Research Article

1329

Foxj1 regulates basal body anchoring to the
cytoskeleton of ciliated pulmonary epithelial cells

Brigitte N. Gomperts, Xiulan Gong-Cooper and Brian P. Hackett*
Developmental Biology Research Unit, The Edward R. Mallinckrodt Department of Pediatrics, Washington University School of Medicine, St Louis,

MO 63110, USA
*Author for correspondence (e-mail: hackett@kids.wustl.edu)

Accepted 11 November 2003
Journal of Cell Science 117, 1329-1337 Published by The Company of Biologists 2004
doi:10.1242/jcs.00978

Summary

The forkhead box transcription factor Foxjl is required for
cilia formation and left-right axis determination. To define
the role of Foxjl 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

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 foxj17~ 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

pulmonary  epithelium of foxjl7= 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

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 Foxjl,
decreased calpastatin expression with decreased ezrin and
and immunofluorescence, ezrin, a substrate for calpain, EBP-50 results in an inability of basal bodies to anchor to
was also found to decrease in the pulmonary epithelium of the apical cytoskeleton and subsequent failure of axonemal
foxj1~—mice. No change in ezrin gene expression was found formation.

by RT-PCR. A decrease in ezrin binding phosphoprotein-

50 (EBP-50) was also detected by immunofluorescence in Key words: foxj1, Calpastatin, Calpain, Ezrin, Cilia, Basal body

Introduction infections, asthma and other pulmonary diseases (Salathe et al.,

Mucociliary clearance is an important component of the innaté997). The loss of normal mucociliary clearance is an
host defense of the pulmonary system. Cilia, in conjunctiofimportant component of the pathophysiology of these
with secreted mucus, provide a mechanism for the removal gulmonary diseases. Whether there is subsequent recovery of
infectious or other potentially injurious substances from théormal clearance or not may play an important role in the long-
lung. Ciliary motility and the characteristics of the airwayterm outcome of these diseases. Despite the importance of cilia
surface liquid are crucial to the maintenance of this defend@ the innate defense of the lung, the molecular and cellular
(Knowles and Boucher, 2002). The importance of thignechanisms regulating cilia formation and stability remain
protective mechanism in the lung is demonstrated byargely unknown.

individuals with the immotile cilia syndrome. The absence of The axonemes of the cilia typically found in the vertebrate
normal ciliary motility in these patients is associated withrespiratory, reproductive and central nervous systems are
recurrent pulmonary infections that may ultimately result incharacterized by nine microtubule pairs surrounding a central
chronic pulmonary disease characterized by bronchiectasigir (referred to as 9+2). Dynein arms connect adjacent
with associated obstructive and/or restrictive lung diseas@icrotubule pairs and provide an ATPase activity required for
(Afzelius and Mossberg, 1995). The immotile cilia syndromenotility. The axoneme is anchored to the apical surface of the
has been linked to multiple genetic loci and recently some afell through a basal body that also serves as a template for
the genes mutated in this syndrome have been identifietkonemal assembly (Preble et al., 2000). Basal bodies are
(Guichard et al., 2001; Olbrich et al., 2002; Pennarun et alfprmed in the cytoplasm of cells and transported to the cell
1999). Another example of the importance of this defense is iapex where axonemal assembly occurs (Dirksen, 1991,
cystic fibrosis where abnormal ion and water transport acrossorokin, 1968). The complexity of axonemal and basal body
the pulmonary epithelium results in altered airway surfacstructure is underscored by the estimate that more than 250
liquid and defective mucociliary clearance (Knowles anddifferent proteins are required for the formation of eucaryotic
Boucher, 2002). In addition to these genetic causes, abnorn@lia and flagella (Dutcher, 1995). Much of the current
mucociliary clearance may be seen in association with lungnderstanding of the mechanisms regulating cilia and flagella
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formation has come from the study of mutations that disrupgPCR and subcloned into the pCR Il plasmid vector (Invitrogen).
assembly of axonemes in flagellate, unicellular organisms sudntisense calpastatin and32P]JGAPDH cRNA probes were
as ChlamydomonagTam and Lefebvre, 1993). Vertebrate synthesized by in vitro transcription. RNase protection assays were

homologues for some of these genes have been identified apfiformed with the RPA il kit (Ambion). Probes were hybridized
shown to also be required for cilia assembly in vertebrate@/ermight at 42°C with 10g of total RNA. Single stranded RNA was
(Cole et al., 1998; Marszalek et al., 1999; Nonaka et al., 199 Igested Wlth RNaseA/RNaseT1 and §amp|es electrophoresed in 6.0%
Takeda et él 19é9) ! ! ' polyacrylamide-urea and autoradiography performed. Bands

