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Cell cycle-related kinase is a crucial regulator for ciliogenesis
and Hedgehog signaling in embryonic mouse lung development
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Cell cycle-related kinase (CCRK) has a conserved role in
ciliogenesis, and Ccrk defects in mice lead to developmental
defects, including exencephaly, preaxial polydactyly, skeletal
abnommalities, retinal degeneration, and polycystic kidney. Here,
we found that Ccrk is highly expressed in mouse trachea and
bronchioles. Ccrk mutants exhibited pulmonary hypoplasia and
abnormal branching morphogenesis in respiratory organ devel-
opment. Furthermore, we demonstrated that Ccrk mutant lungs
exhibit not only impaired branching morphogenesis but also a
significant sacculation deficiency in alveoli associated with
reduced epithelial progenitor cell proliferation. In pseudoglan-
dular stages, Ccrk mutant lungs showed a downregulation of
Hedgehog (Hh) signaling and defects in cilia morphology and
frequency during progenitor-cell proliferation. Interestingly,
we observed that activation of the Hh signaling pathway by
small-molecule smoothened agonist (SAG) partially rescued
bud morphology during branch bifurcation in explants from
Ccrk mutant lungs. Therefore, CCRK properly regulates respi-
ratory airway architecture in part through Hh-signal transduc-
tion and ciliogenesis. [BMB Reports 2020; 53(7): 367-372]

INTRODUCTION

The architecture of the mammalian respiratory system is
characterized by a tree-like structure composed of proximal
air-conducting tubes and a surface for distal gas exchange (1).
The emergence of two primary lung buds from the ventral side
of the anterior foregut follows and corresponds to the embryonic
stage of lung development (E9.5-12.5). Subsequently, during the
pseudoglandular stage (E12.5-16.5) a bronchial tree grows via
continuous formation of new distal branch buds (2). Prolifera-
tive expansion of endodermal progenitors at these sites requires
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signals from the adjacent mesenchyme (3). Respiratory system
development involves a diverse process of cell proliferation
and differentiation, precisely regulated by interactions between
various signaling molecules and regulation of target-gene expres-
sion by transcription factors (2, 3).

Hedgehog (Hh) signal transduction is a key regulator of cell
differentiation, proliferation, and cell cycle progression during
the developmental processes of many organs in embryo.
Disruption of Hh signaling leads to prenatal lethality, with abnormal
development of the neural tube, eye, and gastrointestinal tract in
mice (4). Hh ligands bind to the transmembrane receptor Patched
(Ptch1) to derepress the G protein-coupled receptor (GPCR)-like
membrane protein Smoothened (Smo). Activated Smo concen-
trates on the tip of primary cilia to activate the Gli family
transcription factors, albeit through unknown mechanisms.

In addition, Sonic hedgehog (SHH), a mammalian counter-
part of HH, is produced from lung endodermal epithelial cells
during lung development and affects developing mesenchymal
cells to regulate the proliferation, differentiation, and patterning
of both the epithelium and the mesenchyme (5, 6). Consistently,
evidence from Shh mutant mice showed tracheoesophageal
abnormalities, including hypoplastic lungs, caused by defects
in branching morphogenesis (5). Moreover, Gli2 or Gli3 mutant
mice display different types of respiratory system abnormalities
that are similar to those defects observed in Shh mutant mice
(7, 8). Therefore, the Hh-signaling pathway is important for
respiratory system development, requiring tight spatial and
temporal regulation to ensure its correct function.

