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Epithelia are continuous sheets of tightly linked cells 
that constitute the surfaces (such as the epidermis and 
corneal epithelium) and linings (such as the digestive, 
respiratory, and uro-genital epithelia) of the body. At 
these locations, epithelia not only provide a protective 
envelope against the external environment but also 
regulate water and nutrient absorption as well as glan-
dular secretions.

Although epithelia can be multilayered (stratified) or 
single-layered (simple) and may be derived from ecto-
derm, mesoderm, or endoderm, the epithelial tissues of 
the body share several molecular and cellular character-
istics. In development, epithelia begin as a sheet of cells 
that adhere to a basement membrane, rich in extracel-
lular matrix (ECM) and growth factors that are produced 
and deposited at the interface of the epithelium and the 
underlying mesenchyme. Epithelial cells express trans-
membrane integrin heterodimers that bind to ECM lig-
ands in the basement membrane and provide a link to 
the cellular cytoskeleton (Giancotti and Tarone, 2003). In 
addition, focal adhesions and hemidesmosomes regu-
late the dynamics of adhesion and detachment of cells 
and their underlying ECM, thus mediating cell migration, 
stratification, and differentiation (Fuchs and Raghavan, 
2002; Watt, 2002). Epithelial cells also make intercel-
lular connections through the formation of adherens 
junctions, tight junctions, and desmosomes that enable 
epithelial cells to communicate and function as a sheet. 
In conjunction with integrins, intercellular junctions and 
associated components distinguish the apical, basal, 
and lateral surfaces of the cell, which are essential for 
establishing epithelial cell polarity (Shin et al., 2006).

Most epithelia need to constantly replace damaged or 
dead cells throughout the life of the animal. The process 

of continual cell replacement is called tissue homeosta-
sis and is critical for the maintenance of adult tissues. 
Typically, epithelial tissue homeostasis is maintained 
through the presence of stem cells. Stem cells are func-
tionally defined by their ability to self-renew and to dif-
ferentiate into the cell lineages of their tissue of origin 
(Moore and Lemischka, 2006). Once activated, epithelial 
stem cells can generate proliferating progeny, which are 
often referred to as transiently amplifying (TA) cells. In 
their normal environment, TA cells will divide actively for 
a restricted period of time, expanding the cellular pool 
that will then differentiate along a particular cell lineage 
to make the tissue.

The homeostatic replacement of cells varies sub-
stantially among different epithelia. The epithelium of 
the intestine completely self-renews within ?5 days. 
By contrast, interfollicular epidermis takes ?4 weeks 
to renew, whereas the lung epithelium can take as long 
as 6 months to be replaced. In addition, some epithelia 
present a cyclic mode of tissue homeostasis. Hair fol-
licles, for example, cycle continuously through bouts 
of hair growth (anagen), degeneration (catagen), and 
rest (telogen) (Blanpain and Fuchs, 2006). Similarly, the 
mammary gland proceeds through cycles of growth and 
degeneration during and following pregnancy (Henni-
ghausen and Robinson, 2005).

Unless the epithelial stem cells and associated mes-
enchyme are permanently damaged, most epithelia 
are also able to repair their tissues following injuries. 
Typically, tissue regeneration upon wounding involves 
recruitment of epithelial stem cells to replace the dam-
aged cells. The adult liver offers an unusual example: 
although its epithelial cells do not turn over significantly 
under physiological conditions, they have an impres-
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sive capacity to regenerate tissue after injury. Oddly, 
following acute injuries, this tissue repair appears to 
occur without obvious participation of multipotent stem 
cells. Rather, liver regeneration after a partial hepate-
ctomy occurs through proliferation of hepatocytes 
(Taub, 2004). A similar mode of regeneration called 
self-duplication has also been proposed to account for 
the renewal of pancreatic islet cells (Dor et al., 2004). 
There is still no consensus as to whether adult cells 
with the capacity to regenerate and/or contribute to 
only a single lineage should be referred to as unipotent 
stem cells, unipotent progenitors, or simply cells that 
have retained proliferative potential.

Epithelial Stem Cells and Their Lineages
Epithelial stem cells can generate tissues that display 
a fascinating array of cellular architectures, each of 
which are specifically tailored for distinct functions 
(Figure 1). In this review, we will focus on four well-
characterized epithelial stem cells whose tissues pos-
sess diverse architectural designs and physiology: 
intestine, epidermis, mammary gland, and cornea. We 
will briefly introduce the organization of these tissues 
into their functional units, delineate which cell line-
ages compose the unit, and discuss where the stem 
cells are located within each unit and their routes of 
activation and differentiation.

Figure 1. Stem Cell Location in Different Epithelial Tissues
The intestinal crypt. The putative stem cells of the intestine (red) reside in a narrow band near the base of the crypt. These stem cells are thought to 
move downward to differentiate into Paneth cells (blue) or upward to generate proliferative transiently amplifying (TA) cells (orange). The intestinal TA 
cells differentiate upward into three lineages, enteroendocrine cells, goblet cells, and enterocytes, to form the villus. The corneal limbus. The cornea 
(blue) is a stratified epithelium that is flanked by the limbus (red) and the conjunctiva (purple). Corneal stem cells are thought to reside in the limbus 
region. The hair-follicle bulge. Label-retaining stem cells of the hair follicle reside below the sebaceous gland in a region known as the bulge, which 
is connected to the arector pili muscle. During periods of rest, bulge stem cells form the base of the follicle, which is adjacent to the specialized 
mesenchymal cells (dermal papillae). At the start of each hair cycle, stem cells at the bulge base become activated to form the highly proliferative 
new hair germ. As the germ grows, a proliferative compartment of TA cells (matrix cells) engulfs the dermal papilla at the base. These cells progress 
to differentiate to form seven concentric shells of discrete cell lineages, which are from outer to inner: the companion layer, the three layers of the 
inner root sheath, and the three layers of the hair shaft. These differentiated layers are surrounded by the outer root sheath, which extends below 
the bulge and is thought to contain stem cells that continue to migrate down to the follicle base during the growth phase of the hair cycle (Oshima 
et al., 2001). The interfollicular epidermis is a stratified epithelium with a basal layer that contains unipotent progenitor cells and TA cells. Basal 
cells differentiate upward to form the spinous, granular, and stratum corneum layers of the epidermis. The mammary gland terminal end bud. Stem 
cells of the mammary gland reside in the terminal end bud at the end of the mammary duct. The end of the terminal end bud is composed of body 
cells surrounded by cap cells. During pregnancy, the stem cells form a complex ductal structure containing ductal cells that end in the alveoli that 
produce milk components.
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The small intestine is a simple epithelium composed 
of crypt-villus units (Radtke and Clevers, 2005), which 
function to absorb water and nutrients and to form a 
functional barrier to protect against ingested patho-
gens. In the adult, the stem cells and their TA progeny 
reside in a region near the base of the crypt region, and 
as they migrate out of their niche, they cease to prolifer-
ate and initiate differentiation into the different cell lin-
eages of the mature villi. Intestinal stem cells can dif-
ferentiate into four different cell lineages: the absorptive 
enterocytes, mucin-secreting-goblet cells, peptide hor-
mone-secreting neuroendocrine cells, and microbicide-
secreting Paneth cells. The majority of cells in the villi 
are enterocytes with a few goblet and neuroendocrine 
cells located at various intervals. These three lineages 
form and mature as they migrate up the crypt to the tip 
of the villus. During tissue homeostasis, these cells are 
replaced and subsequently exfoliated into the intestinal 
lumen. Paneth cells differentiate as they travel down to 
the base of the crypt (Figure 1).

