Roles for 3-Catenin and Doxycycline in the Regulation
of Respiratory Epithelial Cell Frequency and Function
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The expression of B-catenin-dependent genes can be increased
through the Cre recombinase (Cre)-mediated elimination of the
exon 3-encoded sequence. This mutant B-catenin is termed DE3,
and promotes the expression of pB-catenin-dependent genes. Our
previous study used the DE3 model to demonstrate that persistent
B-catenin activity inhibited bronchiolar Clara-to-ciliated cell differ-
entiation. The present study was designed to evaluate the roles of
B-catenin in regulating the tracheal progenitor cell hierarchy. How-
ever, initial experiments demonstrated that the tetracycline-
responsive element-Cre transgene (TRE-Cre) was active in the
absence of a reverse tetracycline transactivator driver or inducer,
doxycycline (Dox). This spurious TRE-Cre transgene activity was
not detected using the ROSA26-floxed STOP-LacZ reporter. To
determine if the phenotype was a consequence of genotype or treat-
ment with Dox, tracheal and lung specimens were evaluated using
quantitative histomorphometric techniques. Analyses of uninduced
mice demonstrated a significant effect of genotype on tracheal epi-
thelial cell mass, involving basal, Clara-like cell types. The bronchial
and bronchiolar Clara cell mass was also decreased. Paradoxically, an
effect on ciliated cell mass was not detected. Activation of the B-catenin
reporter transgene TOPGal demonstrated that 3-catenin—-dependent
gene expression led to the genotype-dependent tracheal and
bronchiolar phenotype. Comparative analyses of wild-type or keratin
14-rtTA*/°/TRE-cre”/°/DE3*/* mice receiving standard or Dox chow
demonstrated an effect of treatment with Dox on basal, Clara-like,
and Clara cell masses. We discuss these results in terms of cautionary
notes and with regard to alterations of progenitor cell hierarchies in
response to low-level injury.
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LUNG EPITHELIAL CELL LINEAGES

The tracheobronchial, bronchiolar, and alveolar compartments
of murine airway epithelia contain distinct cell lineages. Within
the tracheobronchial compartment, basal cells act as progenitors
of secretory and ciliated cells during lung development (1).
However, Clara-like cells are the progenitors of ciliated cells
in the adult steady-state trachea (2). After treatment with naph-
thalene (NA), the basal cell becomes the progenitor of nascent
Clara-like and ciliated cells (3-7). We suggested that signaling
from Clara-like cells to basal cells limits the fate of adult basal
cells to self-renewal (3).
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CLINICAL RELEVANCE

We demonstrate that the tetracycline-responsive element—Cre
transgene functions independently of a driver and of doxy-
cycline in some settings. In the context of a floxed B-catenin
allele, this spurious activity alters differentiated cell masses in
tracheal, bronchial, and terminal bronchiolar epithelia. We
discuss these results in cautionary terms and in regard to
alterations of progenitor cell hierarchies in response to low-
level injury.

The bronchiolar epithelium is maintained by Clara cells (8, 9),
whereas the alveolar epithelium is maintained by Type II cells
(10). Tracing the lineage of bronchiolar Clara cells demon-
strated that the airway and alveolar epithelia comprise distinct
lineages in the steady state (11). Although injury may lead to
bronchiolarization of the alveolar duct or alveolarization of the
terminal bronchiole (12-14), the roles for a dual-lineage cell,
termed the bronchoalveolar stem cell, (13) have been chal-
lenged (9, 15). The molecular mechanisms that establish these
lineages have received intense scrutiny, and -catenin was iden-
tified as one player in this process.

FUNCTIONS OF 3-CATENIN IN LUNG DEVELOPMENT

The WNT/B-catenin signaling pathway is active during endodermal
development, and is down-regulated during the pseudoglandular-
to-alveolar transition (11, 16-18). Studies by several groups estab-
lished the principle that endoderm specification requires a precise
regulation of B-catenin—-dependent genes (17, 19, 20). This prin-
ciple is consistent with results from other organ systems indicating
that too little or too much B-catenin-dependent gene expression
altered the specification of cellular fates, phenotypic maturation,
and tissue repair, as reviewed by De Langhe and Reynolds (18).

B-CATENIN STABILIZATION ALLELE

The function of B-catenin—dependent genes in respiratory epi-
thelial differentiation was evaluated by the extension or reacti-
vation of B-catenin—dependent gene expression. This system
uses the Cre recombinase-mediated excision of B-catenin exon
3 (the DE3 allele) (21), and results in the generation of a transcrip-
tionally active B-catenin protein that lacks the GSK3 phosphory-
lation sites (21). This mutant B-catenin (DE3) is “stabilized”
relative to wild-type (WT) B-catenin, and results in the in-
creased expression of B-catenin—dependent genes.

