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Abstract
Maintenance of classic stem cell hierarchies is dependent upon stem cell self-renewal mediated in
part by Wnt/β-catenin regulation of the cell cycle. This function is critical in rapidly renewing tissues
due to the obligate role played by the tissue stem cell. However, the stem cell hierarchy responsible
for maintenance of the conducting airway epithelium is distinct from classic stem cell hierarchies.
The epithelium of conducting airways is maintained by transit-amplifying cells in the steady state;
rare bronchiolar stem cells are activated to participate in epithelial repair only following depletion
of transit-amplifying cells. Here, we investigate how signaling through β-catenin affects
establishment and maintenance of the stem cell hierarchy within the slowly renewing epithelium of
the lung. Conditional potentiation of β-catenin signaling in the embryonic lung results in
amplification of airway stem cells through attenuated differentiation rather than augmented
proliferation. Our data demonstrate that the differentiation-modulating activities of stabilized β-
catenin account for expansion of tissue stem cells.
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Introduction
The epithelium lining conducting airways turns over slowly in the steady state yet has
significant reparative capacity that is activated following injury [1–5]. Cell-selective injury
models have been used to identify reparative cells and stratify them according to their mitotic
and differentiation potentials. Nonciliated bronchiolar Clara cells function as a facultative
progenitor for maintenance of the epithelium of the adult mouse lung both in the steady state
and during repair following injury that specifically targets postmitotic ciliated cells [4,5].
However, the metabolic functions of quiescent Clara cells (similar to liver hepatocytes [6] and
pancreatic β-cells [7]) render them susceptible to xenobiotic agents such as naphthalene [8].
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In mice, naphthalene exposure results in a dose-dependent depletion of the Clara cell population
[9] and activation of a population of rare, naphthalene-resistant, spatially restricted cells that
proliferate in response to injury [10]. Genetic ablation studies defined the naphthalene-resistant
cell as the highest-ranking member of a bronchiolar stem cell hierarchy [3]. Bronchiolar tissue
stem cells (TSC) are restricted to two discrete microenvironments, the neuroepithelial body
and the bronchoalveolar duct junction [2,3,11]. In agreement with their naphthalene-resistant
phenotype, neuroepithelial body-associated TSC express less of the naphthalene-metabolizing
enzyme cytochrome P450-2F2 (CyP450-2F2) [11]. Both bronchiolar TSC and the Clara cell
express the secretory cell marker Clara cell secretory protein (CCSP) [3]. However, TSC may
be distinguished from Clara cells on the basis of their coexpression of Surfactant protein-C
(SP-C), a gene expressed within endodermal precursor cells of the developing lung and alveolar
type 2 cells of the adult [12,13].

Cell maintenance in slowly renewing tissues is thought to be different from that occurring
within rapidly renewing tissues. Rapidly renewing tissues, such as the epithelium of the small
intestine and the cellular components of the hematopoietic system, are maintained by classic
stem cell hierarchies. In these hierarchies, rare tissue stem cells give rise to one or more
populations of abundant transit-amplifying cells (TAC). These TAC are responsible for the
generation of sufficient differentiating progeny for maintenance of some or all components of
the tissue in which they reside [14,15]. Principal differences between rapidly and slowly
renewing tissues relate to the frequency with which TSC and TAC cycle in the steady state and
the differentiated status of the TAC population. Transit-amplifying cells of the small intestine
proliferate continuously, lack differentiated character, and are spatially separated from their
differentiated derivatives that either line the villus or migrate to the crypt base. In contrast, the
bronchiolar TAC is thought to be a differentiated secretory (Clara) cell that is normally
quiescent but responds to injury by dividing, self-renewing, and giving rise to progeny that
differentiate into one or more cell types (ciliated cells and Clara cells). Thus, intestinal TAC
are dedicated progenitor cells, whereas TAC of the lung and other slowly renewing organs
behave as facultative progenitor cells. In light of these functional distinctions between the stem
cell hierarchies of rapidly versus slowly renewing tissues, it is not clear whether molecular
signaling mechanisms that regulate one type of hierarchy can be extrapolated to other types of
reparative systems.

Genetic perturbations resulting in the stabilization of cytoplasmic β-catenin within the
proliferative fraction of intestinal epithelial cells lead to uncontrolled expansion of cells that
are unable to generate differentiating postmitotic progeny and have properties similar to the
TSC [16,17]. Potentiation of the Wnt/β-catenin pathway has similarly profound influences on
the self-renewal capacity and differentiation potential of other stem cell hierarchies, such as
those of the hematopoietic system [18–21] or the epidermis [22–25], leading in each case to
expansion of the TSC/TAC pool and either arrested or altered differentiation. However, even
though the Wnt/β-catenin pathway plays a critical role in regulation of lung development
[26–28], it is unclear whether it fulfills roles in the maintenance of adult lung stem cells similar
to those of more rapidly renewing organs.

