
Introduction
Mucociliary clearance is an important component of the innate
host defense of the pulmonary system. Cilia, in conjunction
with secreted mucus, provide a mechanism for the removal of
infectious or other potentially injurious substances from the
lung. Ciliary motility and the characteristics of the airway
surface liquid are crucial to the maintenance of this defense
(Knowles and Boucher, 2002). The importance of this
protective mechanism in the lung is demonstrated by
individuals with the immotile cilia syndrome. The absence of
normal ciliary motility in these patients is associated with
recurrent pulmonary infections that may ultimately result in
chronic pulmonary disease characterized by bronchiectasis
with associated obstructive and/or restrictive lung disease
(Afzelius and Mossberg, 1995). The immotile cilia syndrome
has been linked to multiple genetic loci and recently some of
the genes mutated in this syndrome have been identified
(Guichard et al., 2001; Olbrich et al., 2002; Pennarun et al.,
1999). Another example of the importance of this defense is in
cystic fibrosis where abnormal ion and water transport across
the pulmonary epithelium results in altered airway surface
liquid and defective mucociliary clearance (Knowles and
Boucher, 2002). In addition to these genetic causes, abnormal
mucociliary clearance may be seen in association with lung

infections, asthma and other pulmonary diseases (Salathe et al.,
1997). The loss of normal mucociliary clearance is an
important component of the pathophysiology of these
pulmonary diseases. Whether there is subsequent recovery of
normal clearance or not may play an important role in the long-
term outcome of these diseases. Despite the importance of cilia
to the innate defense of the lung, the molecular and cellular
mechanisms regulating cilia formation and stability remain
largely unknown. 

The axonemes of the cilia typically found in the vertebrate
respiratory, reproductive and central nervous systems are
characterized by nine microtubule pairs surrounding a central
pair (referred to as 9+2). Dynein arms connect adjacent
microtubule pairs and provide an ATPase activity required for
motility. The axoneme is anchored to the apical surface of the
cell through a basal body that also serves as a template for
axonemal assembly (Preble et al., 2000). Basal bodies are
formed in the cytoplasm of cells and transported to the cell
apex where axonemal assembly occurs (Dirksen, 1991;
Sorokin, 1968). The complexity of axonemal and basal body
structure is underscored by the estimate that more than 250
different proteins are required for the formation of eucaryotic
cilia and flagella (Dutcher, 1995). Much of the current
understanding of the mechanisms regulating cilia and flagella
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The forkhead box transcription factor Foxj1 is required for
cilia formation and left-right axis determination. To define
the role of Foxj1 in ciliogenesis, microarray analysis was
performed to identify differentially expressed genes in the
pulmonary epithelium of foxj1+/+ and foxj1–/– mice. In the
absence of Foxj1, the expression of calpastatin, an inhibitor
of the protease calpain, decreased. RNase protection
confirmed the decrease in calpastatin expression and
decreased calpastatin was detected in the proximal
pulmonary epithelium of foxj1–/– mice by
immunohistochemistry. No change was detected in the
expression of calpain 2 in the pulmonary epithelium by
western blot or immunohistochemistry. By western blot
and immunofluorescence, ezrin, a substrate for calpain,
was also found to decrease in the pulmonary epithelium of
foxj1–/– mice. No change in ezrin gene expression was found
by RT-PCR. A decrease in ezrin binding phosphoprotein-
50 (EBP-50) was also detected by immunofluorescence in

the foxj1–/– mouse pulmonary epithelium. Immunoelectron
microscopy demonstrated ezrin associated with the basal
bodies of cilia in the pulmonary epithelium. Treatment of
tracheal explants from foxj1–/– mice with a calpain
inhibitor resulted in a partial reappearance of cilia
observed in these mice. Additionally, following treatment of
foxj1–/– tracheal explants with calpain inhibitor, basal
bodies were observed in an apical location along with
relocalization of ezrin and EBP-50. Regulation of calpain
activity by calpastatin thus provides a mechanism for
regulating the anchoring of basal bodies to the apical
cytoskeleton in ciliated cells. In the absence of Foxj1,
decreased calpastatin expression with decreased ezrin and
EBP-50 results in an inability of basal bodies to anchor to
the apical cytoskeleton and subsequent failure of axonemal
formation. 
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formation has come from the study of mutations that disrupt
assembly of axonemes in flagellate, unicellular organisms such
as Chlamydomonas(Tam and Lefebvre, 1993). Vertebrate
homologues for some of these genes have been identified and
shown to also be required for cilia assembly in vertebrates
(Cole et al., 1998; Marszalek et al., 1999; Nonaka et al., 1998;
Takeda et al., 1999). 