DOXYCYCLINE-REGULATED SYSTEM

Several genetic systems were used to recombine the DE3 allele.
Among these, the doxycycline (Dox)-regulated system allows for
temporal control of the recombination event and for cellular
specificity. This system is regulated by a driver transgene, com-
posed of a cell-type—specific promoter and a reverse-tetracycline
transactivator (rtTA). Sensitivity to Dox is conferred by the
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tetracycline-responsive element (TRE) transgene, which expresses
Cre recombinase. Experiments involving the Dox system are con-
trolled using monotransgenic and bitransgenic mice that are neg-
ative or positive for the floxed allele, and test groups that receive
standard or Dox chow. Generally, rtTA transgenes are well tol-
erated (22), although some toxic effects were reported (23, 24).
Similarly, the TRE-Cre transgene is typically benign, although
some effects were reported in the absence of a floxed allele
(24). This effect may be attributable to the toxicity of Cre recom-
binase itself (25).

B-CATENIN-DEPENDENT EPITHELIAL PHENOTYPE

Both the Dox-regulated system and simple cell type—specific
promoter—Cre transgenes were used to determine the role
played by B-catenin in epithelial differentiation. The surfactant
protein C-rtTA and TRE-Cre transgenes were used to demon-
strate B-catenin—dependent airway epithelial squamation, mucus-
cell metaplasia, and simplification of the alveolar compartment
(26). A high frequency of mice exposed to Dox during gestation
developed adenocarcinoma as adults. Li and colleagues (27) sta-
bilized B-catenin early in lung epithelial development (approxi-
mately embryonic days post coitus [edc] 9.5), using the Nkx2.1-Cre
transgene and the DE3 allele. They demonstrated the formation
of polyps in the trachea and upper airways. The polyps were
devoid of ciliated and Clara-like cells, suggesting that excess
B-catenin blocked the generation of the tracheal secretory/
ciliated lineage. However, the specific progenitor/progeny
relationship altered by DE3 was unclear.

In contrast with the phenotype associated with the very early
stabilization of B-catenin, genetic modifications during the pseu-
doglandular phase of lung development (approximately edc
15.5) were less severe (11). Using the Clara cell secretory pro-
tein (CCSP)-Cre transgene and the DE3 allele, we demon-
strated that stabilization of B-catenin attenuated the postnatal
maturation of bronchiolar Clara cells. The stabilization of
B-catenin did not alter proliferation of Clara cells in the steady
state or in response to NA injury. However, this modification
did block Clara-to-ciliated cell differentiation. Collectively,
studies of B-catenin stabilization indicated that the attenuation
of B-catenin—dependent gene expression plays an important
role in determining the fate of Clara cells.

STEREOLOGICAL ANALYSIS OF AIRWAY EPITHELIA

Changes in the conducting airway epithelia are evaluated using
quantitative techniques (4, 11, 28, 29). The “traditional method”
determines the frequency of a cell type as a function of the
length of the basement membrane. This method is valid if the
nuclear or cellular volume is constant between comparison
groups. Stereological methods (30) can be used to evaluate this
bias or to avoid the issue entirely. Here, we used stereological
methods to determine whether the total mass of various cell
types differed according to genotype or treatment.

Stereological methods do not determine numbers of objects.
Rather, the volume density of an object (Vv) is presented as a func-
tion of a surface density (Sv). Thus, the thickness of an epithelium
or the volume of a specific cell type per area of the basement mem-
brane is presented as Vv/Sv. This term is referred to as “total cell
mass” (31), and involves units of pwm*um? Volume densities
(Vy) of various cell types were determined by the point counting
of tracheal epithelial profiles. The reference space for this eval-
uation was the epithelium. Vy is presented in wm®/um?, but is in
reality a unitless term. The surface density of the basement mem-
brane (Sy) can be determined by point and intercept counting.
The reference volume was the epithelium.

STUDY RATIONALE AND DESIGN

The initial goal of this study was to determine the role of B-catenin—
dependent genes in regulation of reparative tracheal basal cells.
We previously demonstrated that all reparative basal cells
expressed keratin (K) 14 (32). Thus, we planned to use the
K14-tTA*/TRE-Cre "/DE3"™'" (BiTg) model to stabilize
B-catenin in reparative cells. We had also shown that K14™ cells
comprised less than 1% of bronchial epithelial cells, and that
K14" cells were absent from the bronchiolar epithelium (4). Con-
sequently, a steady-state phenotype was not expected in a system
regulated by the K14 promoter. Despite this rationale, histological
alterations were detected in steady-state bronchial and bronchiolar
epithelia from BiTg mice that received Dox chow for 19 days
(between ages 4 and 7 weeks). Identification of this unexpected
phenotype in a basal cell-deficient epithelial region led us to de-
termine the frequency of basal, Clara-like, Clara, and ciliated cells
in the BiTg murine strain, and to determine if changes in these
frequencies were dependent on (7) genotype or (2) treatment
(i.e., exposure to Dox).