Encasing the body, the skin epidermis is composed 
of pilo-sebaceous units containing a hair follicle, seba-
ceous gland, and interfollicular epidermis (Blanpain and 
Fuchs, 2006). The interfollicular epidermis is a stratified 
squamous epithelium consisting of an innermost (basal) 
layer of proliferative cells that differentiate outward to 
form the distinctive suprabasal layers of the differenti-
ated tissue: spinous, granular, and finally outermost 
stratum corneum layers to form an impermeable body 
surface. Resident basal stem cells strongly adhere to 
their underlying basement membrane and maintain 
homeostasis of the interfollicular epidermis by continu-
ally replenishing the suprabasal terminally differentiating 
cells as dead stratum corneum cells (squames) eventu-
ally reach and are sloughed from the skin surface.

The hair follicle is formed during embryogenesis as 
an appendage of the epidermis. A condensation of spe-
cialized mesenchymal cells (dermal papilla) in the der-
mis stimulates cells within the overlying epidermal basal 
layer. The epidermal cells respond by changing their 
shape to develop a bud, or “placode,” of hair progenitor 
cells that subsequently proliferate and grow downward. 
Postnatally, the base of the mature follicle contains rap-
idly proliferating (TA) matrix cells, which after several 
rounds of cell division differentiate upward to form the 
hair and its surrounding channel, the inner root sheath. 
Eventually, the supply of differentiating matrix cells 
ceases, and the follicle regresses and draws the dermal 
papillae upward. After the lower two-thirds of the follicle 
have degenerated, the dermal papillae come to rest at 
the base of the remaining permanent follicle segment, 
called the “bulge.” At the start of the next hair cycle, qui-
escent stem cells residing at the base of the bulge are 
stimulated to migrate and proliferate to supply the cells 
needed for hair-follicle regeneration and hair growth.

The surface of the eye is covered by the corneal epi-
thelium, which acts as a protective outer barrier and 
helps to focus light into the retina. Like the epidermis, 

the cornea is a stratified epithelium. Adjacent to the cor-
neal epithelium is the limbal region, a junctional zone 
between the cornea and the conjunctival epithelium. 
Corneal stem cells are thought to reside in this zone, 
giving rise to cells that migrate toward the center of the 
cornea, where they stratify and differentiate (Sun and 
Lavker, 2004).

Initially, mammary gland morphogenesis proceeds in 
a fashion that bears a marked resemblance to hair-folli-
cle development. Ectodermal cells are instructed by their 
underlying mesenchyme to adopt a mammary epithelial 
fate and to grow downward as a germ. The germ then 
penetrates into the specialized breast mesenchyme, the 
fat pad, to form a rudimentary ductal tree that terminates 
into club-shaped structures, called terminal end buds 
(Hennighausen and Robinson, 2005). Mammary stem 
cells and their TA progeny reside in this structure along 
the basement membrane and have the capacity to form 
epithelial precursors that are committed to either a duc-
tal or alveolar fate. During puberty, cells of terminal end 
buds proliferate rapidly to produce cells for the growth 
and branching of new ducts, which fill the entire fat pad. 
During pregnancy, alveoli are formed by the differen-
tiation of alveoli precursors to form an external, loose 
network of myoepithelial cells. Differentiated alveoli epi-
thelial cells then secrete milk into the lumen of the ducts 
during lactation. Contraction of the myoepithelial cells 
surrounding the ducts subsequently allows milk release. 
At the conclusion of lactation, alveoli structures undergo 
involution, and the mammary epithelium returns to its 
virgin appearance, ready for another cycle of alveolar 
growth and differentiation during the next pregnancy.

The location of stem cells within each of these epithe-
lia was identified by taking advantage of the relative qui-
escence of stem cells within epithelial tissues. Despite 
their reduced mitotic index, epithelial stem cells can 
be labeled by continuous administration of nucleotide 
analogs (pulse) such as BrdU or 3H-TdR for a prolonged 
period. During the subsequent chase period, cells dilute 
their label through cell divisions. Those cells that divide 
less frequently during the chase period retain the label 
and hence have been referred to as label-retaining cells 
(Bickenbach, 1981). Label-retaining cells have been 
found in discrete locations within these epithelia. These 
sites of putative stem cells include the limbal region of 
the cornea (Cotsarelis et al., 1989), the bulge of the hair 
follicle (Cotsarelis et al., 1990), the terminal end bud of 
the mammary gland (Zeps et al., 1998), and a narrow 
band near the bottom of the intestinal crypts (Potten et 
al., 2002). To circumvent the use of BrdU or 3H-TdR in 
order to mark, isolate, and chracterize living label-retain-
ing cells, Tumbar and colleagues engineered transgenic 
mice expressing histone 2B-green fluorescent protein 
(H2B-GFP) under the control of a tetracycline-regulated 
enhancer element (Tumbar et al., 2004). To isolate label-
retaining cells from stratified and glandular epithelia, 
they mated them to mice expressing the tetracycline-
activatable repressor under control of a keratin 5 pro-
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moter (K5-tetoff) (Tumbar et al., 2004). In the absence of 
tetracycline, H2B-GFP is synthesized and incorporated 
into the nucleus of proliferating cells, but upon tetra-
cycline addition, H2B-GFP expression is repressed. 
Assuming that chromosomally packaged H2B-GFP is 
very stable, GFP fluorescence intensity is likely to cor-
relate with the number of cell divisions during the chase 
period. In mouse skin epithelium, a chase period of a 
month specifically marks bulge cells and has been used 
to isolate and characterize living bulge label-retaining 
cells. This method may be applicable to other epithelia, 
allowing the characterization and isolation of epithelial 
stem cells for which few or no cell-surface markers are 
currently known.