Foxj1 (formerly HFH-4) is a member of the forkhead box
family of transcription factors that are characterized by a
conserved 100 amino acid DNA binding domain (Hackett et
al., 1995). Foxj1 is expressed in ciliated cells of the respiratory,
reproductive and central nervous systems (Blatt et al., 1999;
Hackett et al., 1995; Lim et al., 1997; Pelletier et al., 1998;
Tichelaar et al., 1999). Targeted mutation of the mouse foxj1
gene results in an absence of 9+2 axonemal structures and a
failure of normal localization of basal bodies to the apices of
cells (Brody et al., 2000; Chen et al., 1998). Additionally,
homozygous mutant mice demonstrate random determination
of left-right axis asymmetry (Chen et al., 1998). The defect in
cilia formation in mice lacking Foxj1 has not been defined but
the cytoplasmic location of basal bodies in the homozygous
mutant mice suggests a defect in basal body transport or
anchoring to the apical cytoskeleton. Although a number of
basal body-associated proteins have been described, the
mechanisms regulating transport and anchoring of basal bodies
to the cell apex remain unknown (Geimer et al., 1998;
Lechtreck et al., 1999; Silflow et al., 2001; Taulman et al.,
2001). In this report, regulation of basal body anchoring to the
apical cytoskeleton by Foxj1 is described. 

Materials and Methods
Experimental animals
Mice with a targeted mutation of the foxj1 gene were generated as
described previously (Chen et al., 1998). Homozygous mutant animals
were obtained by mating foxj1+/– male and female mice. Genotyping
was performed as described previously (Chen et al., 1998). All animal
experiments were approved by the Washington University School of
Medicine Animal Studies Committee in accordance with NIH
guidelines for animal care and use.

DNA microarray analysis
Total RNA was isolated from embryonic day (E) 15.5 foxj1+/+ and
foxj1–/– lung tissue using TRIzol (Invitrogen) extraction and ethanol
precipitation. The preparation and labeling of targets for Affymetrix
GeneChip Mu74A analysis was performed at the Multiplexed Gene
Analysis Core Facility of the Siteman Cancer Center at Washington
University School of Medicine according to the manufacturer’s
protocols. Separate Mu74A GeneChips were hybridized with targets
generated from foxj1+/+ and foxj1–/– E15.5 pooled lung RNA.
Hybridizations were performed in triplicate. Following hybridization,
probe arrays were washed, stained and scanned with a Hewlett
Packard GeneArray Scanner. Data were analyzed and comparison of
gene expression levels between foxj1+/+ and foxj1–/– lung tissue made
with Affymetrix software.

Ribonuclease protection assay
Oligonucleotide primers to the 5′ region of the calpastatin cDNA were
generated based on the mouse calpastatin sequence (GeneBank
accession number AB026997): 5′-ATGTCCCAGCCCGGCCCAAG-
3′ and 5′-CCTCTGCTGCCACCAGCAAGT-3′. A 250 base pair
calpastatin fragment was amplified from E15.5 lung total RNA by RT-

PCR and subcloned into the pCR II plasmid vector (Invitrogen).
Antisense calpastatin and [32P]GAPDH cRNA probes were
synthesized by in vitro transcription. RNase protection assays were
performed with the RPA III kit (Ambion). Probes were hybridized
overnight at 42°C with 10 µg of total RNA. Single stranded RNA was
digested with RNaseA/RNaseT1 and samples electrophoresed in 6.0%
polyacrylamide-urea and autoradiography performed. Bands
corresponding to protected fragments were quantified with a
Molecular Dynamics Phosphoimager and Storm Scanner. A GAPDH
protected fragment was used as a loading control. RNase protection
assays were performed in triplicate with independent RNA samples.

Western blot analysis
Protein was isolated from E15.5 foxj1+/+ and foxj1–/– mouse lung
tissue in the presence of protease inhibitors as described previously
(Potter et al., 1998). 10 µg of the cytoplasmic protein fraction was
electrophoresed in 7.0% polyacrylamide-SDS and transferred to a
PVDF membrane (Amersham). The membrane was blocked for 1
hour at room temperature with 5.0% (w/v) nonfat dry milk in Tris-
buffered saline with 0.1% (v/v) Tween 20. Primary antibodies used
were murine monoclonal anti-bovine calpastatin (1:2000; Sigma),
rabbit anti-human recombinant calpain 2 (1:1000; Triplepoint
Biologics), rabbit polyclonal anti-human ezrin (1:2000; Upstate
Biotechnology) and murine monoclonal anti-rabbit GAPDH (1:5000;
Research Diagnostics). Secondary antibodies were either anti-mouse
or anti-rabbit IgG antibody linked to horseradish peroxidase
(Amersham). A chemiluminescent signal was generated with ECF or
ECL Plus (Amersham) and quantified with a Molecular Dynamics
Phosphoimager and Storm Scanner. GAPDH was used as a loading
control for standardization of blots. Western blot analysis was
performed in triplicate.

