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The epithelium of the adult mammalian intestine is in a
constant dialog with its underlying mesenchyme to di-
rect progenitor proliferation, lineage commitment, ter-
minal differentiation, and, ultimately, cell death. The
epithelium is shaped into spatially distinct compart-
ments that are dedicated to each of these events. While
the intestinal epithelium represents the most vigorously
renewing adult tissue in mammals, the stem cells that
fuel this self-renewal process have been identified only
recently. The unique epithelial anatomy makes the in-
testinal crypt one of the most accessible models for the
study of adult stem cell biology. This review attempts to
provide a comprehensive overview of four decades of re-
search on crypt stem cells.

Adult tissue stem cells can be defined by two essential
features. First, a population of tissue stem cells should be
maintained over long periods of time, often the entire
lifetime of the organism (“longevity”). And second, these
long-lived stem cell populations should be able to gen-
erate the differentiated cell types of the tissue. Most
adult stem cells can generate multiple cell types (“mul-
tipotency”), yet examples also exist in which they only
generate offspring of a single lineage. Two experimental
strategies can unveil these combined features in candi-
date stem cell populations. In this review, these are ar-
bitrarily termed the transplantation strategy and the ge-
netic marking strategy. The transplantation strategy uti-
lizes molecular markers to enrich putative stem cell
populations, followed by in vitro culture and/or trans-
plantation into recipient animals. This approach has
been highly successful in the identification of the hema-
topoietic stem cell from bone marrow (Spangrude et al.
1988) and—more recently—of cancer stem cells in leu-
kemias (Bonnet and Dick 1997) and in solid tumors
(Singh et al. 2004; Dalerba et al. 2007; O’Brien et al. 2007;
Prince et al. 2007). In an elegant example, Visvader and
colleagues regrew an entire mammary gland (Shackleton
et al. 2006) from a single isolated stem cell. Similarly,
clonal analyses have shown that cells derived from a
single follicle stem cell can give rise to epidermis, seba-
ceous gland, and hair follicles (Blanpain et al. 2004;

Claudinot et al. 2005). Of note, multipotency can only be
definitively demonstrated when transplantation can be
performed with a single cell, which is rarely possible. As
an alternative strategy, candidate stem cells are geneti-
cally marked in situ, after which the introduced marker
allows the visualization of the modified stem cell and its
clonal offspring over time. As an example of the latter
approach, a progesterone-responsive version of the Cre
recombinase enzyme was specifically expressed in cells
residing in the bulge region of hair follicles using a trans-
genic Keratin-15 promoter (Morris et al. 2004). Activa-
tion of the Cre enzyme by progesterone irreversibly ac-
tivated the genetic marker R26R-LacZ in the bulge cells.
A simple blue stain for LacZ activity revealed that over
time the entire hair follicle and its associated hair de-
rived from the marked bulge stem cells, thus establish-
ing that the bulge cells are endowed with longevity and
pluripotency.

Genetic marking is often technically challenging, as
one needs to be able to genetically modify individual
stem cells. Sometimes a combination of the two ap-
proaches is applied, particularly when single cell trans-
plantation is not feasible and in situ marking of indi-
vidual cells cannot be achieved. In such cases, one can
genetically mark individual cells in enriched stem cell
populations; for instance, by retroviral integration
(Jordan and Lemischka 1990) or by titration of individual
putative stem cells into a stem cell suspension of a
different genetic background prior to transplantation
(Smith et al. 1991).

Quiescence and asymmetric cell division

In addition to longevity and multipotency, stem cells are
often tacitly assumed to be endowed with two other
characteristics. Stem cells are commonly believed to di-
vide very infrequently (“quiescence”), and when this oc-
curs, to generate one rapidly cycling daughter cell, while
the other daughter replaces the parent stem cell (“asym-
metric cell division”). The rapidly cycling daughter cells,
also called transit-amplifying (TA) cells, are responsible
for building tissue mass. TA cells typically undergo a
limited number of cell divisions, after which they termi-
nally differentiate.