The Hh signaling pathway is tightly linked to the primary
cilium, which functions as a signaling center. Most ciliary gene
mutant mice exhibit structural or functional malformation of
cilia and defective embryo development caused by dysre-
gulation of important development signaling pathways (9).
Moreover, defective primary cilia are associated with diverse
human congenital genetic diseases, termed ciliopathies (10).
Recent studies of the early developmental stages of the lung
revealed the presence of primary cilia for a short time in
non-proliferating tracheal epithelial cells (11). Primary cilia are
transiently present during airway epithelial cell differentiation
and give way to motile cilia at later stages of development
(11); however, the role of primary cilia in the early development
of the respiratory system remains unresolved.
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CCRK, known as cyclin-dependent kinase 20 (CDK20),
regulates primary cilia integrity and the Hh signaling pathway
in neural patterning during embryo development. Moreover,
multiple developmental organogenesis defects were observed
in Ccrk knockout (Ccrk ) embryos and are associated with
dysregulation of Hh signaling and defects in ciliary structure
and distribution (12). CCRK is the homolog of Chlamydomonas
long flagella 2 (LF2), which is composed of a long flagella
complex (LRC) and is involved in the assembly of the flagella.
Consistently, morpholino-mediated knockdown of either Ccrk
or broad-minded (Bromi), a CCRK-interacting protein, in zebra-
fish results in nearly identical phenotypes in ciliary shape and
affected tissues, suggesting that their functions are closely
linked to the architecture of the primary cilium (13). Here, we
demonstrated that loss of Ccrk leads to defective branching
morphogenesis and hypoplasia because of decreased epithelial
cell proliferation. Downregulation of Hh signaling is accompanied
by abnormal ciliogenesis in Ccrk mutant lungs. Interestingly,
pharmacological activation of Hh signaling partially rescued
branching morphogenesis in Ccrk mutant lungs. Collectively,
these findings suggest that Ccrk may play a key role in lung
development via Hh signaling and ciliogenesis, because loss
of Ccrk leads to defective branching and pulmonary hypoplasia
in vivo.

RESULTS

Loss of Ccrk leads to hypoplastic lung development with
defective branching momphogenesis

Previously, our group reported that Ccrk mice display
developmental defects in multiple organs that resulted from
dysregulation of the primary cilia and Hh signaling in mouse
embryos (12). Using whole-mount lacZ staining on heterozygote
knockoutirst conditional Cerk embryos (Ccrk™® ) at E15.5, we
observed higher CCRK expression in embryonic trachea and
pulmonary bronchioles (Supplementary Fig. 1). To uncover the
role of CCRK in the pulmonary system, we phenotypically
analyzed lung development in previously generated Ccrk null
mutant embryos (Ccrk*) or control (Ccrk™) littermates (12).
Deletion of the Ccrk gene causes hypoplastic lung morphology
around E14.5 (Fig. 1A). The lungs of Ccrk*® mutant embryos
were smaller and had fewer lobes than the control had. To find
the cause of the underdeveloped lung in Cerk® mutants, we
characterized the progress of lung development in three
distinct stages, including E12.5 (embryonic stage), E14.5
(pseudoglandular stage), and E16.5 (canalicular stage), by gross
morphological examination and histological analysis (Fig. 1B).
Cerk*© mutant homozygous lungs showed normal morphology
on E12.5, whereas they exhibited retarded lung growth asso-
ciated with a reduction in regularly shaped developing alveoli
in the pseudoglandular stages. In addition, alveoli number and
size in Ccrk® mutant embryos were markedly reduced and
separated with a thickened interstitium at E14.5. These abnormal
formations of the terminal bronchioles indicated defects in lung-
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Fig. 1. CCRK is a crucial regulator for proper lung development.
(A) Whole-mount lungs isolated from E12.5, E14.5, and E16.5
embryos. Ccrk® mutants showed fewer branching lobes and ap-
peared smaller than their wild-type littermates. Scale bars = 1 mm.
(B) Histological analysis of embryonic lung sections from indicated
embryonic stages. Scale bars = 100 pm and 50 um. (C) Images
from whole-mount lungs isolated from E17.5 wild-type and
Bromi © mutant embryos. (D) H&E staining of histological sections
shows less saccule formation and thickening of the lung parenchyma
in Bromi mutants than in controls. Scale bars = 100 um and 50

pm.

branching morphogenesis in Ccrk® mutants. We tested whe-
ther the loss of Bromi might phenocopy the hypoplastic lung
development of Ccrk®® mutant embryos. Like the Ccrk®
mutant respiratory system, Bromi /" mutant lungs exhibited
fewer lobes, with a significant decrease in lung saccular area
and increased mesenchymal thickness (Fig. 1C). This delayed
respiratory system development in Ccrk® and Bromi '~ mutants
suggests that the CCRK and BROMI complex is required for
growth and branching morphogenesis during mouse lung develop-
ment.