Immunohistochemistry and immunofluorescence
Lung tissue was fixed in 10% (v/v) buffered formalin for 72 hours at
4°C, dehydrated in ethanol, paraffin wax embedded, and sectioned.
Antigen unmasking was performed by heating sections in Antigen
Unmasking Solution (Vector Laboratories) to boiling for 6 minutes in
a microwave oven. Endogenous peroxidase activity was quenched
with 0.1% (v/v) hydrogen peroxide and sections blocked with
appropriate animal sera for 30 minutes. Primary antibodies were:
murine monoclonal anti-bovine calpastatin (1:500; Sigma), rabbit
anti-human recombinant calpain 2 (1:250; Triplepoint Biologics),
rabbit polyclonal anti-human ezrin (1:100; Upstate Biotechnology),
polyclonal anti-EBP-50 (1:100; ABR), and mouse monoclonal anti-
acetylated α-tubulin (1:500; Sigma). After incubation with primary
antibody for 1 hour, sections were incubated with biotinylated
secondary antibodies for 30 minutes. Immunoperoxidase staining was
performed with a Vectastain ABC kit (Vector Laboratories) and Vector
NovaRed peroxidase substrate (Vector Laboratories). Sections were
counterstained with Hematoxylin and nuclei blued with 0.7% (v/v)
NH4OH. 

For sequential, double immunofluorescence, blocking serum was
applied for 20 minutes followed by incubation with the first primary
antibody at 4°C overnight. The appropriate biotinylated secondary
antibody (Vector) was then applied to the sections for 45 minutes at
room temperature and then incubated with fluoroscein avidin D or
rhodamine avidin D for 30 minutes. Following blocking with an
avidin/biotin blocking reagent (Vector), sections were incubated with
the second primary antibody at 4°C overnight. Sections were then
incubated for 45 minutes with the appropriate biotinylated secondary
antibody and then with fluoroscein avidin D or rhodamine avidin D.

For immunohistochemistry and immunofluorescence, a minimum
of three independent sections from wild-type or mutant lung tissue
was examined. Duplicate samples were included for each antibody
and tissue as well as control samples with no primary antibody. 
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Reverse transcriptase polymerase chain reaction (RT-PCR)
SuperScript reverse transcriptase (Gibco-BRL) was used for first
strand cDNA synthesis from total lung RNA with random hexamers.
Gene-specific PCR amplification was performed for 25 cycles with
denaturing at 94°C for 30 seconds, annealing at 58°C for 30 seconds,
and elongation at 72°C for 2 minutes. Gene-specific primers were: 5′-
GAAGGTGGCATGGAGGAGCCG-3′ and 5′-TGGGTTGGTG-
GCATAGTCCAC-3′ for Foxj1; 5′-AGCGACAGCAGTTGG-
GAAGCC-3′ and 5′-CAGTTGGAGGGCCTTCTCAAT-3′ for ezrin
and 5′-AAATTTTCAAAGCTCAGTCTG-3′ 5′-AAAATCTGCT-
GAAAGCTCCCC-3′ for calpastatin. Amplification of β-actin was
performed as a positive control. For all samples, controls without
reverse transcriptase were included to exclude amplification from
genomic DNA.

Electron microscopy
For transmission electron microscopy, tracheal tissues were fixed with
2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate, postfixed with
1.0% (v/v) osmium tetraoxide and then stained with 1.0% (w/v) uranyl
acetate. Tissues were dehydrated in ascending concentrations of
ethanol prior to embedding in epoxy resin. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined with an
Hitachi H-600 transmission electron microscope.

For scanning electron microscopy, tracheal tissues were fixed in
2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate and postfixed
using the osmium-thiocarbohydrazide-osmium (OTO) method (Kelly
et al., 1973). Samples were dehydrated in ascending concentrations
of ethanol and critical point dried in liquid CO2. Mounted samples
were sputter-coated with 50 nm of gold and examined with an Hitachi
H-450 scanning electron microscope.

For immunoelectron microscopy, adult mouse tracheas were fixed
in 4.0% (w/v) paraformaldehyde at 4°C for 2 hours. Tissue was
dehydrated and embedded in glycol methacrylate resin. Sections were
cut and incubated with rabbit polyclonal anti-human ezrin antibody
(Upstate Biotechnology) at a dilution of 1:50. Sections were then
incubated with a 10 nm gold-labeled goat anti-rabbit IgG secondary
antibody, counterstained with uranyl acetate and examined with a
JEOL-1200X transmission electron microscope. Duplicate samples
were examined for transmission, scanning and immunoelectron
microscopy. 

Tracheal explant culture
For calpain inhibitor experiments, E17.5 foxj1+/+ or foxj1–/– explanted
mouse tracheas were cultured at air-liquid interface in the presence or
absence of 10 mM calpain inhibitor II (N-acetyl-Leu-Leu-Met-al;
Sigma) in BEGM serum-free medium (Clonetics) for 96 hours at 37°C
in 5% CO2. Tracheas were fixed in 3% glutaraldehyde/4%
paraformaldehyde in 0.1 M sodium cacodylate for 2 hours and then
washed in phosphate-buffered saline. Scanning electron microscopy
and transmission electron microscopy were performed in duplicate as
described above. For immunofluorescence, duplicate foxj1+/+ and
foxj1–/– explanted tracheas were fixed in 10% (v/v) buffered formalin
and processed as above. 