While good examples exist of quiescent stem cells
(e.g., in the bulge of the hair follicle) (Tumbar et al. 2004),
there is actually no a priori reason why stem cells should
be quiescent. The best studied animal stem cells, the
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germ cells of Drosophila, are actively cycling (Spradling
et al. 2001). Furthermore, while the size of stem cell
populations should be stable over time, there is no logi-
cal reason why this should be accomplished at the single
stem cell level, i.e., by obligatory asymmetric cell divi-
sion (Kiel et al. 2007, and refs therein). Physically defined
stem cell niches could maintain stable stem cell popu-
lations, while allowing individual stem cells to take any
of three courses in mitosis: the generation of two stem
cells, of two daughter cells, or of one of each. Of note, the
champion of all stem cells, the Embryonic Stem (ES) cell,
is a very rapidly cycling cell that never undergoes asym-
metric cell divisions, at least when kept under appropri-
ate culture conditions.

Surrogate markers for stemness: DNA label retention

In many tissues, the technology is not available to iso-
late/transplant or to genetically mark adult stem cells. In
such cases, markers known to identify stem cells in un-
related tissues, such as CD34, cKit, or the Hoechst dye-
defined Side Population may be used as surrogate stem
cell markers (Natarajan and FitzGerald 2007). It is im-
mediately apparent that this approach should be applied
with great caution. Long-term retention of DNA repre-
sents another commonly used surrogate marker of
“stemness” (Kiel et al. 2007). An elegant variation of this
strategy involves the use of Histone-GFP marking (Tum-
bar et al. 2004). Stem cells are commonly believed to be
unique in their ability to retain DNA labels such as BrdU
incorporated into their genome during periods of mitotic
activity stimulated, for example, by severe tissue injury.
This is based on the assumption that stem cells tend to
be quiescent, while their direct descendants, the vigor-
ously proliferating TA cells, rapidly dilute out any incor-
porated DNA label.

As an alternative mechanism behind DNA label reten-
tion, John Cairns formulated the “immortal strand hy-
pothesis” 35 years ago (Cairns 1975). Stem cells may
selectively retain their old DNA strands, while donating
the newly synthesized DNA strands to their TA daugh-
ters. To this day, the immortal strand hypothesis has
been the subject of controversy (Lansdorp 2007; Rando
2007). Few convincing examples have been reported,
while its molecular machinery remains unidentified. In
fact, it was shown very recently that one of the best
characterized adult stem cells, the hematopoietic stem
cell, does not asymmetrically segregate its DNA (Kiel et
al. 2007).

Independent of its mechanism, it is important to real-
ize that DNA label retention is only a surrogate marker
of stemness. It is to be used with great caution, because
terminally differentiated cells (or for instance invading
lymphocytes or tissue macrophages) may retain DNA
labels even better than stem cells, since by definition
they do not divide.

Anatomy of the adult small and large intestine

The intestinal tract is essentially a tube, whose wall is
composed of three tissue layers arrayed in a concentric

structure. The outer layer consists of several sheets of
smooth muscle that, together with the intramural en-
teric nervous system, execute the rhythmic peristaltic
movements of the intestine. The space between the
outer muscle and the inner epithelial layer is filled by
connective tissue (“stroma”) that contains numerous
blood and lymph vessels, nerve fibers, and various cells
of the immune system. On the inside, the luminal sur-
face consists of a simple epithelium; a single-cell layer
termed the mucosa. The mucosa is responsible for the
processing and absorption of nutrients as well as for the
compaction of the stool (Sancho et al. 2003).

The intestinal tract can be anatomically divided into
two well-defined segments: the small intestine and the
large intestine or colon. The small intestine is subdi-
vided into three proximal-distal segments: the duode-
num, jejunum, and ileum. The absorptive surface area of
the small intestine is dramatically increased by numer-
ous finger-like protrusions that point toward the lumen,
the so-called villi, and invaginations into the submucosa
known as the crypts of Lieberkühn. The mucosa of the
large intestine lacks villi; crypts invaginate deep into the
submucosa.