Delayed lung-branching morphogenesis in Ccrk mutant
embryos is associated with reduced epithelial-cell
proliferation and differentiation

During lung-branching morphogenesis, various developmental
signaling pathways involved in crosstalk between the lung endo-
derm and surrounding mesoderm determine the branching
pattern. To evaluate the effect of Ccrk removal in lung-branching
morphogenesis, we immunostained airway endodermal epi-
thelial cells with antibodies for endodermal progenitor regional
markers, such as SOX2 and SOX9 for the proximal and distal
regions, respectively. Although the overall SOX2 and SOX9
expression patterns in whole-mount lung endoderm were not
changed at E12.5, bud growth and branching morphogenesis
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was markedly reduced in the Ccrk®® mutant lung epithelium
than in the wild-type control (Fig. 2A). We classified the three
different sequential developmental stages of terminal bifurcation
as early “bud”, “flattened”, and later “cleft” stages based on
morphology. Ccrk @ mutant lungs exhibited relatively increased
early bud stages than in the wildtype controls at E14.5 and
E16.5 (Fig. 2B and C); however, morphological analysis of later
stages of terminal bifurcation of the buds revealed decreased
flattened and bifurcated cleft stages of Ccrk*® mutants. There-
fore, Ccrk® mutant lungs predominantly remain in the early
stages of bud morphogenesis rather than advancing to the more-
developed flattened and cleft stages, implying that loss of
CCRK leads to delayed bud morphogenesis.

The bronchial tree architecture is formed by extensive
proliferation of the distal epithelium and surrounding mesen-
chyme. We examined coordinated progenitor cell proliferation
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Fig. 2. Ccrk mutant lungs have delayed branching morphogenesis
because of decreased epithelial proliferation. (A) Representative
whole-mount image of immunofluorescence staining for SOX2 and
SOX9 in wild-type and Ccrk® mutant lungs, which were tissue
clearing using clarity. Scale bars = 200 pum. (B) Sectioned lung tissue
were immunostained with SOX2 and SOX9 antibodies. Nuclei
were counterstained with DAPI. Scale bars = 100 um and 50 pm.
(C) Statistical analysis of bud morphology during branch bifurcation.
(D) We counted K167 or EdU immuno-positive proliferating SOX2-,
SOX9- or a-SMA-positive cells, and obtained the percentage of
proliferating cells. Scale bars = 50 um. All data are presented as
P values from Student’s t-tests: ***P < 0.001.
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of the lung epithelium and surrounding mesenchyme at E14.5
and E16.5 by immunohistochemistry using the proliferation
markers KI67 or EdU (Fig. 2D and E). We observed that KI67-
or EdU-labeled proximal or distal epithelial cells in Ccrk"®
mutants were significantly diminished (Fig. 2D and E). More-
over, the proliferation of mesenchymal cells in Cerk®® mutant
lungs was also decreased, suggesting that the effects of loss of
Ccrk on epithelial and mesenchymal progenitor-cell prolifera-
tion may be the primary cause of lung hypoplasia and delayed
bud morphology. To further examine the effects of delayed
terminal bifurcation and impaired epithelial cell proliferation
in Ccrk embryos on SOX2 and SOX9 endoderm progenitor
differentiation, we analyzed the expression levels of the endo-
dermal and epithelial lineage cell differentiation markers (Sup-
plementary Fig. 2). All differentiated cell marker expression
was significantly diminished in mutant embryos. Therefore,
CCRK is important for epithelial progenitor cell proliferation
and differentiation in mouse lung development.