Results
Calpastatin is decreased in the pulmonary epithelium in
the absence of Foxj1
To define the role of Foxj1 in cilia formation, DNA microarray
analysis was performed to identify genes differentially
expressed in foxj1+/+ and foxj1–/– lung. 9+2 cilia are first
detected in the mouse pulmonary epithelium at about E15.5 so
this time point was selected for comparison. Total RNA from

E15.5 foxj1+/+ and foxj1–/– lung tissue was labeled and used to
probe Affymetrix Mu74A microarrays. The absence of foxj1
expression in homozygous mutant tissue was confirmed by RT-
PCR using Foxj1-specific primers (data not shown).
Microarray analysis was performed in triplicate with duplicate
pooled samples of foxj1+/+ and foxj1–/– RNA. The Mu74A
microarrays are printed with approximately 16,000 mouse
genes, including 12,000 known genes and 4,000 expressed
sequence tags. Among the several genes that demonstrated
consistent changes in expression in all three comparisons, the
gene for calpastatin was identified as having two- to three-fold
decreased expression in foxj1–/– versus foxj1+/+ lung tissue.
Because the foxj1–/– phenotype suggests a potential defect in
basal body anchoring to the cytoskeleton and the role of
calpastatin in cytoskeleton remodeling, we focused our initial
studies on calpastatin. To confirm the decreased expression of
calpastatin, RNase protection assays were performed. A 25-
30% decrease in calpastatin transcript was consistently
identified in E15.5 foxj1–/– lung tissue compared to E15.5
foxj1+/+ lung tissue (Fig. 1A). 

To further confirm the decrease in calpastatin, western blot
analysis of protein from E15.5 foxj1+/+, foxj1+/–, and foxj1–/–

lung tissue was performed using a primary antibody to
calpastatin. An approximately 110 kDa protein and a 70 kDa
protein were detected (Fig. 1B). The 110 kDa band
represents full-length calpastatin, while the 70 kDa band
represents a truncated form of calpastatin found in
erythrocytes (Takano et al., 2000). A 50% decrease in the
110 kDa calpastatin protein was detected in foxj1–/– lung
tissue and a 25% decrease was detected in the foxj1+/– lung

Fig. 1.Calpastatin is decreased in the absence of Foxj1. (A) RNase
protection of E15.5 lung RNA with a [32P]cRNA probe for
calpastatin. Relative transcript abundance is shown in comparison
with wild-type lung tissue (± s.e.m.). Samples were corrected for
loading by comparison with GAPDH transcript abundance.
(B) Western blot of E15.5 lung tissue with calpastatin primary
antibody. Full-length tissue calpastatin is a 110 kDa protein and a
truncated erythrocyte calpastatin isoform is a 70 kDa protein.
GAPDH (36 kDa) abundance was used as a protein loading control.
(C,D) Immunohistochemistry of foxj1+/+ (C) and foxj1–/– (D) lung
tissue with primary antibody to calpastatin and peroxidase detection.
Scale bar: 5 µm. 
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tissue compared to E15.5 wild-type lung tissue (Fig. 1B).
The 70 kDa protein reflects the number of residual
erythrocytes present in a particular sample and thus may vary
from sample to sample. 

To examine the cell-specific pattern of decreased calpastatin
in lung tissue from foxj1–/– mice, immunohistochemistry was
performed with primary antibody to calpastatin. Expression of
the foxj1 gene is specific to ciliated cells of the pulmonary
epithelium so it was expected that decreased calpastatin would
be detected in the proximal pulmonary epithelium of foxj1–/–

mice (Blatt et al., 1999; Hackett et al., 1995; Tichelaar et al.,
1999). In foxj1+/+ trachea, prominent peroxidase staining for
calpastatin was noted throughout the epithelium (Fig. 1C). In
comparison, there was a marked decrease in peroxidase
staining for calpastatin in foxj1–/– tracheal epithelium (Fig.
1D). Thus, in the absence of Foxj1, there is less calpastatin
protein present in the proximal pulmonary epithelium. No
peroxidase staining was observed in the absence of primary
calpastatin antibody (data not shown).