Four differentiated cell types mediate the functions of
the intestinal epithelium (Sancho et al. 2003): absorp-
tive, enteroendocrine, mucosecreting, and Paneth cells.
The relative abundance of each of these three cell types
varies markedly within different segments of the intes-
tine. Absorptive cells (also called enterocytes) are the
more abundant cell type in the small intestine and are
responsible for the absorption of nutrients from the food
and for the secretion of a cocktail of hydrolytic enzymes
into the lumen. Numbers of mucosecreting cells (also
called goblet cells) increase from proximal (small intes-
tine) to distal (colon and rectum) as the stool becomes
increasingly compacted. Enteroendocrine cells represent
a small proportion (<1%) of the cells in the epithelium.
They control gut physiology by secreting a variety of
hormones including serotonine, substance P, and secre-
tin. Multiple subtypes can be defined by the specific in-
testinal hormones that are produced (Schonhoff et al.
2004). Paneth cells reside at the bottom-most positions
of the crypts of the small intestine. They secrete antimi-
crobial agents such as cryptidins (termed defensins in
humans) and lysozyme, which play an essential role in
the control of the microbial environment of the intestine
(Porter et al. 2002). Finally, some lesser-known cell types
should be mentioned, such as the M cells that cover the
lymphoid Peyer’s patches (Gebert et al. 1996), brush/
tuft/caveolated cells (Nabeyama and Leblond 1974), and
cup cells (Madara 1982). However, little insight exists
into their lineage relationships.

Around birth, epithelial proliferation is confined to
shallow pockets residing between the villi of the small
intestine of mice. Mature small intestinal crypts appear
in the first weeks after birth, by a process in which the
intervillus pockets invade the wall of the small intes-
tine. Similarly, colon crypts become progressively deeper
in early postnatal life. Intervillus pockets are initially
polyclonal, but rapidly become monoclonal through a
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poorly understood process of refinement (Schmidt et al.
1988). To accommodate the growth of the organ into
adulthood, the number of crypt units steadily increases
by crypt fission, a process in which new crypts form
by branching off from existing crypts (Totafurno et al.
1987).

Cell renewal and stem cells in the intestinal
epithelium

In the murine small intestine, the epithelium renews
every 5 d. Vigorous proliferation occurs within the crypt
compartment. This process is fueled by stem cells that
have long remained elusive, but were believed to reside
near the crypt bottom. The readily distinguishable TA
crypt progenitors divide every 12–16 h, generating some
300 cells per crypt every day (Marshman et al. 2002).
When the committed TA cells reach the crypt–villus
junction, they rapidly and irreversibly differentiate. The
proliferation is balanced by apoptosis and cell shedding
at the other end of the epithelial conveyor belt, the tip of
the villus. Thus, the epithelial sheet is in a continuous
upward movement. Epithelial cells produced in the
lower part of the crypt migrate up onto an adjacent villus
in a coherent column (Heath 1996; Marshman et al.
2002). Six or more independent crypts surround a single
villus, resulting in an equal number of parallel columns
of epithelial cells running toward the villus tip. Only
Paneth cells escape this flow; they have a residence time
of 3–6 wk at the crypt base. Newly formed TA cells re-
side within crypts for ∼48–72 h, undergoing up to six
rounds of cell division (Marshman et al. 2002), while
migrating upward. During this period, the TA cells be-
come committed to specific cell fates, a process best de-
scribed by a set of elegant experiments utilizing the mu-
rine Dlb-1 locus. The product of this locus generates an
intestinal binding site for the lectin Dolichus biflorus
agglutinin. SWR mice are Dlb-1−/−, while C57BL/6 mice
are Dlb-1+/+. In F1 mice, mutagens readily induce so-
matic mutations in individual cells, resulting in un-
stained clones on a stained background of heterozygous
cells. Winton and Ponder (1990) originally used this ap-
proach to formally prove the existence of long-lived, plu-
ripotent stem cells, by showing that a single mutated
cell can give rise to all epithelial cell types. Unfor-
tunately, since mutagenesis occurs randomly in this
approach, no conclusion can be drawn regarding the na-
ture or location of the stem cells. Bjerknes and Cheng
refined this strategy by showing that mutagen treatment
of Dlb-1−/− SWR mice results in stained mutant cells on
a background of unstained wild-type cells (Bjerknes and
Cheng 1999). The isolation of crypt–villus units from
such mice allows entire clones to be visualized at single
cell resolution. This study revealed the existence of mul-
tiple short-lived crypt progenitors that have the ability to
give rise to one or more lineages, most likely through
consecutive binary decisions. Short-lived multipotent
“Mix” progenitors presumably derive directly from mul-
tipotent stem cells. Mix in turn generates committed
progenitors for the different epithelial lineages; e.g., C1

