
Molecular Staging of Epithelial Maturation Using
Secretory Cell–Specific Genes as Markers

Anna C. Zemke1, Joshua C. Snyder1,2, Brian L. Brockway1,2, Jeffrey A. Drake1,2, Susan D. Reynolds1,
Naftali Kaminski3, and Barry R. Stripp1,2

1Center for Lung Regeneration, Department of Environmental and Occupational Health; 3The Dorothy P. and Richard P. Simmons Center for

Interstitial Lung Diseases, Pulmonary Allergy and Critical Care Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania; and 2Division of
Pulmonary, Allergy and Critical Care Medicine, Duke University Medical Center, Durham, North Carolina

Bronchiolar Clara cells undergo phenotypic changes during devel-
opment and in disease. These changes are poorly described due to
a paucity of molecular markers. We used chemical and transgenic
approaches to ablate Clara cells, allowing identification of their
unique gene expression profile. Flavin monooxygenase 3 (Fmo3),
paraoxonase 1 (Pon1), aldehyde oxidase 3 (Aox3), and claudin 10
(Cldn10) were identified as novel Clara cell markers. New and
existing Clara cell marker genes were categorized into three classes
based on their unique developmental expression pattern. Cldn10
was uniformly expressed in the epithelium at Embryonic Day (E)14.5
and became restricted to secretory cells at E18.5. This transition was
defined by induction of CCSP. Maturation of secretory cells was
associated with progressive increases in the expression of Fmo3,
Pon1, Aox3, and Cyp2f2 between late embryonic and postnatal
periods. Messenger RNA abundance of all categories of genes was
dramatically decreased after naphthalene-induced airway injury,
and displayed a sequence of temporal induction during repair that
suggested sequential secretory cell maturation. We have defined
a broader repertoire of Clara cell–specific genes that allows staging
of epithelial maturation during development and repair.
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Mammalian conducting airways are lined by a heterogeneous
population of nonciliated secretory cells, including goblet,
serous, and Clara cells (1). Clara cells are classically defined
as nonciliated, columnar cells with abundant endoplasmic re-
ticulum and dense secretory granules (2). Clara cells fitting this
definition are restricted to the bronchiolar epithelium, where
they contribute from 50 to 80% of the cellularity in mice (1).
More recently, Clara cells have been defined by expression of
specific genes allowing for the application of molecular criteria
to describe their phenotype. This molecular phenotype allows
for quantitative measurement of epithelial phenotype both
within the entire lung and on an individual cellular basis. Clara
Cell Secretory Protein (CCSP or secretoglobin 1a1) is the most
commonly used molecular marker; however, the use of CCSP as
a molecular marker can lead to confusion, as CCSP is expressed
by other secretory cell subsets of the mammalian airway (3, 4).
There are currently very few molecular markers that distinguish
epithelial subpopulations within the lung. Development of a
wider array of such markers would facilitate studies of epithelial
maturation and repair.

Airway lineages are specified during embryogenesis and un-
dergo a process of differentiation that initiates in proximal
airways. Ciliated cells of the developing mouse airway appear
between Embryonic Day (E)14 and E16 (days post-coitum [dpc]),
depending on the method of identification (5, 6). Currently, the
earliest molecular marker of secretory cell differentiation is
CCSP, which is expressed at very low levels beginning at E15.5
dpc and much higher levels immediately before birth (7–9). The
airway epithelium is structurally and functionally immature at
birth. Clara cells contain abundant glycogen at birth, which is lost
within the first days of life (7, 10). The secretory apparatus
acquires the adult ultrastructural appearance by 3 weeks of age,
and adult xenobiotic metabolizing capacity is not reached until
more than 4 weeks of age (7, 8). The expression of molecular
markers also changes during postnatal development. By immu-
nohistochemistry, adult levels of CCSP are found by 2 weeks,
while members of the cytochrome P450 family require 4 weeks to
reach adult expression levels (8). In addition to the normal
process of developmental maturation seen within bronchiolar
Clara cells, there is evidence of functionally immature popula-
tions of nonciliated cells that are maintained within the adult
airway. A rare subset of CCSP-expressing cells can be distin-
guished from Clara cells on the basis of their resistance to the
cytochrome P450-bioactivated toxicant naphthalene (11).