Calpain 2 is unchanged in the pulmonary epithelium in
the absence of Foxj1
Calpastatin is a specific endogenous inhibitor of members of
the calpain protease family (Sorimachi et al., 1997). Calpain 2
(or m-calpain) is the primary calpain isoform present in lung
tissue (Beer et al., 1984; Thompson and Goll, 2000). Calpain
2 is active at millimolar concentrations of Ca2+ whereas the
other ubiquitously expressed isoform, calpain 1 (or µ-calpain),
is active at micromolar concentrations of Ca2+. In addition to
these widely distributed calpain isoforms, a number of tissue-
specific isoforms have also been identified (Sorimachi et al.,
1997). From western blot analysis with primary antibody to
calpain 2, there is no significant change in calpain 2 protein
levels in the lungs of foxj1+/– or foxj1–/– mice compared
to wild-type mice (Fig. 2A). Additionally, from
immunohistochemistry, there is no detectable change in calpain
2 protein in the proximal pulmonary epithelium of foxj1–/–

mice compared to foxj1+/+ mice (Fig. 2B,C). No staining was

observed in the absence of primary calpain 2 antibody (data
not shown).

Ezrin is decreased in the pulmonary epithelium in the
absence of Foxj1
The decrease in calpastatin in the proximal pulmonary
epithelium of foxj1–/– mice suggests increased calpain
proteolysis of cytoskeletal components as a possible
mechanism for the mislocalization of basal bodies in this
tissue. One of the cytoskeletal proteins sensitive to calpain
proteolysis is the linking protein ezrin (Yao et al., 1993). Ezrin
is an 80/81 kDa protein originally described as a substrate for
receptor protein tyrosine kinases (Crepaldi et al., 1997; Gould
et al., 1986). Ezrin acts as a linker molecule between the F-
actin cytoskeleton and specific apical membrane proteins
(Bretscher et al., 2002). By sequential, double
immunofluorescence with primary antibody to ezrin and to
acetylated α-tubulin, a specific marker for ciliated epithelial
cells, ezrin was localized to the apices of ciliated epithelial
cells in wild-type airway epithelium (Fig. 3C). 

Western blot analysis detected a 40-50% decrease in the
amount of ezrin protein in the lungs of foxj1–/–mice compared
to wild-type mice (Fig. 3A). No significant decrease in ezrin
protein was detected by western blot analysis in foxj1+/– mice,
which have a normal phenotype, compared to wild-type mice
(Fig. 3A). No change in ezrin gene transcription was detected
by RT-PCR in the lungs of foxj1–/– mice compared to foxj1+/+

lungs (Fig. 3B). Immunofluorescence with primary antibody to
ezrin demonstrated a marked decrease in ezrin protein in the
proximal pulmonary epithelium of foxj1–/– mice over that of
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Fig. 2.No change in calpain 2 in the absence of Foxj1. (A) Western
blot of E15.5 lung tissue with primary antibody to calpain 2. Calpain
2 is an 80 kDa protein. Comparison was made to GAPDH (36 kDa)
to correct for protein loading. (B,C) Immunohistochemistry of
foxj1+/+ (B) and foxj1–/– (C) lung tissue with primary antibody to
calpain 2 and peroxidase detection. Scale bar: 5 µm.

Fig. 3.Ezrin is decreased in the absence of Foxj1. (A) Western blot
of E15.5 lung tissue with primary antibody to ezrin. Ezrin is an 80/81
kDa protein. Comparison was made to GAPDH (36 kDa) to correct
for protein loading. (B) RT-PCR for ezrin expression in E15.5 lung
tissue. A 170 bp ezrin product is detected in both foxj1+/+ and foxj1–/–

lung tissue. (C,D) Immunofluorescence of foxj1+/+ (C) and foxj1–/–

(D) in mouse trachea with primary antibody to ezrin or acetylated α-
tubulin and detection of fluorescence. Scale bar: 10 µm.
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foxj1+/+ mice (Fig. 3C,D). No fluorescent staining was
observed in the absence of primary antibody (data not shown).

EBP-50 is decreased in the pulmonary epithelium in the
absence of Foxj1
Ezrin binds to apical proteins either directly or indirectly
through other scaffold proteins such as ezrin binding
phosphoprotein 50 (EBP-50) or E3KARP (Bretscher et al.,
2002). EBP-50 is a two PDZ-domain containing protein that
links ezrin with apical proteins such as the cystic fibrosis
transmembrane conductance regulator, the β2-adrenergic
receptor, the platelet-derived growth factor receptor and NHE-
3 (Bretscher et al., 2002). By sequential, double
immunofluorescence with primary antibody to EBP-50 and
acetylated α-tubulin, EBP-50 was found to be localized to the
apical region of ciliated cells in foxj1+/+ airway epithelium in
a fashion similar to ezrin (Fig. 4A). There was a marked
decrease in EBP-50 observed in the airways of foxj1–/– mice
compared to wild-type pulmonary epithelium (Fig. 4A,B).