. . corresponding to protected fragments were quantified with a
Foxjl (formerly HFH-4) is a member of the forkhead boXjolecular Dynamics Phosphoimager and Storm Scanner. A GAPDH

family of transcription factors that are characterized by rotected fragment was used as a loading control. RNase protection
conserved 100 amino acid DNA binding domain (Hackett e&ssays were performed in triplicate with independent RNA samples.
al., 1995). Foxjl 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., 199g'Vestern blot analysis

Tichelaar et al., 1999). Targeted mutation of the mdoxig ~ Protein was isolated from E15f6xj1** and foxj1*~ mouse lung
gene results in an absence of 9+2 axonemal structures angsaue in the presence of protease |nhibit0(s as de_scribeq previously
failure of normal localization of basal bodies to the apices o lotter it al, 1dg?8)' g of Ithe C¥t°p.'gsm'c pmteo'l” fraction Y
cells (Brody et al., 2000; Chen et al., 1998). Additionally,e ectrophoresed in 7.0% polyacrylamide-SDS and transferred to a

. . 'PVDF membrane (Amersham). The membrane was blocked for 1
homozygous mutant mice demonstrate random determinatio,; at room temperature with 5.0% (w/v) nonfat dry milk in Tris-

of left-right axis asymmetry (Chen et al., 1998). The defect ihyffered saline with 0.1% (v/v) Tween 20. Primary antibodies used
cilia formation in mice lacking Foxj1 has not been defined bujvere murine monoclonal anti-bovine calpastatin (1:2000; Sigma),

the cytoplasmic location of basal bodies in the homozygousbbit anti-human recombinant calpain 2 (1:1000; Triplepoint
mutant mice suggests a defect in basal body transport 8iologics), rabbit polyclonal anti-human ezrin (1:2000; Upstate
anchoring to the apical cytoskeleton. Although a number oBiotechnology) and murine monoclonal anti-rabbit GAPDH (1:5000;
basal body-associated proteins have been described, tResearch Diagnostics). Secondary antibodies were either anti-mouse

mechanisms regulating transport and anchoring of basal bodi%% anti-rabbit 1gG antibody linked to horseradish peroxidase
to the cell apex remain unknown (Geimer et al., 1998 Amersham). A chemiluminescent signal was generated with ECF or

Lechtreck et al., 1999 Silflow et al., 2001: Taulman et aI.ECL Plus (Amersham) and quantified with a Molecular Dynamics

: . . Phosphoimager and Storm Scanner. GAPDH was used as a loading
2001). In this report, regulation of basal body anchoring t0 thgynyro| for standardization of blots. Western blot analysis was

apical cytoskeleton by Foxjl is described. performed in triplicate.
Materials and Methods Immunohistochemistry and immunofluorescence
Experimental animals Lung tissue was fixed in 10% (v/v) buffered formalin for 72 hours at

Mice with a targeted mutation of tfexj1 gene were generated as 4°C, dehydrated in ethanol, paraffin wax embedded, and sectioned.
described previously (Chen et al., 1998). Homozygous mutant animafsitigen unmasking was performed by heating sections in Antigen
were obtained by matinipxj1*~ male and female mice. Genotyping Unmasking Solution (Vector Laboratories) to boiling for 6 minutes in
was performed as described previously (Chen et al., 1998). All animal microwave oven. Endogenous peroxidase activity was quenched
experiments were approved by the Washington University School ofith 0.1% (v/v) hydrogen peroxide and sections blocked with
Medicine Animal Studies Committee in accordance with NIHappropriate animal sera for 30 minutes. Primary antibodies were:
guidelines for animal care and use. 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),
DNA microarray analysis polyclonal anti-EBP-50 (1:100; ABR), and mouse monoclonal anti-
Total RNA was isolated from embryonic day (E) 150%j1** and  acetylateda-tubulin (1:500; Sigma). After incubation with primary
foxj1-- lung tissue using TRIzol (Invitrogen) extraction and ethanolantibody for 1 hour, sections were incubated with biotinylated
precipitation. The preparation and labeling of targets for Affymetrixsecondary antibodies for 30 minutes. Immunoperoxidase staining was
GeneChip Mu74A analysis was performed at the Multiplexed Genperformed with a Vectastain ABC kit (Vector Laboratories) and Vector
Analysis Core Facility of the Siteman Cancer Center at WashingtoNovaRed peroxidase substrate (Vector Laboratories). Sections were
University School of Medicine according to the manufacturer'scounterstained with Hematoxylin and nuclei blued with 0.7% (v/v)
protocols. Separate Mu74A GeneChips were hybridized with targefsHsOH.
generated fromfoxj1** and foxjl”~ E15.5 pooled lung RNA. For sequential, double immunofluorescence, blocking serum was
Hybridizations were performed in triplicate. Following hybridization, applied for 20 minutes followed by incubation with the first primary
probe arrays were washed, stained and scanned with a Hewletttibody at 4°C overnight. The appropriate biotinylated secondary
Packard GeneArray Scanner. Data were analyzed and comparisonaoitibody (Vector) was then applied to the sections for 45 minutes at
gene expression levels betwderj1*+ andfoxj17-lung tissue made room temperature and then incubated with fluoroscein avidin D or
with Affymetrix software. 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
Ribonuclease protection assay incubated for 45 minutes with the appropriate biotinylated secondary
Oligonucleotide primers to thé gegion of the calpastatin cDNA were antibody and then with fluoroscein avidin D or rhodamine avidin D.
generated based on the mouse calpastatin sequence (GeneBankor immunohistochemistry and immunofluorescence, a minimum
accession number AB026997):ATGTCCCAGCCCGGCCCAAG- of three independent sections from wild-type or mutant lung tissue
3 and 3-CCTCTGCTGCCACCAGCAAGT-3 A 250 base pair was examined. Duplicate samples were included for each antibody
calpastatin fragment was amplified from E15.5 lung total RNA by RTand tissue as well as control samples with no primary antibody.
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Reverse transcriptase polymerase chain reaction (RT-PCR) E15.5foxj1** andfoxj1~lung tissue was labeled and used to
SuperScript reverse transcriptase (Gibco-BRL) was used for firfirobe Affymetrix Mu74A microarrays. The absencefmfj1
strand cDNA synthesis from total lung RNA with random hexamersexpression in homozygous mutant tissue was confirmed by RT-
Gene-specific PCR amplification was performed for 25 cycles witPCR using Foxjl-specific primers (data not shown).
denaturing at 94°C for 30 seconds, annealing at 58°C for 30 seconqQjicroarray analysis was performed in triplicate with duplicate