MATERIALS AND METHODS

Additional details are provided in the online supplement.

Animals

All animal studies were reviewed and approved by the Institutional
Animal Care and Use Committee of National Jewish Health. Adult
(8-14 weeks old) male mice were used for all experiments. We used five
alleles: K14rtTA (33), TRE-Cre (34), B-catenin floxed exon 3 (DE3)
(21), ROSA26-floxed STOP-LacZ (35), and TOPGal (C57Bl/6 congenic)
(36). Mice were bred to generate various combinations of alleles as well
as monotransgenic and bitransgenic controls.

Exposures to Dox

On Day 0, animals were placed on Dox chow (625 mg/kg; Harlan, Indi-
anapolis, IN), and switched to standard chow on Day 6 or 19. Animals
were killed on either Day 6 or 19. Control mice received standard chow.

Histology

Animals were killed by an injection of 17.5 mg 2,2,2-tribromoethanol in
tert-amyl alcohol (intraperitoneal), followed by exsanguination.
Trachea/esophagus and lung units were instilled with 10% neutral buff-
ered formalin at 10 cm of water pressure for 10 minutes. The tissue was
removed and immersion-fixed in 10% neutral buffered formalin for 2
hours at room temperature.

Staining for B-galactosidase (B-gal) was performed using a stain-
ing solution containing an X-galactosidase (X-gal) concentration of
1 mg/ml (36). Whole tissue units were incubated in the staining solution
for 3 hours at 37°C. Stained tissues were sectioned and counterstained
with Nuclear Fast Red (Vector Laboratories, Burlingame, CA) and
coverslipped with Permount (Sigma Chemical Co., St. Louis, MO).

For immunofluorescence staining, tissue sections (5 wm) were gener-
ated from paraffin-embedded tissue, cleared with xylene, and rehydrated
using a graded ethanol series. All antibodies and methods were previously
described (32), with the exception of the rabbit-anti-Cre recombinase
(EMD 4Biosciences, Darmstadt, Germany). Images were acquired using
a Zeiss Imager.Z1 fluorescent microscope (Carl Zeiss AG, Oberkischen,
Germany) equipped with Zeiss Plan-APOCHROMAT X20/0.8 (Zeiss)
and EC Plan-NEOFLUAR X40/0.75 lenses (Zeiss) and an Axiocam
HRm black-and-white digital camera (Zeiss), using AxioVision release
4.6.3 SP1 software (Zeiss).

Morphometry

The total cell masses (Vv/Sv) of various epithelial cell types in tracheal,
bronchial, and terminal bronchiolar epithelia were analyzed according
to morphometric methods (30, 31, 37). The regions of tracheal analyses
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were randomly selected from the cartilaginous (ventral) aspect, and
included tracheal rings 4-10. Bronchial regions were defined by the
presence of muscle. Terminal bronchiolar regions were defined as pre-
viously stated (28). Regions were imaged at X200 magnification, and
each image encompassed approximately 400 wm of the basement mem-
brane. Three to four images were evaluated for groups of three mice
per genotype.

Western Blots

Tissues were homogenized in radioimmunoprecipitation assay buffer on
ice, centrifuged at 10,000 X g, and the supernatants were collected.
Samples were separated using precast 4-12% Bis-Tris gels, and were
transferred to polyvinylidene fluoride membranes, using a BioRad Cri-
terion system (Bio-Rad, Hercules, CA). Membranes were blocked over-
night at 4°C in Odyssey blocking buffer (Li-Cor Biosciences, Lincoln,
NE). Primary antibodies were incubated overnight at 4°C. Secondary
antibodies were applied for 1 hour at room temperature. Membranes
were washed and scanned on a Li-Cor Odyssey Imager (Li-Cor).
Primary antibodies included murine monoclonal anti-actin (C-2) (Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti—B-catenin (N-terminal;
Cell Signaling Technology, Danvers, MA), and murine anti-B-catenin
(C-terminal; BD Biosciences, Mississauga, ON, Canada). Secondary
antibodies included goat anti-mouse infrared (IR) and goat anti-
rabbit infrared (IR) 680 (Li-Cor).

Statistical Analysis

The statistical analysis used # tests and two-way ANOVA, with post hoc
Bonferroni analysis.

RESULTS

Initial Characterization of the BiTg Model

We previously demonstrated that Kl14-expressing basal cells
comprised 20% of the steady-state tracheal basal-cell population
(32), less than 1% of bronchial epithelial cells, and were absent
from bronchiolar epithelia (4). Consequently, a phenotype was
not anticipated in a system regulated by K14 promoter (BiTg)
mice. Despite this rationale, histological analyses of bronchial
and bronchiolar epithelia from BiTg mice that received Dox
chow for 19 days (from 4-7 weeks of age) detected cells that
were unusually large and highly autofluorescent, and that
expressed CCSP (Figure 1). The identification of this unex-
pected phenotype in a basal cell-deficient epithelial region led
us to determine the frequency of basal, Clara-like, Clara, and
ciliated cells in this murine strain, and to determine if changes in
these frequencies were dependent on (1) genotype or (2) treat-
ment (i.e., exposure to Dox).