Epithelial-Mesenchymal Interactions Regulate 
Epithelial Fate
One defining characteristic of an epithelium is the close 
contact these cells have with the underlying mesenchyme. 
A number of classical tissue recombination experiments 
have demonstrated the inductive ability of mesenchymal 
tissues in the control of epithelial cell-fate determination. 
In the embryo, incubation of mesenchyme from different 
tissues can induce epithelia to adopt the cell fate of the 
mesenchymal tissue of origin. For instance, murine back-
skin dermis can induce nonhairy epidermis to form hair 
follicles (Hardy, 1992). Similarly, epithelial lung buds are 
instructed to form gastric glands when placed in contact 
with stomach mesenchyme, villi epithelium when recom-
bined with intestinal mesenchyme, and hepatic cords 
when incubated with liver mesenchyme (Birchmeier and 
Birchmeier, 1993). Prospective mammary mesenchyme 
can induce dorsal epidermis to differentiate into mam-

mary epithelium (Cunha et al., 1995). Central corneal 
cells can be reprogrammed to form pilosebaceous units 
when transplanted with embryonic back-skin dermis 
(Ferraris et al., 2000). These experiments support the 
notion that epithelial appendage and tissue formation is 
instructed by mesenchymal signals. Whether the induc-
tive potential is enhanced and maintained in adult stem 
cells is an intriguing question, as yet unexplored.

Additional epithelial-mesenchymal crosstalk is 
required to complete morphogenesis and differentiation. 
When combined with mouse, chicken, or lizard epider-
mis, murine dermis can induce hair follicle, feather, or 
scale placodes, respectively, but these placodes do not 
grow or differentiate further, due to the absence of der-
mal papillae. These results suggest that a second signal 
emanating from the epidermis is required for the differ-
entiation of mesenchymal cells into a proper organizing 
center (Hardy, 1992). When taken together, these tissue 
recombination studies demonstrate that the reciprocal 
inductive interactions between the mesenchyme and the 
overlying epithelium are essential for the fate induction of 
various epithelia. Although the precise mediators of these 
epithelial-mesenchymal interactions are not well defined, 
secreted Wnt ligands may be one of the first signals 
involved in this communication as discussed later.

Multipotency of Epithelial Stem Cells
Epithelial homeostasis is typically maintained by unipo-
tent progenitor cells, which have the ability to differentiate 
into one particular cell lineage. The direct demonstration 
of the existence of these progenitors and their lineage 
potential relies on clonal transplantation of isolated pro-
genitors and genetic lineage tracing experiments.

Figure 2. Multipotency of Hair-Follicle and 
Mammary Gland Stem Cells
Bulge stem cell lineage tracing in vivo. Skin sec-
tions from mice expressing a regulatable Cre-re-
combinase under the control of a bulge-specific 
(K15) enhancer element and a lacZ transgene 
active in all Cre-expressing cells and their prog-
eny (reprinted by permission from MacMillan 
Publishers Ltd.; Morris et al., 2004). Following 
Cre activation, all lineages of the new hair follicle 
expressed LacZ, demonstrating that they arose 
from bulge cells. Multipotency of bulge cells. 
CD34+, α6 integrin+ bulge cells were purified 
by flow cytometry from skin of mice expressing 
GFP-actin under the control of the K14 promoter 
(Blanpain et al., 2004). Bulge cells were cultured, 
and clonally derived keratinocytes from a sin-
gle cell were used for grafting with unlabeled 
mesenchymal cells. Nude mice developed tufts 
of hair at grafted sites (left), and sectioning re-
vealed that the GFP+ cells contributed to the 
epidermis, sebaceous glands (SG), and hair fol-
licles (reprinted from Cell with permission from 
Elsevier; Blanpain et al., 2004). Multipotency of 
mammary gland stem cells. Lin-CD29hiCD24+ 
myoepithelial cells were purified by flow cytom-

etry from lacZ+ mice, and individual cells were transplanted into cleared fat pads (Shackleton et al., 2006; Stingl et al., 2006) Epithelial grafts from 
virgin (left and middle) or pregnant recipients (right) demonstrate the ability of single lacZ+ stem cells (blue) to form a complete mammary gland 
structure. Sections of mammary grafts demonstrate the contribution of LacZ+ (blue) progeny from the single mammary stem cell to the ductal (arrow-
heads) and myoepithelial (arrows) cell lineages, the terminal end bud in a virgin recipient, and the lobulo-alveolar epithelium in a mid-term pregnant 
recipient (right, arrows indicate lipid droplets) (reprinted with permission from MacMillan Publishers Ltd: Shackleton et al., 2006).
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The interfollicular epidermis and sebaceous glands con-
tain unipotent progenitors that can maintain homeostasis 
of their respective tissue. Histological analyses of mouse 
skin reveals that the epidermis is organized in stacks of 
cells with a hexagonal surface area covering about ten 
basal cells (Potten, 1974). This structure has been pro-
posed to function as an epidermal proliferative unit, har-
boring one putative stem cell per unit. More recently, this 
notion has been demonstrated experimentally by lineage 
tracing analysis, either by grafting virally tagged kerati-
nocytes onto the backs of Nude mice (Ghazizadeh and 
Taichman, 2001; Kolodka et al., 1998; Mackenzie, 1997) 
or by inducing permanent expression of GFP clonally in 
the interfollicular epidermis and monitoring the fate of 
marked cells over time (Ro and Rannala, 2004). Stem 
cells from cultured human interfollicular epidermis have 
been isolated based on elevated expression of integrins 
(Jones and Watt, 1993). Recent fate-mapping analysis 
has also revealed the existence of a small group of unipo-
tent sebaceous progenitor cells residing at the base of the 
gland that express the transcriptional repressor Blimp1 
(Horsley et al., 2006). 