and elongation at 72°C for 2 minutes. Gene-specific primers were: i1+ S1—/—
GAAGGTGGCATGGAGGAGCCG-3 and B5TGGGTTGGTG- *pooled samples ofoxjL"* and foxj1”~ RNA. The Mu74A
microarrays are printed with approximately 16,000 mouse

GCATAGTCCAC-3 for Foxjl; B8-AGCGACAGCAGTTGG- . .
GAAGCC-3 and 5-CAGTTGGAGGGCCTTCTCAAT-3 for ezrin ~ 9ENeS, including 12,000 known genes and 4,000 expressed
and B-AAATTTTCAAAGCTCAGTCTG-3 5-AAAATCTGCT-  Sequence tags. Among the several genes that demonstrated
GAAAGCTCCCC-3 for calpastatin. Amplification of-actin was  consistent changes in expression in all three comparisons, the
performed as a positive control. For all samples, controls withougene for calpastatin was identified as having two- to three-fold
reverse transcriptase were included to exclude amplification frordecreased expression ioxj]_—/— versusfole*’* lung tissue.

genomic DNA. Because théoxj1~~ phenotype suggests a potential defect in
basal body anchoring to the cytoskeleton and the role of
Electron microscopy calpastatin in cytoskeleton remodeling, we focused our initial

For transmission electron microscopy, tracheal tissues were fixed wiijudies on calpastatin. To confirm the decreased expression of
2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate, postfixed wittt@lpastatin, RNase protection assays were performed. A 25-
1.0% (v/v) osmium tetraoxide and then stained with 1.0% (w/v) uranyB0% decrease in calpastatin transcript was consistently
acetate. Tissues were dehydrated in ascending concentrations idéntified in E15.5foxj17~ lung tissue compared to E15.5
ethanol prior to embedding in epoxy resin. Ultrathin sections wergoxj1*/* lung tissue (Fig. 1A).
stained with uranyl acetate and lead citrate and examined with an Tq further confirm the decrease in calpastatin, western blot
Hitachi H-GOQ tranlsmission _electron microicorl)e_. ed analysis of protein from E15f5xj1+’+, foxj1+/—, andfole—/—

For scanning electron microscopy, tracheal tissues were fixe nng tissue was performed using a primary antibody to

2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate and postfixe . - .
using the osmium-thiocarbohydrazide-osmium (OTO) method (Kempalpastatln. An approximately 110 kDa protein and a 70 kDa

et al., 1973). Samples were dehydrated in ascending concentratidféotein were detected (Fig. 1B). The 110 kDa band

of ethanol and critical point dried in liquid GOMounted samples represents full-length calpastatin, while the 70 kDa band

were sputter-coated with 50 nm of gold and examined with an Hitacliepresents a truncated form of calpastatin found in