for (columnar) enterocytes and M1 for mucus-producing
goblet cells.

Other genetic clonal marking strategies exploit muta-
tion of the X-linked glucose-6-phosphate dehydrogenase
gene in male mice (Griffiths et al. 1988; Park et al. 1995),
of a hypothetical enzyme involved in O-acetylation
(Campbell et al. 1996), or of mitochondrial cytochrome c
oxidase (Taylor et al. 2003; Greaves et al. 2006) in human
colon. Another elegant tracing strategy follows epige-
netic changes in gene methylation patterns as a lineage
marker (Yatabe et al. 2001; Shibata 2008). These studies
in essence confirm that all epithelial cell types derive
from a single stem cell, that crypts contain multiple
stem cells, and that crypts can multiply through lateral
fission.

Stem cells: two schools of thought

As indicated above, the crypts of the small intestine and
colon have long been known to harbor a functional stem
cell compartment (Marshman et al. 2002; Bjerknes and
Cheng 2006), yet a paucity of unique molecular markers
has hampered the definitive identification of the stem
cells proper. While there has been general agreement
that every crypt contains four to six independent stem
cells, two schools of thought exist as to their exact iden-
tity, the “+4 position” model and the “stem cell zone”
model (Fig. 1). For more than a century, the small intes-
tinal crypt has been viewed as a tube of proliferating cells
bounded from below by Paneth cells. Since the late
1950s, the “+4 position” model has therefore placed the
stem cells at position +4 relative to the crypt bottom,
with the first three positions being occupied by the ter-
minally differentiated Paneth cells. Chris Potten and col-
leagues (Potten et al. 1974) have provided experimental
support for the +4 stem cell model. They have reported
the existence of label-retaining cells residing specifically
at this position (Potten et al. 1974). Moreover, they have
observed that the +4 cells are extremely radiation sensi-
tive, a property that would functionally protect the stem
cell compartment from genetic damage (Potten 1977). In
the proposed model, damaged stem cells are replaced by
the first two to three generations of TA cells, which
would have a much better repair capacity, and which
would fall back into the +4 position while regaining stem
cell properties. The +4 cells are actively cycling. Label
retention by the +4 cell has been proposed to result from
asymmetric segregation of old and new DNA strands
(Potten 1977; Potten et al. 2002). As outlined in the in-
troduction, definitive proof of stemness requires that pu-
tative stem cells can be experimentally linked to their
progeny. The current literature gives no insight into the
nature of the cellular progeny of +4 cells. Therefore, the
position of the +4 cells in the epithelial hierarchy re-
mains uncertain.