There are limited molecular markers available to distinguish
developmental, spatial, or functional subsets of secretory cells.
The expression of two secretoglobin family members distinguish
very proximal (Scgb3a1) from more distal (Scgb3a2) secretory
cells in the mouse (12). Acidic mammalian chitinase and Ym1
chitinase distinguish secretory populations based upon their pro-
pensity to undergo mucus cell metaplasia (13). However, these
existing molecular markers only allow for a crude characteriza-
tion of postnatal airway maturation. In addition to steady-state
heterogeneity, chronic lung diseases such as asthma, broncho-
pulmonary dysplasia, and chronic bronchitis cause phenotypic
changes within the secretory cell population. These changes
include loss of Clara cells, decreased CCSP expression, and
increased production of mucus (14–16). Given the progenitor
role that has been ascribed to Clara cells, the existence of multiple
secretory cell subpopulations, and the phenotypic changes seen
in human disease states, we sought to further characterize the
molecular phenotype of airway secretory cells by expanding the
available repertoire of molecular markers that can be used to
follow their postnatal maturation. Using mouse models allowing

CLINICAL RELEVANCE

Few genes exist to define cell types of the airway and
disease-related changes that accompany epithelial remod-
eling. We identify new genes that define distinct stages of
secretory cell differentiation in the developing and repair-
ing airway.
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conditional ablation of either naphthalene-sensitive secretory
cells or total CCSP-expressing cells, we have defined novel
marker genes whose developmental expression pattern at the
mRNA level and subcellular distribution at the protein level
defines different stages of secretory cell maturation.

MATERIALS AND METHODS

Animal Husbandry

Colonies of wild-type FVB/n mice and CCSP-HSVtk mice on an FVB/
n background were maintained as an in-house breeding colony under
specific pathogen–free conditions in an AAALAC-accredited facility.
All procedures involving animals were approved by the Institutional
Animal Care and Use Committee of the University of Pittsburgh.

Genotyping

CCSP-HSVtk mice were genotyped by polymerase chain reaction
(PCR) for the presence of a herpes virus thymidine kinase amplicon
as previously described (17).

Naphthalene Administration

Adult (8- to 10-wk-old) male mice FVB/n mice were used for all
naphthalene exposures. Naphthalene (Sigma, St. Louis, MO) was dis-
solved in Mazola corn oil and injected intraperitoneally at a dose of
275 mg/kg. All injections were performed between 8:00 and 10:00 A.M. to
normalize injury responses (11). Untreated animals were used as controls.

Ganciclovir Administration

Ganciclovir was administered as previously described (18). CCSP-
HSVtk transgenic mice were exposed to ganciclovir (4.5 mg/d), which
was administered using 14-day mini-osmotic pumps (ALZET Osmotic
Pumps, #2001D; ALZA Corp., Palo Alto, CA). Cytovene-IV (GCV
sodium; Hoffmann-La Roche, Inc., Nutley, NJ) was dissolved in sterile
normal saline to give a final concentration of 375 mg/ml. Untreated
animals were used as controls.

Tissue Recovery for RNA Isolation and Histology

Mice were anesthetized using Avertin, exsanguinated, and the trachea
cannulated. Mice were lavaged extensively with sterile saline, and lung
lobes homogenized. RNA was prepared from whole lung homogenate
as described by Chomczynski and Sacchi (19). For histology, lungs were
inflation-fixed in situ with 10% formalin for 10 minutes and immersion-
fixed for a minimum of 2 hours. Tissue was cryoprotected and degassed
overnight before being frozen in Tissue-Tek OCT (Pittsburgh, PA).
Embryonic tissue was immersion fixed with 10% formalin and cry-
oprotected as above.

Microarray Analysis

Total mouse lung RNA was isolated as described above. Four biological
replicates were used for all time points. Unexposed mice were used as
controls for both experiments. RNA samples were purified using
RNAeasy kits according to the manufacturer’s instructions (Qiagen,
Germantown, MD). Affymetrix Cat# 900493 GeneChip Expression
3’Amplification One-Cycle Target Labeling and Control Reagent kit
was used to produce cRNA (Affymetrix, Santa Clara, CA). CodeLink
UniSet Mouse 20K I Bioarrays (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ) were used for gene expression analysis. Determination
of RNA quality, generation of biotin-labeled cRNA, hybridization to the
Bioarray, scanning, and data collection were conducted through the
University of Pittsburgh Cancer Institute Clinical Genomics Facility
according to the manufacturer’s protocol.

Bioinformatics

Genes that did not pass the manufacturer’s recommendation for signal
quality were excluded from further analysis. After filtering, 18,048 genes
were present. Complete data tables were compiled including full
annotations using the freeware program Source (Stanford University,
Stanford, CA) and Microsoft Access (Redmond, WA). Subsequent data
analysis was performed as described previously (20–22). Data were
normalized and statistical analysis performed to determine significant

changes in gene expression within each model. Data were imported into
ScoreGenes Software Package (Jerusalem, Israel) for data normaliza-
tion and statistical analyses. Significant gene expression changes were
defined as fulfilling a Student’s t test P value , 0.05 and a threshold
number of misclassifications (TNOM) of < 1. Next, genes defined as
significant by both criteria at 2 days after naphthalene exposure and
either 6 or 9 days after ganciclovir exposure were identified.