CCRK is essential for Hh signaling in lung mesenchymal

progenitor cells via regulation of primary cilia formation

The SHH signaling pathway positively regulates epithelial-cell
proliferation by increasing FGF10 expression in mesenchymal
cells during the process of lung branching morphogenesis.
SHH expression is restricted to the distal epithelium in
developing lungs. Ptch1 and Gli1 are highly expressed in the
mesenchyme that surrounds epithelial cells around the
branching tips. In addition, bone morphogenic protein 4
(BMP4) is also expressed in the distal epithelium during the
pseudoglandular stage and is required for promoting epithelial
cell proliferation for branch morphogenesis. To investigate the
defect in signaling pathways that regulate epithelial-cell
proliferation in Ccrk® mutant lungs, we examined the
expression of Shh and Bmp4 by RNA in situ hybridization
analysis at E14.5. We found that Ccrk® mutants showed
significantly downregulated expression of Shh and Bmp4 in
the epithelium. Also, the expression of SHH target genes was
also downregulated in Ccrk"® mutant lungs. These results
revealed a significant impairment of Hh signaling in mesen-
chymal cells in Ccrk®® mutant lungs (Fig. 3A). Moreover,
BMP4, which is normally modulated by SHH-signal trans-
duction in the distal epithelium, was downregulated in the
Ccrk® mutants, suggesting that SHH signaling is affected by
loss of CCRK function. To confirm the compromised SHH
signaling in Ccrk® mutants, we examined the gene expression
of signaling pathways that regulate branching morphogenesis
using quantitative real-time PCR. Consistently, the SHH target
genes were downregulated in Ccrk®® mutant lungs. Bmp4 was
also significantly downregulated in Ccrk®® mutant lungs. In
contrast, expression of genes, such as Wnt and Fgf10, involved
in epithelial and mesenchymal proliferation during branch
morphogenesis, were not affected (Fig. 3B). These data suggest
that CCRK functions as a positive regulator of Hh signaling
during lung development and that the defects of epithelial and
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Fig. 3. Loss of Ccrk results in downregulation of the SHH
signaling pathway and ciliary defects in the pseudoglandular
stage. (A) In situ hybridization lungtissue sections displayed
expression of Shh, Gli1, Ptch1, and Bmp4. Scale bars = 50 pm.
(B) Target gene expression for SHH, FGF, and Wnt pathways in
the developing lungs of wildtype and Ccrk® mutant lungs. P
values are from Student’s t-tests: ***P < 0.001, *P < 0.05; n.s.,
not significant. (C) Immunoblots of GLI3 in E14.5 whole-lung
tissue extracts. B-actin served as a loading control. (D) Quantifi-
cation of GLI3-FL/Rep ratios. Two samples for each genotype were
analyzed. P values are from Student’s t-tests: ***P < 0.001. (E)
We analyzed primary cilia in the E14.5 Ccrk® mutant and wild-
type lung epithelium and mesenchyme using confocal microscopy
by staining with ARL13B and y-TUB antibodies. Scale bars = 5 pum.
(F) We counted the number of primary cilia in each genotype and
then divided by the number of total y-TUB-positive cells. P values
are from Students ttests: ***P < 0.005. (G) Distribution of primary
cilia in Cerk®® mutants and wild-type lungs was measured. Average
lengths and standard deviations for distributions are shown. P values
are from Student’s ttests: ***P < 0.005; n.s., not significant.

mesenchymal cell proliferation observed in Cerk® mutants may
be due, in part, to altered Hh and BMP4 signaling. Although
GLI3 exists in a full-length activator form or a processed repressor
form, functioning as both positive and negative regulators of the
SHH signaling pathway, the repressor function has a dominant
role in embryonic lung development. We evaluated whether
GLI3 processing is also affected in Cerk® mutant lungs. We
found that GLI3 processing was decreased in Ccrk® mutant
lungs, resulting in an increased ratio of full-length GLI3 to GLI3
repressor, thus indicating compromised Hh signaling (Fig. 3C
and D).

