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lineages are present in the intestine: the absorptive enterocytes 
are the most abundant cells, the goblet cells produce the mucus, 
and the enteroendocrine cells regulate the motility of the gut and 
the secretion of the digestive enzymes while the paneth cells 
residing at the base of the crypt produce microbicide proteins 
(Fig. 3 A). Based on proliferation kinetics experiments, it has been 
suggested that intestinal SCs reside in the crypt at position +4 
with respect to the base of the crypt (Potten et al., 1978).

The existence of multipotent SCs in the intestine has been 
suggested by the presence of long-lived clones of marked cells 
that contain several types of differentiated intestinal cells 
(Bjerknes and Cheng, 1999). Barker et al. (2007) identified 
Lgr5 as a Wnt target gene in colonic cancer lines, and demon­
strated that Lgr5 is expressed at the base of the crypt in intestinal 
crypt base columnar cells intercalated between paneth cells. 
In contrast to the vast majority of Wnt target genes, which are 
expressed throughout the crypt, including in the transit amplifying 
cells, Lgr5 expression is restricted to crypt base columnar cells. 
Lgr5CREER-IRES-GFP lineage tracing demonstrated that indeed 
Lgr5-expressing crypt base columnar cells are rapidly cycling 
multipotent SCs of the intestine giving rise to all cell lineages 
of the intestine including enterocytes, goblet cells, and neuro­
endocrine cells, as well as paneth cells (Fig. 3, B and C; Barker 
et al., 2007).

Bmi1, a polycomb repressor, is expressed in the proximal 
intestine and preferentially marks the cells located in position +4. 
Cells labeled in lineage-tracing experiments using Bmi1CREER, 
similarly to Lgr5+ cells, give rise to all cell lineages of the intes­
tine (Fig. 3, D and E; Sangiorgi and Capecchi, 2008), suggesting 
the existence of two distinct classes of SCs in the small intestine. 
Two independent studies using CREER show that preferentially 
but not exclusively labeled +4 cells (mTertCREER and Hopx­
CREER) give rise to all intestinal lineages (Montgomery et al., 
2011; Takeda et al., 2011), confirming the presence of multi­
potent intestinal SCs in the +4 position. The faster expansion 
of Lgr5 progeny in comparison to Bmi1- or mTert-derived cells 
suggests that +4 intestinal SCs could be more quiescent than 
Lgr5+ SCs, but yet long-lived. Interestingly, although the ablation 
of Bmi1+ cells leads to the degeneration of the crypts (Sangiorgi 
and Capecchi, 2008), the ablation of Lgr5 cells has no effect on 
intestinal homeostasis, as Bmi1+ SCs can compensate for the 
loss of Lgr5 cells (Tian et al., 2011). Under physiological condi­
tions or after the destruction of Lgr5+ cells, Bmi1 cells can re­
plenish the Lgr5 pool. Similarly, mTert and Hopx labeled cells 
also give rise to Lgr5+ cells and conversely Lgr5 cells can give 
rise to Hopx cells (Takeda et al., 2011), suggesting that the Lgr5 
SCs are in equilibrium with the +4 cells SCs.

Although there are around 16 Lgr5+ cells per crypt, Lgr5 
lineage tracing using a multicolor reporter mouse demonstrated 
that the crypt rapidly evolves from polyclonal labeling (multi­
color) to monoclonal labeling (monocolor) (Fig. 3, F and G). 
Analysis of Lgr5 cell division revealed that they mostly divide 
symmetrically giving rise to 2 Lgr5+ cells, incompatible with a 
model in which homeostasis is maintained by pure asymmetric 
cell division (one SC gives one transit-amplifying cell). Instead, 
this supports a model in which SC divisions are symmetric at the 
cellular level, but, at the level of the SC pool, the divisions seem 

