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Primary cilia are solitary, non-motile, axonemal microtubule-
based antenna-like organelles that project from the plasma
membrane of most mammalian cells and are implicated in
transducing hedgehog signals during development. It was
recently proposed that aberrant SHH signaling may be impli-
cated in the progression of idiopathic pulmonary fibrosis (IPF).
However, the distribution and role of primary cilia in IPF re-
mains unclear. Here, we clearly observed the primary cilia in
alveolar epithelial cells, fibroblasts, and endothelial cells of
human normal lung tissue. Then, we investigated the distribu-
tion of primary cilia in human IPF tissue samples using immu-
nofluorescence. Tissues from six IPF cases showed an increase
in the number of primary cilia in alveolar cells and fibroblasts.
In addition, we observed an increase in ciliogenesis related
genes such as IFT20 and IFT88 in IPF. Since major compo-
nents of the SHH signaling pathway are known to be local-
ized in primary cilia, we quantified the mRNA expression of
the SHH signaling components using qRT-PCR in both IPF and
control lung. mRNA levels of SHH, the coreceptor SMO, and
the transcription factors G//7 and GL/2 were upregulated in
IPF compared with control. Furthermore, the nuclear localiza-
tion of GLI1 was observed mainly in alveolar epithelia and
fibroblasts. In addition, we showed that defective KIF3A-
mediated ciliary loss in human type Il alveolar epithelial cell

lines leads to disruption of SHH signaling. These results indi-
cate that a significant increase in the number of primary cilia
in IPF contributes to the upregulation of SHH signals.

Keywords: Idiopathic pulmonary fibrosis, primary cilia, Sonic
Hedgehog signaling pathway

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a specific form of chron-
ic, irreversible fibrosing interstitial lung diseases of unknown
etiology and is characterized by histopathological and radio-
logical findings of usual interstitial pneumonia (UIP)(Raghu
et al., 2011). The pathophysiologic mechanisms underlying
IPF are poorly understood. Recent studies have shown that
activation of the Sonic hedgehog (SHH) signaling plays a
critical role in IPF pathophysiology (Bolanos et al., 2012;
Cigna et al., 2012). SHH overexpression is observed in epi-
thelial cells lining fibrotic areas in IPF but is undetectable in
normal lung tissue (Fitch et al., 2011). Abnormal expression
of SHH signaling components, patched-1 (PTCH1), smooth-
ened (SMO), and GLI1, was also increased in human IPF
tissues (Bolanos et al., 2012; Cigna et al., 2012).
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SHH is a critical morphogen during embryonic lung devel-
opment, which regulates the interaction between epithelial
and mesenchymal cells (Litingtung et al., 1998; Pepicelli et
al., 1998) and participates in branching morphogenesis and
in controlling alveolar bud size and shape (Cardoso and Lu,
2006). In addition, HH signaling pathway plays an important
functional role in fibrosis development in the kidney and in
the heart (Ding et al., 2012; Zhou et al., 2014). These stud-
ies suggest that HH promotes the myofibroblastic transdif-
ferentiation and proliferation of interstitial fibroblasts. Re-
cent studies have revealed that mammalian HH signaling
depends on the primary cilium. The key components of the
SHH signaling are localized at the primary cilia (Corbit et al.,
2005; Haycraft et al., 2005; Ocbina and Anderson, 2008;
Rohatgi et al., 2007). Primary cilia are involved in modulating
mammalian SHH signaling downstream of SMO and up-
stream of the GLI factors (Eggenschwiler and Anderson,
2007; Huangfu and Anderson, 2005). Primary cilia can both
mediate and suppress the SHH signaling via the receptor

PTCH1, the coreceptor SMO, and the transcription factor GLI.

Upon binding of the HH ligand to PTCH1, SMO moves to the
cilium, and SHH signaling is activated (Corbit et al., 2005).
Primary cilia are solitary, non-motile, axonemal microtubule-
based antenna-like organelles that project from the plasma
membrane of most mammalian cells (Wilson and Chuang,
2010). Primary cilia act as a sensory organelle, providing
chemosensation, thermosensation and mechanosensation of
the extracellular environment. And then primary cilia play a
role in mediating specific signaling cues. These functions of
primary cilia contribute to maintaining the local cellular envi-
ronment (Adams et al., 2008). The association of the primary

cilia with pathophysiology of lung has largely not been studied.

The primary cilia are rarely observed in normal airway epitheli-
um, but are detected after injury (Jain et al., 2010). Although
the role of primary cilia in cancers is not well understood, pri-
mary cilia are lost in many cancers (Hassounah et al., 2012). It
is expected that normal or abnormal functions of primary cilia
may contribute to airway epithelium/ tumor biology. Primary

Table 1. Patient Characteristics
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cilia have been observed in non-small cell lung carcinomas
with a significant reduction in the number of ciliated cells and
contribute to progression and metastasis of lung cancer by
aiding the adhesion, proliferation, migration and epithelial to
mesenchymal transition of lung cancer cells (Hu et al., 2014).
However, the distribution and the role of primary cilia in lung
fibrotic diseases has been rarely evaluated.