In addition to these unipotent progenitors, multipotent 
stem cells reside in the bulge (Cotsarelis et al., 1990; 
Oshima et al., 2001; Taylor et al., 2000). Multipotent stem 
cells can differentiate into all epithelial cell lineages resid-
ing in the tissue. In skin, they not only serve as a reservoir 
of cells for regeneration during the normal cyclic periods 
of hair growth but also in conditions of hyperprolifera-
tion of sebaceous glands (Horsley et al., 2006) and in the 
repair of the interfollicular epidermis following wounding 
(Ito et al., 2005; Levy et al., 2005; Taylor et al., 2000; Tum-
bar et al., 2004) (Figure 2). Whether progenitors resident 
in the interfollicular epidermis or sebaceous glands can 
similarly become multipotent when the situation man-
dates is an intriguing question for future studies.

The multipotency of stem cells within the bulge was first 
suggested from transplantation experiments in which a 
dissected bulge region was grafted onto immunodeficient 
mice (Oshima et al., 2001). Transplanted bulge cells were 
able to differentiate into the complete repertoire of skin 
epithelial cells: the interfollicular epidermis, sebaceous 
glands, and the eight cell lineages constituting mature 
hair follicles. Bulge cells purified by fluorescence-acti-
vated cell sorting (FACS) on the basis of their preferred 
expression of a GFP transgene also differentiated into 
these lineages upon transplantation (Morris et al., 2004). 
Clonal analyses were essential to demonstrate that bulge 
cells are multipotent stem cells and not simply a mix-
ture of unipotent progenitors. This was accomplished by 
first culturing progeny derived from single FACS-purified 
bulge cells (Blanpain et al., 2004) or from microdissected 
tissue (Claudinot et al., 2005) and then transplantation.

The existence of multipotent stem cells in the mammary 
gland was posited from experiments in which fragments 
of mammary tissue containing cells harboring randomly 
inserted MMTV retroviruses were first transplanted into the 
epithelium-free mammary fat pads of an uninfected recipi-

ent mouse and then serially transplanting clonally derived 
outgrowths to create second-generation glands (Kordon 
and Smith, 1998). With each round of outgrowth, the viral 
integration site was mapped and shown to be identical, 
suggesting that an entire functional gland may arise from 
the progeny of a single mammary epithelial stem cell, which 
displays long-term self-renewal properties.

Two different groups recently demonstrated this rigor-
ously, first by identifying and purifying a population of 
mammary cells (with the marker profile Lin−, α6 or β1High, 
and CD24+), which are enriched for stem cells, and then 
by transplanation studies (Shackleton et al., 2006; Stingl 
et al., 2006). By tagging these cells with a lacZ trans-
gene, the researchers were able to directly demonstrate 
that individual mammary stem cells are able to generate 
a functional mammary gland upon transplantation (Fig-
ure 2). Similar to bulge stem cells, mammary stem cells 
display elevated surface integrins as well as keratins 5 
and 14, which are characteristics of stratified and glan-
dular epithelial cells that reside along a basement mem-
brane and that have proliferative potential. They also 
appear to be slow-cycling cells, able to retain nucleotide 
label over an extended pulse-chase, and they express a 
number of genes that are also upregulated in bulge stem 
cells (Blanpain et al., 2004; Morris et al., 2004; Stingl et 
al., 2006; Tumbar et al., 2004).

Although the intestine is thought to have multipotent 
stem cells with the capacity to differentiate into ente-
rocytes, goblet, Paneth, and neuroendocrine cells, 
the current biological evidence for the existence of a 
mutipotent intestinal stem cell is not as well-established 
as it is for other epithelia. This is primarily because of 
the current paucity of cell-surface markers or promoters 
specific for intestinal stem cells that would permit their 
isolation from their putative location in the crypt . Recent 
molecular profiling of putative crypt stem cells captured 
by laser microdissection has revealed a number of new 
markers that could rapidly advance this field in the future 
(Giannakis et al., 2006).

In the absence of pure crypt cells to test their potential 
stem cell qualities, studies have been limited largely to 
lineage tracing analyses. In chimeric animals, a mosaic 
polyclonal composition of the intestinal crypts has been 
observed at birth, but within two weeks, crypts become 
mostly monoclonal, and thereafter the epithelium of 
individual crypts of adult mice is composed of cells of 
a single parental type (Ponder et al., 1985; Schmidt et 
al., 1988). The switch between a polyclonal crypt at birth 
and a monoclonal crypt after crypt fission in young ani-
mals is suggestive that several stem/progenitor cells 
reside within the initial crypts. In the adult intestine, how-
ever, only one stem/progenitor cell population appears 
to remain per crypt.

Additional genetic fate-mapping studies support the 
notion that unipotent and multipotent progenitors coexist 
in the intestinal epithelium (Bjerknes and Cheng, 1999). 
Although it seems likely that there are multipotent stem 
cells within intestinal epithelium, documentation of their 
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existence awaits experiments that transplant isolated 
stem cells and/or genetic lineage tracing experiments 
that use promoters specific for intestinal stem cells.

Wnt Signaling and Epithelial Stem Cells
To ensure the lifelong maintenance of tissue homeos-
tasis, stem cells must have an inexhaustible capacity 
to self-renew and differentiate. To do so, at least one 
daughter cell must maintain the properties of the stem 
cell following each cell division. Wnt/β-catenin signaling 
pathways have been shown to control the specification, 
maintenance, and activation of stem cells, and deregula-
tion of this pathway often results in the development of 
familial and/or sporadic epithelial cancers (Reya and Cle-
vers, 2005). Conserved from worms to human, the Wnt/
β-catenin signaling pathway is evolutionarily ancient and 
orchestrates development and morphogenesis in many 
different tissues (Logan and Nusse, 2004).