RNA Abundance

Quantitative RT-PCR (Q-PCR) was used to assess mRNA abundance.
cDNA was prepared and assayed as previously described (23).
Differential gene expression was determined using an ABI PRISM
7000 Sequence Detection System and values calculated by the method
described by Heid and coworkers using a standard total lung RNA
preparation as calibrator (24). Equal amounts of mRNA were used
for each cDNA synthesis reaction. All RT-PCR reactions were done
in duplicate for each sample. Good agreement was seen between
duplicates. Assays-on-Demand gene expression probes were purchased
from Applied Biosystems, Foster City, CA. The following probes
were used: Mm00457974_m1 (Cldn10), Mm00514964_m1 (Fmo3),
Mm00508163_m1 (Aox3), Mm00446953_m1 (Gusb), Mm01158777_m1
(Pon1), Mm00484087_m1 (Cyp2f2), Mm00488144_m1 (Sftpc), and
Mm00442026_m1 (CCSP).

Immunofluorescence

Immunofluorescence techniques were used to detect Cldn10 (rabbit,
cat#388400, 1:1,000, or mouse monoclonal IgG1, cat#415100; Invitro-
gen, Carlsbad, CA), b-catenin (mouse IgG1, cat #610154, 1:500; BD
Transduction Labs, San Jose, CA), CCSP (rabbit or goat, in house,
1:20,000) and ZO-1 (rabbit, cat#40-2200, 1:100; Zymed). Frozen sec-
tions were post-fixed in 10% neutral buffered formalin for 10 minutes,
rinsed in distilled water, and blocked with 5% BSA/PBS. Primary
antibodies were diluted in BSA/PBS, applied to slides and incubated
for 2 hours at room temperature, washed, and secondary antibodies
were applied to slides for 2 hours at room temperature. All second-
ary antibodies were purchased from Molecular Probes (Invitrogen).
Coverslips were mounted using Fluoromount-G (Southern Biotech,
Birmingham, AL) containing 2 mg/ml 4,6,diamidino-2-phenylindole
(DAPI; Sigma). Antigen–antibody complexes were visualized as single
optical planes using an Olympus Fluoview confocal microscope (Cen-
ter Valley, PA) equipped with Nomarski optics for simultaneous
brightfield detection (optical sections of 45 mm). Images were acquired
using ImagePro (Silver Spring, MD) and processed using Metamorph
software packages (Sunnyvale, CA).

Statistics

ANOVA analysis was performed using Minitab software (State
College, PA). A P value of < 0.05 was considered significant. De-
termination of statistical significance of real-time PCR data involving
a time course and two genotypes was done using a general linear model
(two-way ANOVA type). Genotype and time were used as factors,
with mRNA abundance as a response factor. In the case of statistical
significance, a post hoc Tukey test was used.

RESULTS

Models of Clara Cell Depletion

Two models of airway injury were used in this study: naphthalene-
induced Clara cell ablation and ganciclovir-mediated ablation
of CCSP-expressing cells in CCSP-HSVtk transgenic mice. These
models differed in the spectrum of target cells injured and the
ensuing repair response. Naphthalene-mediated Clara cell abla-
tion is repaired through activation of naphthalene-resistant
CCSP-expressing stem cells (11). In contrast, ganciclovir-medi-
ated ablation of CCSP-expressing cells in CCSP-HSVtk trans-
genic mice is not accompanied by a productive repair process
because the CCSP-expressing stem cells required for repair are also
ablated (17).

Two days after naphthalene exposure, abundance of the
Clara cell–specific mRNA CCSP decreased to 7.3% 6 2.6, and
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Cyp2f2 decreased to 6.9% 6 2.6 of control levels within total
lung RNA (P , 0.05 for both genes, Figure 1A). The abundance
Cyp2f2 began to increase by Day 6, reflecting the previously
described repair process (11). During this period there was no
decrease in Sftpc mRNA abundance (Figure 1A). Exposure of
CCSP-HSVtk mice to GCV for 3 days resulted in the de-
velopment of airway injury that was accompanied by reductions
in the abundance of CCSP and Cyp2f2 mRNAs within total
lung RNA. By the ninth day of continuous GCV exposure,
levels of CCSP and Cyp2f2 mRNAs had decreased to 6.4% 6

3.5 and 5.8% 6 3.1 of their control levels, respectively (P , 0.05
for both genes, Figure 1B). Beginning at Day 6, a drop in Sftpc
mRNA was observed reflecting the inflammatory response and
collateral alveolar changes previously described in this model
(25). However, this drop did not reach statistical significance by
one-way ANOVA (Figure 1B). These data confirmed that the
lung tissue used for further microarray analysis showed the
previously described pattern of injury and repair.