Ezrin is associated with the basal bodies of ciliated
epithelial cells
The decrease in ezrin in the proximal pulmonary epithelium in
the absence of Foxj1 suggests a requirement for ezrin in
anchoring of basal bodies to the apical cytoskeleton. Ezrin, as
well as the related proteins moesin and radixin, participates in
the anchoring of a variety of proteins to the apical cytoskeleton
(Bretscher et al., 2002). In order to examine the relationship
between ezrin and basal bodies in ciliated epithelial cells,
immunoelectron microscopy was performed with primary
ezrin antibody and gold-labeled secondary antibody. As
demonstrated by western blot analysis, the primary ezrin
antibody interacts with a single 80/81 kDa protein (Fig. 3A).
In wild-type mouse trachea, ezrin was associated with basal
bodies throughout the apical region of ciliated cells (Fig. 5A).
No significant gold labeling was seen associated with
axonemal structures or within the cytoplasm. As previously
described for other epithelial cell types, ezrin was also noted
to be associated with the microvilli of ciliated epithelial cells
(Fig. 5A) (Berryman et al., 1993). No gold labeling was
detected in the absence of primary ezrin antibody (Fig. 5B). In

a trachea from a foxj1–/– mouse, as has been
previously described, basal bodies were distributed
throughout the cytoplasm of epithelial cells (Fig. 5C)
(Brody et al., 2000). Additionally, microvilli
appeared significantly flattened and nearly absent
(Fig. 5C). By immunogold electron microscopy, no
ezrin labeling was detected in association with basal
bodies or microvilli in the absence of Foxj1
(Fig. 5C).

Calpain inhibition partially reverses the phenotype of
absence of cilia in foxj1–/– mice
By scanning electron microscopy, explanted E17.5 wild-type
mouse tracheas cultured at air-liquid interface for 96 hours
demonstrated nearly 20% of the proximal pulmonary epithelial

Fig. 4. EBP-50 is decreased in the absence of Foxj1.
(A,B) Immunofluorescence of foxj1+/+ (A) and foxj1–/–

(B) in mouse trachea with primary antibody to EBP-50 or
acetylated α-tubulin and fluorescence detection. Scale
bar: 20 µm.

Fig. 5.Ezrin is associated with the basal bodies of ciliated epithelial
cells. (A) Immunoelectron microscopy of tracheal epithelium with
primary antibody for ezrin demonstrates gold particles associated
with basal bodies (arrows) at the cell apex. Gold particles are also
associated with the apical microvilli (arrowheads). No significant
gold particles are seen in association with axonemal structures (*).
Scale bar: 250 nm. (B) Transmission electron microscopy of trachea
from a foxj1+/+ mouse incubated with secondary gold-labeled
antibody only. Microvilli (arrowheads) extend from the cell apex
between axonemes. Basal bodies are localized at the cell apex
(arrows). (C) Transmission electron microscopy of trachea from a
foxj1–/– mouse incubated with primary antibody for ezrin and
secondary gold-labeled antibody. No gold particles are detected in
association with basal bodies that are distributed throughout the
cytoplasm (arrows). No gold particles are associated with the
microvilli that are severely flattened. No axonemal structures are
present. Scale bar: 200 nm (B,C). 
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cells to be ciliated with abundant cilia noted on each cell (Table
1; Fig. 6A,D). Treatment of wild-type tracheal explants with
10 mM calpain inhibitor II for 96 hours did not significantly
alter the number of ciliated cells or the density of cilia per cell
(data not shown). In untreated, explanted foxj1–/– tracheas
cultured for 96 hours, no 9+2 ciliated epithelial cells were
observed (Table 1; Fig. 6B,E). 9+0 monocilia, or primary cilia,
were observed throughout the untreated, explanted and
cultured foxj1–/– tracheas (Fig. 6B). Treatment of explanted

foxj1–/– tracheas with 10 mM calpain inhibitor II for 96 hours
resulted in partial reversal of the foxj1–/– phenotype with the
appearance of axonemal structures on some of the proximal
pulmonary epithelial cells (Fig. 6C,F). The number of ciliated
cells observed was about 4.1% of the total number of
pulmonary epithelial cells (Table 1). These ciliated cells had
fewer cilia per cell than the untreated or treated foxj1+/+ ciliated
cells (Fig. 6D, data not shown). 

Transmission electron microscopy of foxj1+/+ tracheal
explants demonstrated apical localization of basal bodies with
axonemes extending into the lumen of the trachea (Fig. 7A).
In the untreated foxj1–/– tracheal explants, basal bodies were
observed throughout the cytoplasm with only rare individual
basal bodies at the cell apex (Fig. 7B). In the foxj1–/– tracheal
explants treated with 10 mM calpain inhibitor II, apical
localization of basal bodies was observed (Fig. 7C).

The effect of calpain inhibition on the apical localization of
ezrin and EBP-50 in foxj1–/– tracheal explants was examined
by immunofluorescence (Fig. 8). Culture of foxj1–/– tracheal
explants in the absence of calpain inhibitor II had no effect on
the loss of apical ezrin or EBP-50 (Fig. 8A and data not
shown). When foxj1–/– explants were cultured in the presence
of 10 mM calpain II inhibitor, ezrin was detected in cell apices
in association with acetylated α-tubulin, a marker for ciliated
cells (Fig. 8B). In a similar fashion, treatment of explanted
foxj1–/– tracheas resulted in a relocalization of EBP-50 to cell
apices, also in association with acetylated α-tubulin (Fig. 8C).
10 mM calpain inhibitor II had no effect on localization of
ezrin or EBP-50 in cultured, explanted wild-type tracheas (data
not shown). 