Wnt proteins are secreted cysteine-rich proteins, of 
which there are about 20 members in mammals. The 
majority of β-catenin in the cell resides at sites of intercel-
lular (adherens) junctions where it binds to E-cadherin at 
one end and α-catenin at the other. In contrast, the cyto-
plasmic pool of β-catenin is normally phosphorylated and 
targeted for ubiquitin-mediated degradation by a multi-
protein Axin scaffold consisting of adenomatous polypo-
sis coli (APC) protein, β-catenin, and its GSK-3β kinase. 
When Wnt ligand binds their cognate Frizzled receptor, 
the scaffold is unable to function, causing β-catenin to 
accumulate in the cytoplasm. When a member of the 
Tcf/Lef family of DNA-binding proteins is present, stabi-
lized cytoplasmic β-catenin can bind to them and act as 
a transcriptional cofactor to stimulate the transcription of 
their target genes. Despite casual reference to β-catenin/
Tcf/Lef target gene activity as “Wnt reporter activity,” it is 
important to be mindful of the fact that β-catenin can be 
stabilized by non-Wnt mechanisms (He, 2006).
β-catenin signaling pathways often have multiple 

roles in stem cell lineage determination within most if 
not all epithelial tissues (Figure 3). In the intestine and 

Figure 3. Wnt/β-Catenin Signaling Regulates Epithelial Stem Cells
(A) Model summarizing the functions of Wnt/β-catenin signaling in the 
intestine that regulate stem cell renewal and Paneth cell differentia-
tion. β-catenin and Tcf4 appear to regulate c-Myc and EphB2/B3 dur-
ing renewal, whereas these transcriptional complexes regulate Paneth 
cell genes during differentiation. (B) Model summarizing functions that 
have been suggested for Wnt signaling in stem cell maintenance, acti-
vation, and hair shaft differentiation in the follicle. Tcf3/4 regulate genes 
implicated in stem cell quiescence and differentiation, whereas β-cat-
enin and Tcf/Lef complexes regulate genes likely involved in stem cell 
activation and migration. β-catenin and Lef1 complexes in precortical 
cells regulate expression of hair shaft genes. (C) Model summarizing 
putative functions for Wnt signaling in the mammary gland in cancer 
development and alveolar differentiation. In combination with Tcf4 and 
Lef1, β-catenin regulates genes involved in alveolar differentiation. (D) 
General model depicting these different outcomes: stem cell self-re-
newal, activation, differentiation, or tumorigenesis, depending upon 
the level of effective Wnt signaling (that is, β-catenin/Lef/Tcf activity) 
that an epithelial stem cell receives.
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mammary gland, Tcf4 is prominently expressed in the 
stem compartment (Barker et al., 1999); in the follicular 
stem cell niche, Tcf4 is expressed in conjunction with 
Tcf3 (Blanpain et al., 2004; Nguyen et al., 2006). The 
importance of Tcf/Lef1/β-catenin signaling in the speci-
fication and/or maintenance of epithelial stem cells has 
been highlighted by gain- and loss-of-function studies 
in mice. Mice deficient for Lef1 do not develop hair fol-
licles, mammary glands, or teeth (van Genderen et al., 
1994), whereas those lacking Tcf4 display a neonatal 
intestinal epithelium composed entirely of differentiated, 
nondividing villus cells (Korinek et al., 1998). Ablation 
of β-catenin also results in an absence of follicle mor-
phogenesis in the neonate (Huelsken et al., 2001) and 
a postnatal loss of the follicle stem cell niche (Lowry et 
al., 2005). Similarly, overexpression of Dkk1, a soluble 
inhibitor of Wnt ligands, results in the loss of intestinal 
crypts (Pinto et al., 2003) and a failure to develop hair-
follicle and mammary glands (Andl et al., 2002; Chu et 
al., 2004). Together, these studies underscore a specific 
role for Wnt signaling in the development and/or mainte-
nance of epithelial stem cells.

The stem cells of the intestinal crypt appear to be in a 
constant Wnt-active proliferative state, and when a Tcf4 
protein unable to bind β-catenin is expressed in colon 
cancer cells, it suppresses proliferation and promotes 
activation of differentiation genes (van de Wetering et al., 
2002). By contrast, bulge stem cells undergo a resting 
phase, during which time they appear to reside in a Wnt-
restricted environment (DasGupta and Fuchs, 1999). 
During the transition between quiescent and growing 
phases of the hair cycle, nuclear β-catenin and Lef1/β-
catenin reporter expression can be detected at the bulge 
base, where the new hair follicle begins to emerge (Das-
Gupta and Fuchs, 1999; Lowry et al., 2005; Merrill et al., 
2001). Consistent with the role of Wnt signaling in stem 
cell activation, transgenic mice expressing a stabilized 
form of β-catenin exhibit de novo formation of hair fol-
licles and increased follicle density (Gat et al., 1998) as 
well as precocious re-entry into the regenerative phase 
of hair growth (Lo Celso et al., 2004; Lowry et al., 2005; 
Van Mater et al., 2003). Similarly in the mammary gland, 
precocious bud formation occurs with targeted activa-
tion of β-catenin (Teuliere et al., 2005).

Some Tcfs may function in stem cells even when the 
levels of cytoplasmic/nuclear β-catenin are low and/or 
absent. It was recently found that Tcf3 is expressed in 
adult follicle stem cells at all stages of the hair cycle 
as well as in multipotent embryonic skin progenitors. 
Moreover, when Tcf3 expression is maintained postna-
tally, all three skin differentiation lineages are repressed 
(Nguyen et al., 2006), suggesting that Tcf3 may function 
to maintain skin stem cells in an undifferentiated state, 
and when β-catenin is stabilized, Tcf3 repression is 
relieved, and stem cells become activated to proliferate 
and embark upon hair-follicle lineage differentiation.

Given a role for Tcf/β-catenin in stem cell activation, 
it is perhaps not surprising to find that constitutively 

stabilizing mutations in β-catenin are associated with 
a variety of human epithelial cancers. Such mutations 
were first discovered in adenocarcinomas of the colon 
(Reya and Clevers, 2005) and have since been identi-
fied in pilomatricomas, which are tumors of hair shaft 
cells (Chan et al., 1999; Gat et al., 1998), and in mam-
mary gland adenocarcinomas (Teuliere et al., 2005; Tsu-
kamoto et al., 1988). An interesting feature of epithelial 
tumors generated by excessive Wnt signaling is that 
they often display an increased frequency of cells with 
stem and progenitor properties, in contrast to tumors 
from mice expressing other oncogenes. In this regard, 
the Wnt pathway appears to be special if not unique in 
its ability to target stem cell and/or progenitor cells for 
transformation.