In this study, we established that β-catenin-mediated signaling, which is active in early lung
endoderm, is extinguished within the differentiating epithelium. Constitutive potentiation of
β-catenin signaling within the developing lung endoderm at mouse embryonic day 16.5 arrests
epithelial maturation and leads to expansion of the bronchiolar stem cell pool in adult airways.
These supernumerary bronchiolar stem cells displayed a normal proliferative response to injury
and returned to a quiescent state upon epithelial restitution. These findings suggest that
downregulation of Wnt/β-catenin signaling is necessary for stratification of the bronchiolar
stem cell hierarchy and that stabilization of β-catenin interferes with the establishment of the
transit-amplifying pool and differentiated cell types.
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Materials and Methods
Animal Husbandry

Colonies of wild-type and genetically modified mice (supplemental online Table 1) were
maintained as in-house breeding colonies under specific pathogen-free conditions in an
Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility.
Experiments involving adult mice were performed with animals between 2 and 4 months of
age.

Naphthalene Administration
Naphthalene administration was carried out as previously described, with doses adjusted
according to strain to achieve a >90% decrease in the abundance of CCSP and CyP450-2F2
mRNA in total lung RNA of wild-type mice [10].

Bromodeoxyuridine Administration
For continuous labeling studies, bromodeoxyuridine (BrdU; Sigma-Aldrich, St. Louis,
http://www.sigmaaldrich.com) in sterile saline (20 mg/ml) was delivered using a 14-day mini-
osmotic pump (Alzet 2002; Durect, Cupertino, CA, http://www.alzet.com). Pumps were
implanted 24 hours after naphthalene exposure. For measurement of the instantaneous
proliferative index of epithelial cells in vivo, proliferating cells were pulse-labeled through
intraperitoneal injection of BrdU (50 mg/kg body weight; Sigma-Aldrich) 2 hours prior to
sacrifice.

Tissue Recovery
The trachea was cannulated, and the left lobe was removed and homogenized for RNA isolation
[29]. For standard light microscopy, right lung lobes were inflation-fixed with 10% neutral
buffered formalin for 2 hours. For ultrastructural analysis, tissue was inflation-fixed as
indicated above with 2.5% glutaraldehyde in phosphate-buffered saline (PBS).

Immunofluorescence
Immunofluorescence techniques were used to detect antigens listed in supplemental online
Table 2. Primary antibodies were diluted in 5% BSA/PBS at the concentrations listed in
supplemental online Table 2. Antigen-antibody complexes were visualized using an Olympus
Fluoview confocal microscope using 2 μg/ml 4,6-diamidino-2-phenylindole (Sigma-Aldrich)
in mounting medium as the counterstain.

Transmission Electron Microscopy
Tissue was processed for transmission electron microscopy according to previously published
methods [31] and examined using a Jeol 1011 transmission electron microscope (Jeol, Peabody,
MA, http://www.jeolusa.com).

Morphometric Analysis
Cell Density Analysis—The length of the bronchiolar and terminal bronchiolar epithelium
was determined using the measurement function of Image-Pro Plus (Media Cybernetics, Silver
Spring, MD, http://www.mediacy.com). Cell density was determined by counting nucleated
cells in this region and is expressed as cells per millimeter of basement membrane.

Proliferative Index Analysis—The proliferative index was defined as the number of BrdU-
labeled nuclei divided by the total number of nuclei and is presented as a percentage.
Representation of cells within the proliferative pool was defined as the number of cells that
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coexpressed a lineage marker (CCSP, CGRP, or FoxJ1) and BrdU divided by the total number
of BrdU-positive cells.

RNA Abundance
Quantitative reverse transcription (RT)-polymerase chain reaction (PCR) was used to assess
mRNA abundance. Total RNA was prepared from the left lung lobe as previously described
[10]. cDNA was prepared and assayed as previously described [32] using Assays-on-Demand
gene expression probe/primer sets from Applied Biosystems (Foster City, CA,
http://www.appliedbiosystems.com). Expression was quantified using an ABI Prism 7000
Sequence Detection System (Applied Biosystems), and values were calculated by the ΔΔCT
method using a standard total lung RNA preparation as the calibrator [33].

Clonogenic Frequency Analysis
Airway cells were prepared by the method of Chichester et al. [34]. CD45-positive cells were
depleted using Dynabeads (Dynal M-280; Dynal Biotech, Carlsbad, CA,
http://www.invitrogen.com/dynal) and biotinylated anti-CD45 according to the manufacturer's
directions. Clonogenic frequency within CD45(–) airway cell preparations was determined by
the method of Taswell [35]. Cells were cultured in mouse tracheal epithelial medium [36] at
5% CO2, 37°C for 1 week.

Results
β-Catenin Signaling During Airway Development

Airway secretory cell differentiation proceeds in a proximal-to-distal wave and is completed
in the terminal bronchiole during the postnatal period [13,37,38]. Later stages of embryonic
lung development were characterized by a restriction of prosurfactant protein C (proSPC)
expression to the epithelium lining terminal lung buds and an increase in expression of CCSP
in future terminal bronchioles residing immediately proximal to distal lung buds (supplemental
online Fig. 1). In contrast with previous reports [39], these antigens were expressed in distinct
cell types of the embryonic lung. By postnatal day 2, terminal bronchioles included a subset
of epithelial cells expressing both CCSP and proSPC antigens. This change was transient, and
CCSP/proSPC dual-positive cells were observed only in rare cell types at the bronchoalveolar
duct junction after postnatal day 2 (supplemental online Fig. 1).

