

dependent kinase inhibitors associated with keratinocyte

differentiation (Santini et al, 2001).

Loss of NFATc1 in the epidermis causes constant HF cycling

and HF stem cells show no sign of quiescence (Horsley et al,

2008). Cyclosporin A, which acts as an inhibitor of calcineurin, a

phosphatase that positively regulates NFATc1 activity, also

induces HF cycling (Gafter-Gvili et al, 2003, 2004) and

epidermal deletion of the calcineurin B1 gene results in loss

of telogen (Mammucari et al, 2005). These observations

demonstrate that NFATc1 plays a central role as gate-keeper

of quiescence in HF stem cells (Fig 3).

In the IFE and SG two negative regulators of Myc, Lrig1 and

Blimp1, are involved in the maintenance of stem cell quiescence

(Horsley et al, 2006; Jensen & Watt, 2006; Jensen et al, 2009)

(Fig 3). Blimp1 is a transcriptional repressor that binds to

elements within the Myc promoter and controls Myc expression

(Horsley et al, 2006; Lin et al, 1997). Loss of Blimp1 triggers

proliferation of SG stem cells, resulting in SG hyperplasia

(Horsley et al, 2006). Lrig1 negatively regulates Myc by

decreasing EGFR signalling, and is part of a negative feedback

loop, since the Lrig1 gene is transcriptionally regulated by Myc

(Jensen & Watt, 2006; Jensen et al, 2009). Loss of Lrig1

stimulates proliferation specifically within the IFE via increased

proliferation of bipotent stem cells in the junctional zone

(Jensen et al, 2009). It seems likely that the stimulation of IFE

and SG proliferation and differentiation resulting from activa-

tion of a Myc transgene driven by a keratin 14 promoter (Arnold

& Watt, 2001) is a consequence of overcoming the negative

effects of Blimp1 and Lrig1 (Jensen et al, 2009).

Conclusions

Recent studies point to the existence of multiple epidermal stem

cell pools that are competent to differentiate along all the

epidermal lineages, but are normally lineage-restricted as a

result of specific environmental cues. Quiescence is not an

obligatory characteristic of epidermal stem cells, but some stem

cell populations divide infrequently and the mechanisms that

govern quiescence are being elucidated. The relationship

between proliferation and differentiation is an interesting

one, given that the Wnt pathway drives both HF lineage

selection and proliferation, while EGFR signalling stimulates

proliferation and, at least in embryonic skin, IFE lineage

selection. It has been proposed that Myc induced differentiation

acts as a fail-safe devise to prevent uncontrolled epidermal stem

cell proliferation (Jensen & Watt, 2006; Watt et al, 2008), and it

would be interesting to discover whether this also applies to

Wnt-mediated differentiation. Finally, the complex interplay

between different signalling pathways, including Wnt, Hedge-

hog, Notch and BMP, and communication between epidermal

stem cells and other cells in the skin are important areas for

further exploration.

Acknowledgements
We gratefully acknowledge support from Cancer Research UK,

the Wellcome Trust, the Medical Research Council, the European

Union, Cambridge University and Hutchison Whampoa.

The authors declare that they have no conflict of interest.

For more information

Stembook:

http://www.stembook.org/

Author’s website:

Fiona Watt:

http://www.bio.cam.ac.uk/"wattlab/index.html

References
Alonso L, Fuchs E (2006) The hair cycle. J Cell Sci 119: 391-393

Andl T, Reddy ST, Gaddapara T, Millar SE (2002) WNT signals are required for

the initiation of hair follicle development. Dev Cell 2: 643-653

Arnold I, Watt FM (2001) c-Myc activation in transgenic mouse epidermis

results in mobilization of stem cells and differentiation of their progeny.

Curr Biol 11: 558-568

Ballaro C, Ceccarelli S, Tiveron C, Tatangelo L, Salvatore AM, Segatto O, Alema S

(2005) Targeted expression of RALT inmouse skin inhibits epidermal growth

factor receptor signalling and generates a Waved-like phenotype. EMBO

Rep 6: 755-761

Barrandon Y, Green H (1987) Three clonal types of keratinocyte with different

capacities for multiplication. Proc Natl Acad Sci USA 84: 2302-2306

Blanpain C, Fuchs E (2009) Epidermal homeostasis: a balancing act of stem

cells in the skin. Nat Rev Mol Cell Biol 10: 207-217

Blanpain C, Lowry WE, Geoghegan A, Polak L, Fuchs E (2004) Self-renewal,

multipotency, and the existence of two cell populations within an epithelial

stem cell niche. Cell 118: 635-648

Braun KM, Niemann C, Jensen UB, Sundberg JP, Silva-Vargas V,Watt FM (2003)

Manipulation of stem cell proliferation and lineage commitment:

visualisation of label-retaining cells in wholemounts of mouse epidermis.

Development 130: 5241-5255

Clayton E, Doupe DP, Klein AM,Winton DJ, Simons BD, Jones PH (2007) A single

type of progenitor cell maintains normal epidermis. Nature 446: 185-189

Collins CA, Watt FM (2008) Dynamic regulation of retinoic acid-binding

proteins in developing, adult and neoplastic skin reveals roles for b-catenin

and Notch signalling. Dev Biol 324: 55-67

Cotsarelis G, Cheng SZ, Dong G, Sun TT, Lavker RM (1989) Existence of slow-

cycling limbal epithelial basal cells that can be preferentially stimulated to

proliferate: implications on epithelial stem cells. Cell 57: 201-209

In Focus
Fiona M. Watt and Kim B. Jensen

www.embomolmed.org EMBO Mol Med 1, 260–267 ! 2009 EMBO Molecular Medicine 265



Cotsarelis G, Sun TT, Lavker RM (1990) Label-retaining cells reside in the bulge

area of pilosebaceous unit: implications for follicular stem cells, hair cycle,

and skin carcinogenesis. Cell 61: 1329-1337

Depreter MG, Blair NF, Gaskell TL, Nowell CS, Davern K, Pagliocca A, Stenhouse

FH, Farley AM, Fraser A, Vrana J, et al (2008) Identification of Plet-1 as a

specificmarker of early thymic epithelial progenitor cells. Proc Natl Acad Sci

USA 105: 961-966

Dor Y, Brown J, Martinez OI, Melton DA (2004) Adult pancreatic beta-cells are

formed by self-duplication rather than stem-cell differentiation. Nature

429: 41-46

Estrach S, Legg J, Watt FM (2007) Syntenin mediates Delta1-induced

cohesiveness of epidermal stem cells in culture. J Cell Sci 120: 2944-2952

Ferby I, Reschke M, Kudlacek O, Knyazev P, Pante G, Amann K, Sommergruber

W, Kraut N, Ullrich A, Fassler R, et al (2006) Mig6 is a negative regulator of

EGF receptor-mediated skin morphogenesis and tumor formation. Nat Med

12: 568-573

Gafter-Gvili A, Sredni B, Gal R, Gafter U, Kalechman Y (2003) Cyclosporin A-

induced hair growth in mice is associated with inhibition of calcineurin-

dependent activation of NFAT in follicular keratinocytes. Am J Physiol Cell

Physiol 284: C1593-C1603

Gafter-Gvili A, Kalechman Y, Sredni B, Gal R, Gafter U (2004) Cyclosporin

A-induced hair growth in mice is associated with inhibition of hair follicle

regression. Arch Dermatol Res 296: 265-269

Gat U, DasGupta R, Degenstein L, Fuchs E (1998) De novo hair follicle

morphogenesis and hair tumors in mice expressing a truncated

beta-catenin in skin. Cell 95: 605-614

Ghazizadeh S, Taichman LB (2001) Multiple classes of stem cells in

cutaneous epithelium: a lineage analysis of adult mouse skin. EMBO J 20:

1215-1222

Ghazizadeh S, Taichman LB (2005) Organization of stem cells and their

progeny in human epidermis. J Invest Dermatol 124: 367-372

Giangreco A, Arwert EN, Rosewell IR, Snyder J, Watt FM, Stripp BR (2009) Stem

cells are dispensable for lung homeostasis but restore airways after injury.