Identification of Putative Clara Cell Markers

Codelink mouse 20K microarrays were used to identify genes
that significantly decreased after Clara cell depletion. At 2 days
after naphthalene administration, 742 genes decreased by more
than 2-fold when compared with the corresponding control
group. In the CCSP-HSVtk model, 35 genes decreased at Day 6,
and 65 genes decreased by Day 9 when compared with control.
As show in Table 1, 19 genes were identified that decreased in
both models of Clara cell depletion. Genes were selected for
further analysis if they decreased more than 2-fold, had P ,

0.05, a threshold number of misclassifications (TNOM) of 0 at
2 days after naphthalene treatment, and met the same criteria
at either Day 6 or Day 9 of ganciclovir exposure in the CCSP-
HSVtk model. Of these genes, Cyp2f2 (NM_007817), CCSP
(NM_11681), and Secretoglobin 3A2 (NM_054038) are well-
described Clara cell genes (12, 26). We selected the following
genes that met these criteria for further analysis: paraoxonase 1
(Pon1), flavin containing monooxygenase 3 (Fmo3), aldehyde
oxidase 3 (Aox3), and claudin 10 (Cldn10).

Application of Novel Secretory Cell Markers to Follow

Developmental Maturation of the Airway Epithelium

Existing and newly identified markers for secretory cell matu-
ration were applied to the analysis of epithelial cell differenti-
ation that accompanied late embryonic and postnatal lung
development. Developmental expression of putative secretory
cell markers was determined in total lung mRNA from E17.5
dpc through adulthood. Genes could be classified into two
general categories based upon their developmental expression
patterns. Aox3 and Pon1 showed a large increase in mRNA
abundance between Day 14 and adulthood (Figure 2B) that
mirrored the increase in mRNA abundance seen in Cyp2f2.
Expression of these three genes (Aox3, Pon1, and Cyp2f2)
approximately tripled between birth and adulthood. This in-
crease was statistically significant for all three genes. Fmo3 was
undetectable before Day 28, when it was expressed at 28% of
adult levels. Cldn10 showed a different developmental expres-
sion pattern. At E17.5 dpc, mRNA abundance was 129.9 6

9.4% that of adult control mice. By Postnatal Day 3, Cldn10
mRNA abundance dropped to only 39.3% 6 9.7 of adult
mRNA abundance, after which it gradually rose to adult
abundance (Figure 2A).

Novel Secretory Markers to Follow Epithelial Differentiation

in Repairing Airways

We used existing and newly identified secretory markers to
follow epithelial differentiation during recovery from naphtha-

lene exposure. Quantitative real-time PCR was used to de-
termine mRNA abundance. As shown in Figure 3, Pon1, Fmo3,
and Cldn10 mRNAs all showed statistically significant reduc-
tions of greater than 90% after naphthalene treatment (P ,

0.05 by Tukey test for all three genes). Aox3 was the only
exception, which, under the conditions of naphthalene treat-
ment used (250 mg/kg naphthalene), showed a dramatic early
increase in mRNA abundance within the first 12 hours of
exposure (data not shown), with a subsequent decrease to
15% of peak levels by the 2-day recovery time point that
represented 46% of steady-state levels (Figure 3B). In the
following recovery period, Cldn10 recovered the most rapidly
(53.6 6 10% of control at Day 5). Fmo3 and Pon1 both showed

Figure 1. Clara cell depletion in naphthalene and HSVtk models. (A)
Wild-type or (B) CCSP-HSVtk transgenic mice were exposed to naphtha-

lene (275 mg/kg) or ganciclovir, respectively, and expression of CCSP,

Cyp2f2, and Sftpc was assayed by quantitative real-time PCR in total lung

RNA (n 5 4). All RT-PCR data are shown normalized to % mean mRNA
abundance within unexposed control mice, with error bars indicating

SEM. (A) Naphthalene exposure caused a 90% reduction in both CCSP

and Cyp2f2 mRNA abundance by Day 2 (P , 0.05 for both CCSP and

Cyp2f2, control versus later time points by one-way ANOVA). No
statistically significant change was seen in Sftpc mRNA abundance. (B)

Ganciclovir-mediated Clara cell ablation decreased CCSP and Cyp2f2

mRNA abundance to less than 10% of untreated control by Recovery Day
9 (P , 0.05 for both CCSP and Cyp2f2, control versus later time points by

one-way ANOVA). No statistically significant decrease in Sftpc mRNA

abundance was seen with ganciclovir exposure.
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delayed recovery kinetics (24.1 6 8.5% and 34.1 6 12.6% at
Day 5, respectively) that were similar to that of CCSP (21.6 6