The relationship between secretory differentiation and β-catenin signaling was determined at
day post coitum (dpc) 18.5 by colocalization CCSP with expression of the β-catenin reporter
transgene TOPGal. TOPGal transgene activity was measured through X-gal histochemical
staining of the β-galactosidase (β-gal) reporter gene [40]. At this time, the bronchial epithelium
expressed CCSP and was negative for βgal activity (supplemental online Fig. 2). In contrast,
the distal airway epithelium was in transition. CCSP-immunoreactive terminal bronchioles
were βgal-negative, whereas regions that were CCSP-negative exhibited high levels of βgal
activity. This analysis indicated that CCSP and the TOPGal transgene were expressed in
reciprocal patterns and suggested that establishment of the airway secretory lineage, like that
of other cell types of the maturing lung endoderm, was regulated by Wnt/β-catenin signaling.

Stabilization of β-Catenin Within the Airway Epithelium Blocks Clara Cell Differentiation
Stabilization of β-Catenin Attenuates Airway Epithelial Cell Differentiation—
Efficient and airway-specific recombination of the ROSA26-floxed STOP-LacZ (ROSA26-
RS [41]) and CatnbfloxE3 [42] alleles was observed in mice expressing Cre recombinase under
regulation of the CCSP promoter (CCSP-Cre transgene [43] (supplemental online Figs. 3, 4).
Use of the ROSA26-RS Cre reporter indicated that recombination first occurred at embryonic
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day 16.5 and proceeded through the early postnatal period (supplemental online Fig. 3).
Comparative morphological analysis of the adult conducting airway epithelium in wild-type
and CatnbΔE3 mice suggested that stabilization of β-catenin altered the molecular
characteristics of steady-state secretory cells (Fig. 1). In contrast with wild-type CCSP-
expressing cells, recombined cells of the CatnbΔE3 airway exhibited weak CCSP
immunofluorescence and an unusual low cuboidal to squamous morphology. Transmission
electron microscopic analysis of adult wild-type bronchioles detected nonciliated Clara cells
characterized by their domed morphology, a high cytoplasmic-to-nuclear ratio, and an
abundance of cytoplasmic organelles, including mitochondria, secretory granules, and
endoplasmic reticulum (Fig. 1). In contrast, the majority of nonciliated cells within bronchioles
of CatnbΔE3 mice exhibited a low cuboidal shape, a low cytoplasmic-to-nuclear ratio, and an
accompanying reduction in cytoplasmic organelles. Abundant glycogen granules, a hallmark
of embryonic airway cells, were absent from nonciliated airway cells of adult wild-type or
CatnbΔE3 mice. These data demonstrated that nonciliated airway cells of CatnbΔE3 mice were
undifferentiated relative to epithelial cells at this airway location in wild-type mice.

Qualitative changes to CatnbΔE3 secretory cells identified by immunofluorescent staining were
quantified through analysis of two secretory cell-specific mRNAs, CCSP and CyP450-2F2,
within total lung RNA (Fig. 2). CCSP (wild-type [WT] vs. heterozygous [het], p = .001; WT
vs. homozygous [homo], p = .0003) and CyP450-2F2 (WT vs. het, p = .0003; WT vs. homo,
p = .004) mRNA abundance was significantly decreased in adult lung RNA from mice that
were positive for the CCSP-Cre transgene and either homozygous or heterozygous for the
Catnbflox(E3) allele. Expression of these secretory cell-specific genes did not vary as a function
of zygosity (CCSP, p = .807; CyP450-2F2, p = .108). Abundance of SP-C mRNA, a marker
for early lung epithelial progenitor cells and adult alveolar type 2 cells, did not vary between
wild-type and heterozygous (p = .154) or homozygous (p = .696) mice. These data
demonstrated that expression of truncated β-catenin specifically altered the molecular
phenotype of airway secretory cells in the adult lung and that this was a dominant phenotype.

The airway epithelium matures postnatally, a process that is accompanied by induction of genes
involved in differentiated functions [44,45]. Quantitative RT-PCR was used to determine
whether CatnbΔE3 lungs progress through this postnatal differentiation process (Fig. 2). In
wild-type lung, the abundance of CCSP and CyP450-2F2 mRNAs did not vary between dpc
17.5 and postnatal day (pnd) 1, underwent a statistically significant increase in abundance
between pnd 1 and 21 (CCSP: p < .0001; CyP450-2F2: p < .0001), and was constant between
pnd 21 and 48. In lungs of CatnbΔE3 mice, the abundance of CCSP and CyP450-2F2 mRNAs
did not vary between dpc 17.5 and pnd 1 and was indistinguishable from expression levels
detected in lungs of wild-type mice. Abundance of both mRNAs increased between pnd 1 and
21 (p = .002) but was approximately 30% of that observed in wild-type lung (p = .0001). CCSP
and CyP450-2F2 mRNA abundance did not vary between pnd 21 and 48 in CatnbΔE3 mice,
and the expression level was significantly different from that of wild-type (CCSP, p = .008;
CyP450-2F2, p = .012). Similar genotype-dependent differences in expression of additional
Clara cell-specific markers were noted (supplemental online Fig. 5). These results were in
agreement with the histological demonstration of reduced CCSP protein levels in CatnbΔE3

airways and indicated that stabilization of β-catenin in airway secretory cells attenuated the
normal program of postnatal differentiation.