Proc Natl Acad Sci USA 106: 9286-9291

Guo L, Yu QC, Fuchs E (1993) Targeting expression of keratinocyte growth

factor to keratinocytes elicits striking changes in epithelial differentiation in

transgenic mice. EMBO J 12: 973-986

Gurdon JB (1988) A community effect in animal development. Nature 336:

772-774

Hall PA, Watt FM (1989) Stem cells: the generation and maintenance of

cellular diversity. Development 106: 619-633

Hansen LA, Alexander N, Hogan ME, Sundberg JP, Dlugosz A, Threadgill DW,

Magnuson T, Yuspa SH (1997) Genetically null mice reveal a central role for

epidermal growth factor receptor in the differentiation of the hair follicle

and normal hair development. Am J Pathol 150: 1959-1975

Horsley V, O’Carroll D, Tooze R, Ohinata Y, Saitou M, Obukhanych T,

Nussenzweig M, Tarakhovsky A, Fuchs E (2006) Blimp1 defines a progenitor

population that governs cellular input to the sebaceous gland. Cell 126:

597-609

Horsley V, Aliprantis AO, Polak L, Glimcher LH, Fuchs E (2008) NFATc1 balances

quiescence and proliferation of skin stem cells. Cell 132: 299-310

Ito M, Liu Y, Yang Z, Nguyen J, Liang F, Morris RJ, Cotsarelis G (2005) Stem cells

in the hair follicle bulge contribute to wound repair but not to homeostasis

of the epidermis. Nat Med 11: 1351-1354

Ito M, Yang Z, Andl T, Cui C, Kim N, Millar SE, Cotsarelis G (2007) Wnt-

dependent de novo hair follicle regeneration in adult mouse skin after

wounding. Nature 447: 316-320

Jaks V, Barker N, Kasper M, van Es JH, Snippert HJ, Clevers H, Toftgard R (2008)

Lgr5 marks cycling, yet long-lived, hair follicle stem cells. Nat Genet 40:

1291-1299

Jensen KB, Watt FM (2006) Single-cell expression profiling of human

epidermal stem and transit-amplifying cells: Lrig1 is a regulator of stem cell

quiescence. Proc Natl Acad Sci USA 103, 11958-11963

Jensen UB, Lowell S, Watt FM (1999) The spatial relationship between stem

cells and their progeny in the basal layer of human epidermis: a new view

based on whole-mount labelling and lineage analysis. Development 126:

2409-2418

Jensen UB, Yan X, Triel C, Woo SH, Christensen R, Owens DM (2008) A distinct

population of clonogenic andmultipotent murine follicular keratinocytes in

the upper isthmus. J Cell Sci 121: 609-617

Jensen KB, Collins CA, Nascimento E, Tan DW, Frye M, Itami S, Watt FM (2009)

Lrig1 expression defines a distinct multipotent stem cell population in

mammalian epidermis. Cell Stem Cell 4: 427-439

Jones PH, Watt FM (1993) Separation of human epidermal stem cells from

transit amplifying cells on the basis of differences in integrin function and

expression. Cell 73: 713-724

Jones PH, Harper S, Watt FM (1995) Stem cell patterning and fate in human

epidermis. Cell 80: 83-93

Jones PH, Simons BD, Watt FM (2007) Sic transit gloria: farewell to the

epidermal transit amplifying cell? Cell Stem Cell 1: 371-381

Kobielak K, Stokes N, de la Cruz J, Polak L, Fuchs E (2007) Loss of a quiescent

niche but not follicle stem cells in the absence of bone morphogenetic

protein signaling. Proc Natl Acad Sci USA 104: 10063-10068

Langton AK, Herrick SE, Headon DJ (2008) An extended epidermal response

heals cutaneous wounds in the absence of a hair follicle stem cell

contribution. J Invest Dermatol 128: 1311-1318

Levy V, Lindon C, Harfe BD, Morgan BA (2005) Distinct stem cell populations

regenerate the follicle and interfollicular epidermis. Dev Cell 9: 855-861

Levy V, Lindon C, Zheng Y, Harfe BD, Morgan BA (2007) Epidermal stem cells

arise from the hair follicle after wounding. FASEB J 21: 1358-1366

Lin Y, Wong K, Calame K (1997) Repression of c-myc transcription by Blimp-1,

an inducer of terminal B cell differentiation. Science 276: 596-599

Lo Celso C, Prowse DM, Watt FM (2004) Transient activation of b-catenin

signalling in adult mouse epidermis is sufficient to induce new hair follicles

but continuous activation is required to maintain hair follicle tumours.

Development 131: 1787-1799

Lo Celso C, Berta MA, Braun KM, Frye M, Lyle S, Zouboulis CC, Watt FM (2008)

Characterization of bipotential epidermal progenitors derived from human

sebaceous gland: contrasting roles of c-Myc and b-catenin. Stem Cells 26:

1241-1252

Lowell S, Jones P, Le Roux I, Dunne J, Watt FM (2000) Stimulation of human

epidermal differentiation by delta-notch signalling at the boundaries of

stem-cell clusters. Curr Biol 10: 491-500

Lowry WE, Blanpain C, Nowak JA, Guasch G, Lewis L, Fuchs E (2005) Defining

the impact of b-catenin/Tcf transactivation on epithelial stem cells. Genes

Dev 19, 1596-1611

Luetteke NC, Phillips HK, Qiu TH, Copeland NG, Earp HS, Jenkins NA, Lee DC

(1994) The mouse waved-2 phenotype results from a point mutation in the

EGF receptor tyrosine kinase. Genes Dev 8: 399-413

Lyle S, Christofidou-SolomidouM, Liu Y, Elder DE, Albelda S, Cotsarelis G (1998)

The C8/144B monoclonal antibody recognizes cytokeratin 15 and defines

the location of human hair follicle stem cells. J Cell Sci 111: 3179-3188
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INTRODUCTION
Stem cells in mammalian epidermis
The outer layer of adult mammalian skin, the epidermis, com-
prises a multi-layered epithelium, known as the interfollicular 
epidermis (IFE), with associated adnexal structures: hair follicles,  
sebaceous glands and sweat glands. In mouse skin the sweat glands 
are restricted to non-hair bearing regions, such as the paws, and 
therefore the differentiation potential of mouse epidermal stem 
cells is generally assessed in terms of contribution to IFE, hair 
follicles and sebaceous glands only. The connective tissue, or 
stroma, underlying the epidermis is known as the dermis. The  
dermis contains a variety of cell types, including fibroblasts, 
endothelial cells, nerve fibers and infiltrating T cells and macro-
phages1. Epidermal homeostasis depends on constant reciprocal 
signaling with the dermis, and maintenance of the hair follicle 
requires communication with specialized mesenchymal cells at  
the base of the hair follicle, known as dermal papilla cells2,3.

The terminally differentiated cells of the IFE, hair follicle and 
sebaceous gland are unable to divide and are continually lost from 
the epidermis during adult life. It has therefore been appreciated for 
many years that the epidermis is maintained by stem cells, which 
not only self-renew, but also generate daughter cells that undergo 
terminal differentiation. Epidermal stem cell self renewal and  
differentiation are assayed using three different basic techniques4,5. 
One is to examine the clonal growth ability of individual cells 
in culture. This can provide a quantitative read-out of stem cell 
number and has been used to evaluate potential stem cell markers6. 
The culture conditions are permissive for IFE differentiation, but 
multi-lineage differentiation in culture is somewhat limited7,8. The 
second method is to use lineage tracing to monitor the behavior 
of mouse epidermal cells in situ, either under steady state condi-
tions or in response to genetic modification or tissue damage9,10. 
Lineage tracing is a powerful approach to analyzing stem cell prop-
erties, the main limitations being the length of time and numbers 
of mice required when studying the effects of multiple genes. The 
third assay, like the first, uses disaggregated epidermal cells, but 
instead of placing them in culture tests the ability of the cells to 

contribute to, and maintain, the differentiated epidermal lineages 
in an in vivo skin reconstitution assay. Grafting cells for this type 
of assay requires some surgical skill. However, using skin reconsti-
tution multi-lineage differentiation can be assessed and multiple 
parameters can be evaluated with fewer mice and in a shorter time 
than by in situ lineage tracing.

It is important to bear in mind that the behavior of a given  
population of epidermal stem cells may differ in the three different 
assay conditions. This is exemplified by stem cells that express the 
EGF receptor antagonist Lrig111,12. Lrig1 was originally identified 
as a stem cell marker on the basis of single-cell gene-expression 
profiling of cultured human epidermal keratinocytes12. Selection 
of Lrig1 positive cells enriches for clonogenic mouse and human  
epidermal cells in culture; nevertheless, knockdown of Lrig1 leads 
to increased clonal growth by stimulating stem cell proliferation11,12. 
In mouse epidermal reconstitution assays, the Lrig1 positive  
population is capable of differentiating into IFE, hair follicle and 
sebaceous glands. However, in situ lineage tracing demonstrates that 
under steady state conditions the cells are bipotent, thus giving rise 
to IFE and sebaceous gland cells but not to the hair follicle. Several 
different stem cell populations have now been described in the 
epidermis; however, most have not been tested under the full range 
of assay conditions, and this can make it difficult to draw conclu-
sions about the relative contributions of the different populations 
to epidermal homeostasis, lineage selection and tissue repair5.