H-450 scanning electron microscope. erythrocytes (Takano et al., 2000). A 50% decrease in the
For immunoelectron microscopy, adult mouse tracheas were fixeflj 0 kDa calpastatin protein was detectedfdrjl~- lung

in 4.0% (w/v) paraformaldehyde at 4°C for 2 hours. Tissue Wagiss e and a 25% decrease was detected ifDId]'lE*/‘ lung
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 thel

incubated with a 10 nm gold-labeled goat anti-rabbit IgG secondarP - B -/
antibody, counterstained with uranyl acetate and examined with 214 ++
JEOL-1200X transmission electron microscope. Duplicate sample @ 0.8
were examined for transmission, scanning and immunoelectra & - ... =110 kDa
microscopy. ED'G - - -70 kDa
g 04
Q@
Tracheal explant culture co2 — - - 36 kDa
For calpain inhibitor experiments, E17dxj1** or foxj1~~ explanted

mouse tracheas were cultured at air-liquid interface in the presence
absence of 10 mM calpain inhibitor Il (N-acetyl-Leu-Leu-Met-al; c ++ D
Sigma) in BEGM serum-free medium (Clonetics) for 96 hours at 37°(
in 5% CQ. Tracheas were fixed in 3% glutaraldehyde/4%
paraformaldehyde in 0.1 M sodium cacodylate for 2 hours and the
washed in phosphate-buffered saline. Scanning electron microsco
and transmission electron microscopy were performed in duplicate i
described above. For immunofluorescence, duplifaxgl*’* and
foxj1-'~ explanted tracheas were fixed in 10% (v/v) buffered formalin
and processed as above.

Fig. 1. Calpastatin is decreased in the absence of Foxjl. (A) RNase
protection of E15.5 lung RNA with &P]cRNA probe for
calpastatin. Relative transcript abundance is shown in comparison

Results with wild-type lung tissue (+ s.e.m.). Samples were corrected for
Calpastatin is decreased in the pulmonary epithelium in loading by comparison with GAPDH transcript abundance.
the absence of Foxjl (B) Western blot of E15.5 lung tissue with calpastatin primary

. T : . antibody. Full-length tissue calpastatin is a 110 kDa protein and a
To define the role of Foxj1 in cilia formation, DNA microarray truncated erythrocyte calpastatin isoform is a 70 kDa protein.

analysis was P‘ijﬁormed to /ldentlfy genes differentiallyg Appy (36 kDa) abundance was used as a protein loading control.
expressed irfoxj1** and foxj1"~ lung. 9+2 cilia are first (c p) immunohistochemistry éxj1+* (C) andfoxj1-- (D) lung
detected in the mouse pulmonary epithelium at about E15.5 tissue with primary antibody to calpastatin and peroxidase detection.
this time point was selected for comparison. Total RNA frorrScale bar: um.
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tissue compared to E15.5 wild-type lung tissue (Fig. 1B)observed in the absence of primary calpain 2 antibody (data

The 70 kDa protein reflects the number of residuahot shown).

erythrocytes present in a particular sample and thus may vary

from sample to sample. o ) S

To examine the cell-specific pattern of decreased calpastatf#¥rin is decreased in the pulmonary epithelium in the

in lung tissue fronfoxj1~~ mice, immunohistochemistry was absence of Foxj1

performed with primary antibody to calpastatin. Expression ofhe decrease in calpastatin in the proximal pulmonary

the foxj1 gene is specific to ciliated cells of the pulmonaryepithelium of foxjl”/~ mice suggests increased calpain

epithelium so it was expected that decreased calpastatin wouddoteolysis of cytoskeletal components as a possible

be detected in the proximal pulmonary epitheliunfaxjl’-  mechanism for the mislocalization of basal bodies in this

mice (Blatt et al., 1999; Hackett et al., 1995; Tichelaar et altjssue. One of the cytoskeletal proteins sensitive to calpain

1999). Infoxj1*'* trachea, prominent peroxidase staining forproteolysis is the linking protein ezrin (Yao et al., 1993). Ezrin

calpastatin was noted throughout the epithelium (Fig. 1C). lis an 80/81 kDa protein originally described as a substrate for

comparison, there was a marked decrease in peroxidasgceptor protein tyrosine kinases (Crepaldi et al., 1997; Gould

staining for calpastatin ifioxjl/- tracheal epithelium (Fig. et al., 1986). Ezrin acts as a linker molecule between the F-

1D). Thus, in the absence of Foxjl, there is less calpastatattin cytoskeleton and specific apical membrane proteins

protein present in the proximal pulmonary epithelium. No(Bretscher et al., 2002). By sequential, double

peroxidase staining was observed in the absence of primaipmmunofluorescence with primary antibody to ezrin and to

calpastatin antibody (data not shown). acetylateda-tubulin, a specific marker for ciliated epithelial
cells, ezrin was localized to the apices of ciliated epithelial

o ) o cells in wild-type airway epithelium (Fig. 3C).