Primary cilia are temporally present in progenitor cells and
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differentiate to multi-cilia, but other cell types maintain the
non-motile primary cilia after cell differentiation. To charac-
terize the morphology and frequency of primary cilia in Ccrk®
mutant lungs at the pseudoglandular stage, we examined the
primary cilia by immunostaining for the ciliary marker ARL13B
and the basal body marker y-tubulin (-TUB) (Fig. 3D). Both
epithelial and mesenchymal cells in Cerk® mutant embryonic
lungs displayed swelling at their distal tips and shortened ciliary
length compared with those in wild-type embryonic lungs. We
measured the ciliary frequency of wild-type and Ccrk® mutant
embryonic lung epithelial and mesenchymal cells (Fig. 3E).
Cerk© showed reduced ciliary frequency in both the epithe-
lium and the mesenchyme in embryonic lungs and the ciliary
lengths in Ccrk®® mutant more broadly distributed than control
(Fig. 3F). Therefore, CCRK regulates the proper length of
primary cilia in epithelium and mesenchymal progenitor cells to
regulate Hh signaling; these events may be important for
development of branching morphogenesis.

Next, to evaluate the motile multi-ciliogenesis of ciliated
epithelial cells under conditions of disrupted primary ciliogenesis
in Ccrk® mutants, we examined the generation of multi-cilia
with antibodies to cilia markers ARL13B and acetylated o-tubu-
lin (Ac-TUB) as well as the motile cilia marker B-TUB IV with
ARL13B to confirm the ciliary type (Supplementary Fig. 3).
Similar to primary ciliogenesis defects in progenitor cells, the
removal of the Ccrk gene in differentiated ciliated cells impaired
motile multi-cilia formation at the canalicular stage. Moreover,
we analyzed the expression profiles of key ciliogenic-trans-
cription factors and common ciliary genes during primary cilia
(E14.5) and multi-cilia stages (E17.5) in Ccrk® mutant and control
embryos (Supplementary Fig. 4). Interestingly, the Ccrk mutant
displays a significantly reduced expression of ciliary genes at
E17.5 but not in E14.5. These results indicate that CCRK might
involve in two ciliogenesis processes with different mechanisms.
Collectively, CCRK is required for proper assembly of cilio-
genesis in both primary cilia and multiple motile cilia.

Activation of Hh signaling partially rescues the branching
morphogenesis defect in Ccrk mutant explant lungs

To examine whether the decreased Hh signaling pathway in
Ccrk® mutants is the primary cause of dysregulation in
branching morphogenesis in vitro, we manipulated the Hh
signaling pathway in an explant culture system by using small
chemical Smoothened agonist SAG. After about 48 h of SAG
treatment, wild-type explants did not exhibit significant
alterations in bud-branching morphogenesis (Fig. 4A). The
Cerk® mutant lungs cultured in vitro exhibited branching
defects similar to those we observed in vivo, displaying a
significantly decreased number of branches after 48 h of
culture. However, treatment with 500 nM SAG efficiently
increased the growth of bud branching and the number of
branches in the mutant lungs, yielding results comparable with
the control lungs. Consistently, SAG treatment of wild-type
lung explants for 48 h increased the expression of the Hh

http://ombreports.org



Cork"™ Ccrkr©

(M) E125+0 hour  E12.5+48hours E12.5+0 hour  E12.5+48 hours

AT A 3 e,
o ALY THITTT PR | e 3
o ey - = 2
e # & & 1 2N ¥ 2
o W i
I\ TP B 8
gh 70 NS RN <