Previous studies involving potentiation of β-catenin signaling in the early embryonic lung
epithelium demonstrated metaplasia to a mucus cell phenotype [46] or transdetermination to
a gut phenotype [26]. In the present model, genotype-dependent differences in expression of
gut genes, including MUC2 and TFF3, or the mucus cell gene product Muc5AC were not
observed (supplemental online Fig. 6). Similarly, analysis of metaplasia through staining of
lung tissue with periodic acid Schiff reagent failed to detect evidence of mucus cells in either
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strain of mice (data not shown). These data support the conclusion that stabilization of β-catenin
affects airway epithelial cell differentiation without altering specification of the bronchiolar
lineage.

Truncation of β-Catenin Does Not Alter Airway Cell Density or Proliferation—
Expression of an N-terminally truncated form of β-catenin has been associated with hyperplasia
and tumorigenesis [46]. However, histomorphometric analysis failed to detect alterations in
epithelial cell density in the present model system (Fig. 3). To determine whether proliferation
was altered, the cumulative proliferative index for conducting airway epithelial cells was
determined. Continuous labeling of proliferating cells over a 7-day period was chosen in
preference to pulse labeling because of the very low rate of proliferation typically observed in
the conducting airway epithelium of the steady-state adult lung [47]. The cumulative
proliferative index for the wild-type and CatnbΔE3 epithelium was 1.20 ± 0.70 and 2.02 ± 0.47,
respectively (Fig. 3). These values were indistinguishable by Student's t test (p = .67) and
demonstrated that stabilization of β-catenin did not affect airway epithelial proliferation in the
steady state. These data are consistent with an absence of tumors in more than 500 CatnbΔE3

mice bred to date and suggest that expression of N-terminally truncated β-catenin does not
predispose cells to transformation.

Increased Number of Clonogenic Cells—Molecular and ultrastructural characteristics
of CatnbΔE3 airway cells were similar to that of neuroepithelial body-associated Clara-like
cells [48] and the mitotically active facultative progenitor cell, the type A Clara cell [4]. Since
stem and transit-amplifying cells have been distinguished on the basis of colony formation in
vitro [49–51], we determined the clonogenic frequency of wild-type and CatnbΔE3 epithelial
cells. This analysis (Fig. 3) demonstrated an approximately fourfold increase in colony-forming
cells in airways of CatnbΔE3 mice relative to wild-type controls (p = .001). This finding
suggested that the available pool of tissue stem cells was increased in airways of CatnbΔE3

mice.

Stabilization of β-Catenin Blocks Clara to Ciliated Cell Differentiation
Ciliated cells arise through two mechanisms. During lung development, ciliated cells may be
specified directly from endodermal progenitor cells [52]. In contrast, nascent ciliated cells of
the adult bronchiole are generated through differentiation of daughter cells of the facultative
progenitor cell [4,5]. The developmental appearance of ciliated cells occurs in a proximal-to-
distal gradient that initiates on dpc 14.5 and is essentially complete by approximately dpc 16.
After this time, bronchiolar ciliated cells are maintained through proliferation and
differentiation of Clara cells. Qualitative analysis of the CatnbΔE3 epithelium suggested that
ciliated cells were under-represented in the adult CatnbΔE3 epithelium (Fig. 4) To quantify this
observation and to determine the cellular basis for the apparent deficiency of ciliated cells, the
abundance of FoxJ1 mRNA in wild-type and CatnbΔE3 lung tissue was determined. Genotype-
dependent differences in FoxJ1 message abundance were not observed at either dpc 17.5 or
pnd 1 (Fig. 4). These results suggested that specification of the endodermal progenitor was not
altered in the context of β-catenin stabilization. Analysis of FoxJ1 expression in wild-type
weanling and adult mice demonstrated a significant increase in mRNA levels between days 21
and 48 (p = .042). In contrast, FoxJ1 mRNA levels decreased in CatnbΔE3 between pnd 1 and
21 (p = .0001) and did not change between pnd 21 and 48. FoxJ1 mRNA levels in wild-type
and CatnbΔE3 lung were significantly different on pnd 21 (p = .0001) and in adults (p = .02).
Demonstration of normal epithelial proliferation (Fig. 3) in combination with underexpression
of FoxJ1 mRNA (Fig. 4) in the adult airway supported the conclusion that stabilization of β-
catenin in CCSP-expressing cells altered the ability of their daughter cells to initiate or progress
through the ciliated cell differentiation program.