Calpain 2 is unchanged in the pulmonary epithelium in Western blot analysis detected a 40-50% decrease in the

the absence of Foxj1 amount of ezrin protein in the lungsfokj1-—mice compared

Calpastatin is a specific endogenous inhibitor of members &b wild-type mice (Fig. 3A). No significant decrease in ezrin

the calpain protease family (Sorimachi et al., 1997). Calpain @rotein was detected by western blot analysiexjil*’~ mice,

(or m-calpain) is the primary calpain isoform present in lungvhich have a normal phenotype, compared to wild-type mice

tissue (Beer et al., 1984; Thompson and Goll, 2000). Calpaiffig. 3A). No change in ezrin gene transcription was detected

2 is active at millimolar concentrations of £avhereas the by RT-PCR in the lungs dbxj1~~ mice compared téoxj1*

other ubiquitously expressed isoform, calpain Juealpain), lungs (Fig. 3B). Immunofluorescence with primary antibody to

is active at micromolar concentrations of2€dn addition to  ezrin demonstrated a marked decrease in ezrin protein in the

these widely distributed calpain isoforms, a number of tissugroximal pulmonary epithelium dbxj1~- mice over that of

specific isoforms have also been identified (Sorimachi et al

1997). From western blot analysis with primary antibody tc

calpain 2, there is no significant change in calpain 2 protei A +/+ +- -/ B H+ -/-

levels in the lungs ofoxj1*~ or foxjl”— mice compared

to wild-type mice (Fig. 2A). Additionally, from

immunohistochemistry, there is no detectable change in calpa

2 protein in the proximal pulmonary epithelium fofxj17/-

mice compared téoxj1*'+ mice (Fig. 2B,C). No staining was e S @B - 36 kDa

S == === - 50 kDa

-170 bp

+H+ - A

Ezrin Acetylated Merge
a~tubulin

Fig. 3.Ezrin is decreased in the absence of Foxjl. (A) Western blot
of E15.5 lung tissue with primary antibody to ezrin. Ezrin is an 80/81
Fig. 2.No change in calpain 2 in the absence of Foxj1. (A) Western kDa protein. Comparison was made to GAPDH (36 kDa) to correct
blot of E15.5 lung tissue with primary antibody to calpain 2. Calpainfor protein loading. (B) RT-PCR for ezrin expression in E15.5 lung

2 is an 80 kDa protein. Comparison was made to GAPDH (36 kDa) tissue. A 170 bp ezrin product is detected in thoxji*+ andfoxj1/~

to correct for protein loading. (B,C) Immunohistochemistry of lung tissue. (C,D) Immunofluorescencdmij1*/* (C) andfoxj1-~
foxj1** (B) andfoxj1=(C) lung tissue with primary antibody to (D) in mouse trachea with primary antibody to ezrin or acetykated
calpain 2 and peroxidase detection. Scale bam5 tubulin and detection of fluorescence. Scale bapn0
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Fig. 4. EBP-50 is decreased in the absence of Foxj1.
(A,B) Immunofluorescence @bxj1++ (A) andfoxj1—-

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

a trachea from afoxjl”~ 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 Foxjl
(Fig. 5C).

EBP-50 Acetylated Merge
a-tubulin

foxj1** mice (Fig. 3C,D). No fluorescent staining was Calpain inhibition partially reverses the phenotype of
observed in the absence of primary antibody (data not showrgbsence of cilia in foxj1~- mice

By scanning electron microscopy, explanted E17.5 wild-type
mouse tracheas cultured at air-liquid interface for 96 hours

EBP-50 is decreased in the pulmonary epithelium inthe  yomonstrated nearly 20% of the proximal pulmonary epithelial

absence of Foxjl
Ezrin binds to apical proteins either directly or indirectly

through other scaffold proteins such as ezrin binding oo, AN U - "
phosphoprotein 50 (EBP-50) or E3KARP (Bretscher et al. A * 4;”{ ".‘f f“ ‘
2002). EBP-50 is a two PDZ-domain containing protein tha L ?‘. -“-; 3t

links ezrin with apical proteins such as the cystic fibrosic : '_ o " 2N
transmembrane conductance regulator, fBeadrenergic . & kN " (N

receptor, the platelet-derived growth factor receptor and NHE
3 (Bretscher et al, 2002). By sequential, double
immunofluorescence with primary antibody to EBP-50 anc
acetylatedu-tubulin, EBP-50 was found to be localized to the
apical region of ciliated cells ifoxj1*+ airway epithelium in
a fashion similar to ezrin (Fig. 4A). There was a markec
decrease in EBP-50 observed in the airwayfoxjfl~— 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 il
the absence of Foxjl suggests a requirement for ezrin

anchoring of basal bodies to the apical cytoskeleton. Ezrin, ¢
well as the related proteins moesin and radixin, participates 1