In this report we describe the protocol that we currently use to 
isolate stem cells from adult mouse epidermis and to examine their 
behavior in epidermal reconstitution experiments in vivo. The same 
isolation procedure yields cells that can be tested for clonal growth 
in culture. A refinement of the methodology makes it possible to 
not only examine different sub-populations of epidermal cells but 
also different dermal cell populations.

Development of the protocol
The procedure that we use to isolate adult epidermal cells is that of 
Morris13 with minor modifications14. The in vitro clonal growth assay 
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is based on the assay developed for human epidermis by Rheinwald15 
and Green16 and involves culturing the cells on a feeder layer of 
3T3 cells15–17. When we applied the human culture methodology  
directly to adult mouse keratinocytes the colony-forming efficiency 
(CFE) of the mouse cells was ~100-fold lower than that of neonatal 
human epidermal cells and we therefore did not attempt to use 
CFE as a read-out of stem cell numbers14. Instead we used the tech-
nique to generate well-differentiated, immortalized lines of mouse 
keratinocytes with a success rate of close to 100% (refs.14,18).

We subsequently found that if we modified the culture medium 
by removing calcium ions from the base medium formulation 
(FAD) the CFE of adult mouse epidermal cells was improved 
substantially and could thus be used for meaningful comparisons 
between different epidermal cell populations10. The culture medium 
contains calcium ions present in the fetal calf serum, and so epider-
mal cells form adherens junctions and desmosomes and undergo 
partial stratification. This is in contrast to the culture conditions 
we use to grow human keratinocytes as a ‘low calcium’ monolayer; 
under those conditions by dialyzing the fetal calf serum or treating 
with a chelating agent we remove sufficient calcium ions to prevent 
intercellular junctions from forming17.

It is important to bear in mind that there is considerable variation 
in the CFE of adult mouse epidermal cells from different inbred 
strains of mice19. In addition, all our cultures, regardless of mouse 
background, undergo spontaneous immortalization within eight 
to ten  passages. Therefore, we carry out stem cell assays on cells 
freshly isolated from skin.

Quantitation of growth assays is an important consideration. 
The most rigorous method involves isolating cells from individual 
actively growing clones of human epidermal cells and examining 
their secondary clone-forming ability20. The original clones are 
then assigned retrospectively to one of three categories according 
to the type of secondary clone they form: holoclones have highest 
reproductive capacity; paraclones have a short replicative lifespan; 
and meroclones have intermediate characteristics20. It is incorrect 
to describe epidermal cell colonies as holo-, mero- or paraclones 
unless secondary clonal growth has been characterized.

Our original studies were designed to screen for cell surface 
markers to enrich for clonogenic human epidermal cells and we 
adopted a one step assay rather than measuring secondary clones. 
Clones containing fewer than 32 cells 14 d after plating consisted 
solely of cells that expressed the terminal differentiation marker 
involucrin and were scored as abortive clones; larger clones,  
containing a mixture of dividing and differentiated cells, were 
judged to have been founded by a putative stem cell population6.

There is no single agreed method to evaluate epidermal cell 
CFE, and provided that the method is quantitatively rigorous and 
clearly defined other workers will be able to reproduce the experi-
ments. The cut-off for defining a clone could be as low as two cells.  
Some assessment of clone size can also be made. Clones can be 
evaluated for the proportion of terminally differentiated cells they 
contain; this is straightforward because differentiating IFE cells are 
large, flat and lie on top of the actively cycling basal layer of cells. 
Furthermore, clonal behavior can also be evaluated in the context 
of a confluent, stratified sheet of epidermal cells by marking the 
test population (e.g., by GFP expression) and seeding them in the 
presence of an excess of unlabeled cells21.

Several different strategies have been reported for reconstituting 
the epidermis in vivo, including injecting cells into a pocket formed 

between the epidermis and dermis22 and seeding epidermal cells 
onto a tracheal scaffold23. The one that we use is based on the early 
studies of Yuspa et al.24,25 and Fusenig et al.26 and can readily be 
adapted to examine the properties of malignant epidermal cells24. A 
silicon chamber is inserted into a full thickness wound on the upper 
back of immunocompromized or isogenic host mice. A mixed  
single-cell suspension of epidermal and dermal cells is injected into 
the chamber24. When the chamber is removed 2 weeks after graft-
ing a darkened area is clearly visible in the healing wound bed. 
This is where new hair follicles are beginning to form. Within the 
subsequent 2 weeks the follicles will emerge from the surface of the 
reconstituted tissue.

The skin reconstitution assay not only facilitates evaluation of the 
ability of different epidermal stem cell populations to self-renew 
and generate differentiated progeny but also allows clonal analysis. 
For this, we isolate the test epidermal cells from a mouse express-
ing eGFP under the control of the -actin promoter and combine 
those with an excess of unlabeled, unfractionated epidermal cells11. 
If the eGFP-expressing cells comprise  < 5% of the total popula-
tion the regions of GFP positive cells within the mature graft can 
be judged to represent individual clones27. The neonatal dermal 
cells used for grafting may contain a low level of contamination 
with epidermal cells, and therefore some hair follicles may form in 
the ‘dermis only’ controls28. To ensure that the hair follicles being 
examined are derived from the input epidermis one approach is to 
combine unlabelled dermis with epidermis from a mouse that is 
expressing a label such as dsRed28.

Experimental design
We describe the fractionation of adult mouse epidermis on the basis 
of several different cell surface markers. As epidermal cells differen-
tiate they enlarge and so we always select the cells with low forward 
and side scatter to exclude differentiated cells6,10,11,29. In making 
claims for the relative self renewal ability of different epidermal 
stem cell populations it is clearly essential to compare only undif-
ferentiated cells. A common mistake is to compare the test stem cell 
population with a mixture of differentiated and basal cells.

Essentially all undifferentiated epidermal cells express the 6 
integrin subunit and this is a valuable marker of the basal cell popu-
lation6,30. From P19 onwards CD34 is an excellent marker for the 
bulge stem cell population31,32; in adult mouse epidermis CD34 
positive cells can express either low or high levels of 6 integrin32. 
Sca-1 is reported to be a marker of IFE cells that have exited the 
stem cell compartment and are undergoing limited divisions before 
IFE differentiation33,34. After labeling disaggregated adult mouse 
epidermal cells with antibodies to 6, CD34 and Sca-1, six distinct 
populations of undifferentiated cells can be isolated11,35. CD34 is 
used to define the cells with high or low 6 integrin expression. The 
integrin high and low populations are then separated according 
to whether or not they express CD34 or Sca1. All six populations 
defined by this approach are clonogenic in culture, although they 
differ in their CFE, and can be further evaluated in the skin recon-
stitution assay11,35.

Quantitative PCR (qPCR) can be used to confirm that fractiona-
tion on the basis of each marker has been achieved successfully, and 
also to examine expression of additional markers11. Both the high 
and low 6 expressing CD34 +  populations are enriched for K15, 
a well-known bulge marker36. Plet1/MTS24 (ref. 37) is depleted in 
CD34 positive populations. Lgr5 is most abundant in the CD34 
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positive cells with high 6 levels, consistent with Lgr5 expression 
being confined to a sub-population of bulge cells9. In contrast, the 
Lgr5 family protein Lgr6 is expressed most highly in CD34–Sca-1 
cells that express high 6 levels.

Some cell surface markers, such as Lrig1, are trypsin sensitive. 
To overcome this problem we have used thermolysin to generate 
epidermal cell suspensions11. The drawback is that cell viability is 
lower than when trypsin is used. Therefore, as an alternative, Lrig1-
enriched populations can be selected in trypsinized cells on the 
basis that they express high levels of 6 and lack CD34 and Sca-1 
(ref. 11). This approach has the further advantage that it can be used  
to isolate junctional zone stem cells from Lrig1 − / −  epidermis11.

In our protocol we combine adult epidermal cells with dermal 
cells from neonatal skin24,28,38,39. One marker that can be used to 
enrich for dermal papilla cells is CD133 (ref. 39). We describe the 
protocol for sorting dermal cells on the basis of CD133 expression; 
this can be combined with additional markers if required28.