Figure 3.  Lineage tracing of the intestine. (A) Schematic representation 
of the intestinal epithelium lineages (enterocytes, enteroendocrine, goblet, 
and paneth cells) and its SCs. (B and C) Lineage tracing of Lgr5+ SCs 
(blue) using Lgr5-GFP-IresCREER/RosaLacZ mice analyzed 12 h (B) or 60 d 
(C) after induction demonstrates the initial labeling of columnar basal cells 
(B) that give rise to the differentiated cells of a villus (C). Adapted from 
Barker et al. (2007) with permission from Nature Publishing Group.  
(D and E) Lineage tracing of Bmi1+ SCs (green) using Bmi1CREER/Rosa 
YFP mice analyzed 5 d (D) or 2 mo (E) after induction. Staining of YFP 
(green) and of chromogranin A (ChGA) labeling enteroendocrine cells 
(red); and lysozyme (Lys) antibody, labeling Paneth cells (red), showing 
the initial labeling of cells above the paneth cells (D) that give rise to the 
differentiated cells of a villus (E). Images courtesy of E. Sangiorgi and  
M. Capecchi. (F and G) Lineage tracing of crypts using Ah-CREER/ 
RosaConfetti mice analyzed 1 wk (F) or 8 wk (G) after induction, showing 
the initial multicolor labeling of the crypt and villus unit that progressively 
become monoclonal (one color per crypt) over time. Adapted from Snippert 
et al. (2010b) with permission from Elsevier.
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to ascertain whether there is one or more colonic SCs contrib­
uting to the homeostasis and the regenerative potential of the 
colonic epithelium.

The airway system
The airway system is compartmentalized along the proximal–
distal axis into three anatomically distinct regions: the trachea 
and bronchi, the bronchioles, and the alveoli. The cellular com­
position of the lung epithelium varies in the different regions, as 
well as the cellular hierarchy that regulates the maintenance and 
repair of these epithelia (Rock and Hogan, 2011). The trachea 
and bronchi are pseudostratified epithelia containing ciliated 
cells, secretory cells (Clara cells and goblet cells), and basal 
cells (30% of tracheal epithelial cells; Fig. 4 A). The function 
of this first part of the airway tract is to allow the circulation of 
the air but also to protect the lung epithelium by absorbing dust 
particles and microbes that are constantly inhaled. Through 
movement of the cilia, these cells chase the dirty mucus out of 
the respiratory tract. Rare neuroendocrine cells are also dispersed 

asymmetric because for one SC that divides, one SC is lost, lead­
ing to neutral drift dynamics in which SCs expand or are lost at 
random (Lopez-Garcia et al., 2010; Snippert et al., 2010b).

How to reconcile the data supporting the existence of two 
populations of intestinal SCs in equilibrium with each other, 
with the presence of neutral drift toward monoclonality of the 
intestinal crypt? One possibility is that, despite their relatively 
distinct tissue localization, Lgr5 and Bmi1 are functionally equi­
potent SCs competing with each other in the neutral drift prolifera­
tion dynamics. Another possibility is that the long-term lineage 
tracing in both models results from the labeling of the same mul­
tipotent intestinal SCs, as there is a small overlap between the 
cells traced with Lgr5CREER and the cells traced with Bmi1, 
Hopx, mTER CREER. Further studies analyzing the rate of the 
drift toward monoclonality using Lgr5+CREER and the other 
+4 CREER will help to address this open question.

Although Lgr5 can also mark colonic SCs (Barker et al., 
2007), the low frequency of Lgr5-marked crypts due to the 
mosaic expression Lgr5CREER in the colon renders it difficult 