Effects of Genotype on the Total Mass (Vv/Sv)
of Differentiated Tracheal Cell Types

Histological analysis of the trachea. To determine the impact of
genotype on cellular phenotype, normal adult male mice received
standard chow. The test groups included (/) WT transgene-negative
(tTA™/Cre™), (2) rtTA" (K14-rtTA*/TRE-Cre”), (3) Cre™
(K14-rtTA"/TRE-Cre™), and (4) BiTg (K14-rtTA*/TRE-Cre ™).
All mice were homozygous for the Catnb™°™ (DE3) allele.
Dual immunofluorescence analysis of K5 and K14 demon-
strated a normal distribution of basal cells in all genotypes (Fig-
ures 2A-2D). Analyses of CCSP demonstrated a normal pattern
of columnar cells in WT and rtTA™ mice (Figures 2H and 2I). In
contrast, the CCSP* cells in Cre™ (Figure 2J) and BiTg (Figure
2K) mice were goblet-shaped and appeared to demonstrate
increased CCSP staining relative to WT and rtTA mice. An
antibody dilution analysis demonstrated that the titer for the
supraoptimal detection of CCSP (38, 39) in WT mice was 1 in
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Figure 1. Immunodetection of Clara-cell secretory protein (CCSP) in
K14-rtTA*/°/TRE-Cre*/°/DE3™/* (BiTg) mice. CCSP staining of tracheal
(A), bronchial (B), and terminal bronchiolar (C) epithelia. Images are
representative of large, highly autofluorescent Clara-type cells. CCSP,
red; 4',6-diamidino-2-phenylindole (DAPI), blue. K14, keratin 14; rtTA,
reverse-tetracycline transactivator; TRE, tetracycline-responsive element;
DE3, B-catenin floxed exon 3.

4,000, and 1 in 80,000 for BiTg mice (Figure E1 in the online
supplement). These data demonstrate that abnormal CCSP*
cells contained more immunoreactive CCSP protein. The
abnormal cells detected in Cre* and BiTg mice were highly auto-
fluorescent and CCSP*. Periodic acid-Schiff (PAS) staining did
not detect glycoconjugate, indicating that these were not mucus
cells (not shown). Thus, the abnormal CCSP™ cells were likely
to be dying Clara cells. All groups exhibited acetylated tubulin—
positive (ACT™) apical cilia (Figures 2H-2K). Analyses of the
mitotic index in rtTA and BiTg mice did not detect genotype-
dependent alterations in proliferation (Figure E2).

VvISv for tracheal nuclei and cell subtypes. An analysis of total
nuclear Vv/Sv demonstrated that the WT nuclear mass was signif-
icantly greater than that of BiTg (Figure 2E, P = 8 X 10™%).
To determine if this effect was attributable to depletion of a
specific cell type, the Vv/Sv for K57, CCSP*, and ACT™ cells
was determined. The Vv/Sv for K5" cells was approximately
threefold greater in WT compared with BiTg mice (Figure 2F,
P =4 x 10®). As previously demonstrated (32), most tracheal
basal cells were K14~ (Figures 2A-2D). Staining of the esophagus
served as the positive control for K14 staining (Figures E2A-
E2D). Genotype-dependent effects on the K14" basal-cell subset
were not detected (Figure 2K, P = 0.18), and indicated that
basal cells did not assume the reparative phenotype (32). The
Vv/Sv for CCSP™ cells was approximately 12-fold greater for
WT compared with BiTg mice (Figure 2L, P = 7 X 107°).
Genotype-dependent effects on the Vv/Sv of ACT" cells were
not detected (P = 0.08). This analysis demonstrated a genotype-
dependent decrease in tracheal epithelial cell mass, and iden-
tified the K5* basal cell and the CCSP™ Clara-like cell as the
affected cell types.

Histological analysis of the intrapulmonary airway. This study
evaluated the same animals involved in the tracheal analysis. Im-
munofluorescence analysis of CCSP detected columnar Clara cells
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in the bronchial (Figures 3A and 3B) and terminal bronchiolar
(Figures 3F and 3G) epithelia of WT (not shown) and rtTA™
mice. In contrast, CCSP™ cells in Cre* (not shown) and BiTg
mice were squamated. PAS staining did not detect glycoconjugate
in any genotype (not shown). Analyses of ACT" ciliated cells
detected apical cilia in both the bronchial (Figures 3A and 3B)
and terminal bronchiolar (Figures 3F and 3G) epithelia.
Bronchial and terminal bronchiolar cell Vv/Sv. The analysis of
nuclear Vv/Sv in bronchial epithelia demonstrated that the WT
nuclear mass was not different from that of BiTg (Figure 3C, P =

0.07). In contrast, the total mass of CCSP™ cells was approxi-
mately twofold greater in WT compared with BiTg mice (Figure
3D, P = 0.004). The Vv/Sv of ACT" cells did not vary by
genotype (Figure 3E, P = 0.33).