By combined in vitro and in vivo assays of the same start-
ing population of epidermal cells it is possible to examine many  
different aspects of stem cell populations in a reasonable time frame. 
This can subsequently inform the decision to generate genetically 
modified mice for loss or gain of function studies and for lineage 
tracing, which takes many more months and is considerably more 
expensive.

MATERIALS
REAGENTS

Cells: it is advantageous to use cells that subsequently can be tracked in the 
reconstituted tissue, e.g., GFP labeled ( -actin-eGFP, C57BL/6 jax strain, 
stock no. 003291). Epidermal cells can be isolated at any stage of the hair 
cycle using the protocol.
Balcb/C Nude mice (CAnN.Cg-Foxn1nu/Crl). Use mice that are  
approximately 7 weeks old for grafting procedures (Charles River) ! CAUTION 
All procedures involving live rodents have to be carried out in accordance 
with national and institutional regulations.
3T3 J2 feeder cells for keratinocyte cultures16

DMEM (Invitrogen, cat. no. 41966-029)
FAD − Ca (mixture of 3 parts Ca-free DMEM and 1 part Ca-free Ham’s 
F12 with 1.8×10−4 M adenine) (custom made by either Invitrogen or PAA 
Laboratories)
Dispase (BD Bioscience, cat. no. 354235)
Collagenase, type I (Gibco, cat. no. 17100-017)
Amniomax C100 basal medium (Invitrogen, cat. no. 17001-082)
Amniomax C100 supplement (Invitrogen, cat. no. 17002-080)
Adenine (Sigma Aldrich, cat. no. A3159)
Penicillin and streptomycin (Invitrogen, cat. no.15070-063)
Hydrocortisone (Fisher Scienific, cat. no. 35245-0010)
Cholera enterotoxin (Enzo Life Sciences, cat. no. G117) ! CAUTION may be 
irritating to the eyes, respiratory system and skin. Harmful in contact with 
skin, and harmful if swallowed. Dispose down the sink after diluting with 
large excess of water.
EGF (Peprotech EC, cat. no. 100 15)
Insulin (Sigma Aldrich, cat. no. I 5500)
Videne antiseptic solution (Betadine) (Ecolab, cat. no. 469920)
Ethanol (70%)
Isoflurane (W&J Dunlops, cat. no. MBIS004) ! CAUTION May be irritating 
to the eyes, respiratory system and skin. Use with proper ventilation.
5% wt/vol Norocarp (Norbrook Pharmaceuticals)
Dulbecco’s PBS without Mg and Ca (PAA Laboratories, cat. no. H15002)
BSA Cohn V fraction (Sigma Aldrich, cat. no. A4503-100g)
Trypsin (0.25%) without EDTA (Invitrogen, cat. no. 25050-014)
Thermolysin diluted to 0.25 mg ml − 1 in sterile PBS (Sigma Aldrich, cat. no. T7902)
Fetal bovine serum (PAA Laboratories, cat. no. A15-151)
Donor bovine serum (Invitrogen, cat. no. 16030-074)
Trypan blue stain (Invitrogen, cat. no. 15250-061)
Collagen type I from rat tail (BD, cat. no. 354236)
Mitomycin C (Sigma Aldrich, cat. no. M0503-2 mg)
Versene (Invitrogen, cat. no. 15040-033)
Cell strainer 70 m (BD, cat. no. 352350)
50-ml Falcon tubes (BD, cat. no. 352070)
15-ml Falcon tubes (BD, cat. no. 352096)
100-mm plastic cell culture dishes (Corning, cat. no. 430293)
T75 tissue culture flask (BD Falcon, cat. no. 353133)
Costar 6-well tissue culture plate (Corning Incorporated, cat. no. 3516)
Nalgene bottle-top sterile filter units (Sigma Aldrich, cat. no. Z358215-12EA)
Antibodies:

RPE conjugated anti-human integrin alpha 6 (CD49f) antibody  
(AbD Serotec, cat. no. MCA699PE; Clone NKI-GOH3)
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Biotin-conjugated anti-mouse CD34 antibody (eBioscience, cat. no. 13-0341)
Alexa Fluor 647-conjugated CD34 antibody (eBioscience, cat. no. 51-0341-82)
Alexa Fluor 700 anti-mouse Ly-6A/E (Sca-1, Sca1) (eBioscience, cat. no. 
56-5981-82)
Goat anti-Lrig1 polyclonal antibody (R&D Systems, cat. no. AF3688)
Anti-prominin-1 (APC–CD133) (eBiosciences, cat. no. 17-1331-81)
PE-conjugated streptavidin (Biosource, cat. no. SNN1007)
Alexa 647-conjugated donkey anti-goat antibody, highly cross-adsorbed 
(Invitrogen, cat. no. A-21447)

4 ,6-Diamidino-2-phenylindole, dilactate (DAPI, dilactate) (Invitrogen,  
cat. no. D3571) ! CAUTION Very toxic by inhalation; irritating to the eyes, 
respiratory system and skin. Possible risk of irreversible effects. Disposal 
should be by a chemical waste company.
7-AAD staining solution (BD Pharmingen, cat. no. 559925) ! CAUTION 
Very toxic by inhalation; irritating to the eyes, respiratory system and skin. 
Possible risk of irreversible effects. Disposal should be by a chemical waste 
company.

EQUIPMENT
Flow sorter (e.g., MoFlo; Dako Cytomation)
Swinging bucket bench top centrifuge (Eppendorf, cat. no. 5702)
Hemocytometer (VWR, cat. no. 720-0104)
Sterile scissors, scalpels and forceps (Harvard Instruments)
Reflex wound clip applier for 7-mm clips (Harvard Instruments, cat. no. 
726060)
Reflex wound clip remover forceps (Harvard Instruments, cat. no. 726064)
Reflex wound clips 7 mm (Harvard Instruments, cat. no. 726062)
Sterile beakers (250 ml)
Contura Cordless clipper (Harvard Instruments, cat. no. 340243)
Gilson pipettes (VWR)
Integra Pipetboy (VWR, cat. no. 612-0926)
Basic anesthetic set-up with a flow cell for isoflurane (e.g., VetTech)
Insulin syringe for analgesic (VWR, cat. no. 613-4904)
1-ml disposable syringe (BD Plastipak, cat. no. 30013)
19 × G 2  needle (Terumo, cat. no. NN-1950R)
6-mm Silicon chambers (Silicon culture FK L—culture area 0.18 cm2)  
(Renner GmbH)
6-mm Stiefel biopsy punch (Schuco International, cat. no. BC-BI-2000)
Eppendorf tubes
Sterile disposable 5-, 10- and 25-ml pipettes for pipetboy (VWR)
Stuart Rotator SB2

REAGENT SETUP
Sterilization of tissue Prepare a series of solutions for sterilizing the skin 
samples. Dilute 20 ml Betadine in 180 ml sterile dH

2
O in a sterile 250 ml 

beaker and prepare with two sterile beakers containing 70% ethanol and one 
sterile beaker containing sterile PBS. Ethanol and diluted betadine can be 
stored at room temperature (RT; ~22 °C).
Fetal bovine serum The serum used for culturing epidermal keratinocytes is 
batch tested to ensure that it supports keratinocyte proliferation and stem cell 
expansion. Store batch tested serum at  − 20 °C.
FAD − Ca basal medium Supplement the medium with penicillin  
(100 IU ml − 1) and streptomycin (100 g ml − 1). The medium can be stored  
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at 4 °C for several weeks if fresh glutamine (450 mg liter − 1) is added  
immediately before use.
FAD low Ca complete medium Immediately before use, supplement 
FAD − Ca basal medium with 10% batch-tested fetal bovine serum, hydro-
cortisone (0.5  g ml − 1), cholera enterotoxin (10 − 10 M), EGF (10 ng ml − 1) 
and insulin (5  g ml − 1). Store complete medium at 4 °C for up to 1 week.
PBS with BSA Add 0.5 g of BSA to 500 ml PBS and sterile filter using a 
Nalgene bottle-top sterile filter unit to obtain a 0.1% solution. The sterilized 
solution can be stored at 4 °C for up to 6 months.

Trypsin–dispase solution for dermal preparation Prepare this solution by 
combining 0.25% trypsin without EDTA with Dispase at a 1:1 ratio. Trypsin 
(0.25%) without EDTA and dispase should be stored at  − 20 °C.  