. - . . 19. 5. Ezrin is associated with the basal bodies of ciliated epithelial
the anchoring of a variety of proteins to the apical cytoskeleto lIs. (A) Immunoelectron microscopy of tracheal epithelium with

(Bretscher et al., 2002). In order to examine the relationshigyimary antibody for ezrin demonstrates gold particles associated
between ezrin and basal bodies in ciliated epithelial cellsith basal bodies (arrows) at the cell apex. Gold particles are also
immunoelectron microscopy was performed with primaryassociated with the apical microvilli (arrowheads). No significant
ezrin antibody and gold-labeled secondary antibody. Agold particles are seen in association with axonemal structures (*).
demonstrated by western blot analysis, the primary ezrificale bar: 250 nm. (B) Transmission electron microscopy of trachea
antibody interacts with a single 80/81 kDa protein (Fig. 3A)from afoxj1** mouse incubated with secondary gold-labeled

In wild-type mouse trachea, ezrin was associated with bas@ftibody only. Microvilii (arrowheads) extend from the cell apex
bodies throughout the apical region of ciliated cells (Fig. 5A)Pétween axonemes. Basal bodies are localized at the cell apex

No significant gold labeling was seen associated wit arrows). (C) Transmission electron microscopy of trachea from a

| struct thin th topl A . | 0xj1~mouse incubated with primary antibody for ezrin and
axonemal structures or within the cytoplasm. AS previously condary gold-labeled antibody. No gold particles are detected in

described for other epithelial cell types, ezrin was also notegisociation with basal bodies that are distributed throughout the
to be associated with the microvilli of ciliated epithelial cellscytoplasm (arrows). No gold particles are associated with the
(Fig. 5A) (Berryman et al.,, 1993). No gold labeling wasmicrovilli that are severely flattened. No axonemal structures are
detected in the absence of primary ezrin antibody (Fig. 5B). Ipresent. Scale bar: 200 nm (B,C).
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cells to be ciliated with abundant cilia noted on each cell (Tabltoxj1-/- tracheas with 10 mM calpain inhibitor 1l for 96 hours

1; Fig. 6A,D). Treatment of wild-type tracheal explants withresulted in partial reversal of thiexj1~— phenotype with the

10 mM calpain inhibitor Il for 96 hours did not significantly appearance of axonemal structures on some of the proximal
alter the number of ciliated cells or the density of cilia per celpulmonary epithelial cells (Fig. 6C,F). The number of ciliated

(data not shown). In untreated, explanfedjl- tracheas

cells observed was about 4.1% of the total number of

cultured for 96 hours, no 9+2 ciliated epithelial cells werepulmonary epithelial cells (Table 1). These ciliated cells had
observed (Table 1; Fig. 6B,E). 9+0 monocilia, or primary ciliafewer cilia per cell than the untreated or treditegil*/* ciliated
were observed throughout the untreated, explanted arwdlls (Fig. 6D, data not shown).

cultured foxj1~- tracheas (Fig. 6B). Treatment of explanted Transmission electron microscopy dbxj1** tracheal

Table 1. Cilia recovery infoxj1-/~trachea following
treatment with calpain inhibitor

Genotype Calpain inhibitor Il Total cells Ciliated Cells (%)
+/+ - 409 78 (19.1)

—I- - 598 0(0.0)

/- + 687 29 (4.1)

Fig. 6.Partial reversal of thioxj1~- phenotype of no cilia with
calpain inhibitor Il 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 E1fb% 1~ trachea cultured for

96 hours. 9+0 monocilia are observed (arrowheads). (C,F) Explante

foxj1-/-trachea cultured in the presence of 10 mM calpain inhibitor

explants demonstrated apical localization of basal bodies with
axonemes extending into the lumen of the trachea (Fig. 7A).
In the untreatedoxj1~- tracheal explants, basal bodies were
observed throughout the cytoplasm with only rare individual
basal bodies at the cell apex (Fig. 7B). Inftwg1 "'~ tracheal
explants treated with 10 mM calpain inhibitor Il, apical
localization of basal bodies was observed (Fig. 7C).

The effect of calpain inhibition on the apical localization of
ezrin and EBP-50 ifioxj1~- tracheal explants was examined
by immunofluorescence (Fig. 8). Culture fokj1-- tracheal
explants in the absence of calpain inhibitor 1l had no effect on
the loss of apical ezrin or EBP-50 (Fig. 8A and data not
shown). Wherfoxj1~- explants were cultured in the presence
of 10 mM calpain Il inhibitor, ezrin was detected in cell apices
in association with acetylatettubulin, 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 acetylatetlibulin (Fig. 8C).