4.2% at Day 5). Recovery of mice for 30 days resulted in
restoration of CCSP and Cyp2f2 mRNAs to near steady-state
levels (108 6 29% and 72 6 8%, respectively). In contrast,
a subset of genes defined by Aox3, Pon1, and FoxJ1 were
expressed at elevated levels (163 6 16%, 230 6 105%, and
223 6 71%, respectively) relative to the steady-state condition
at the late recovery time point, indicating that renewal of the
injured epithelium results in subtle changes in the molecular
phenotype of both secretory and ciliated cells. In the CCSP-
HSVtK model, Pon1, Fmo3, Aox3, and Cldn10 decreased to less
than 30% of control at Day 6 after ganciclovir administration.
After 9 days of continuous ganciclovir exposure, the expression
of the putative Clara cell markers was as follows: Pon1, 1.2% 6

0.3; Fmo3, 8.9% 6 3.3; Aox3, 11.6% 6 4.4; Cldn10, 13.2% 6 5.1.
This expression pattern after airway injury is consistent with the
identified genes being expressed within the Clara cell population,
but suggests that renewal after naphthalene injury results in
adaptive changes to both secretory and ciliated cells.

Subcellular Localization of Claudin 10

Because Cldn10 shows a Clara cell–specific expression pattern
in the naphthalene and ganciclovir models, but shows a dis-
tinct pattern of developmental regulation to those of phase I
metabolizing enzymes, we determined the cellular and sub-
cellular distribution of Cldn10 using confocal immunofluores-
cence microscopy. Cldn10 (red) co-localized with b-catenin
(green) along the lateral membrane of conducting airway
epithelial cells (Figure 4A; compare the subcellular distribution
of Cldn10 in red with b-catenin in green). It was not limited to
the spatial domain of ZO-1 immunoreactivity (Figure 4B).
Punctate ZO-1 staining is seen at the apical edge of the lateral
membrane, while b-catenin staining is seen along the entire
basolateral membrane. In addition, a cytoplasmic pool of Cld10
was seen in cells showing strong lateral membrane staining.

Cellular and Developmental Expression Pattern of Claudin 10

To determine the cellular localization of Cldn10, we colocalized
Cldn10 immunoreactivity with the Clara cell marker CCSP by

confocal immunofluorescence microscopy. Cldn10 was specifi-
cally localized to the lateral plasma membrane of CCSP-
immunoreactive cells (Figures 4C–4F). Cell junctions between
adjacent cells that were negative for CCSP immunoreactivity
lacked Cldn10 staining (arrowheads in Figure 4C and arrows in
Figure 4F). No lateral membrane Cldn10 staining was observed
between adjacent FoxJ1-immunoreactive cells (Figures 4G–4I)
or CGRP-immunoreactive cells (Figures 4J–4L), indicating
a lack of Cldn10 expression within ciliated and neuroendocrine
cells, respectively. No staining was seen in the alveolar space,
vasculature, or mesenchyme. In addition, no differences in
Cldn10 distribution were seen along the proximal-distal axis
of the intrapulmonary airway (not shown).

Cldn10 mRNA and protein expression was detected in devel-
oping airways. At E14.5 dpc, low levels of Cldn10 immuno-
reactivity were observed throughout the developing airway
epithelium (Figure 5A). At this developmental stage, Cldn10
immunofluorescence was uniformly distributed among all epi-
thelial cells. In addition to lateral membrane localization, a sig-
nificant cytoplasmic pool was seen. By E18.5, expression of
Cldn10 was restricted to CCSP-expressing cells (Figure 5C).
However, at this time point, expression levels per cell were
similar to those of the adult, the cytoplasmic pool had decreased,
and Cldn10 was concentrated at the lateral plasma membrane
(Figures 5B and 5C). By the fifth postnatal day, Cldn10 immu-
noreactivity remained restricted to the CCSP-immunoreactive
subset of airway epithelial cells (Figure 5D). These cells exhibited
high CCSP immunofluorescence compared with earlier develop-
mental time points.

We next sought to determine the distribution of Cldn10 after
naphthalene exposure. At Day 2 after naphthalene, rare Cld10-
and CCSP-immunoreactive cells could be seen in proximity to
clusters of CGRP-immunoreactive cells and in terminal bron-
chioles (Figures 6D–6F, and data not shown). Epithelial renewal
was accomplished by expansion of CCSP/Cldn10-immunoreactive
cells at each of these locations (Figures 6G–6O, and data not
shown). Even though repair of the airway epithelium was largely
complete by the 30-day recovery time point, clusters of ciliated
cells that were devoid of adjacent CCSP/Cldn10-immunoreactive
cells remained (Figures 6M–6O, and data not shown). These data
support the conclusions that Cldn10 is a Clara cell–specific pro-