 CRITICAL Prepare trypsin–dispase solution fresh at the start of the 
experiment.
0.25% Collagenase for dermal preparation Prepare this solution by adding 
0.125 g of Collagenase type I to 50 ml of FAD − Ca basal medium. Store  
Collagenase type I at 4 °C.  CRITICAL Prepare fresh solution at the start  
of each experiment.

PROCEDURE
Removing mouse back skin  TIMING 15 min for six mice
1| Kill mouse by using an approved technique. We kill mice by cervical dislocation.

2| Clip the hair off the entire back skin against the direction of hair growth in order to cut the hair as short as possible.

3| Remove the back skin from the mouse with sterile dissection tools.

4| Place the back skin flat in a 100-mm cell culture dish (Fig. 1a). The tissue can be kept on ice for 5–6 h without  
affecting the quality of the cell preparation.

Digestion of mouse back skin  TIMING 30 min for six mice
5| Start the preparation by sterilizing the tissue to eliminate any potential contamination. Prepare one sterile beaker with 
10% betadine (~200 ml), two sterile beakers with 70% ethanol and one beaker with sterile PBS. The tissue is bathed in the 
betadine solution for 2 min, in each beaker with 70% ethanol for 1 min and then in sterile PBS for 1 min.

6| Place the back skin flat in a petri dish, dermal side facing up (Fig. 1b).

7| Scrape the dermal side of the skin with a sterile scalpel to remove adipose tissue and the muscle (Fig. 1c).
 CRITICAL STEP The quality of the cell preparation is determined by how well the dermal side is prepared.

8| Float the tissue epidermal side up in 10 ml trypsin in a petri dish either overnight at 4 °C or for 2 h at 37 °C (Fig. 1d). 
Alternatively, if cells are being prepared for flow cytometric analysis of trypsin sensitive antigens the tissue digest can be 
carried out using thermolysin for 1–2 h at 37 °C.

 CRITICAL STEP There is considerable batch to batch variation in purchased thermolysin, and each batch will therefore 
need to be tested for its activity. The following steps in the preparation of epidermal cells are the same whether trypsin or 
thermolysin is used.
! CAUTION Digestion with thermolysin reduces cell viability to a greater extent than trypsin digestion.

Isolation of cells from mouse back skin  TIMING 2 h for six mice
9| Transfer the floating tissue to the inside of the lid of the petri dish epidermal side up (Fig. 1e).

10| Pressing one edge of the tissue down on the lid with forceps, use a sterile scalpel to scrape the epidermis off the  
dermis without exerting excessive force (Fig. 1f).
? TROUBLESHOOTING

11| Discard the dermis and mince the epidermis using two scalpels.

12| Transfer the minced epidermis into a sterile 50 ml Falcon tube in 8 ml of the trypsin solution that was used for the 
digestion step.

13| Repeatedly pipette the tissue suspension up and down until the small clumps disaggregate (~30–60 s).

14| Add 16 ml FAD low Ca complete medium and pour the suspension through a 50 m cell strainer. The tissue remaining in 
the cell strainer should, for the most part, be separated hairs (Fig. 1g).
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 CRITICAL STEP It is essential to use medium without calcium when preparing the cell suspension with thermolysin as  
calcium stabilizes adherens junctions and thus reduces the efficiency of generating a single cell suspension.

15| Spin down the cells at 500g for 8 min at room temperature. When samples are harvested from multiple mice they can be 
kept on ice and then centrifuged simultaneously.

16| Aspirate the supernatant.
 CRITICAL STEP Be very careful when aspirating the supernatant and leave 2–3 ml above the cell pellet.

17| Transfer the cell pellet in 8 ml FAD low Ca complete medium to a 14 ml sterile Corning tube and centrifuge at 500g  
for 8 min.

18| Resuspend the pellet in 4 ml PBS supplemented with BSA.
 CRITICAL STEP Be careful not to let the keratinocytes settle after resuspension, as this will lead to an underestimation of 

cell number.

19| Determine cell number and viability using a hemocytometer by adding 50 l Trypan blue to 50 l cell suspension (Fig. 1h).
? TROUBLESHOOTING

20| Spin down the cells and resuspend at a dilution of 5×106 cells per ml in PBS supplemented with BSA for flow cytometry. 
Alternatively, resuspend in FAD low Ca complete medium if plating in culture (see Box 1). Do not proceed with flow  
cytometry for grafting purposes if the cell yield is below 107 cells. The cells can instead be flow sorted for cell culture  
assays or for the isolation of RNA.
? TROUBLESHOOTING

Labeling cells for flow cytometry  TIMING 2 h
21| Prepare sterile 14 ml tubes for labeling cells. Prepare tubes for single color controls and unlabeled cells to allow proper 
compensation when carrying out multicolor flow cytometry.

22| Resuspend cells at a concentration of 5×106 cells per ml in PBS supplemented with BSA.

23| Add antibody to the resuspended cells. The concentration of antibody needs to be determined by dilution experiments 
(see Table 1 for suggested concentrations). In order to isolate a sufficient number of stem cells for grafting purposes we 
recommend labeling up to 2×107 cells with primary antibodies. See Table 2 for anticipated cell yields.

24| Incubate for 1 h at 4 °C with gentle agitation.

25| Spin down the cells and resuspend in 5 ml of PBS with BSA—repeat this step twice.

a b c d

e

Back skin dermal side up
* Note patch of anagen

Scrape off the adipose tissue Skin ready for proteinase
digest

Float scraped tissue
epidermis side up

Remove tissue from trypsin Scrape off the epidermis What remains in the cell
strainer after a successful

cell preparation

Cell count and viability

*

f g h

Figure 1 | Preparation of single cell suspension 
of epidermal cells from mouse back skin.  
(a) Back skin in petri dish, dermal side up. 
Asterisk indicates patch of actively growing 
(anagen) hair follicles. (b) Scraping off adipose 
tissue with a sterile scalpel. (c) Once the 
adipose layer has been removed the skin is 
almost transparent. (d) Skin floating epidermal 
side up in trypsin. (e) Following trypsinization, 
skin is placed epidermal side up in a sterile petri 
dish. (f) Partial detachment of epidermis from 
underlying dermis. (g) A good tissue preparation 
will release the entire epidermis as single cells 
and only hair remains in the cell strainer.  
(h) Cells are examined under a microscope using 
a hemocytometer to establish cell yield and  
cell viability. Appropriate institutional regulatory 
board permission was obtained to use the mouse 
that was the source of tissue for this and all 
subsequent figures.
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26| Resuspend the cells at 5×106 cells per ml in BSA supplemented PBS.

27| Add Alexa–RPE conjugated secondary antibody or streptavidin and incubate for 20 min at 4 °C with gentle agitation. 
The concentration of antibody/streptavidin needs to be determined in dilution experiments (see Table 1 for suggested  
concentrations).

 BOX 1 | CLONAL GROWTH OF MOUSE KERATINOCYTES 
1. Prepare 1–2 × T75 cell culture flasks of 3T3 J2 feeders cells per epidermal subpopulation to be plated 7 d before isolating epidermal 
cells by flow cytometry10.
 (i)  Prepare feeder cells by seeding 1.25 × 105 cells in a T75 flask in DMEM supplemented with 10% donor bovine serum and  

penicillin–streptomycin (complete DMEM).
 (ii) Change the medium every second day.
2. The day before the isolation of epidermal sub-populations prepare 6-well plates with mitotically inactivated J2 3T3 feeder cells.
 (i) Mitotically inactivate the required number of J2 3T3 cells by treating them with 4 g ml − 1 Mitomycin C for 2 h in complete DMEM.
 (ii)  Immediately after adding Mitomycin C to the J2 3T3 feeders, coat the surface of 6-well plates with collagen type I by incubating 

wells with 1 ml of 40 g ml − 1 rat tail Collagen type I in PBS for 2 h at 37 °C.
 (iii) After 2 h of Mitomycin C treatment wash each of the T75 cell culture flasks twice with 8 ml of PBS.
 (iv)  Trypsinize J2 3T3 feeder cells by incubating with 2.5 ml of Trypsin (0.25%) diluted 1:5 in versene until cells detach from the 

culture plastic.
 (v) Transfer cells to a 50 ml tube in 5.5 ml complete DMEM.
 (vi) Pellet cells by centrifugation (500g) at room temperature and resuspend cells from 1 T75 cell culture flask in 12 ml complete DMEM.
 (vii) After 2 h wash the collagen-coated wells with PBS.
 (viii) Add 2 ml of mitotically activated J2 3T3 feeder cells per well and incubate overnight at 37 °C.
 (ix)  On the day of cell sorting of epidermal sub-populations aspirate the complete DMEM from the 6 well plate and add 2 ml FAD low 