Reynolds et al. Page 6

Stem Cells. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Stabilization of β-Catenin Enhances Epithelial Reparative Capacity in Bronchioles
Rapid Epithelial Repair Following Naphthalene-Mediated Injury—The impact of β-
catenin stabilization on airway epithelial injury and repair was assessed using the naphthalene
model of lung injury [10]. Immunofluorescence staining for CCSP and proSPC on recovery
day 3 suggested significant differences in the reparative capacity of wild-type and CatnbΔE3

airways (Fig. 5). CCSP-immunoreactive cells within the wild-type epithelium were detected
as discrete foci of nascent cells on recovery day 3. Such regenerative zones were typically 3–
5 cell diameters in length. Cells within repairing zones of the wild-type epithelium did not
express detectable proSPC. In contrast, the CatnbΔE3 epithelium was characterized by large
stretches of CCSPLo cells separated by small zones of squamous epithelium. Nearly all
CCSPLo cells coexpressed proSPC, although intensities varied from barely detectable to levels
equivalent to that observed in alveolar type 2 cells. ProSPC antigen was nonuniformly
distributed within the cytoplasm of dual-positive cells; however, lamellar bodies, indicative of
mature alveolar type 2 cells, were not observed (data not shown).

Quantitative PCR analysis of CCSP and CyP450-2F2 mRNA abundance was used to assess
the extent of naphthalene-mediated injury and the rate of epithelial repair in the whole lung
(Fig. 5). In wild-type mice, CCSP mRNA levels decreased to 12.67% ± 5.48% of steady-state
levels 3 days postexposure and recovered to 29.25% ± 14.62% steady-state levels by day 8 of
recovery. This level of CCSP depletion and recovery is in agreement with a previous analysis
of naphthalene-mediated injury and repair [10]. In contrast, CCSP mRNA levels in the
CatnbΔE3 lung decreased to 24.69% ± 5.22% of steady-state levels on recovery day 3 and
recovered to 70.97% ± 14.54% of steady-state levels on day 8. Similar results were noted for
CyP450-2F2 (Fig. 5). Consistent with the finding that expression of truncated β-catenin in
CCSP-expressing cells attenuated postnatal acquisition of secretory and metabolic functions
(Figs. 1, 2, 4; supplemental online Figs. 4, 5), the naphthalene challenge studies provided
evidence that stabilization of β-catenin attenuated the xenobiotic metabolizing capacity of
CatnbΔE3 airway secretory cells and resulted in functional enrichment of naphthalene-resistant
cells.

Increased Abundance of Naphthalene-Resistant Reparative Cells—Pulse BrdU-
labeling techniques were used to determine the kinetics of proliferation in the wild-type and
CatnbΔE3 epithelium. The instantaneous proliferative index for wild-type and CatnbΔE3

epithelium was indistinguishable in control animals (p = .36) and reinforced the previous
observation that truncated β-catenin did not affect steady-state proliferation. Analysis of wild-
type bronchiolar and terminal bronchiolar epithelium detected a wave of proliferation that was
initiated 72 hours after naphthalene injury and subsided by 240 hours (Fig. 6). In contrast,
proliferation of CatnbΔE3 epithelial cells was consistently increased by 36 hours. Proliferation
peaked in animals of either genotype at 72 hours and returned to normal at 240 hours. The
instantaneous proliferative index for wild-type and CatnbΔE3 epithelium was indistinguishable
at the 18-hour (p = .25) and 240-hour (p = .23) recovery time points. These data demonstrated
that cells of both genotypes are competent to respond to stimuli that initiate and terminate the
proliferative response to injury. A significant increase in proliferative index was identified in
CatnbΔE3 airways at the 36-hour (p = .04) and 72-hour (p = .002) time points. Phenotypic
analysis of cells that proliferated in response to naphthalene treatment demonstrated that the
majority of BrdU-labeled cells were CCSP-immunoreactive and that their representation
within the total proliferative pool did not vary by genotype (Fig. 6). These data suggested that
β-catenin stabilization resulted in an increase in the number of naphthalene-resistant,
proliferative cells and suggested that amplification of the reparative cell pool was the basis for
enhanced repair of the CatnbΔE3 epithelium.
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Depletion of the Ciliated Cell Population Within Repairing Epithelium—Previous
analysis indicated that β-catenin stabilization altered the differentiated characteristics (Figs. 1,
2) and differentiation potential of CCSP-expressing cells in the steady state (Fig. 4) and that
these cells self-renewed in the context of repair (Fig. 5). To determine the differentiation
potential of cells that proliferate in response to naphthalene injury, FoxJ1 mRNA abundance
was analyzed by quantitative RT-PCR (Fig. 7). Messenger RNA abundance at the 8-day
recovery time point was 1.969 ± 0.387 for the wild-type lung and 0.958 ± 0.270 in the
CatnbΔE3 lung, and differences were statistically significant (p = .05; data not shown). To
further assess the differentiation potential of the naphthalene-resistant progenitor cell
population, representation of FoxJ1-expressing cells in nascent epithelium of wild-type and
CatnbΔE3 was determined. Since Clara cell proliferation is associated with differentiation of
some daughter cells into ciliated cells [5] and ciliated cells did not proliferate in response to
naphthalene injury (Fig. 6), continuous BrdU labeling was used to distinguish nascent versus
pre-existing FoxJ1-immunoreactive ciliated cells (Fig. 7). In the wild-type epithelium, nascent
ciliated cells were 14.95% ± 0.53% of total epithelial cells, whereas they were 1.05% ± 0.12%
of epithelial cells in the CatnbΔE3 epithelium. These data further reinforce the conclusion that
stabilization of β-catenin in CCSP-expressing cells attenuates secretory to ciliated cell
differentiation.