10 mM calpain inhibitor 1l 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
grediated by kinesin and dynein motor proteins is required for
the initial segregation of proteins to the apical or basal

II for 96 hours demonstrates formation of cilia (arrows). The numbercompartment (Hirokawa, 1998). The cortical cytoskeleton

of cilia per cell is less than foxj1*/* trachea. 9+0 monocilia are also
present (arrowheads). Scale bargn® (A-C); 500 nm (D-F).

provides a stable anchoring point for proteins localized to the
apical cell compartment. Proteins such as the cystic fibrosis

Fig. 7. Calpain inhibition results in apical
relocalization of basal bodies fioxj1-/~
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 &dxj1~-tracheal
explant (B); both cultured for 96 hours.

(C) Treatment of cultured E17f6xj1-~
tracheal explant with 10 mM calpain Il
inhibitor results in localization of basal
bodies (arrowheads) to cell apex. Scale bars:
500 nm (A,B); 250 nm (C).
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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 Foxjl in
ciliated cells would provide such a mechanism. In the absence
of Foxjl, 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 tHexj1~'~ phenotype
with a calpain inhibitor is consistent with increased calpain
proteolytic activity resulting in the loss of basal body
ﬁ_‘;ﬁm?itr?d Merge anchoring in the absence of Foxjl. It cannot be determined
from the current data whether the calpastatin gene is a direct
C or indirect target of regulation by Foxjl. Examination of over
5000 base pairs of the'-Banking region of the human
calpastatin gene did not reveal any core Foxjl 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

EBP-50 Acetylated Merge been dgmonstrated in endotheliall cells, lymphocytes,
a-tubulin neutrophils, NIH-3T3 cells, renal proximal tubule cells and
gastric parietal cells (Aono et al., 2001; Ariyoshi et al., 2001;
Fig. 8.Calpain inhibition results in apical localization of ezrinand  Chen et al., 1994: Potter et al., 1998; Shcherbina et al., 1999;
EBP'E;O |_nf_c;qu—/—tt1raclhea.l(A) Imlmunoflluorescr:lence of Entrgated, Yao et al., 1993). Ezrin co-localized with acetylatetlibulin,
E17.5fox1"" tracheal explant cultured for 96 hours with primary 5" aer of ciliated cells, in the pulmonary epithelium.
antibody to ezrin and acetylataetubulin. (B) Immunofluorescence o, . . !
of E17.5foxj17~tracheal explant cultured for 96 hours in the Addltlonally,_ezrln was found, by |mm_unoele(?t_ron microscopy,
presence of 10 mM calpain inhibitor Il with primary antibody to to be associated with the basal bodies of ciliated cells. In the
ezrin and acetylatea-tubulin. (C) Immunofluorescence of E17.5 absence of Foxj1, ezrin is markedly reduced in the proximal
foxj1~- tracheal explant cultured for 96 hours in the presence of ~ pulmonary epithelium presumably as the result of increased
10 mM calpain inhibitor Il with primary antibody to EBP-50 and calpain proteolysis and not because of decreased ezrin gene
acetylatedx-tubulin. Scale bars: 20m (A); 2.5um (B); 5um (C). expression. Other calpain substrates may be similarly reduced
in the absence of Foxjl. Linkage of apical proteins to the
cytoskeleton by ezrin may involve a second PDZ-domain
protein, EBP-50. Co-localization studies with acetylated
transmembrane conductance regulator are linked to the cortidabulin indicate that EBP-50 is also associated with the apical
cytoskeleton through protein-protein interactions (Short et algompartment of ciliated epithelial cells. Although EBP-50 has
1998). The axonemes of ciliated epithelial cells also requiraot been demonstrated to be a substrate for calpain proteolysis,
appropriate localization to the cell apex for proper functionit was also reduced in the proximal pulmonary epithelium in
Anchoring of basal bodies to the cortical cytoskeleton wouldhe absence of Foxjl. The decrease in EBP-50 may be a result
provide a mechanism for the appropriate apical localization aff increased turnover of EBP-50 or redistribution of the protein
axonemes. in response to changes in the cytoskeleton. Additionally, both
Targeted mutation of the mous$exjl gene provides new ezrin and EBP-50 relocalize to the apical cell compartment
insight into the mechanisms regulating the apical anchoring dbllowing treatment ofoxj1~-tracheas with a calpain inhibitor
basal bodies and axonemes. In the absence of Foxj1, axonersafjgesting a role for these proteins in anchoring basal bodies
structures do not form and basal bodies are found throughotda the apical cytoskeleton.
the cytoplasm of cells instead of in the apical compartment Foxjl thus maintains cytoskeletal stability in ciliated cells
(Brody et al., 2000; Chen et al., 1998). By microarray analysiey maintaining calpastatin gene expression and inhibiting
of embryonic lung tissue frofoxj1** andfoxj1~~ mice, the  subsequent calpain proteolysis of ezrin or possibly other
calpastatin gene has been identified as one of the genes wifftoskeletal elements. As demonstrated here, ezrin is
decreased expression in the absence of Foxj1. Calpastatin iassociated with the basal bodies of ciliated pulmonary
specific endogenous inhibitor of the protease calpain and aagpithelial cells providing a potential mechanism for linking
by binding to calpain (Sorimachi et al., 1997). The balancéasal bodies to the apical cytoskeleton. In the absence of Foxj1,
between calpain proteolysis and calpastatin inhibition regulatékere is a loss of ezrin and EBP-50 from the proximal
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pulmonary epithelium and an associated failure of appropriate (2000). Ciliogenesis and left-right axis defects in forkhead factor HFH-4-
basal body localization and axoneme formation. Also, not null mice.Am. J. Respir. Cell Mol. Biok3, 45-51.