TABLE 1. PUTATIVE CLARA CELL TRANSCRIPTS

Naphthalene Day 2 CCSP-HSV tK Day 6 CCSP-HSV tK Day 9

Gene Description TNOM Fold Change TNOM Fold Change TNOM Fold Change

NM_172484 RIKEN cDNA E030049G20 gene 0 22.0 0 21.9 0 22.4

NM_007902 Endothelin 2 0 22.1 0 22.3 0 22.4

AK01708 0 22.2 1 22.2 0 22.4

NM_007817 Cytochrome P450, family 2, subfamily f, polypeptide 2 0 22.3 0 21.9 0 24.1

NM_021386 Claudin 10 (Cldn10), transcript 0 22.5 0 22.0 0 23.5

NM_008286 Strain B10.S/DvTe histamine receptor H2 (Hrh2) 0 22.7 0 22.5 0 23.0

BG795288 Transcribed locus 0 22.7 0 22.7 0 22.7

NM_009381 Thyroid hormone responsive SPOT14 homolog 0 23.1 0 22.8 0 23.1

NM_011681 Secretoglobin, family 1A, member 1 (uteroglobin) 0 23.1 0 21.7 0 23.7

AF306532 Chemokine (C-C motif) receptor-like 1 (C cr11) 0 23.2 0 23.1 0 25.4

BC031432 CDNA clone MGC:6757 0 23.6 0 23.0 0 22.9

NM_021456 Carboxylesterase 1 0 24.8 0 22.7 0 22.4

NM_146017 Gamma-aminobutyric acid (GABA-A) receptor, pi 0 24.8 0 23.3 0 27.2

NM_023617 Aldehyde oxidase 3 (Aox3) 0 25.2 0 23.1 0 23.0

AW909485 PREDICTED: leucine-rich repeats and calponin homtrun -1ology

(CH) domain containing 1

0 25.4 1 22.8 0 22.2

NM_008030 Flavin containing monooxygenase 3 (Fmo3) 0 26.0 0 23.1 1 22.2

NM_144930 Expressed sequence AU018778 0 27.8 0 23.3 0 22.8

NM_054038 Secretoglobin, family 3A, member 2 (Scgb3a2) 0 28.5 0 23.9 0 219.1

NM_011134 Paraoxonase 1 0 212.1 0 26.1 0 215.9

Definition of abbreviations: TNOM, Threshold number of misclassifications.

Zemke, Snyder, Brockway, et al.: Markers of Secretory Cell Maturation in Airways 343



tein in the adult lung and that its expression defines nascent
epithelium of the repairing airway.

DISCUSSION

We have used a combination of cell ablation strategies and
microarray screening to identify the novel mRNA repertoire
expressed by mature secretory cells of the conducting airway.
These genes can be grouped into three categories by order of
developmental maturation and recovery after naphthalene
treatment. The first category was largely composed of known
phase I metabolizing genes, including Pon1, Aox3, and Fmo3,
which were regulated in a coordinate fashion with the known

Clara cell–specific xenobiotic metabolizing enzyme Cyp2f2.
These genes were all late markers of Clara cell maturation
in either developing or repairing airways. During lung de-
velopment, mRNAs encoding these genes did not reach adult

Figure 2. Expression of putative Clara cell markers during development.
Expression of Aox3, Cyp2f2, Pon1, CCSP and Cldn10 was assayed by RT-

PCR in total lung mRNA from mice of different ages. Between three and

six mice were used per time point (E17.5 refers to Embryonic Day 17.5;
‘‘P’’ refers to Postnatal Day of tissue collection). Expression was normal-

ized to adult expression levels and presented as % adult mouse relative

mRNA abundance with SEM. (A) CCSP and Cldn10 show different

developmental kinetics. CCSP increases between P3 and P7 (statistically
significant by one-way ANOVA followed by Tukey analysis). Cldn10

showed a second developmental pattern, dropping between E17.5 and

P3 (the only significant time points by one-way ANOVA). (B) Cyp2f2,

Aox3, and Pon1 behave similarly. Significant increases in expression of all
three mRNA species were observed across the time course (one-way

ANOVA followed by Tukey analysis). Aox3 mRNA abundance increases

more rapidly than Cyp2f2 or Pon1 (statistically significant difference at

P28 by general linear model followed by Tukey analysis). The difference
in kinetics between Cyp2f2 and CCSP is statistically significant at P7 and

P14 (general linear model followed by Tukey analysis).