Another feature of cancers arising from excessive 
Wnt signaling is that they often selectively display the 
features of one specific stem cell lineage. This is best 
explained by the fact that additional Wnt signals are 
involved at later steps in the differentiation of these 
select stem cell lineages, e.g., the hair shaft (Merrill 
et al., 2001), the intestinal Paneth cells (van Es et al., 
2005a), and lobulo-alveolar differentiation in mam-
mary epithelium (Teuliere et al., 2005; Tsukamoto et al., 
1988). Notably, hair keratin genes are transcriptionally 
regulated by Lef1/β-catenin (Merrill et al., 2001) and 
expression of genes specific to Paneth cells, such as 
cryptidin/defensins, is lost upon deletion of Tcf4 or Wnt 
receptor Frizzled 5 (van Es et al., 2005a).

To understand how β-catenin/Tcf signaling controls 
epithelial stem cells, researchers have focused on iden-
tifying genes that are regulated upon Wnt signaling. In 
recent years, transcriptional profiling has been used to 
determine the genes downstream of β-catenin signaling 
in epithelial stem cells (Batlle et al., 2002; Lowry et al., 
2005; Nguyen et al., 2006; Silva-Vargas et al., 2005; van 
de Wetering et al., 2002). Among the interesting new Wnt 
targets that have surfaced are ephrin receptors EphB2 
and EphB3, which are expressed in the intestinal crypts 
in response to Wnt signaling (Batlle et al., 2002). By con-
trast, the EphrinB1 ligand is expressed in the cells above 
the crypts. Compound mutations of EphB2 and EphB3 
result in the mispositioning of cells along the crypt-villus 
axis, suggesting that ephrins and their ligands estab-
lish a boundary between proliferative and differentiating 
compartments. In addition to participating in the proper 
positioning of the cells within the intestine, EphBs seem 
to regulate cell proliferation within the crypts (Holmberg 
et al., 2006), and EphB2 expression is lost during pro-
gression from a benign adenoma to aggressive carci-
noma (Batlle et al., 2005). Ephrins and their receptors 
exhibit differential expression patterns in other epithelia, 
but their significance awaits further investigation.

In the hair follicle, the stabilization of β-catenin stimu-
lates resting bulge stem cells to proliferate and regener-
ate hair follicles. Through transcriptional profiling of puri-
fied bulge stem cells during resting and active phases 
of the hair cycle, it was discovered that during stem cell 
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activation a number of genes associated with cell-cycle 
progression are transcribed (Lowry et al., 2005). When 
the levels of β-catenin are transgenically elevated in qui-
escent stem cells, the transcription of some of these 
genes is elevated, providing insights into how Wnt sig-
naling may promote stem cell activation. Notably, Wnt 
signaling in bulge stem cells did not upregulate the hair 
keratin genes that are induced at later stages of hair-
follicle differentiation (Lowry et al., 2005). Thus as stem 
cells are activated and progress along a particular dif-
ferentiation lineage, they appear to respond to different 
environmental cues and activate different sets of Wnt 
target genes. The multiplicity of transcriptional partners 
for β-catenin, coupled with the complex regulation of its 
stability, are likely to contribute to the effect and potency 
of β-catenin/Lef1/Tcf activity in cells. These regulatory 
mechanisms of Wnt signaling are likely to impact on 
whether and when the stem cells will self-renew, become 
activated to proliferate, or embark upon a terminal differ-
entiation program.

Notch Signaling and Epithelial Stem Cells
Tissue homeostasis and wound repair requires epithe-
lial stem cells to execute different programs of terminal 
differentiation. To achieve these feats, stem cells must 
be instructed by their microenvironment to selectively 
adopt a particular cell lineage. Wnt signaling is not the 
only signal transduction pathway that instructs stem 
cells. Like Wnt signaling, Notch signaling controls selec-
tive cell-fate determination in variety of different tissues 
(Artavanis-Tsakonas et al., 1999). Conserved throughout 
the eukaryotic kingdom, the canonical Notch signaling 
pathway regulates cell-fate decisions through close-
range, cell-cell interactions.

In mammals, there are four Notch transmembrane 
receptors (Notch1–4). Notch ligands are also trans-
membrane proteins comprising three different sub-
families, each containing several members. Upon 
ligand engagement, Notch receptors are sequen-
tially cleaved by metalloproteinases and γ-secretases 
(presenillins 1 and 2). Once released, Notch’s intra-
cellular domain (NICD) is free to translocate to the 
nucleus, where it can associate with the DNA-bind-
ing protein RBP-J to convert it into a transcriptional 
activator. The best characterized Notch target genes 
belong to the hairy enhancer of split (Hes) complex 
and consist of the b-HLH transcription factors Hes 
(1–7) and Hey (1–3) (Iso et al., 2003). In the intestine, 
Notch signaling regulates cell-fate determination in 
the crypt, where Notch1, several Notch ligands, and 
Hes1, 6, and 7 are preferentially expressed (Schro-
der and Gossler, 2002). The first evidence that Notch 
signaling controls stem cell-fate determination within 
the intestinal epithelium came from the analysis of the 
knockout mice for Hes1 and one of its repressed target 
genes, Math1 (Figure 4). Mice deficient for the Hes1 
gene possess an increase of neuroendocrine cells, 
Paneth cells, and goblet cells at the expense of intes-