Figure 4.  Lineage tracing of the airway epithelium. (A and B) Schematic representation of the airway epithelium that can be divided into trachea and 
bronchi, bronchioli, and alveoli. (C–F) Lineage tracing of tracheal basal cells using K5CREER/Rosa-LacZ and analyzed 6 d (C and E), 3 wk (F), or 12 wk 
(D) after TAM administration. Paraffin sections of X-gal–stained (blue) (K5-labeled cells and their progeny) and anti-acetylated tubulin (brown, cilia), show-
ing the initial labeling of basal cells (C) that give rise to luminal cells during postnatal development (D). (E and F) Lineage tracing of tracheal basal cells 
using K5CREER/Rosa-YFP and analyzed 3 and 15 wk after TAM administration showing the initial labeling of basal cells (green) that give rise to Clara 
cells (red). Adapted from Rock et al. (2009) with permission from Proc. Natl. Acad. Sci. USA. (G–I) Lineage tracing of the Clara cells in the bronchioli 
using Scgb1a1CREER/RosaYFP mice induced at E18.5 and analyzed 2 d (G), 3 wk (H), or 1 yr (I) after induction. Immunostaining of GFP (green), pro-
SPC (AEC2) (red), and Scgb1a1 (Clara cells) (blue) shows the long-term renewal of Clara cells and the expansion of ciliated cells over time. Arrowheads 
represent lineage-labeled AEC2 cells. Arrows represent lineage-labeled putative BASCs. Inset in H shows labeled ciliated cells (arrowheads), but no neu-
roendocrine cells (red, arrow). The stable frequency of lineage-labeled AEC2 cells over time (1–3%) suggests that BASC cells do not contribute to alveoli 
expansion during postnatal growth. Adapted from Rawlins et al. (2009) with permission from Elsevier. AEC1, alveolar type I; AEC2, alveolar type II; BADJ, 
bronchioalveolar duct junction; BASC, bronchioalveolar stem cell. Bars: (C and D) 20 µM; (E and F) 25 µM; (G) 50 µM.
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essential to maintain the alveoli open. Proliferation kinetic  
experiments suggested that the alveolar type 1 cells are terminally 
differentiated cells that do not divide, neither under physiological 
conditions nor during tissue regeneration. On the other hand, type 
2 cells divide during homeostasis and repair, and were assumed 
to contain SCs of the alveoli (Adamson and Bowden, 1975), 
although no lineage-tracing experiment has formally demonstrated 
this hypothesis. Cells expressing both Scgb1a1 (the Clara marker) 
and pro-SPC (a marker of cuboidal alveolar type 2 cells) have 
been described at the bronchioalveolar junction. These cells do 
not die upon injury, become proliferatively active, and exhibit 
SC properties in culture, and therefore were called bronchio­
alveolar SCs (Kim et al., 2005). Labeling of bronchiolar cells, 
including the bronchioalveolar SCs, with the Scgb1a1-CREER 
demonstrated that these cells do not contribute to the alveoli 
during postnatal growth and after hyperoxia injury but rather 
contribute to the bronchiolar regeneration (Rawlins et al., 2009). 
However, a new study showed that cells labeled with the  
Scgb1a1-CREER contribute extensively to the alveoli regener­
ation after bleomycin-induced lung injury, suggesting that the 
contribution of Clara cells to lung regeneration can vary depend­
ing on the type of injury (Rock et al., 2011). Consistent with the 
role of Scgb1a1+ cells during lung repair after bleomycin-
induced injury, lineage tracing of alveolar type 2 cells using 
SPC-CREER demonstrated that SPC-derived cells are re­
placed by SPC-negative progenitors during lung repair after  
bleomycin inhalation (Chapman et al., 2011). K14-CREER lin­
eage tracing suggested that K14/K5-positive cells appear in 
the bronchioles a few days post-infection of H1N1 virus and 
give rise to migrating K5-positive clusters of cells at the sites of 
interbronchiolar lung damage (Kumar et al., 2011). However, 
the origin of these K5-positive cells remains unclear. Do they arise 
from Sgbd1a1 cells that begin to express K5/K14 upon injury 
or do they come from already K5-positive cells from the main 
bronchia? What is their long-term contribution to alveoli lineage? 
Further work will be needed to clarify these open questions.

Perspectives
Lineage-tracing experiments in different epithelia reveal the 
coexistence of several types of SCs in each epithelium. Epithelia 
such as the epidermis and the intestine contain rapidly cycling 
SCs, dividing asymmetrically at the level of the population but 
symmetrically at the SC level, which balanced renewal and 
differentiation stochastically. In addition, these tissues present a 
slower cycling population of cells that represent a reserve pool  
of SCs in case of sudden need. More studies will be required to 
precisely determine how the equilibrium between these two pools 
of SCs is achieved and what the molecular mechanisms are that 
allow the stochastic choice between renewal and differentiation.

Another theme that emerges from these lineage-tracing 
studies is the existence of both multipotent and unipotent SCs 
maintaining the diversity of cell lineages found in these epithelia 
during postnatal life. Further studies will be necessary to better 
understand when the switch from multipotency to unipotency  
occurs during morphogenesis, how the differentiation of these 
epithelial SCs is controlled, and what the relative importance of 
intrinsic versus extrinsic determinants is in regulating their fate.

in the luminal layer of the trachea, which regulate the contrac­
tion of the respiratory tracts as well as the secretion of the mucus 
(Rock and Hogan, 2011).