vy ¥4 ¥ B “Vianl o
2. 4 LEMA <
& 5 g @
s TR T FTIRE S
2 TN T ST L o
Q ¥ ~ A
< / PN TANLS <
) o s k > S B

o . I
co! i 52 g NN
= 2 < o g
G2 [ 2.2 2
02, —s 9 w
o £ 3
=g 2 5c . J‘
gz . SE. 5% i !
0s L9 1 N
Sollhen) 00 nnd SEomnn: NN
¢ 8 200 500" & 200 500 Q 200 500 Q 200 500 2 $ 200500 $ 200 500
2 SAG(M) 2 SAG (W) 2 SAG(M) 2 SAG (W) 2 SAG(M) 2 SAG(M)

Cork™™ Cerk® Cark™™ Cork® Cork™™ Cork

Fig. 4. SAG treatment of Ccrk® mutant explant lungs rescues Hh

signaling and lung branching morphogenesis. (A) Embryonic lungs
were dissected at E12.5 and treated for 48 h with or without
SAG-enriched media with serum. Scale bars = 100 pm. (B) The
g-PCR analysis of Gli1 and Ptchl in explant lungs treated with
SAG or DMSO. (C) Sectioned lung tissue was stained for SOX2
and SOX9 antibodies to show the development of lungs. Scale
bars = 50 pum. (D) Statistical analysis compared bud morphology
during branch bifurcation. All data are presented as P values from
Student’s t-tests: ***P < 0.001; n.s., not significant.

target genes Gli1 and Ptch1 in a dose-dependent manner.
Although the responsiveness to SAG in Ccrk® mutants was
significantly lessened compared to that of the wild-type
controls, it modestly increased GliT and Ptchl expression
compared to that of the DMSO control (Fig. 4B). The increased
expression levels of GliT and Ptch1 in Ccrk© explant lungs
following 500 nM SAG treatment was comparable to that in
DMSO-treated wild-type explant lungs. Moreover, E12.5 explant
lungs from wild-type and mutant embryos were further treated
with DMSO or SAG for 48 h and sectioned for analysis of
terminal bifurcation via detection of SOX2 and SOX9 (Fig. 4C
and D). The 500-nM SAG treatment significantly increased the
SOX9-positive nascent bud size and number in the distal
epithelium of the Ccrk® mutant explant lungs. Although the
relative percentage of the cleft form did not change in 200-nM
SAG-treated Ccrk® mutant explant lungs, 500-nM SAG treat-
ment increased the cleft and flattened forms in mutants at the
expense of the bud form. These findings demonstrate that the
effective increase of Hh response in developing lungs of
Ccrk™® mutants partially recovers the branching morpho-
genesis, implying that defects in progenitor-cell proliferation
and lung-branching morphogenesis may result from the
primary decrease in Hh signaling in Cerk®® mutants.

DISCUSSION
CCRK has been identified as a CDK-family kinase and is aberrantly

overexpressed in various types of cancers (14, 15). Recent mouse
studies indicate that Ccrk regulates ciliogenesis and is involved
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in embryonic organ development via Hh-signal transduction
(12). Here, we found that CCRK regulates epithelial and mesen-
chymal progenitor-cell proliferation, in part, by controlling the
ciliogenesis and Hh signaling during embryonic lung develop-
ment.