Discussion 
Appropriate polarization of epithelial cells is essential to their
many functions including ion and water transport, ligand-
receptor interaction, exocytosis, and cell division. During
cellular differentiation, epithelial cells become polarized with
respect to their apical and basal surfaces through the
interactions of junctional proteins with the cellular
cytoskeleton (Wodarz, 2002). Localization of proteins to the
apical or basal compartments of the cell requires mechanisms
for segregating these proteins as well as maintaining the
appropriate localization. Directional microtubule transport
mediated by kinesin and dynein motor proteins is required for
the initial segregation of proteins to the apical or basal
compartment (Hirokawa, 1998). The cortical cytoskeleton
provides a stable anchoring point for proteins localized to the
apical cell compartment. Proteins such as the cystic fibrosis
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Fig. 6.Partial reversal of the foxj1–/– phenotype of no cilia with
calpain inhibitor II treatment. Images D, E, F show higher
magnification of A, B, C, respectively. (A,D) By scanning electron
microscopy, multiple ciliated cells are observed in explanted E17.5
foxj1+/+ trachea cultured for 96 hours (arrows). Cilia cover most of
the apical cell surface. (B,E) By scanning electron microscopy, no
9+2 cilia are detected in explanted E17.5 foxj1–/– trachea cultured for
96 hours. 9+0 monocilia are observed (arrowheads). (C,F) Explanted
foxj1–/– trachea cultured in the presence of 10 mM calpain inhibitor
II for 96 hours demonstrates formation of cilia (arrows). The number
of cilia per cell is less than in foxj1+/+ trachea. 9+0 monocilia are also
present (arrowheads). Scale bars: 5 µm (A-C); 500 nm (D-F). 

Table 1. Cilia recovery in foxj1–/– trachea following
treatment with calpain inhibitor

Genotype Calpain inhibitor II Total cells Ciliated Cells (%)

+/+ – 409 78 (19.1)
–/– – 598 0 (0.0)
–/– + 687 29 (4.1)

Fig. 7.Calpain inhibition results in apical
relocalization of basal bodies in foxj1–/–

trachea. (A,B) By transmission electron
microscopy, basal bodies (arrowheads) are
found to be apically localized in an E17.5
foxj1+/+ tracheal explant (A), but distributed
throughout the cytoplasm of foxj1–/– tracheal
explant (B); both cultured for 96 hours.
(C) Treatment of cultured E17.5 foxj1–/–

tracheal explant with 10 mM calpain II
inhibitor results in localization of basal
bodies (arrowheads) to cell apex. Scale bars:
500 nm (A,B); 250 nm (C).
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transmembrane conductance regulator are linked to the cortical
cytoskeleton through protein-protein interactions (Short et al.,
1998). The axonemes of ciliated epithelial cells also require
appropriate localization to the cell apex for proper function.
Anchoring of basal bodies to the cortical cytoskeleton would
provide a mechanism for the appropriate apical localization of
axonemes.

Targeted mutation of the mouse foxj1 gene provides new
insight into the mechanisms regulating the apical anchoring of
basal bodies and axonemes. In the absence of Foxj1, axonemal
structures do not form and basal bodies are found throughout
the cytoplasm of cells instead of in the apical compartment
(Brody et al., 2000; Chen et al., 1998). By microarray analysis
of embryonic lung tissue from foxj1+/+ and foxj1–/– mice, the
calpastatin gene has been identified as one of the genes with
decreased expression in the absence of Foxj1. Calpastatin is a
specific endogenous inhibitor of the protease calpain and acts
by binding to calpain (Sorimachi et al., 1997). The balance
between calpain proteolysis and calpastatin inhibition regulates

stability of the cytoskeleton in a variety of circumstances
(Barnoy et al., 1998; Barnoy et al., 2000; Croce et al., 1999;
Dwyer-Nield et al., 1996; Potter et al., 1998). Calpastatin and
the various calpain isoforms are ubiquitous proteins present in
a wide range of cell types. Because the requirements for
cytoskeletal stability may vary from cell type to cell type, cell-
specific mechanisms of regulation of calpain activity would be
required to meet the specific needs of each cell type. Cell-
specific regulation of calpastatin gene expression by Foxj1 in
ciliated cells would provide such a mechanism. In the absence
of Foxj1, a decrease in calpastatin protein in the proximal
pulmonary epithelium, without any significant change in
calpain protein levels, would result in increased calpain
proteolytic activity. Partial reversal of the foxj1–/– phenotype
with a calpain inhibitor is consistent with increased calpain
proteolytic activity resulting in the loss of basal body
anchoring in the absence of Foxj1. It cannot be determined
from the current data whether the calpastatin gene is a direct
or indirect target of regulation by Foxj1. Examination of over
5000 base pairs of the 5′-flanking region of the human
calpastatin gene did not reveal any core Foxj1 binding
sequences (TGTTTGT) (Lim et al., 1997). Further studies will
be required to elucidate the mechanism of calpastatin gene
regulation by Foxj1. 