Discussion
The demonstration by others and us that TOPGal transgene activation indicative of β-catenin
signaling is dynamically regulated in airways during lung development suggests important
roles for this pathway in coordination of branching and/or differentiation of lung endoderm
[26–28,53]. Genetic manipulation indicates that low Wnt/β-catenin signaling favors
establishment of the lung anlagen on dpc 9.5 and is followed by high levels of Wnt/-β-catenin
signaling during the period of branching morphogenesis (dpc 9.5–12.5). Following
establishment of the airway, Wnt/β-catenin signaling is attenuated in centrilobar regions ∼dpc
13.5 and gradually recedes along the proximal-to-distal axis during the remainder of lung
development [26,53] (supplemental online Fig. 2). It is well established that epithelial
differentiation in the developing airway proceeds in a proximal-to-distal wave that
accompanies specification of proximal versus distal lineages [13,37,38]. Our observation of a
reciprocal relationship between downregulation of reporter gene expression from the TOPGal
transgene and appearance of early secretory cell precursors is consistent with roles for β-catenin
signaling in regulation of these processes.

Ultrastructural and molecular properties of nonciliated epithelial cells lining bronchioles of
CatnbΔE3 mice were distinct from those of mature Clara cells that normally reside in
bronchioles of wild-type mice. Clara cells of the steady-state bronchiolar epithelium are
characterized by a high cytoplasmic-to-nuclear ratio, abundant secretory granules, high-level
expression of Clara cell differentiation markers, and sensitivity to naphthalene [8,9,54,55].
Even though Clara cells of the steady-state airway exhibit differentiated features, their
phenotype changes dramatically upon entry into the cell cycle. Actively proliferating Clara
cells, referred to as type A Clara cells, lack secretory granules and smooth endoplasmic
reticulum [4]. The proliferative quiescence of nonciliated cells of the steady-state CatnbΔE3

airway distinguished them from the mitotic type A cell of the repairing wild-type airway. Only
bronchiolar stem cells have the properties of less differentiated character, naphthalene
resistance, and infrequent proliferation that are observed among nonciliated cells in bronchioles
of CatnbΔE3 mice [2,3,11]. On the basis of these observations, we conclude that nonciliated
cells lining bronchioles of CatnbΔE3 mice represent supernumerary bronchiolar stem cells
whose differentiation is arrested through constitutive expression of stabilized β-catenin.
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Bronchiolar stem cells reside in close apposition to pulmonary neuroendocrine cells within
neuroepithelial bodies and at the bronchoalveolar duct junction [2,3]. Their appearance during
lung development is less well understood. Cells that expressed truncated β-catenin were
remarkably similar to a unique population of neuroepithelial body (NEB) associated cells that
are segregated during lung development. These cells were originally termed Clara-like cells
[56] and were found to express CCSP [57] but were distinguished from surrounding CCSP-
expressing cells by their low cytoplasmic-to-nuclear ratio [58]. The structural, phenotypic, and
functional similarities between cells expressing truncated β-catenin and NEB-associated cells
suggest that β-catenin signaling (or a pathway that mimics this process) functions in the
maintenance of this immature cell type. We suggest that potentiation of β-catenin during the
period of airway cell differentiation inhibits differentiation to a Clara cell phenotype. Similarly,
depletion of the ciliated cell population can be attributed to a deficiency in the precursor to this
cell type, the Clara cell. Hyperplasia of an undifferentiated, quiescent, naphthalene-resistant
cell with properties of the bronchiolar stem cell suggests that differentiation status is the critical
distinction between the bronchiolar stem cell and the facultative TAC. Our findings suggest
that downregulation of β-catenin signaling during lung maturation is a prerequisite for
differentiation of endodermal precursor cells into the facultative TAC and differentiated
ciliated cells. We speculate that sequestration of the bronchiolar stem cell requires extrinsic
signaling cues provided by the stem cell niche. Constitutive potentiation of β-catenin signaling
beyond the developmental stage at which this pathway is typically downregulated leads to
niche-independent expansion of cells with properties of the bronchiolar stem cell.