To form a branched conducting and air-blood gas exchange
system in respiratory organs, timely interplay between signaling
pathways is important during embryonic lung development.
Patterning of terminal branching requires autocrine and
paracrine signaling via the FGF, BMP, Wnt, and Hh signaling
pathways to regulate proper epithelial-cell proliferation, bud
branching, and differentiation. Our Ccrk mutant mouse
embryos showed hypoplastic lung development and disrupted
terminal branching morphogenesis at the pseudoglandular
stage. The control of proper patterning of terminal bud
branching relies on distal epithelial proliferation after initial
bud outgrowth. The developmental genetic programs are
hard-wired for lung epithelial progenitor-cell proliferation
during the pseudoglandular stage. Signals from FGF10, BMP4,
SHH, and WNT ligands with a mesenchymal or epithelial
origin increase epithelial cell proliferation. In Ccrk mutant
embryonic lungs from the pseudoglandular stage, we observed
reduced expression of Bmp4, Shh, and Wnt7b and diminished
cell proliferation in the distal region of the lung buds (Figs. 2D,
3A and B). During the pseudoglandular stage, epithelial BMP4
expression is restricted to the tip of lung buds; inactivation of
BMP4 signaling via lung epithelium-specific deletion of Bmp4
results in decreased epithelial proliferation (16). The underlying
molecular mechanisms of reduced epithelial cell proliferation
and BMP4 and SHH expression may result from an intertwined
gene-expression program in developing lungs. Mesenchymal
FGF10 positively regulates BMP4 expression and is important
for maintenance of SHH expression in the epithelium. The
dynamic expression of FGF10 is dependent on epithelial SHH
expression; however, FGF10 expression is not changed in Ccrk
mutant embryos. Therefore, low-level expression of BMP4 and
SHH may be caused by diminished activity of FGF10 rather
than by its expression in the distal epithelial compartment.
Interestingly, our previous study of cultured cells indicated that
FGF receptor signaling may be linked to CCRK and other
kinases (17).

Our previous and current studies show that CCRK functions
as a key regulator of ciliogenesis and Hh signaling. CCRK
regulates another ciliary length-controlling kinase, intestinal
cell kinase (ICK), in mammals via phosphorylation of a key
catalytic active motif, the TDY domain. The human congenital
disorder endocrine-cerebro-osteodysplasia (ECO) syndrome is
caused by a homozygous loss-of-function mutation in ICK.
Recently, a knock-in mouse model for ECO mutation was
generated (18). Interestingly, the homozygous Ick mutant lung
displays impaired lung-branching morphogenesis and abnormal
ciliogenesis similar to that of the Ccrk mutant. In our studies,
Ccrk mutant mouse lungs exhibited defects in primary cilia
formation in epithelial and mesenchymal progenitor cells and
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impaired Hh signaling (Fig. 3A-D). It is possible that aberrant
signaling crosstalk during branching morphogenesis due, in
part, to failure to form primary cilia results in diminished
responsiveness to Hh signaling in the mesenchymal compart-
ment. Moreover, activation of Hh signaling via SAG treatment
in lung explant cultures was sufficient to rescue the lung-
branching morphogenesis defects observed in Ccrk mutants.

Our data provide evidence underscoring the importance of
ciliogenesis and SHH signaling in lung development and
disease (5, 19). There are significant phenotypic similarities in
lung development between the Ccrk mutant and Gli mutant
(Gli2 and Gli3) mouse embryos, which are key components in
the Hh signaling pathway. Both Gli2 and Gli3 mutant embryos
display respiratory failure linked to the absence of functional
alveoli with hypoplasia (7, 8). In both Gli2 and Gli3 mutant
lungs, decreased epithelial-cell proliferation may contribute to
the hypoplastic lungs that typically are decreased in size and
have severe patterning defects.

In this study, we found that loss of Ccrk can lead to pulmonary
hypoplasia with abnormal branching morphogenesis and severe
alveolar airspace deficiency during embryonic development.
Epithelial cell proliferation during the pseudoglandular stage
and interstitial epithelial-cell differentiation and remodeling
during lung sacculation are important cellular mechanisms by
which CCRK regulates development of embryonic respiratory
organs. Loss of Ccrk function perturbed not only ciliary structure
and function but also Hh signaling, a highly conserved intra-
cellular process involved in the maintenance of cell homeo-
stasis. Further studies to elucidate the precise mechanisms by
which CCRK and primary cilia exert their effects on the
complicated signaling pathways involved in lung development
and branching morphogenesis during early embryonic stages are
warranted.
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