Analyses of nuclear Vv/Sv for the terminal bronchiolar epi-
thelium demonstrated that WT was not different from BiTg (Fig-
ure 3H, P = 0.50). In contrast, the Vv/Sv of CCSP™ cells was
approximately fivefold greater in WT compared with BiTg mice
(Figure 31, P = 0.002). The Vv/Sv of ACT™ cells did not vary by
genotype (Figure 3J, P = 0.16). This analysis demonstrated that
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the bronchiolar epithelial nuclear mass and ciliated cell mass
were genotype-independent. However, a genotype-dependent
decrease in the CCSP™ Clara-cell mass was also evident.

Mechanism Regulating the Genotype-Dependent Effect

Nuclear Cre protein in the bronchial and terminal bronchial
epithelium. The genetic difference between normal (WT and
rtTA™) and abnormal (Cre* and BiTg) tissues was the TRE-
Cre transgene. These data suggest a Cre recombinase—dependent
effect. To determine if Cre recombinase was expressed in bron-
chial or bronchiolar epithelia, BiTg mice received standard chow,
and their lung tissue was evaluated for Cre protein by immuno-
fluorescence. Nuclear Cre was present in the bronchial (Figure
E4A) and terminal bronchiolar (Figure E4B) epithelium. These
data demonstrate the expression of the TRE-Cre transgene in the
absence of inducer.

Western blot analysis of DE3 allele modification. The detection
of Cre protein in BiTg mice receiving standard chow suggested
recombination of the DE3 allele. To test this possibility, Western
blots were used to evaluate the expression of WT B-catenin and
the mutant B-catenin generated by the recombined DE3 allele.
Epitope-specific B-catenin antibodies were used to probe tissue
homogenates. The specificity of the antibodies was demonstrated
by Western blotting (Figure ES).

All tissues used in this analysis were from mice fed standard
chow. Tracheal and lung protein from WT or rtTA™ mice
expressed only WT B-catenin (Figure 4). In contrast, tracheal
or lung tissue from Cre™ or BiTg mice expressed both the WT
and DE3 B-catenin. Western blot analysis of esophageal tissue
protein, which expressed high concentrations of K14 (32), was
used to determine if the DE3 allele was recombined in other
tissues. The mutant B-catenin protein was detected in only one
of 13 esophagi tested (Figure 4). The only tissue that expressed
the mutant B-catenin was BiTg. These data indicate that: () the
DE3 allele was recombined in respiratory epithelia of mice that
harbored the TRE-Cre transgene; (2) recombination of the
DE3 allele was driver-independent and Dox-independent; and
(3) the floxed B-catenin allele was one target of spurious Cre
recombinase activity.

Recombination of the ROSA26-floxed STOP-LacZ allele. To
determine the cell-type specificity and extent of Cre-mediated re-
combination in the trachea and lung, mice harboring one copy of
the DE3 allele and one copy of the ROSA26-floxed STOP-LacZ
recombination substrate (RS) allele were analyzed. Recombina-
tion of the RS allele results in the expression of B-gal, and is
detected by X-gal staining.

Recombination was not detected in the trachea of mice that
were TRE-Cre transgene-negative (not shown). However, a low
level of recombination was detected in tracheas of mice that

¢ Trachea _Esophagus Lung
K14-rtTA IR Tk Tk T S S
TRE-cre + + 4+ + 4+ + + + + 4+ 4+ + + + 4

a—N-term g

a-Actin

Figure 4. Western blot analysis of WT and DE3 (A-Ex3) B-catenin in
tracheal, esophageal, and lung protein. Genotype is indicated above
each lane. Blots probed with a—N-terminal («—N-term) B-catenin show
the epitope present in the WT B-catenin, but deleted in the DE3 from.
Blots probed with a—C-terminal (a-C-term) B-catenin detect both the
WT and DE3 forms. Actin was used as the loading control (C). Dual-
color detection methods were used, but color-separated monochrome
images are presented here.

were TRE-Cre transgene—positive (Figures SA and 5B). To de-
termine the frequency of RS recombination, approximately
nine cartilaginous rings per mouse (27 in total) were evaluated
for recombined (X-gal™*) cells. No recombined cells were found
in 25 of 27 rings (93%; Figure SA). In contrast, small clusters of
recombined cells were detected in two of 27 rings (7%; Figure
5B). Recombination of the RS allele was not detected in the
terminal bronchiolar or bronchiolar epithelium (Figures 5C and
5D). The discrepancy between the Western blot data and the
RS analysis suggested: (7) that the RS allele was not a reliable
indicator of recombination; and (2) that recombination of the
DE3 allele, even at concentrations undetectable by the RS re-
porter, was sufficient to alter the representation of basal and
Clara-type cells.