Figure 3. Expression of putative Clara cell markers after injury. Analysis

of gene expression within the repairing lung of mice after naphthalene

(250 mg/kg) or ganciclovir exposure. (A) Quantitative RT-PCR analysis
of CCSP and Cyp2f2 mRNA abundance and SP-C mRNA abundance as

measures of airway Clara and alveolar type 2 cells during repair after

naphthalene-induced airway injury. (B) Quantitative RT-PCR analysis of
Aox3, Fmo3, Pon1, and Cldn10 mRNA abundance during repair after

naphthalene-induced airway injury. (C ) Quantitative RT-PCR analysis of

Aox3, Fmo3, Pon1, and Cldn10 mRNA abundance after ganciclovir-

mediated ablation of CCSP-expressing cells in airways of CCSP-HSVtk
transgenic mice. Four mice per time point were used in both experi-

ments. Error bars show SEM.
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levels until Postnatal Days 28 (Aox3) to 60 (Pon1 and Cyp2f2).
Paraoxonase 1 (Pon1) is an esterase capable of hydrolyzing
organophosphate compounds. Previously, it has been localized
to nonciliated airway cells in the rat by immunohistochemistry
(27). Flavin monooxygenases oxidize a wide variety of drugs
and xenobiotic chemicals. Fmo3 has previously been localized
to the mouse terminal bronchiole by in situ hybridization (28).
Aldehyde oxidase 3 (also known as Aoh1) is a molybdoflavo-
protein previously detected in mouse lung by Western blot
(29). In addition to genes encoding xenobiotic metabolizing
enzymes, carboxylesterase 1 (NM_021456) and an unidentified
probe with greater than 90% homology with carboxylesterases
(NM_144930) were decreased in both Clara cell ablation models
and behaved as late markers of Clara cell maturation. The
second category of genes that marked an intermediate stage of
Clara cell maturation was composed of secreted proteins that
included CCSP and the related secretoglobin Scgb3a2. These
genes reached adult expression levels within the first 7 to 14
postnatal days, in agreement with previously published work
(8). The third category was represented by Cldn10, which was
identified as an early airway marker whose expression is sub-
sequently restricted to Clara cells during developmental matu-
ration of the epithelium.

The temporal sequence of marker gene expression observed
during developmental maturation of airways was similar, albeit
with significantly shortened kinetics, in the repairing epithelium
after naphthalene exposure. Cldn10 and Aox3 expression were
re-established more rapidly after injury. While Cldn10 was an
early marker of airway differentiation in both developing and
repairing airways, CCSP expression matured comparatively late
during repair. Among the xenobiotic metabolizing enzymes
studied, Aox3 matured most rapidly during development. Aox3
also differed from all other marker genes in the magnitude
and kinetics of its altered expression during injury and repair.
These results suggest that the repairing epithelium undergoes
stages of repair that include epithelial renewal and maturation.
Immaturity of airway secretory cells after injury and during
the early phase of repair may contribute to altered epithelial
function seen in chronic lung disease and the observation of
tolerance to naphthalene-induced airway injury seen with re-
peated exposure (30).

We have identified Cldn10 as a valuable new marker to define
immature airway epithelial cells whose expression is restricted to
nonciliated cells of the mature epithelium. Claudins are classically
thought to be tight junction proteins that contribute to regula-
tion of paracellular trafficking of electrolytes and macromole-

Figure 4. Subcellular and
cell type–specific localiza-

tionofClaudin10. Immu-

nolocalization of Cldn10
was determined on fro-

zen mouse lung sections

with fluorescence detec-

tion and images acquired
by confocal microscopy.

(A) Cldn10 staining (red)

and b-catenin (green).

Arrow shows a cell junc-
tion with both Cldn10

and b-catenin staining

along a lateral mem-
brane. Asterisk shows

a Cldn10-negative, b-

catenin–positive cell junc-

tion. (B) b-catenin (green)
and ZO-1 (red). The tight

junction marker ZO-1 is

seen as punctate staining

at the apical tip of lateral
membranes. b-catenin

defines the adherens

junction at the lateral

membrane. Inset shows
higher magnification re-

gions with punctuate

ZO-1 staining. (C) CCSP
(green) and Cldn10 (red).

Arrowheads show CCSP-

negative,Cldn10-negative

cells. The asterisk indi-
cates a CCSP-positive

cell surrounded by a ring

of CCSP-negative cells.

Cldn10 staining (red) is

only seen around the center cell. (D–F) CCSP-immunoreactive cells (green in D) show lateral membrane staining for Cldn10 (red in E). A small pool of
cytoplasmic staining is also seen. (F) Merged image of D and E demonstrating that cell borders between CCSP-negative cells (arrows) lack Cldn10 staining.

Nuclear counter stain (DAPI) is seen in blue. (G–I) CGRP-immunoreactive cells (red in G) lack lateral membrane staining for Cldn10 (green in H). Arrowheads

identify junctions between CGRP-immunoreactive cells that are negative for Cldn10. (I) Merged image of G and H. Nuclear counterstain (DAPI) is seen in

blue. (J–L) FoxJ1-immunoreactive cells (red nuclei in J) lack lateral membrane staining for Cldn10 (green in K). Arrowheads identify junctions between
FoxJ1-immunoreactive cells that are negative for Cldn10. (L) Merged image of J and K. Nuclear counterstain (DAPI) is seen in blue. All scale bars 5 25 mm.
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Figure 5. Claudin 10 is expressed early in mouse lung
development. Mouse lungs from E14.55 or E18.5 em-

bryos, or from P5 mice, were immunostained for localiza-

tion of CCSP, Cldn10, and CGRP and images acquired by

fluorescence microscopy. Nuclei were visualized using
a DAPI nuclear counterstain (blue). (A) Cldn10 (red) is

expressed throughout the developing airway tubules at

E14.5. Scale bar 5 25 mm. (B) Intense Cldn10 staining (red)

is seen along lateral membranes of airway epithelial cells.
Faint CCSP immunostaining (green) is seen within the

airway at this developmental stage. Scale bar 5 120 mm.