The second school of thought has been based on the
identification over 30 yr ago of Crypt Base Columnar
(CBC) cells; small, undifferentiated, cycling cells hidden
between the Paneth cells (Cheng and Leblond 1974a,b;
Bjerknes and Cheng 1981a,b, 1999; Stappenbeck et al.
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2003). Originally based on morphological considerations,
but more recently also on the Dlb-1-based clonal mark-
ing techniques, Leblond, Cheng and Bjerknes have pro-
posed that the CBC cells may represent the true stem
cells. In the stem cell zone model, Mix cells are proposed
to represent the direct offspring of the CBC cells. Mix
cells would occupy the positions directly above the Pan-
eth cells, the “common origin of diffentiation”. At the
“common origin”, the cells commit to one of the various
fates. Maturing Paneth cells precursors will migrate
downward, with the oldest Paneth cells residing at the

very base of the crypt. All other cell types migrate up-
ward, as described above.

While these studies have revealed important aspects
and parameters of the self-renewing intestinal epithe-
lium, a paucity of unique stem cell markers has ham-
pered the definitive identification of intestinal stem
cells. Musashi-1 (Kayahara et al. 2003; Potten et al. 2003;
Asai et al. 2005) and �1-integrin (Fujimoto et al. 2002)
have been suggested to mark stem cells. While activity
of these genes is high in the bottom third of crypts, their
expression appears too broad to mark stem cells specifi-
cally. Several other markers have been identified for the
+4 cells, i.e., phospho-PTEN and phospho-AKT (He et al.
2004), sFRP5 (Gregorieff et al. 2005), Sox4 (Van der Flier
et al. 2007), and Dcamkl1 (Giannakis et al. 2006). All of
these markers are specific for the +4 cells. As argued
above, however, positional information is insufficient
evidence to define molecules as stem cell markers.

Wnt target genes as candidate stem cell markers

A rational approach to the identification of stem cells
and their molecular markers exploits the insights into
the molecular machinery controlling self-renewal of the
intestinal epithelium. A large series of recent studies in-
dicate that the Wnt signaling pathway has a unique and
central role in the (patho-) physiology of the intestine.
Multiple secreted Wnt factors are produced by the epi-
thelial cells at the crypt bottom (Gregorieff et al. 2005),
potentially generating a morphogen-like gradient of Wnt
signals along the crypt–villus axis. Several lines of in
vivo evidence indicate that proliferation of the TA cells
in the crypt is strictly dependent on continuous stimu-
lation of the Wnt pathway. First, progenitors located at
the bottom of the crypts accumulate nuclear �-catenin,
implying that these cells respond to Wnt stimulation
(van de Wetering et al. 2002). Second, removal of Tcf4,
�-catenin, or overexpression of the Wnt inhibitor Dkk-1
all result in a complete loss of proliferation (Korinek et
al. 1998; Pinto et al. 2003; Kuhnert et al. 2004). Third,
mutations in the negative regulator of Wnt signaling
APC, or expression of oncogenic forms of �-catenin re-
sult in hyperproliferation of the epithelium (Harada et al.
1999; Romagnolo et al. 1999; Smits et al. 1999; Sansom
et al. 2004; Andreu et al. 2005). Of note, these activa-
tional Wnt pathway mutations are causative to colon
cancer in man (Korinek et al. 1997; Morin et al. 1997).

In addition to their mitogenic activity, Wnt signals
perform at least two other functions in crypts. First, ter-
minal differentiation of Paneth cells at the crypt bottom
paradoxically requires Wnt signals (Andreu et al. 2005;
van Es et al. 2005). And second, the Wnt gradient drives
a graded expression of the cell-sorting receptors EphB2
and EphB3 (Batlle et al. 2002), which in turn is respon-
sible for sorting cells along the crypt–villus axis. In par-
ticular, Wnt-driven expression of EphB3 guides Paneth
cells to crypt bottoms against the general flow of epithe-
lial cells, a notion that fits well with the “stem cell
zone” hypothesis.