Activation of the TOPGal B-catenin reporter. To determine if
the relationship between genotype and phenotype was attribut-
able to the Cre-mediated recombination of the DE3 allele and a re-
sult of activating B-catenin—dependent gene expression, we
evaluated mice harboring the TRE-Cre transgene, one copy of
the DE3 allele, and one copy of the 3-catenin activity reporter
transgene TOPgal (36). Activation of the TOPGal reporter results
in the expression of B-gal, which is detected by X-gal staining.

Expression of the TOPGal transgene was not detected in the
tracheas or lungs of mice that were TRE-Cre transgene-negative
(Figure 6A). However, reporter activation was detected in the
trachea or lungs of mice that were Cre™* (Figures 6B-6D). Trans-
gene activity was detected throughout the epithelial cell layer in
tracheal, bronchial, and terminal bronchiolar epithelia. Activation
of the TOPGal transgene was absent in nonepithelial tissue types
within the trachea and the lung. These data demonstrate the
activation of B-catenin—dependent genes in the tracheal and lung
epithelium. Based on these studies, we conclude that the driver-
independent and Dox-independent activation of the TRE-Cre
transgene results in a recombination of the DE3 allele. The con-
sequence of the increased expression of B-catenin—dependent
genes was a decreased mass of basal, Clara-like, and Clara cells.

Effects of Treatment (Exposures to Dox) on Differentiated
Cell Vv/Sv

To determine the impact of Dox exposure on cellular phenotype,
normal adult male mice received standard chow or Dox chow for
6 days, and the Vv/Sv of various cell types was determined. To
aid in the presentation of this analysis, the data for WT and BiTg
mice receiving standard chow (Figures 2 and 3) are repeated in
Figure 7.

Tracheal cells. The Vv/Sv of K5 cells was greater in WT
mice receiving standard chow versus those receiving Dox chow
(Figure 7A, P = 0.007). The Vv/Sv for K57 cells did not differ in
BiTg mice receiving standard or Dox chow (Figure 7A, P =
0.581). The Vv/Sv of CCSP* cells was twofold greater in WT
mice receiving standard chow versus those receiving Dox chow
(Figure 7B, P = 0.02). The Vv/Sv for CCSP™ cells was lower in
BiTg mice receiving standard chow versus Dox chow (Figure
7B, P = 0.03). The Vv/Sv for ciliated cells did not vary as
a function of chow type for WT mice (Figure 7C, P = 0.23).
In contrast, the Vv/Sv for ciliated cells in BiTg mice receiving
standard chow was greater than in those receiving Dox chow
(Figure 7C, P = 0.05).

Bronchial cells. The Vv/Sv of CCSP™ cells in WT (Figure 7D,
P =0.11) or BiTg (Figure 7D, P = 0.81) mice did not vary accord-
ing to chow type. Similarly, the Vv/Sv of ACT" cells in WT
(Figure 7E, P = 0.62) and BiTg (Figure 7E, P = 0.40) mice did
not vary by type of chow.

Terminal bronchiolar cells. The Vv/Sv of CCSP™ cells in WT
(Figure 7F, P = 0.83) or BiTg (Figure 7F, P = 0.26) mice did not
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Figure 5. Aperio imaging of tracheal (A and B) and lung (C and D)
tissue from K14-rtTA™/~/TRE-Cre*/°/RS*/9/WT/DE3 mice. RS is the
ROSA26-floxed recombination substrate transgene. Activity of the
B-galactosidase (B-gal) reporter is represented in blue. The frequency
of the pattern in A and B is specified in the lower right corner.

vary according to chow type. Similarly, the Vv/Sv of ACT™ cells
did not vary in WT (Figure 7G, P = 0.16) or BiTg (Figure 7G,
P = 0.63) mice receiving standard or Dox chow. These data
indicate that: () tracheal basal and Clara-like cells are sensitive
to Dox exposure; and (2) bronchial and bronchiolar Clara cells
are not sensitive to Dox exposure.

Interactions between Genotype and Exposures to Dox

A Bonferroni post hoc analysis was used to determine whether
interactions between genotype and treatment influenced the
Vv/Sv of various cell types. This analysis identified genotype
as a determinant of the Vv/Sv in tracheal K5" cells (P =
0.007). The interaction between genotype and treatment was
not significant. In contrast, the Vv/Sv of tracheal CCSP™ cells
was determined primarily by genotype (P < 0.0001), and sec-
ondarily by exposure to Dox (P = 0.01). The interaction be-
tween genotype and treatment was significant for tracheal
CCSP™ cells (P = 0.0006). Interactions between genotype and
treatment were not detected among CCSP™ cells in bronchial or
terminal bronchiolar epithelia, or among ACT™ cells in any
epithelial compartment tested.