(C) Tissue from E18.5 dpc embryos was stained as above.
A row of four CCSP-negative, Cldn10-negative cells is seen

surrounded by epithelial cell with strong Cldn10 lateral

membrane staining and weak CCSP staining. Scale bar 5

25 mm. (D) Lung tissue from a 5-day-old mouse was
immunostained as above. CCSP expression has greatly

increased, and Cldn10 staining remains restricted to CCSP

immunoreactive cells. Scale bar 5 25 mm.

Figure 6. Expression of Cldn10 during

repair of naphthalene-injured airways.

Frozen lung tissue sections were pre-

pared from either control mice (A–C ) or
naphthalene-exposed mice that were re-

covered for either 2 days (D–F ), 5 days

(G–I ), 10 days ( J–L), or 30 days (M–O).

Sections were immunostained for coloc-
alization of either CCSP and CGRP (green

and red, respectively, in panels on left),

Cldn10 and CCSP (green and red, re-
spectively, in center panels), and Cldn10

and CGRP (green and red, respectively,

panels on right), and images acquired by

conventional fluorescence microscopy.
Scale bars 5 50 mm.
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cules. Interestingly, of the two splice variants of Cldn10 that are
known to exist, Cldn10b is expressed in the lung. This splice
variant has been shown to confer cation selectivity to paracellular
transport in the kidney (31). However, Cldn10 was immunolo-
calized along the entire lateral surface of CCSP-expressing cells in
both proximal and distal mouse airways. It was not found at the
lateral membranes of either ciliated cells or pulmonary neuroen-
docrine cells within bronchioles. This cellular localization is in
contrast with a previous report using the same antibody for
immunolocalization of Cldn10 in mouse airway, which reported
selective tight junction localization (31). However, the previously
published data do not exclude lateral membrane localization of
Cldn10 because of the en face airway sections used for analysis.

There is ample precedent for claudin localization outside of
the tight junction. Within the airway, claudins-3 and -5 were
found exclusively at the tight junction. However, claudins-1 and -
4 were found along the entire lateral membrane, while claudin-7
was located along the lateral membrane and excluded from the
tight junction (32). Cldn10 has been localized along the entire
lateral membrane of exocrine glands and scattered epithelial
cells of the cecum (31, 33). Our work colocalizes Cldn10 with
b-catenin, an adherens junction protein. While the physiologic
function of claudins found in the adherens junctions is unknown,
it is possible that claudins are also involved in cell–cell adhesion
or signaling, in addition to regulating paracellular permeability.

Clara cells are known to express xenobiotic metabolizing
enzymes (notably cytochrome p450 family members) and a
variety of immunomodulatory proteins of the secretoglobin and
surfactant families. Genes encoding previously identified secre-
tory products of airway epithleial cells, including secreteoglo-
bins 3A1, 1A1, and 3A2 and PLUNC, were all significantly
decreased within airways of ganciclovir-exposed CCSP-HSVtk
transgenic mice (12, 34). Other significantly downregulated
genes included numerous members of the Cyp450 family,
including 2f2, 2a4, and 1a1 isoforms. The presence of previously
known secreteoglobins and Cyp450 family members validated
our approach of interrogating gene expression within total lung
RNA for the identification of Clara cell–specific changes in gene
expression. Because our computation approach required that
putative Clara cell markers were decreased in both injury
models, genes that differentiate the repair response between
these models would not be detected. A potentially important
category of cells whose abundance will differ between these
experimental models of airway injury would be the naphtha-
lene-resistant bronchiolar stem cells previously described by us
and others (35–37). A technical limitation for our data set that
precluded this analysis was the finding that comparatively few
genes were identified within the CCSP-HSVtk model compared
to the naphthalene model despite the greater severity of injury
and inflammation in gancyclovir-exposed CCSP-HSVtK mice.
This result likely reflected greater variability within the CCSP-
HSVtk data set. Our finding of novel marker genes to follow
secretory cell maturation in the developing and repairing lung
will provide valuable tools to better define aberrations in these
processes associated with lung tissue remodeling. Further re-
finement of these approaches may allow identification of genes
whose expression is restricted to the bronchiolar stem cell.
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