In contrast to the constant and rapid turnover occurring in 
the intestine or the skin epidermis, the airway system presents 
a very low renewal under steady-state conditions. For example, 
lineage tracing using Foxj1-CREER, which labeled ciliated 
cells, supports the view that ciliated cells are postmitotic with 
a half time of several months under homeostatic conditions 
(Rawlins et al., 2007). There is increasing evidence that basal 
cells function as multipotent SCs in the trachea and bronchi, 
able to self-renew and differentiate into both Clara cells and 
ciliated cells under steady-state conditions and after injury. 
The first evidence that basal cells contain multipotent SCs 
came from lineage-tracing experiments using the K14-CREER 
to label basal cells in the trachea and bronchi during naphthalene-
induced epithelium regeneration, demonstrating the massive 
contribution of basal cells during trachea and bronchi regen­
eration (Hong et al., 2004a,b). However, under physiological 
conditions most mouse basal cells express K5, whereas only 
a subset of basal cells expresses K14, which is up-regulated in 
the basal cell population upon injury. These studies did not 
assess the contribution of the basal cells under steady-state 
conditions. Rock et al. (2009) used a K5-CREER to label basal 
cells of the upper airway tract postnatally under physiological 
conditions and demonstrated that basal cells contain self- 
renewing multipotent SCs, giving rise to Clara and ciliated 
cells during postnatal growth, adult homeostasis, and epithelial 
repair (Fig. 4, C–F). Lineage tracing using Scgb1a1 (also called 
Secretoglobin 1a1 or CC10) CREER mice, which specifically 
marked Clara cells in the trachea and the main bronchi, demon­
strated that some of these cells can undergo several rounds of 
replication giving rise to Clara and ciliated cells. However, 
most of them are progressively lost and replaced over time by 
cells that are not marked by Scgb1a1CREER (Rawlins et al., 
2009), suggesting that Clara cells in the trachea and the main 
bronchi do not contain SCs and behave as a transit-amplifying 
cell population.

Bronchioles lack basal cells but are surrounded instead 
by myofibroblast cells (Fig. 4 B). They are mainly composed 
of ciliated and secretory cells, and also contain clusters of neuro­
endocrine cells. Lineage tracing of Clara cells with Scgb1a1-
CREER showed that Clara cells from bronchioles self-renew 
over a long period of time and give rise to ciliated cells, during 
postnatal growth, homeostasis, and repair of the bronchiolar 
epithelium. This is consistent with the presence of bipotent 
Scgb1a1-expressing SCs, which ensure the homeostasis of the 
bronchioles (Fig. 4, G–I; Rawlins et al., 2009).

Alveoli are the sites of exchange between the inhaled air 
and the gas of the blood. To maximize the surface of exchange 
between the blood and the air, the bronchioles end in multiple 
sacs, called alveoli, which are encased by a dense capillary net­
work. The alveoli contain two major cell types: the alveolar 
type 1 cells, which are squamous cells that comprise the major 
surface of the lung and express different ion transporters critical 
for fluidity of the mucus produced, whereas alveolar type 2 cells 
are cuboidal cells that secrete the surfactant protein C (SPC) 
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New lineage-tracing studies will be required to identify 
new types of SCs in the different epithelial tissues. For example, 
how are the esophagus, pancreas, bladder, prostate, and ovary 
developed, maintained, and repaired? Do these tissues contain 
multipotent SCs or different classes of unipotent SCs? The identi­
fication of the different SCs, transit-amplifying cells, and differ­
entiated cells in these different epithelia will be instrumental 
to uncover the cell lineages at the origin of the different epithe­
lial cancers (Visvader, 2011). What is the respective importance 
of oncogenic mutations versus the cellular origin in dictating 
the tumor phenotypes? Also, the identification of cellular origin 
of the different epithelial cancers will allow one to define more 
precisely the transcriptional and genetic changes accompanying 
tumor initiation and to understand the molecular mechanisms 
that shape the fate of tumor-initiating cells. Cancer SCs have 
been identified in several human and mouse cancers based on 
their ability to reform primary tumors after transplantation into 
immunodeficient mice (Lobo et al., 2007). Further studies will 
be required to demonstrate the existence of cancer SCs during 
in vivo tumor growth in intact tissues using lineage-tracing and 
clonal analysis.
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