In an attempt to determine the genetic program that is

Figure 1. The exact identity of the intestinal stem cells has
proven controversial over the last 30 years, with two opposing
models dominating the literature. (Top panel) In the“+4 posi-
tion”model proposed in the late 1950s, it was assumed that that
the crypt base is exclusively populated by terminally differen-
tiated Paneth Cells and the stem cells must therefore be located
just above the Paneth cells at the +4 position. This model,
largely championed by Chris Potten and colleagues (Marshman
et al. 2002) predicts that the enterocytes, goblet cells, and en-
teroendocrine cells are derived from +4 cell progeny that differ-
entiate as they migrate out of the crypts onto the villi. In con-
trast, the Paneth cells differentiate as they migrate down from
the +4 position toward the crypt base. (Bottom panel) A more
recent, but less well accepted model, the “stem cell zone”
model proposed by Leblond and colleagues in the early 1970s
(Cheng and Leblond 1974a,b) states that small, undifferentiated,
cycling cells (termed crypt base columnar cells) intermingled
with the Paneth cells are likely to be the true intestinal stem
cells. Definitive proof for either model has proven elusive due to
the lack of specific markers for these cells
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inappropriately activated in APC-mutant human colon
cancer cells, we found that the same genetic program is
physiologically expressed in proliferative cells in healthy
crypts (van de Wetering et al. 2002). The program con-
sists of a core of ∼80 Wnt target genes (Van der Flier et al.
2007). We reasoned that the possibility existed that a
subset of these genes could be uniquely expressed in
crypt stem cells. To identify such markers, we performed
histological expression studies for each of the 80 Wnt
target genes.

Although the overwhelming majority of the genes
were expressed throughout the proliferative crypt com-
partment (van de Wetering et al. 2002; Van der Flier et al.
2007) or in mature Paneth cells (van Es et al. 2005), we
detected several Wnt target genes with a much more
restricted expression within crypts. One of these, the
Lgr5/Gpr49 gene, was expressed in a particularly unique
fashion. The Lgr5 gene encodes an orphan G protein-
coupled receptor, characterized by a large leucine-rich
extracellular domain (Fig. 2). It is closely related to re-
ceptors with glycoprotein hormone ligands, such as the
TSH, FSH, and LH receptors. Lgr5 is highly expressed in
stem cells of another Wnt-driven self-renewing struc-
ture, the hair follicle (Morris et al. 2004). In situ hybrid-
ization on small intestinal tissue revealed highly re-
stricted expression at the crypt bottom. This expression
pattern clearly differed from that obtained with any of the
other 80 genes in the Wnt signature. The Lgr5-marked
cells were reminiscent of the cycling CBC cells, described
by Leblond and colleagues (Cheng and Leblond 1974b).

While our study was in progress, Hsueh and colleagues

(Morita et al. 2004) published the Lgr5−/− phenotype. A
developmental abnormality of the tongue and lower jaw
causes newborns to swallow large amounts of air, lead-
ing to their postnatal demise. A knock-in allele, in which
LacZ was integrated just N-terminal to the first trans-
membrane domain of Lgr5, confirmed this phenotype
(Barker et al. 2007) and allowed a detailed expression
analysis from which the following could be concluded:
Lgr5 displays a complex expression pattern during em-
bryogenesis, yet expression in most tissues subsides
around birth. In adult mice, expression is restricted to
rare, scattered cells in multiple tissues including the eye,
the olfactory bulb of the brain, hair follicles, mammary
glands, adrenal gland, and the epithelium of the stomach
and intestinal tract. Importantly, Lgr5 expression in the
intestine is indeed restricted to the CBC cells that are
squeezed in between the Paneth cells (Fig. 2). By mor-
phology, the slender Lgr5+ve CBC cells with their scant
cytoplasm and flat, triangular nuclei are readily distin-
guishable from the adjacent Paneth cells. The CBC cells
invariably express the Ki67 cell cycle marker, which pro-
vides a simple means of their identification amongst the
noncycling Paneth cells. BrdU labeling studies indicate
that the average cycling time of CBC cells is in the order
of 1 d, ruling out that they are quiescent (Fig. 2), while
TA cells cycle every 12 h (Marshman et al. 2002). In the
colon, Lgr5 expression occurs in cells of similar shape at
the crypt base.