We present data demonstrating that supernumerary bronchiolar stem cells generated through
stabilization of β-catenin are quiescent in the steady state and responsive to mitotic cues
generated within injured airways. This observation is in stark contrast to events occurring
within rapidly renewing tissues following activation of β-catenin signaling. Cells within rapidly
renewing tissues, such as those of the gut and hematopoietic systems, are positioned within
the stem cell hierarchy according to their unique proliferative, migratory, and differentiation
potentials [14,15]. However, the recent demonstration that intestinal stem cells proliferate
frequently, like their TAC progeny [59], suggests that longevity of the TSC must be attributed
to mechanisms other than cell cycle frequency. The critical difference between TSC and TAC
may be their relative level of commitment to the differentiation program. Accordingly, TSC
would be maintained over the life span of the organism because they do not differentiate. In
contrast, TAC have a finite life span, their daughters eventually committing to programs of
differentiation giving rise to either villus or Paneth lineages. Genetic manipulation of β-catenin
stability within rapidly renewing tissues supports a critical role for Wnt/β-catenin signaling in
regulation of the mitotic compartment. However, our demonstration that stabilized β-catenin
negatively regulates bronchiolar stem/progenitor cell differentiation without increasing the rate
of cell proliferation suggests an alternative role for active β-catenin in the modulation of the
stem cell compartment. We propose that β-catenin-mediated inhibition of either TSC or TAC
differentiation increases the number of cells capable of responding to mitotic signals.
Accordingly, the impact of β-catenin stabilization varies with the mitotic status of the tissue.
In rapidly renewing tissues, such as the gut, stabilization of β-catenin leads to uncontrolled
expansion of cells whose differentiation into postmitotic progeny is arrested. In contrast,
potentiation of β-catenin signaling within slowly renewing tissues arrests the differentiation of
TSC/TAC without further proliferative expansion because of the absence of local mitotic cues.

Conclusion
We have determined that downregulation of β-catenin signaling is necessary for establishment
of the bronchiolar stem cell hierarchy. Potentiation of signaling through expression of an N-
terminally truncated β-catenin resulted in a dramatic reduction in the abundance of two
derivatives of the bronchiolar stem cell, the differentiated secretory (Clara) cell and the
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terminally differentiated (ciliated) cell. The lack of differentiated cell types was accompanied
by a corresponding increase in the number of phenotypically, molecularly, and functionally
immature epithelial cells. Such cells were quiescent in the steady state but retained the capacity
to proliferate following airway injury. However, reduced differentiation of daughter cells
following injury resulted in further depletion of mature cell types, including Clara and ciliated
cells. Thus, the failure to attenuate β-catenin signaling during the late prenatal/early postnatal
period generated a population of cells that exhibited all of the known characteristics of the
bronchiolar stem cell, except that that they failed to generate differentiated epithelial cell types.
These data indicate that β-catenin signaling functions primarily as a negative regulator of
bronchiolar cell differentiation. We suggest that attenuation of β-catenin signaling during the
late prenatal/early postnatal period promotes establishment of the bronchiolar stem cell
hierarchy by promoting TAC differentiation. Thus, the chief distinction between the
bronchiolar TSC and TAC is their relative receptivity to differentiation signals. The negative
impact of β-catenin signaling on differentiation has important implications for understanding
the relationship between developmental progenitor cells and adult tissue stem cells and the
signals that segregate mitotically competent cells into TSC and TAC phenotypes. We suggest
that transitions in β-catenin signaling serve to establish the TSC and TAC pools and that the
principal distinction between these two cell types is their susceptibility to differentiation
signals.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Steady-state epithelial cell phenotype and ultrastructure. (A–D): Analysis of cellular
morphology. Lung tissue from steady-state wild-type (A, B) or CatnbΔE3 (C, D) mice was dual
immunostained for CCSP (green) and a C-term epitope of β-catenin (red) (A, C) or N-term
epitope specific to wild-type β-catenin (red) (B, D). Tissue was counterstained with DAPI
(blue). Confocal microscopy was used to image representative regions of the bronchiolar
epithelium at ×120. Arrows in (D) indicate nonrecombined cells, and arrowheads indicate
recombined cells. (E–G): Analysis of ultrastructure. Wild-type (E) and CatnbΔE3 (F, G) tissue
was analyzed by transmission electron microscopy, and representative images of Clara cells
are presented at ×8,000. Arrow and arrowhead in (E) identify mitochondria and secretory
granules, respectively, of normal Clara cells. Arrows in (F) and (G) indicate morphologically
immature cells. Abbreviations: CCSP, Clara cell secretory protein; C-term, C-terminal; DAPI,
4,6-diamidino-2-phenylindole; N-term, N-terminal.
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Figure 2.
Gene expression as a function of zygosity and age. (A): Total lung RNA from WT (black bars),
Het DE3 (medium gray bars), and Homo DE3 (white bars) mice was assayed for expression
of CCSP, 2F, and SPC by quantitative reverse transcription-polymerase chain reaction, and
average ddCT values are presented ± SEM. Genotype-dependent differences were noted for
expression of CCSP and 2F. (B, C): Gene expression as a function of age. CCSP (B) and 2F
(C) mRNA abundance was assessed in total lung RNA from WT and DE3 mice at days post
coitum 17.5 and postnatal days 1, 21, and 48. Data are presented as the average ddCT ± SEM.
Genotype-dependent differences in CCSP and 2F mRNA abundance were noted at postnatal
days 21 and 48. Abbreviations: 2F, cytochrome P450-2F2; CCSP, Clara cell secretory protein;
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ddCT, ΔΔCT; DE3, CatnbΔE3; Het, heterozygous; Homo, homozygous; SPC, surfactant protein
C; WT, wild-type.
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Figure 3.
Cell density, proliferation, and clonogenic frequency. (A): Analysis of cell density. Epithelial
cell density for WT (black bar) and DE3 (gray bar) mice was reported as the number of nuclei
per millimeter of basement membrane ± SEM. Cell density did not vary by genotype. (B):
Analysis of steady-state proliferation. The cumulative proliferative index for WT (black bar)
and DE3 (gray bar) mice was reported as average values ± SEM. Proliferative index did not
vary by genotype. (C): Analysis of clonogenic frequency. The frequency of clonogenic cells
in airway epithelial cell preparations from WT (black bar) or DE3 (gray bar) littermates was
assayed in the steady state. Data are presented as the mean ± SEM. Genotype-dependent
differences were detected. Abbreviations: DE3, CatnbΔE3; WT, wild-type.