DISCUSSION

Summary

We evaluated the impact of genotype and Dox treatment on
the cell mass (Vv/Sv) of epithelial cell types in the K14-rtTA/
TRE-Cre/DE3 murine strain. We demonstrated that the Vv/
Sv of tracheal K5* basal cells was determined by genotype. In
contrast, the Vv/Sv of tracheal CCSP™ cells was determined by
genotype and treatment. The Vv/Sv of bronchial and terminal
bronchiolar CCSP™ cells was dependent on genotype only. Finally,
the Vv/Sv of ACT™ cells was not altered by either genotype or
treatment. We attribute the genotype-dependent effects to the spu-
rious activity of the TRE-Cre transgene, recombination of the DE3
B-catenin allele, and activation of B-catenin—dependent gene ex-
pression. We also demonstrated that the exposure of WT tracheal
K5" and CCSP™ cells to Dox decreases their Vv/Sv. Beyond the
obvious cautionary note regarding the use of Dox-inducible sys-
tems to study molecular regulation of tracheal cell-type function,
we also report that sensitivity to Dox does not extend to bronchial
and terminal bronchiolar Clara cells or ciliated cells. We discuss
genotype-dependent alterations in epithelial-cell Vv/Sv in terms of
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Figure 6. Aperio imaging of tracheal (A-C) and lung (D and E) tissue
sections from K14-rtTA~/~/TRE-Cre*/°/TOPGal*/°/WT/DE3 mice. A
and D are TOPGal Tg™~, and B, C, and E are TopGal Tg™. -gal reporter
activity is represented in blue.

the low-level epithelial damage observed in this model and the
B-catenin—dependent alterations in steady-state progenitor cell
hierarchies.

Cautionary Notes

Tracheal basal and Clara-like cells are sensitive to Dox. Quanti-
tative histomorphometry demonstrated that treatment with Dox
for 6-19 days was toxic, resulting in a significant decrease in the
Vv/Sv of WT tracheal basal and Clara-like cells. Importantly,
the WT bronchial and terminal bronchiolar Clara-cell Vv/Sv
was not altered by exposure to Dox. This differential sensitivity
of Clara-type cell subsets to Dox adds to the previously detailed
differences between tracheobronchial and intrapulmonary cells
(40-42). As previously reported (43, 44), the effects of Dox and
distinctions among Clara-type cells should be recognized and
controlled for in experiments that use Dox as an inducer of
genetic modifications.

Dox is a known inhibitor of matrix metalloproteases (MMPs)
and a chelator of divalent cations (43, 45). In models of leukocyte
adhesion, these properties antagonize each other by reducing the
activity of sheddases (i.e., the inhibition of MMPs) and by de-
creasing barrier permeability (chelation) (46).

Dox-dependent effects on either the activity of MMPs or bar-
rier function could result in secondary modifications of 3-catenin—
dependent gene expression. MMPs functioning as sheddases
activate various receptor tyrosine kinases (RTKs), which can in
turn activate the expression of B-catenin-dependent genes (47—
49). Our study cannot address this effect of Dox on control
mice, because little to no B-catenin activity was detected in
control mice (Figure 6 (50)). Another effect of RTK activation
(particularly epidermal growth factor receptor) involves
mucus cell metaplasia (51). Although this phenotypic alteration
was reported in B-catenin-stabilized models (26), we did not
detect PAS-reactive material in this study. Alterations in the
epithelial barrier, such as those initiated by chelation, can also
lead to the activation of B-catenin—dependent genes (52). This
process may account for the Dox-by-genotype interaction
detected in tracheal Clara-like cells.

Spurious activity of the TRE-Cre transgene. Detection of nu-
clear Cre protein in the absence of the Dox inducer (Figure E4)
and recombination of the DE3 allele (Figure ES) indicates that
the TRE-Cre transgene was not regulated appropriately in this
strain. Similar results were obtained in two of the three TRE-
Cre lines tested. These lines shared the TRE-Cre allele, but
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Figure 7. Quantitative histomorphometric analysis of Vv/Sv as a function of genotype and Dox treatment of rtTA* (K14-rtTA*/TRE-Cre™) and BiTg
(K14-rtTA*/TRE-Cre™) mice. Values in graphs represent P values for each pairwise comparison. Significance was established at P < 0.05.

varied according to the rtTA driver as well as the floxed allele.
All mice were a mix of several inbred murine backgrounds. Thus,
to determine the cause of spurious Cre activity in some lines but
not others would be difficult. These data do indicate that each
model system must be rigorously tested for driver-dependence
and Dox-dependence. Fortunately, little variation was detected
within each line, which overcomes the need for repeated testing.