In order to visualize live CBC cells and to follow their
potential progeny, we generated another knock-in allele
by integrating a cassette encoding Enhanced Green Fluo-

Figure 2. (Left panel) Lgr5 is predicted to encode a 7-transmembrane protein with a large extracellular domain for ligand binding and
a short cytoplasmic tail for coupling to G-proteins. (Middle panel) The Lgr5 protein is exclusively expressed on the Crypt-Base-
Columnar (CBC) cells interspersed between the Paneth cells at the base of the intestinal crypts (visualized here by confocal microscopy
for EGFP fluorescence in crypts from the Lgr5-EGFP KI mouse). (Right panel) The Lgr5+ve CBC cells are actively cycling, with the entire
population staining positive for BrdU after 24 h of continuous labeling.
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rescent Protein (EGFP) and a tamoxifen-inducible ver-
sion of the Cre recombinase enzyme into the first exon.
The EGFP pattern observed in adult tissues faithfully
recapitulated the Lgr5-LacZ expression pattern. Confo-
cal imaging captured live EGFP+ve cells in small intes-
tine (Fig. 2, middle panel) and colon. By Immuno-Elec-
tron Microscopy, the unique ultrastructural anatomy of
the GFP+ve cells was found to be identical to that of the
CBC cells described by Cheng and LeBlond (1974a,b).
Typically, the CBC cells are broad at their base. Their
flat wedge-shaped nucleus makes up an estimated 80%
of the volume of the cell. A slender extension of apical
cytoplasm reaches between the neighboring Paneth cells
to the crypt lumen and carries some microvilli.

Following the genetic marking strategy described in
the introduction, the knock-in allele was crossed with
the Cre-activatable R26R-LacZ reporter. Injection of
tamoxifen should activate the CreERT2 fusion enzyme
uniquely in the CBC cells, irreversibly marking these
cells by Cre-mediated excision of the roadblock se-
quence in the R26R-LacZ reporter. The activated LacZ
reporter then acts as a genetic mark in the CBC cells and
their potential progeny. The lineage tracing strategy
worked surprisingly well. Adult mice were injected with
a single, low-dose tamoxifen pulse to activate the R26R-
LacZ reporter stochastically and at low frequency in
CBC cells, hitting one cell per 10 crypts on average. The
mice were sacrificed from 1 d to 6 mo post-induction. On
day 1 post-injection, occasional CBC cells in the crypts
of small intestine and colon expressed the LacZ marker.
At later time points, parallel ribbons of blue cells ema-
nated from these marked CBC cells and ran up to the tips

of adjacent villi. These ribbons started reaching the vil-
lus tips 5 d post-injection. The CBC cells were capable of
long-term maintenance of the self-renewing epithelium,
since 2 mo (Barker et al. 2007) and even 6–12 mo after
induction, during which time the intestinal epithelium
will have been renewed at least 10–60 times, respec-
tively, the appearance and frequency of blue crypts and
ribbons remained unchanged (Fig. 3).

Within the clonal blue ribbons of 60-d induced intes-
tine, the four epithelial cell types (enterocytes, goblet
cells, Paneth cells, and enteroendocrine cells) occurred at
normal ratios. As described above, Bjerknes and Cheng
(1999) have reported the existence of different types of
long-lived epithelial clones; i.e., columnar (enterocyte)
clones, mucous (goblet) clones, and mixed clones
(Bjerknes and Cheng 1999). The clones observed in our
study were exclusively of the mixed variety. In colon,
blue clones emanating from the crypt bottom contained
colonocytes as well as goblet cells.

Thus, the Lgr5+ve cells in small intestine and colon
cells fulfill the definition of stemness in displaying lon-
gevity and multipotency. The observations confirm ear-
lier estimates that each crypt contains approximately six
independent, long-lived stem cells. Counter-intuitively,
although CBC cells are stem cells, they appear never to
be quiescent. Rather, the CBC cells complete a cell cycle
every day. As they likely persist for the entire life of a
mouse, the CBC cells must go through many hundreds of
cell divisions. The logistical consequences in terms of
maintenance of telomeres and genomic integrity, and of
protection against cellular transformation must be co-
lossal.