Ca complete medium to each well.
3. Add the flow sorted epidermal cells to the wells at a known cell density. (Hint) It is important to resuspend the cells carefully before 
seeding to ensure that equal numbers of cells are seeded in replicate plates.
! CAUTION The optimal number of cells needs to be determined empirically as the assay requires that the formed colonies will not have 
merged in 2 weeks.
 The CFE is highly influenced by mouse strain (up to 50-fold differences in CFE) and the sub-population of epidermal stem cells studied19. 
A seeding density of 2,500 cells per well works for most strains and cell populations. Epidermal cell colonies should be obvious 8–10 d 
after plating, as feeder cells at the edge of the colonies are dislodged. The colonies are heterogenenous in appearance. Colonies may  
contain highly proliferative, tightly packed cells (Fig. 6a) or may appear more disorganized and contain a higher proportion of  
differentiated cells (Fig. 6b). For quantification of CFE, cells are seeded as technical triplicates. Independent cell isolates for  
three to five different mice are analyzed.
4. Culture cells at 32 °C in 8% CO2 and 5% O2. Adult mouse epidermal cells grow better at 32 °C than at 37 °C.
5. Change the medium three times per week.
6. Fix the cells in 2% neutral buffered saline or paraformaldehyde for 10 min at room temperature.
7. Rinse wells using PBS and stain the colonies using a mixture of 1% Rhodamine B and 1% Nile blue in water for 20 min at room 
temperature.
8. Rinse thoroughly with water.
9. Allow wells to dry and assess CFE by counting colonies and measuring colony sizes. The size of individual colonies can be quantified 
using Volocity or ImageJ software to analyze high quality scanned images of wells or culture dishes40. The smallest colonies that can 
be scored in this way contain 10–20 cells. The range of colony size is shown in Figure 6c–e.

TABLE 1 | Antibodies used to select epidermal and dermal subpopulations.

Antibody Clone name Company Ab vol ( l)/106 cells (100 l total) Conjugate

ItgA6 GOH3 Serotec 4 Alexa647/RPE

CD34 RAM34 eBioscience 5 Biotin/Alexa647

Sca1 D7 eBioscience 1 RPE/Alexa700

CD133 13A4 eBioscience 5 APC

Lrig1 Goat polyclonal R&D 10

Streptavidin Biosource 1 RPE

Donkey anti-goat Highly cross adsorbed Invitrogen 1 Alexa 647
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28| Spin down the cells and resuspend in 5 ml of PBS with 
BSA—repeat this step three times.

29| Resuspend the cells at 107 ml − 1 in BSA supplemented PBS 
and filter using a 50- m cell strainer to remove any cell clumps.

30| In order to be able to gate out (exclude) dead cells, add 
DAPI or 7-AAD to the cell suspension ~5 min before sorting.

 CRITICAL STEP Do not add DAPI to control samples.  
A number of live-dead dyes can be used instead of DAPI, but it is important to choose a dye that does not have major  
spectral overlap with one of the chromophores used on the secondary antibodies or streptavidin.

Flow cytometric isolation of mouse epidermal cell populations  TIMING 2 h (the speed of these steps is determined 
by the available flow sorter, as this has a big influence on the events (cells) that can be analyzed per second)
31| Analyze all single color controls to carry out adequate color compensation and ensure isolation of pure cell populations.

32| Set up the sorting parameters as follows: when flow sorting epidermal keratinocytes use a 100 m nozzle and a sheath 
pressure of 30 p.s.i. This will allow the cells to be sorted at a speed of 10–12,000 events per second. Basal keratinocytes  
are characterized by their low side and forward scatter. First select these cells for further analysis (Fig. 2a), by excluding cell 
debris and differentiated cells. In order to minimize the number of cells that stick to each other, subsequently gate on pulse 
width (Fig. 2b). Finally, exclude dead cells based on the uptake of DAPI or 7-AAD (Fig. 2c).

33| Select subsequent parameters based on the antibodies used for selecting stem cell populations. For ItgA6, Sca1  
and CD34 follow option A. The described parameters enable the identification and isolation of six distinct epidermal cell 
populations in trypsinized suspensions. For Lrig1 and CD34 follow option B. The described sorting technique allows  
isolation of bulge (CD34 + ) and junctional zone (Lrig1 + ) stem cells from thermolysin-dissociated cell suspensions.
(A) ItgA6, Sca1 and CD34
 (i)  View events based on CD34 along the y axis and ItgA6 

along the x axis. Select basal cells based on ItgA6  
expression and gate into ItgA6 high and low cells 
based on the two distinct CD34 positive populations 
(Fig. 2d—Gate I and II).

 (ii)  View events based on CD34 along the y axis and  
Sca1 along the x axis. The ItgA6high cells can be  
divided into three populations based on Sca1 and 
CD34 expression (Fig. 2e). Hair follicle stem cells  
are positive for CD34 (Population 1), cells in the junc-
tional zone are negative for CD34 and express  
low levels of Sca1 (Population 2), whereas inter-
follicular epidermal cells and cells in the infundibulum 
express Sca1 (Population 3). The ItgA6low cells can 
likewise be divided into three populations based on 

TABLE 2 | Expected yields of live cells per mouse from successful 
epidermal and dermal cell preparations.

Type of prep Cell yield

Adult back epidermis 10–20 × 106

Neonate epidermis 3 × 106

Neonate dermis 20 × 106
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Figure 2 | Isolation of cells based on expression of CD34, Sca1 and Integrin 
alpha 6. (a) Epidermal cells are gated by their low forward and side  
scatter. (b) Single cells are identified based on their pulse width.  
(c) Live cells are identified based on exclusion of DAPI. (d) Cells are gated 
according to high (I) or low (II) 6 integrin levels based on the two 
distinct populations of CD34 expressing cells. (e) Three distinct populations 
are identifiable in the ItgA6 high population when visualizing CD34 and 
Sca1 levels. Population 1 represents hair follicle stem cells; population 
2 is enriched for junctional zone stem cells; and population 3 contains 
committed interfollicular epidermal cells. (f) Three distinct populations 
are identifiable in the ItgA6 low population when visualizing CD34 and 
Sca1 levels. Population 4 represents suprabasal hair follicle stem cells; 
population 5 is enriched for stem cells in the hair follicle isthmus; and 
population 6 contains committed interfollicular epidermal cells.
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Sca1 and CD34 expression (Fig. 2f). Suprabasal hair 
follicle stem cells are positive for CD34 (Population 4), 
cells in the isthmus are negative for CD34 and express 
low levels of Sca1 (Population 5), whereas inter-
follicular epidermal cells and cells in the infundibulum 
express Sca1 (Population 6).

(B) Lrig1 and CD34
 (i)  View the double-labeled populations and select hair 

follicle stem cells based on CD34 expression and  
stem cells from the junctional zone based on Lrig1 
expression (Fig. 3a–d). 
? TROUBLESHOOTING

34| Isolate the required populations of epidermal stem cells by flow sorting the cells into sterile tubes containing  
BSA-supplemented PBS.

35| Spin cells down at 500g for 5 min and resuspend in a small volume of sterile HBSS for grafting. After flow cytometry 
cells can be used for a number of purposes in addition to grafting, including isolation of RNA or testing the clonal growth 
potential of cells in vitro using standard mouse keratinocyte culture conditions (Box 1).
? TROUBLESHOOTING

Isolation and sorting of dermal cells (generation of a single cell suspension from the dermis of embryonic or neonatal 
mice)  TIMING up to 5 h depending on collagenase incubation time
36| A good dermal cell preparation is essential for successful grafts. In this and subsequent steps, creation of a single cell 
suspension of dermis from embryonic day 16.5 (E16.5) to post natal day 2 (P2) mice is described. Before dissection, pre-
pare a 100-mm culture dish with 10 ml of trypsin–dispase digestion solution. The dermis of five mice can be combined into 
one 100-mm dish for faster processing or a single dermis can be processed using a 60-mm tissue culture dish with 6 ml of 
trypsin–dispase digestion.

 CRITICAL STEP Dermal cell preparation should be carried out in one session, from beginning to end, for best results.
 CRITICAL STEP It is important to use mice that are no older than P2. Although the dermis of older mice may support hair 

formation in grafts, the efficiency of collagenase digestion is greatly decreased and as a result the dermal preparation is of 
poor quality. See Table 2 for expected dermal cell yield per P2 mouse.