Figure 4. Notch Signaling Regulates Lineages Determination 
of Epithelial Stem Cells
In canonical Notch signaling, upon binding to Notch ligands, Notch 
receptors are cleaved and the intracellular domain translocates to the 
nucleus to act in concert with an RBP-J transcription factor to regulate 
gene expression. The schematics illustrate the putative roles of Notch 
signaling in three different epithelial tissues. (Top) A role for Notch in 
intestinal stem cell self-renewal and differentiation. Notch/RBP-J re-
stricts the fate of secretory lineages in the intestine (Goblet, Paneth, 
and enteroendocrine cells). In the absorptive progenitors, Notch ac-
tivity leads to the expression of Hes1 and subsequent repression of 
Math1, leading to enterocyte differentiation. In the absence of Notch 
signaling, Math1 expression is not repressed and allows secretory 
progenitors to differentiate into goblet, neuroendrocrine, and Paneth 
cells. (Middle) A role for Notch in stem cell maintenance and differen-
tiation in the epidermis and hair follicle. Notch promotes spinous cell 
fate in the interfollicular epidermis and regulates differentiation of the 
sebaceous gland, the hair shaft, and the inner root sheath cells of the 
hair follicle. (Bottom) A role for Notch signaling in alveolar differentia-
tion in the mammary gland. Mammary stem cells form alveolar and 
ductal progenitors that each form a myoepithelial cell in addition to 
tubular and alveolar cells, respectively. Notch signaling regulates the 
differentiation of alveolar progenitors into alveolar cells.
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tinal enterocytes (Jensen et al., 2000; Suzuki et al., 
2005) whereas the knockout of Math1 or gain-of-func-
tion mutations in Notch leads to the opposite pheno-
type (Fre et al., 2005; Stanger et al., 2005; Yang et al., 
2001). Additionally, inhibition of γ-secretase (Searfoss 
et al., 2003), or conditional targeting of RBP-J (van 
Es et al., 2005b), results in a dramatic expansion of 
the goblet cell population within the mouse intestine. 
Notch signaling can also control TA cell proliferation. 
Crypt cell proliferation is grossly impaired upon RBP-
J ablation or following γ-secretase inhibition (van Es 
et al., 2005b), whereas proliferation is enhanced by 
overactivation of Notch signaling (Fre et al., 2005). 
Remarkably, by chemically blocking γ-secretase, 
intestinal tumors in APC mutant mice differentiate into 
goblet cells, illuminating the potential of using chemi-
cal inhibitors of Notch signaling as possible therapeu-
tic tools in the treatment of intestinal cancers (van Es 
et al., 2005b). Together, these results suggest a model 
in which Notch signaling acts on intestinal stem cells 
both to maintain their proliferative progenitor state 
and also to restrict the fate of neuroendocrine, goblet, 
and Paneth cells.

A similar role for Notch signaling in promoting pro-
liferation and differentiation was also found in mam-
mary epithelium. Overexpression of the active form 
of Notch4 leads to mammary tumorigenesis (Hu et 
al., 2006), and although ablation of RBP-J does not 
disturb initial mammary gland morphogenesis, alve-
olar differentiation is severely impaired during preg-
nancy (Buono et al., 2006) (Figure 4). Thus, it came 
as a surprise when Notch was implicated as a tumor 
suppressor in the cornea and epidermis, as judged 
by the fact that loss of Notch1 in adult epidermis and 
cornea leads to epithelial hyperthickening accompa-
nied by expansion of basal layers (Rangarajan et al., 
2001). Additional support came from studies show-
ing that Notch1-deficient skin displays a higher sus-
ceptibility of developing chemically induced cancer 
(Nicolas et al., 2003).

At first glance, it might appear as though Notch 
signaling promotes maintenance and self-renewal in 
some epithelial stem cells while inhibiting these proc-
esses in others. However, multiple Notch receptors are 
expressed in the skin, and when all canonical Notch sig-
naling is ablated in embryonic epidermis, proliferation is 
reduced and differentiation is impaired (Blanpain et al., 
2006). Whether the hyperproliferation seen upon Notch1 
ablation arises from alterations in noncanonical Notch 
signaling or as an indirect consequence of epidermal 
barrier defects is not yet clear. However, in the absence 
of RBP-J, follicle stem cells cannot be maintained, draw-
ing parallels in the action of canonical Notch signaling 
on epithelial stem cells (Blanpain et al., 2006; Yamamoto 
et al., 2003).

Like Wnt signaling, Notch signaling appears to 
exert its effects at multiple steps along lineage path-
ways. For example, in the hair follicle, NICD1 is also 

expressed in the matrix cells of both the hair shaft 
and its channel or inner root sheath (Pan et al., 2004), 
and conditional ablation of γ-secretase, or combined 
with the loss of either Notch receptor genes or RBP-
J, results in defects in sebaceous gland development 
and terminal differentiation of the inner root sheath 
and hair shaft (Blanpain et al., 2006; Pan et al., 2004; 
Vauclair et al., 2005; Yamamoto et al., 2003) (Figure 
4). Taken together, these studies reveal multiple roles 
for Notch signaling not only in stem cells but also later, 
in their lineages.

Other Signaling Pathways and Stem Cell Function
Although Wnt and Notch signaling cascades have been 
the most extensively studied in epithelial stem cells, 
Bone Morphogenetic Protein (BMP) signaling appears 
to influence the activation of multiple different types 
of epithelial stem cells. Thus, inhibition of BMP signal-
ing by overexpression of Noggin results in induction 
of hair placode formation as well as de novo formation 
of the intestinal crypt (Botchkarev et al., 2001; Hara-
mis et al., 2004; He et al., 2004). Mutations that affect 
BMP signaling account for almost half of the cases 
of juvenile polyposis syndrome, a condition that can 
lead to intestinal cancer (Sancho et al., 2004). Simi-
larly, conditional ablation of the Bmpr1a gene, encod-
ing a BMP receptor protein, results in the continued 
activation of hair-follicle stem cells and the eventual 
formation of follicular tumors (Andl et al., 2004). BMP 
signaling is also required for proper stem cell differen-
tiation, as targeted ablation of Bmpr1a results in the 
accretion of undifferentiated hair-follicle and intestinal 
epithelial cells (Andl et al., 2004; Kobielak et al., 2003; 
Sancho et al., 2004).

The roles of other signaling pathways in epithe-
lial stem cell biology are less clear. Embryos lacking 
Sonic hedgehog (Shh), for instance, display a severely 
impaired hair-follicle morphogenesis, whereas the 
development of the intestine and mammary gland are 
relatively normal. Conversely, activating mutations of 
Shh signaling or inactivating mutations of its negative 
regulator (Patched) are found in familial and sporadic 
basal cell carcinomas, a frequent skin cancer, and 
in several other types of epithelial cancers including 
pancreatic carcinoma (Beachy et al., 2004). Unex-
pectedly, reducing hedgehog signaling even seems to 
enhance cell proliferation in neonatal and adult intes-
tine (Madison et al., 2005; van den Brink et al., 2004). 
Together, these data suggest that hedgehog signal-
ing may promote proliferation in some epithelial cells 
types whereas in other epithelial cells it inhibits prolif-
eration or has no effect.