Reynolds et al. Page 17

Stem Cells. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Ciliated cell differentiation. (A–C): Histological analysis. Lung tissue from steady-state WT
(A) or DE3 (B, C) mice was dual immunostained for FoxJ1 (green) and an N-term epitope
specific to WT β-catenin (red). Tissue was counterstained with DAPI (blue). (D): Ciliated cell
abundance. The representation of ciliated cells among all epithelial cells was determined in
WT (black bar) and DE3 (gray bar) mice. Genotype-dependent differences were noted. (E):
Gene expression as a function of age. FoxJ1 mRNA abundance was assessed in total lung RNA
from WT and DE3 mice at day post coitum 17.5 and postnatal days 1, 21, and 48. Data are
presented as the average ddCT ± SEM. Genotype-dependent differences were noted at postnatal
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days 21 and 48. Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; ddCT, ΔΔCT; DE3,
CatnbΔE3; N-term, N-terminal; WT, wild-type.
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Figure 5.
Molecular phenotype of reparative cells. (A, B): Expression of Clara cell secretory protein
(CCSP) and prosurfactant protein C (proSPC) in WT (A) and DE3 (B) mice treated with
naphthalene and allowed to recover for 3 days. Lung tissue was stained with CCSP (green) and
proSPC (red). Representative images of terminal bronchioles were captured using standard
fluorescence microscopy and are presented at ×20. (C–J): Confocal microscopy was used to
colocalize CCSP (green) and proSPC (red) in control WT (C, G) and DE3 (D, H) mice and
NA-treated WT (E, I) and DE3 (F, J) mice on recovery day 3. Representative images are shown
at ×120 (C–F) or at ×1,000 (G–J). Arrows indicate cells that are dual-positive for CCSP and
proSPC. (K, L): Gene expression as a function of recovery time. WT or DE3 mice were treated
with NA and allowed to recover for 0.75, 1.5, 3, or 8 days. Total lung RNA from untreated
control (0) and treated mice was assayed for expression of CCSP (K) and cytochrome P450-2F2
(L) by quantitative reverse transcription-polymerase chain reaction. Data are presented as the
percentage of control values ± SEM. Genotype-dependent differences were noted for
expression of CCSP and cytochrome P450-2F2 at the 8-day time point. Abbreviations: DE3,
CatnbΔE3; NA, naphthalene; WT, wild-type.
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Figure 6.
Proliferation and molecular phenotype of S-phase cells. (A): The instantaneous proliferative
index for WT (black bars) and DE3 (gray bars) mice was reported as average values ± SEM.
Significant effects of time and genotype were detected and are detailed in Results. (B): Analysis
of proliferative cell phenotype. The contribution of secretory cells (CCSP), pulmonary
neuroendocrine cells (CGRP), and ciliated cells (FoxJ1) to the mitotic pool was determined
and reported as average ± SEM. WT, black bars; DE3, gray bars. Genotype-dependent
differences were not detected. Abbreviations: CCSP, Clara cell secretory protein; CGRP,
calcitonin gene-related peptide; DE3, CatnbΔE3; WT, wild-type.
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Figure 7.
Ciliated cell regeneration. (A, B): Ciliated cell phenotypes within regenerative zones. Wild-
type (A) and DE3 were treated with naphthalene and allowed to recover for 3 days. Ciliated
and Clara cells were detected by dual immunofluorescence analysis of CCSP (green) and ACT
(red), and nuclei were counterstained with DAPI (blue). Arrows demarcate the regenerative
zone. (C): Analysis of ciliated cell differentiation. Nascent ciliated cells were defined as FoxJ1/
bromodeoxyuridine dual immunopositive cells and were quantified as a percentage of total
FoxJ1 immunopositive cells in wild-type (black bar) and DE3 (gray bar) tissue on recovery
day 8. Differences were statistically significant. Abbreviations: ACT, acetylated tubulin;
CCSP, Clara cell secretory protein; DAPI, 4,6-diamidino-2-phenylindole; DE3, CatnbΔE3.
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