37| Clean and sterilize all instruments using an autoclave and 70% ethanol before dissection.

38| Kill animals according to ethically approved protocols. We use cervical dislocation.

39| Clean the mice by submerging them in betadine solution, 70% ethanol solution and then sterile 1× PBS.

40| Remove the limbs, the tail and the head of each embryo or neonate using scissors and forceps.

41| Make an anterior to posterior incision in the skin on the ventral side of the mouse.

42| Grip a region of the anterior side of the incision with forceps and hold the mouse with another pair of forceps. The skin 
will separate from the rest of the mouse when the two pairs of forceps are pulled in opposite directions.

 CRITICAL STEP Digestion of skin with enzymes occurs more efficiently if the dermal side of the skin is scraped of all debris 
with a scalpel before incubation with trypsin and dispase. However, do not scrape too hard.
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Figure 3 | Isolation of epidermal cells based on sorting for CD34 and 
Lrig1 expression. (a) Cells disaggregated with thermolysin have a slightly 
different forward and side scatter profile from cells disaggregated with 
trypsin (compare Fig. 2a). Basal cells are selected based on low forward 
and sideward scatter. (b) Single cells are selected based on pulse width. 
(c) Live cells are isolated on the basis of 7-AAD exclusion. Note lower 
viability than in trypsin-disaggregated preparations (compare Fig. 2c). (d) 
Three discrete populations can be identified: (1) hair follicle bulge stem 
cells, (2) junctional zone stem cells and (3) other basal epidermal cells.
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43| Incubate the dissected skin by floating it on the dispase– 
trypsin solution in a 100-mm dish for 1 h at 37 °C (Fig. 4a). 
Up to five neonatal mice can be put into a single 100 mm 
culture dish with 15 ml of typsin–dispase digestion solution.

44| After 1 h of incubation the epidermis should easily 
separate from the dermis (Fig. 4b). After the epidermis is 
peeled it can be further processed to isolate up to 3 × 106 
epithelial cells per mouse for additional analysis.

45| Mince the dermis into small pieces (Fig. 4c) in a solution of 0.25% collagenase/FAD  + Ca. Incubate the minced dermis 
for at least 1 h at 37 °C. Mincing the dermis allows for more efficient digestion.

 CRITICAL STEP Incubation times with collagenase can be varied depending on the age of mouse, with incubation times  
of up to 2 h for P2 mice.

46| Vigorously pipette the collagenase/minced dermal solution up and down with a 10ml pipette until a single cell  
suspension is achieved (Fig. 4d).
? TROUBLESHOOTING

47| Filter the dermal cell suspension with a 70 micron filter.

48| Use 5 ml of FAD  + Ca to rinse the 100-mm plate and transfer the entire solution to a 15-ml conical tube and centrifuge 
for 4 min at 500g. Make sure suspensions are shaken before centrifugation.
The pelleted cells should be compacted tightly at the bottom of the conical tube (Fig. 4e).

 CRITICAL STEP A pellet that is not fully compacted is difficult to wash.
? TROUBLESHOOTING

49| Resuspend cells in culture medium for grafting. If desired, flow cytometry can be used before grafting to sort CD133 +  
and CD133 −  dermal papilla populations (see Box 2).

50| Determine cell number in a hemocytometer (Fig. 4f).
? TROUBLESHOOTING

Skin surface grafting: grafting cells onto the backs of immunocompromized nu/nu mice  TIMING 20 min per mouse
51| Prepare a mixture of cells in FAD low Ca complete medium in an Eppendorf tube for each graft. The tube will contain  
5 × 106 dermal cells, 105 GFP-expressing flow-sorted keratinocytes and 3×106 unfractionated, GFP-negative epidermal  
keratinocytes. This ratio of GFP positive to negative cells allows the determination of relative clonal contribution of different 
sorted populations to reconstituted epidermis27. Keep cell suspension on ice until needed for the grafting procedure.

52| Sterilize equipment and reagents.
 CRITICAL STEP The grafting procedure must be carried out aseptically.

53| Use isoflurane (at a minimum alveolar concentration (MAC) value of 1–1.34) to anesthetise mice by inhalation under  
an increasing concentration of isoflurane.

54| Subcutaneously inject Norocarp 4 mg kg − 1 as analgesic. This constitutes post surgery pain relief. As the volume needed 
is very small we advise that a 1:20 dilution of 5% wt/vol Norocarp is prepared in sterile deionized water and 30 l is used  
per animal.

a b c

d

1 h 37 °C in Trypsin and
dispase

Separation of epidermis
from dermis

Mince dermis in
collagenase

Digested dermis after
vigorous pipetting

Pelleted dermal prep
from one mouse backskin

Dermal preps yield
2 × 107 cells per mouse

e f

Figure 4 | Isolation of cells from neonatal dermis. (a) Mouse skin is 
incubated in trypsin and dispase. (b) The epidermis is separated from the 
dermis. (c) The dermis is minced in 0.25% collagenase and incubated for at 
least 1 h at 37 °C. (d) The dermis is disaggregated by vigorous pipetting.  
(e) After washing, the cell pellet should have no floating debris. (f) Cells  
viewed under a hemocytometer should have high viability and look 
heterogeneous in size and morphology.
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55| While keeping the mouse anesthetised make a 6-mm full thickness wound with a biopsy punch on the upper back  
just behind the shoulder blades.

 CRITICAL STEP When using the biopsy punch it is important to take care not to damage the underlying muscle.  
An alternative is to use the biopsy punch to mark the area and subsequently remove the skin using scissors.

56| With a pair of forceps lift the surrounding tissue from the muscle fascia. This will allow insertion of the silicon chamber 
under the skin surface.

57| Insert a 6-mm silicon chamber into the 6-mm wound. 
Folding the silicon chamber into quarters facilitates  
this step.

58| Use two wound staples to secure the chamber on the 
back of the mouse (Fig. 5a).

GFP

GFP GFP

Graft

GFP

Graft area

GFP GFP
dsRed

a b

h

i j k

c

e f g

d

Figure 5 | Whole mount and histological analysis of in vivo reconstituted 
skin. (a) Grafting chamber in place. (b,c) Appearance of ectopic hair 
follicles on grafted nude/Balb/C mouse 4–5 weeks from the start of the 
experiment. (d) View of dermal side of graft. (e–g) GFP positive cells are 
seen contributing to the graft when viewed from the dermal side. (g) In this 
graft, the epidermal cells are expressing dsRed, whereas a sub-population 
of dermal papilla cells (arrows) express GFP. (e,f) Arrows mark GFP positive 
areas (h) H and E-stained section of a graft showing the reconstituted skin 
(bracketed) and adjacent host skin (left hand side). (i–k) Sections of grafts 
stained with antibodies to GFP showing the contribution of GFP-positive 
cells to the graft. Scale bars 50 m.

 BOX 2 | FLOW SORTING CD133+ AND CD133- DERMAL PAPILLA POPULATIONS 
 TIMING UP TO 3 H (THE SPEED OF THESE STEPS IS DETERMINED BY THE FLOW 

RATE OF THE FLOW CYTOMETER AND ANTIBODY INCUBATION TIMES) 
1. Wash the cell pellet twice by resuspending the pellet in 1× PBS and then spinning at 500g for 4 min at room temperature.
2. Resuspend the cell pellet to a concentration of 1×107 cells ml − 1 using Amniomax C100 media.
3. Label the dermal preparation using 5 l of APC–CD133 antibody (eBiosciences) per 1×106 cells in 100 l of Amniomax C100.
 (a) While staining for CD133 rotate the dermal suspension at 4 °C for 1 h.
 (b) Wash the stained cells twice with 1× PBS and centrifugate at 500g for 4 min.
 (c) Resuspend the cell pellet at 1×107 cells ml − 1.
 (d) Add 2.5 l ml − 1 of DAPI 5 min before analysis and sort.
   CRITICAL STEP 1 × 106 cells should be set aside for each flow cytometry control sample. A control is stained for DAPI alone and 

CD133–APC alone in this flow sorting protocol.
  (e) A dermal preparation analyzed on a digital flow cytometer will have a characteristic forward and side scatter profile. Set the 

gates on the main population (Fig. 7a).
   CRITICAL STEP The quality of the dermal preparation can be gauged at this point because the gated population should be at least 

65% of the entire FS/SS analysis. If not, abandon the experiment as the sort will take too long and will not yield sufficient cells.
 (f) Measure doublets by the pulse width/forward scatter plot. Single cells should be at least 97% of the gate.
 (g) Gate single cells (Fig. 7b)
  (h) Dead cells take up DAPI and are analyzed by the DAPI/forward scatter gates. Using a digital flow cytometer the  

DAPI-negative population will include a subset of cells with low forward scatter (FSC) and side scatter (SSC) (red arrow, Fig. 7c). 
These are blood cells and can be ignored because they are CD133 negative (red arrow, Fig. 7d).