Epithelial Stem Cells and Regenerative Medicine
Pioneering studies by H. Green and coworkers led to 
successful culturing of human epidermal keratinocytes, 
thereby opening the door for subsequent clinical appli-
cations of stratified epithelial stem cells in regenerative 
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medicine (Rheinwald and Green, 1975; Figure 5). Not all 
cells from freshly isolated human epidermis displayed 
a fountain of youth potential, but some keratinocytes 
generated large colonies (“holoclones”), which could 
be passaged for several hundred generations (Barran-
don and Green, 1987). Green and colleagues realized 
the clinical potential of their findings and applied them 
to the successful treatment of burn patients (O’Connor 
et al., 1981). The use of fibrin matrices has since accel-
erated keratinocyte growth and improved long-term 
skin engraftments (Pellegrini et al., 1999; Ronfard et 
al., 2000; Figure 5). These procedures now save the 
lives of severe burn patients throughout the world. The 
methods also hold promise when combined with ex 
vivo gene therapies to correct a variety of life-threat-
ening genetic skin disorders, including blistering con-
ditions (Mavilio et al., 2006). The recent discovery of 
methods to isolate and purify cells of the dermal papil-
lae (Rendl et al., 2005; Richardson et al., 2005) offers 
the prospect for coaxing bulge stem cells to regenerate 
hair follicles in a clinical setting.

Although the epidermis has been the front-runner in 
the epithelial arena of regenerative medicine, the impor-
tance of developing applications to generate corneal 
cells for treating certain forms of blindness has garnered 
the focus of clinical researchers. The permanent loss of 
corneal epithelium results in an atypical re-epitheliali-
zation by the bulbar conjunctival cells, and this in turn 
stimulates neovascularization and inflammation. The 
limbus is the putative corneal stem cell niche, and limbal 
transplantations have been used to successfully restore 
corneal epithelium and eyesight (Kenyon and Tseng, 
1989). More recently, cases of eye damage have been 
successfully treated by first culturing limbal stem cells 
and then transplanting the autologous corneal epithelial 
sheets (Pellegrini et al., 1997). The successes achieved 
in epidermal and corneal regeneration using cultured 
epithelial stem cells serve as graphic illustrations of how 
exciting advances in the laboratory can be translated 
into useful therapies. These results are also encourag-

ing for the development of new methods for the repair or 
regeneration of other epithelia, damaged through injury 
or disease.

One intriguing issue still unaddressed is the extent 
to which a multipotent stem cell within an epithelium 
can be used to generate other epithelial tissues when 
exposed to different mesenchymes. Embryonic epithe-
lial cells have this capacity—what about adult epithelial 
stem cells? If it is possible to coax a bulge stem cell to 
make corneal epithelium when exposed to corneal mes-
enchyme rather than dermal papillae, this would greatly 
expand the clinical applications of this readily accessi-
ble source of adult stem cells.

Conclusions
In this Review, we have limited our focus to comparative 
features of epithelial stem cells and what we might gain 
from such comparisons. There are many other signaling 
pathways and programs of gene expression that have 
been elegantly demonstrated to impact on the behavior 
of specific types of epithelial stem cells. There is a strong 
likelihood that as we learn more about epithelial stem 
cells, additional parallels will emerge. This seems espe-
cially likely in view of increasing evidence that Wnt and 
Notch signaling are likely to integrate with other signals 
such as BMP, Shh, and growth factors emanating from 
stem cells, their immediate progeny, and their microen-
vironment. Taken together, these signals converge to 
generate the distinct features of stem cells, including 
self-renewal, proliferation and survival, and suppression 
of cell-fate commitment and lineage determination.

There are still only a few cases where multipotent epi-
thelial stem cells have been isolated and purified. With 
the recent isolation of bulge and mammary epithelial 
stem cells, this should set the stage for rapid advances 
in the future. Both bulge and mammary epithelial stems 
exist as relatively slow-cycling progenitors, both are pos-
itive for the markers keratin 14 and 5, and both express 
high levels of integrins. Given the existing methods to 
isolate cells from transgenic mice on the basis of their 

Figure 5. Regenerative Potential of Epi-
dermal and Corneal Epithelium
Top, from left to right: Colonies of human ke-
ratinocytes grown on a fibrin matrix can be 
used to form an epithelial sheet. These sheets 
were used to treat a patient with burns on over 
95% of his body (top image). After 3.5 years, 
the transplantion has completely healed the 
patient’s skin (bottom image). Histologically, 
the long-term transplant was normal and con-
tained all of the normal epidermal layers and 
architecture (reprinted with permission from 
Lippincott, Williams, and Wilkins; Ronfard et 
al., 2000). Bottom, from left to right: Long-term 
potential of the cornea from patient with al-
kali burns to the cornea causing stromal scar-
ring and neovascularization (Pellegrini, et al., 
1997). Cultures of limbal stem cells isolated 
from a biopsy of the contralateral eye were 
transplanted and were able to repair the dam-

aged cornea and produce a healthy cornea, allowing 100% recovery of visual acuity. A biopsy from the regenerated cornea demonstrated that 
the tissue organization was normal (Courtesy of Drs. Graziella Pellegrini, Paolo Rama, and Michelle DeLuca).
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ability to express keratin 5 and integrins and their infre-
quent cycling (Tumbar et al., 2004), it should be possible 
to isolate stem cells from a variety of epithelia including 
lung, reproductive tracts, tongue, cornea, esophagus, 
and sweat glands. Although internal epithelia express 
keratins 8 and 18 instead of 5 and 14 and undergo turno-
ver more rapidly than surface and glandular epithelia, 
methods to purify these cells are likely to be forthcom-
ing in the near future.

As characteristics of surface, glandular, and inter-
nal epithelial stem cells emerge, it will be interesting 
to ascertain what features they will share that might 
account for their common properties of self-renewal 
and repression of differentiation fates. It will also be 
exciting to unearth the features that uniquely define 
them, such as their different degrees of quiescence 
and long-term survival or their unipotency versus 
multipotency. What is the impact of an epithelial stem 
cell’s native niche on its behavior? Which traits are cell 
autonomous? How similar are corneal, epidermal, and 
esophageal stem cells? To what extent do eccrine sweat 
and salivary gland stem cells resemble those of a mam-
mary gland? What prompts them to secrete the tissue-
specific products, sweat, saliva, or milk? Defining the 
mechanisms that govern epithelial stem cell behavior is 
not only a rapidly progessing field of science but is also 
an increasingly important biomedical terrain for devis-
ing new and improved treatments of damaged and/or 
cancerous epithelial tissues. Biologists, clinicians, and 
patients will watch with interest as the mysteries under-
lying the fascinating properties of epithelial stem cells 
continue to emerge.
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