A number of cytoskeletal proteins have been identified as
potential substrates for proteolysis by calpain. Calpain
proteolysis of ezrin with associated cytoskeletal changes has
been demonstrated in endothelial cells, lymphocytes,
neutrophils, NIH-3T3 cells, renal proximal tubule cells and
gastric parietal cells (Aono et al., 2001; Ariyoshi et al., 2001;
Chen et al., 1994; Potter et al., 1998; Shcherbina et al., 1999;
Yao et al., 1993). Ezrin co-localized with acetylated α-tubulin,
a marker of ciliated cells, in the pulmonary epithelium.
Additionally, ezrin was found, by immunoelectron microscopy,
to be associated with the basal bodies of ciliated cells. In the
absence of Foxj1, ezrin is markedly reduced in the proximal
pulmonary epithelium presumably as the result of increased
calpain proteolysis and not because of decreased ezrin gene
expression. Other calpain substrates may be similarly reduced
in the absence of Foxj1. Linkage of apical proteins to the
cytoskeleton by ezrin may involve a second PDZ-domain
protein, EBP-50. Co-localization studies with acetylated α-
tubulin indicate that EBP-50 is also associated with the apical
compartment of ciliated epithelial cells. Although EBP-50 has
not been demonstrated to be a substrate for calpain proteolysis,
it was also reduced in the proximal pulmonary epithelium in
the absence of Foxj1. The decrease in EBP-50 may be a result
of increased turnover of EBP-50 or redistribution of the protein
in response to changes in the cytoskeleton. Additionally, both
ezrin and EBP-50 relocalize to the apical cell compartment
following treatment of foxj1–/– tracheas with a calpain inhibitor
suggesting a role for these proteins in anchoring basal bodies
to the apical cytoskeleton. 

Foxj1 thus maintains cytoskeletal stability in ciliated cells
by maintaining calpastatin gene expression and inhibiting
subsequent calpain proteolysis of ezrin or possibly other
cytoskeletal elements. As demonstrated here, ezrin is
associated with the basal bodies of ciliated pulmonary
epithelial cells providing a potential mechanism for linking
basal bodies to the apical cytoskeleton. In the absence of Foxj1,
there is a loss of ezrin and EBP-50 from the proximal

Fig. 8.Calpain inhibition results in apical localization of ezrin and
EBP-50 in foxj1–/– trachea. (A) Immunofluorescence of untreated,
E17.5 foxj1–/– tracheal explant cultured for 96 hours with primary
antibody to ezrin and acetylated α-tubulin. (B) Immunofluorescence
of E17.5 foxj1–/– tracheal explant cultured for 96 hours in the
presence of 10 mM calpain inhibitor II with primary antibody to
ezrin and acetylated α-tubulin. (C) Immunofluorescence of E17.5
foxj1–/– tracheal explant cultured for 96 hours in the presence of
10 mM calpain inhibitor II with primary antibody to EBP-50 and
acetylated α-tubulin. Scale bars: 20 µm (A); 2.5 µm (B); 5 µm (C). 
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pulmonary epithelium and an associated failure of appropriate
basal body localization and axoneme formation. Also, not
surprisingly, given the role of ezrin in microvillar structure, the
microvilli of tracheal epithelial cells are abnormal in foxj1–/–

mice. This suggests that the loss of apical anchoring in the
absence of Foxj1 may affect multiple apical components. 

Breakdown and remodeling of the apical cytoskeleton play
an important role in a number of developmental and
physiological processes (Bretscher et al., 2002). At other times,
however, stability of the cytoskeleton is necessary for normal
cell function. By inhibiting the calpain-mediated proteolysis of
cytoskeletal components, such as ezrin, calpastatin contributes
to cytoskeleton stability (Aono et al., 2001; Ariyoshi et al.,
2001; Chen et al., 1994; Potter et al., 1998; Shcherbina et al.,
1999). Maintaining cytoskeleton stability would be essential to
the normal differentiation of ciliated epithelial cells during
lung development. In pulmonary diseases such as asthma, and
certain lung infections, loss of cilia is an important component
of defective mucociliary clearance (Salathe et al., 1997). For
example, in paramyxoviral infection of the mouse airway
epithelium there is a loss and subsequent recovery of cilia. This
loss and recovery of cilia are accompanied by a decrease and
subsequent increase in Foxj1 with recovery from infection
(Look et al., 2001). Elucidating the mechanisms regulating
basal body anchoring to the apical cytoskeleton may thus have
important implications with respect to understanding
pulmonary epithelial diseases and may suggest novel
therapeutic approaches to them. 
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