surprisingly, given the role of ezrin in microvillar structure, theCnen. J., Doctor, R. B. and Mandel, L. J(1994). Cytoskeletal dissociation
of ezrin during renal anoxia: role in microvillar injuAm. J. Physiol267,

microvilli of tracheal epithelial cells are abnormalfaxj1-/- C784-C795.
mice. This suggests that the loss of apical anchoring in thenen, J., Knowles, H. J., Hebert, J. L. and Hackett, B. R1998). Mutation
absence of Foxj1 may affect multiple apical components. of the mouse hepatocyte nuclear factor/forkhead homologue 4 gene results

Breakdown and remodeling of the apical cytoskeleton play in an absence of cilia and random left-right asymm@étrglin. Invest102
; : 1077-1082.

an |'mpor'tant role in a number of deVEIOpmemal .an ole, D. G., Diener, D. R., Himelblau, A. L., Beech, P. L., Fuster, J. C. and
physiological processes (Bretscher et Q'-, 2002). At other times,rosenbaum, J. L. (1998). Chlamydomonas kinesin-ll-dependent
however, stability of the cytoskeleton is necessary for normal intraflagellar transport (IFT): IFT particles contain proteins required for
cell function. By inhibiting the calpain-mediated proteolysis of ciliary assembly inCaenorhabditis elegansensory neuronsl. Cell Biol.
cytoskeletal components, such as ezrin, calpastatin contributgrstgildgig?lgoasdtreau A., Comoglio, P. M., Louvard, D. and Arpin, M
to cytoskeleton stability (Aono et al., 2001; Ariyoshi et al., “ 1997y Ejrin is an effector of hepatocyte growth factor-mediated migration
2001, Che_n e_t al_, 1994; Potter et al:v_ 1998; ShCherbma_et al.and morphogenesis in epithelial cellsCell Biol. 138 423-434.
1999). Maintaining cytoskeleton stability would be essential t@roce, K., Flaumenhauft, R., Rivers, M., Furie, B., Furie, B. C., Herman,
the normal differentiation of ciliated epithelial cells during ! M. and Potter, D. A. (1999). Inhibition of calpain blocks platelet

; cretion, aggregation, and spreadih@Biol. Chem274, 36321-36327.
Iung _de;/elop_n}ent_. In ptjlmonfr)_/l_dl_sease_s such as asthma, irksen, E. R.(1991). Centriole and basal body formation during ciliogenesis
certain lung infections, loss of cilia is an important component’ qisited.Biol. Celi 72, 31-38.

of defeCtiV_e mucociliary _C|ea_rance_ (Salathe et al., 1997). Fasutcher, S. K. (1995). Flagellar assembly in two hundred and fifty easy-to-
example, in paramyxoviral infection of the mouse airway follow stepsTrends Genetl1, 398-404. _
epithelium there is a loss and subsequent recovery of cilia. THRywer-Nield, L. D., Miller, A. C. K., Neighbors, B. W., Dinsdale, D. and

g . alkinson, A. M. (1996). Cytoskeletal architecture in mouse lung epithelial
loss and recovery of cilia are accompanled by a decrease an(gllells is regulated by protein kinaseoGand calpain I1Am. J. Physiol270,

subsequent increase in Foxjl with recovery from infection |50g.(53a4.
(Look et al., 2001). Elucidating the mechanisms regulatingeimer, S., Clees, J., Melkonian, M. and Lechtreck, K.-§1998). A novel
basal body anchoring to the apical cytoskeleton may thus have?5-kD protein is located in a linker between cytoplasmic microtubules and

important implications with respect to understanding l:é?oslalltl)l%dilelsllig_?ggenflagellateandformsstriatedfilaments invigell

pU'mO”afY eplthehal diseases and may suggest nov%Jould, K. L., Cooper, J. A., Bretscher, A. and Hunter, T.(1986). The
therapeutic approaches to them. protein-tyrosine kinase substrate, p81, is homologous to a chicken
microvillar core proteinJ. Cell Biol. 102, 660-669.
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