Reporter transgenes: recombination versus pathway activation.
Failure to detect spurious TRE-Cre activity using the RS reporter
is of concern (Figure 5). Gain-of-function studies, particularly
those focused on B-catenin, frequently use animals that are het-
erozygous for the DE3 allele (19, 26, 27). Although this approach
serves to limit the amount of mutant -catenin generated, it also
prevents immunological identification of cells that have under-
gone recombination (11). This obstacle is commonly overcome
by the analysis of a surrogate allele, the RS (35) or its variants
(53). Our data suggest that Cre-mediated recombination is depen-
dent on the concentration of Cre protein. Thus, the ability of the
RS to report recombination, particularly when multiple floxed
alleles are present, is dependent on the high-level expression of
the Cre transgene.

Analysis of B-catenin dosage. We were unable to use epitope-
specific B-catenin antibodies (11) to identify cells that had recom-
bined the DE3 allele in BiTg mice (not shown). The failure to
detect cells that had undergone recombination in both DE3

alleles is at variance with our previous analysis, which detected
numerous bronchiolar cells that were recombined in both DE3
alleles (11). These data suggest two possibilities that may affect
interpretations of similar studies. First, the limited recombination
of the DE3 allele may be attributable to a survival advantage
for cells that retain one WT B-catenin allele. Second, the DE3
protein may initiate a negative feedback loop that alters accessi-
bility of the B-catenin locus to Cre. An investigation of these
mechanisms is beyond the scope of the present study.

Roles for B-Catenin-Dependent Gene Injury and Repair

We typically evaluated epithelial repair mechanisms in mice that
were challenged with chemical agents such as NA. This model is
favored because it increases the mitotic index at least 10-fold,
and allows for identification of progenitor cell types and lineage
relationships. Although such models are extremely useful, they
must be interpreted in the context of extensive epithelial damage
and the potential involvement of other cell and tissue types. Con-
sequently, identification of low-level tracheal epithelial damage
(i.e., decreased nuclear Vv/Sv) in the BiTg model allowed us the
uncommon opportunity to evaluate the roles of B-catenin under
conditions of less severe injury, and to compare these results
with those in other models of low-level injury (15, 54).

We previously reported that tracheal basal cells were a self-
renewing progenitor in the normal trachea (6). After NA injury,
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which depletes the tracheal Clara-like/ciliated cell lineage (32),
basal cells became precursors to ciliated and Clara-like cells (6).
We also used tracheal air-liquid interface cultures to demon-
strate that DE3 B-catenin promoted a twofold increase in basal
to ciliated cell differentiation, and that DE3 B-catenin blocked
basal to Clara-like cell differentiation (50). In the present study,
basal and Clara-like cell types were depleted after recombina-
tion of the DE3 allele (Figure 3) and activation of B-catenin—
dependent gene expression (Figure 5). Despite depletion of the
two known ciliated cell progenitors, the Vv/Sv of tracheal
ciliated cells was unchanged. Based on our previous analysis
of steady-state and post-NA injury lineage relationships, we
suggest that the major effect detected in BiTg mice, that is,
the genotype-dependent stabilization of B-catenin, altered line-
age relationships among tracheal progenitor cells.

We propose the following scenario to explain these results.
First, we suggest that the activation of B-catenin—dependent gene
expression in Clara-like cells predisposes these cells to death. This
conclusion is based on the finding that the surviving Clara-
type cells exhibited a goblet-like morphology and were highly
autofluorescent. The decrease of Vv/Sv in CCSP™ cells suggested
that the enlarged Clara-type cells died. The possibility of an
mucus-cell intermediate (55, 56) is diminished because PAS™ cells
were not detected, and because Dox is known to antagonize the
production of mucus in response to treatment with acrolein in rats
(57). Second, we suggest that activation of (-catenin—dependent
genes blocked Clara-like to ciliated cell differentiation. This pro-
posal is based on our previous finding that stabilization of -catenin
did not alter the proliferation of Clara cells in response to NA, but
did prevent Clara to ciliated cell differentiation (11). Third, we
suggest that the activation of B-catenin in tracheal basal cells stim-
ulated basal to ciliated cell differentiation. This proposal is based
on our finding that the stabilization of B-catenin increases basal to
ciliated cell differentiation in vitro (50). This differentiation path-
way likely occurs in the absence of intervening cell division. Thus
the proposed mechanism would explain the maintenance of the
ciliated cell population as well as the depletion of the basal cell
population. Consequently, the ciliated cell population would be
maintained at the expense of the basal cell progenitor.

In contrast with the tracheal hierarchy, the bronchiolar
ciliated cell is maintained by the Clara cell (8) and its variant,
the variant CCSP-expressing cell (58). The present study demon-
strates that activation of B-catenin—dependent genes in the ab-
sence of overt injury depletes the Clara cell population. We
suggest that maintenance of the ciliated cell population is a con-
sequence of the failure by Clara cells to undergo recombination.
This finding highlights the importance of the abundant and
broadly distributed Clara cell progenitor for the maintenance of
bronchiolar and terminal bronchiolar epithelia (9, 59).
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