 (i) Gate DAPI-negative cell population (Fig. 7c).
  CRITICAL STEP An acceptable preparation should have at least 90% DAPI-negative cells.
  (j) APC–CD133 positive cells appear as a ‘shoulder’ population above the negative cells when flow sorting using a Moflo. These cells 

when analyzed or sorted with a digital flow cytometer appear as a distinct cell population (Fig. 7d).
   CRITICAL STEP The CD133 population is roughly 10–15% of the dermal population. Careful planning and pilot experiments are 

required to ensure that sufficient CD133 positive cells can be isolated for grafting by flow cytometry. Our experience is that 1.5×105 
APC–CD133 positive cells per P2 mouse is attainable with a good quality cell preparation.

  (k) Spin down sorted populations at 500g for 4 min and resuspend in 50 l of medium to insert into chamber grafts with epithelial 
cell populations.
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59| Prepare the 100- l cell suspension in a 1-ml syringe with a 19-G needle and slowly inject into the silicon chamber.  
Use a pair of forceps to steady the needle when penetrating the surface of the silicon chamber and injecting the cells.

 CRITICAL STEP Be careful to avoid touching the muscle when inserting the needle.

60| Allow the mouse to recover on a heat pack. When the mouse has recovered fully from anesthesia transfer to a cage with 
paper clippings rather than saw dust. This will help keep the site of surgery clean.

61| After 1 week, cut off the top of the silicon chamber with scissors. This allows the wound to dry out and facilitates  
healing.
? TROUBLESHOOTING

62| After 2 weeks, anesthetise the mouse and remove the wound staples and the silicon chamber. Push down on the wound 
bed inside the chamber to release it from the sides of the chamber.

63| Hair should penetrate the grafted area 3–4 weeks after grafting (Fig. 5b,c). Kill the animals 5 weeks after grafting and 
cut out the graft including a margin (~2 cm diameter) of surrounding skin.

64| Examine both sides of the graft under a dissecting microscope (Fig. 5d). If desired and appropriate, fluorescence  
illumination can be used to look at areas of special interest (e.g., expressing GFP). Significant contribution from grafted  
cells can be visualized (Fig. 5e–g).
? TROUBLESHOOTING

65| Prepare paraffin sections of areas of special interest (Fig. 5h). Examine paraffin embedded sections using  
antibodies to GFP (Box 3) in order to identify areas with significant contribution from GFP-expressing epidermal  
cells (Fig. 5i–k).
? TROUBLESHOOTING

 TIMING
Steps 1–4, Removing mouse back skin: 15 min
Steps 5–8, Digestion of mouse back skin: 30 min plus incubation time
Steps 9–20, Isolation of cells from mouse back skin: 2 h
Steps 21–30, Labeling cells for flow cytometry: 2 h
Steps 31–35, Flow cytometric isolation of mouse epidermal cell populations: 2 h
Steps 36–50, Isolation and sorting of dermal cells: 5 h
Steps 51–59, Skin surface grafting: grafting cells onto the backs of immunocompromized nu/nu mice: 20 min
Steps 60–65, Evaluation of graft take: at least 5 weeks

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 3.

 BOX 3 | PROTOCOL FOR GFP STAINING PARAFFIN EMBEDDED TISSUE 
1. Embed the grafted material in paraffin and cut 5 m sections.
2. Deparafinize in a series of Xylene × 2, 100% EtOH × 2, 95% Ethanol, 80% Ethanol and twice in water by incubating in each solution 
for 1 min.
3. Use enzymatic antigen retrieval: incubate with 0.5 U proteinase K (Novocastra) for 20 min.
4. Block endogenous biotin molecules using avidin–biotin block according to the manufacturer’s instructions (Novocastra).
5. Incubate with 10% bovine serum diluted in PBS for 45 min.
6. Incubate with chicken anti GFP antibody (Abcam, ab13970) diluted 1:2,000 in 10% bovine serum in PBS for 1 h.
7. Wash twice with 0.1% Triton X100 supplemented PBS for 5 min.
8. Incubate with biotinylated rabbit anti chicken antibody (Jackson ImmunoResearch) diluted 1:250 in 10% bovine serum in PBS  
for 30 min.
9. Wash twice with 0.1% Triton X100 supplemented PBS for 5 min.
10. Incubate with HRP-conjugated streptavidin (Novocastra) diluted 1:250 in 10% bovine serum in PBS for 30 min.
11. Wash twice with 0.1% Triton X100 in PBS for 5 min.
12. Develop with DAB (Novocastra) and hematoxylin counterstain (Novocastra).
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ANTICIPATED RESULTS
The analysis of surface grafts can be difficult because unlike embryonic hair follicle development hair follicles  
in surface grafts do not form in an orderly pattern (Fig. 5a–d). In addition, nude mice do have hair follicles, making it 

TABLE 3 | Troubleshooting table.

Step Problem Possible reason Solution

10 Hair/epidermis does not 
separate from the dermis

The dermis has not be scraped properly  
before trypsinization

Rescrape the dermal side of the tissue and 
trypsinize for an additional 45 min at 37 °C

19 Low cell yield The dermal side has not be prepared  
properly before trypsinization

Abort grafting and use cells for in vitro experi-
ment instead

The sample has not been pelleted properly

The trypsin used contained EDTA

Calcium was added to the sample after  
thermolysin digestion

Low cell viability The trypsin used contained EDTA Use trypsin without EDTA

The cells have been kept for too long in  
trypsin solution after disaggregation

Reduce trypsinization time after disaggregation

20 Small pellet—too few cells Cells have not been pelleted properly by  
centrifugation

Make new cell preparation

33 The flow profiles do not look 
the same as in the figure

Different flow sorters will acquire data in  
different ways and the profiles will  
accordingly look different

Isolate RNA or perform in vitro colony forming 
efficiency assays from the different popula-
tions to ensure that cells have been sorted 
appropriately

As above A different fluorescent conjugated antibody 
has been used This will result in a different 
profile

Purchase the correct antibody or validate cells 
as above

35 Cells are dead after sorting The sheath pressure is too high Lower the sheath pressure

46 Clumping of dermal cells Insufficient pipetting and insufficient  
collagenase digestion

Carry out additional PBS washes and increase  
collagenase digestion time

48 Cells not forming tight  
pellet

Cells were not thoroughly resuspended  
before centrifugation

Resuspend pellet and centrifuge immediately

50 Low dermal cell yield Cell preparation of poor quality Use younger mice for easier digestion of dermis 
Increase collagenase digestion times

61 The chamber is loose A wound clip has fallen out Reanesthetize the mouse and reapply the 
wound clip

64 No hair follicles in grafts Cell preparations were of poor quality Increase the quality of both dermal and epider-
mal cell preparations

65 Hair follicles in the graft but 
no GFP-expressing cells

The sorted epidermal cell  
population is not of sufficient quality

Cell viability after flow cytometry should at 
least be in the range of 90–95%

Figure 6 | Measurement of epidermal colony forming ability in culture. 
(a,b) Phase contrast micrographs of two morphologically distinct 
colonies. (a) Colony containing highly proliferative, tightly packed cells 
of undifferentiated morphology. (b) Colony containing loosely packed 
cells with high proportion of rounded, differentiated cells. (c) Technical 
replicates of adult epidermal mouse keratinocytes grown for 2 weeks before 
fixation and staining. (d) Size range of individual colonies in c measured 
using ImageJ. (e) CFE of cells plated in c, determined as the average % 
plated cells that formed colonies. Standard deviation of the triplicate 
samples is indicated by error bar. Scale bar 250 m.
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difficult to distinguish between ectopic hair follicles gener-
ated from grafted cells and endogenous nude/Balb/C hair  
follicles (Fig. 5f). The latter problem is addressed by 
labeling surface graft cells with reporter genes such as GFP 
(Fig. 5e–g). Labeled cells can be easily analyzed under a 
fluorescent dissecting microscope to determine their  
contribution to the graft (Fig. 5e–g). Immunostaining  
for marker proteins can be carried out on histological  
sections to the graft (Fig. 5i–k).
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