Figure 3. Whole-mount photograph of
small intestine (top series) and colon
(bottom series) from Lgr5-EGFP-Ires-
CreERT2/Rosa26-LacZ mice induced 6
mo previously with low-dose Tamoxifen.
Villi containing ribbons of blue cells origi-
nating from the Lgr5+ve CBC cells are
readily visible in the small intestine. (Top
right panel) The various cell-types of the
villus epithelium are all present within
each of these blue ribbons, proving that
the Lgr5+ve CBC cells are multipotent as
well as being long-lived. (Bottom right-
panel) Similar observations are made in
the colon, demonstrating that the Lgr5+ve

cells are the stem cells of both the small
intestine and colon.
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Sangiorgio and Capecchi (2008) very recently described
a comparable lineage-tracing experiment utilizing a
newly generated Bmi-Cre-ER knock-in allele. The Bmi-1
gene encodes a component of a Polycomb Repressing
Complex 1, shown to play an essential role in mainte-
nance of chromatin silencing (Valk-Lingbeek et al. 2004;
Widschwendter et al. 2007). The Bmi1 gene has recently
attracted significant attention because of its role in self-
renewal of neuronal, hematopoietic, and leukemic cells
(Lessard and Sauvageau 2003; Molofsky et al. 2003;
Leung et al. 2004). Using the Cre reporter strategy de-
scribed above, these authors report that the first cells in
which the activated Cre reporter can be observed, 20 h
after induction, were predominantly located at the pre-
sumed position +4 directly above the Paneth cells. Over
the next few days, the marked cells produced labeled
offspring at a rate that appears similar to what is seen in
Lgr5-based tracing experiments. No cell cycle kinetic
analysis is reported for the “Bmi-1 cells”, yet the rapid
appearance of labeled offspring would argue against a
quiescent state for these cells. Like CBC cells, the Bmi-
labeled clones generated ribbons emanating from crypts
onto associated villi. Within these ribbons, all cell types
were present, indicative of multipotency. The number of
labeled clones only slightly decreased over a 1-year pe-
riod, implying longevity of the underlying Bmi+ stem
cells.

CBC cells and Bmi-1 cells therefore share important
functional characteristics. They both produce off-
spring within days, yet persist for at least a year and both
are multipotent. At first glance, there are also some
significant differences between the two studies.
(1) The Bmi-labeled cells only occur in ∼10% of the
proximal part of the small intestine and are not seen
elsewhere in the intestinal tract. (2) Only one to two
Bmi-labeled cells are observed per positive crypt.
(3) The Bmi-labeled cells are first seen predominantly at
position +4. The first two differences may be due to
the relatively weak/variegated activity of the Bmi-
CreER allele as observed by Sangiorgio and Capecchi
(2008) and to the indirect way by which Bmi-1 expres-
sion is visualized. The apparent difference in location of
CBC cells and Bmi cells is less easily reconciled. Are the
Bmi cells the same +4 cells as the ones observed by Pot-
ten and colleagues? If so, they should be DNA label re-
taining and highly radiation sensitive, neither of which
has currently been assessed. Or alternatively, do the Bmi
cells and the CBC cells represent overlapping or even
identical populations of stem cells? Direct visualization
of Bmi1 expression in comparison with Lgr5, to Paneth
markers, and to markers of the +4 cells should resolve
these differences.

The anatomy of the intestinal crypt is uniquely suited
to study adult stem cells in their niche. With the Lgr5-
and Bmi-based genetic tools in hand, it is now possible to
visualize, isolate, and genetically modify the stem cells
of the adult intestine at will. It is anticipated that this
will facilitate rapid progress in our understanding of the
biology of the intestinal stem cell niche over the next
few years.
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