We hypothesized that aberrant SHH signaling in IPF is as-
sociated with primary cilia changes involved the pathogene-
sis of IPF. To confirm that primary cilia changes are necessary
for IPF pathogenesis, we investigated the distribution of
primary cilia in pulmonary alveoli. We demonstrated primary
cilia changes in alveolar epithelium and fibroblasts of IPF
lung tissue. Our results strongly suggest that excessive cilio-
genesis contributes to the upregulation of the SHH signaling
and fibrogenesis in IPF lung tissue.

MATERIALS AND METHODS

Human lung tissue specimens

We retrospectively analysed the clinicopathological parame-
ters of 32 patients who had undergone wedge resection for
interstitial lung disease between January 2010 and Decem-
ber 2015 at St. Mary’s Hospital, Daejeon, South Korea. Of
these, the patients with nonspecific interstitial pneumonia,
left lobe resection and other underlying lung diseases, such
as chronic obstructive pulmonary disease (COPD), tuberculo-
sis and malignancy were excluded. We reviewed the pa-
tients’ medical records to obtain their age, gender, disease
duration and smoking history. Finally, three male and 3 fe-
male were included for the study. All the patients had been
diagnosed with IPF in accordance with clinical practice,
based on clinical assessment and reasoning, including con-
sideration of high-resolution computed tomography (HRCT)
data. The baseline characteristics of each patient are summa-
rized in Table 1. Paraffin-embedded 6 IPF tissues were ob-
tained for immunofluorescence stain and 6 fresh frozen
tissue samples stored in liquid nitrogen tanks for RT-PCR.

P1 p2 P3 P4 P5 P6
Age 60 61 61 68 65 64
Gender Male Male Male Female Female Female
Weight (Kg) 74 64 60 58 48 50
Height (cm) 169 172 164 155 146 149
Smoker Never Never Never Never Never Never
Location RLL RML RML RML, RLL RML, RLL RLL
HRCT UIP/NSIP UIP/NSIP UIP/NSIP UIP/NSIP UIP/NSIP UIP/NSIP
Duration* 2 month 1 month 1 month 6 month 8 month 1 month
Pulmonary function test
FvC 4.05L(91%) 4.25 L(74%) 3.79 L(95%) 2.39 L(55%) 2.13 L(60%) 2.07 L(28%)
FEV1 2.87 L(102%) 3.02 L(96%) 2.83L(104%) 1.65 L(59%) 1.49 L(70%) 1.39 L(42%)
FEV1/FVC 71% 71% 72% 71% 72% 71%

*, the time presentation of symptoms to diagnosis

RLL, right lower lobe; RML, right middle lobe; UIP, usual interstitial pneumonia; NSIP, nonspecific interstitial pneumonia
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Control healthy lung tissues were obtained from normal
portion of the lobectomy for lung cancer which is located as
far as possible from cancer. To reduce the selection bias be-
tween IPF group and non-IPF group, we selected control
human samples with similar conditions to the IPF group.

The study protocol was reviewed and approved by the Insti-
tutional Review Board and the methods were carried out in
accordance with the approved guidelines of the Catholic Uni-
versity of Korea Daejeon St. Mary’s Hospital (DC17SESI0078).

Immunofluorescence staining

Paraffin-embedded 7 um-thick tissue-sections were incubat-
ed at 56T for 6 h. Thereafter, tissue-sections were deparaf-
finized in xylene and rehydrated through a graded-series of
ethanol baths. Antigens were retrieved in antigen retrieval
buffer (0.01M citric acid-sodium citrate, pH 6.0) by heating
the tissue-sections in an autoclave at 121C for 25 min. After
washing, the tissue-sections were air-dried for 30 min and
then rewashed with 1x phosphate-buffered saline (PBS).
The tissue-sections were fixed with 4% paraformaldehyde in
PBS for 30 min, and then permeabilized with 0.5% Triton X-
100 in PBS for 10 min at room temperature. Tissue-sections
were blocked with 5% bovine serum albumin in PBS for 30
minutes at room temperature. Thereafter, tissue-sections
were incubated with primary antibodies for 24 h at 4C. On
the following day, the tissue-section slides were washed
three times with 1x PBS and incubated at 4C for 12 h with
secondary antibodies. Primary antibodies against Polyglu-
tamylation Modification (GT335, AdipoGen), y-tubulin
(Sigma-Aldrich), cytokeratin (Santa Cruz Biotechnology), and
vimentin (Santa Cruz Biotechnology) were used. GT335, a
monoclonal antibody directed against polyglutamylated
tubulins, stained the centriole/basal body and the axoneme
of ciliated cells, and the centriole of non-ciliated cells. Goat
anti-mouse and goat anti-rabbit secondary antibodies con-
jugated to Alexa Fluor dyes (Invitrogen/Life Technologies)
were used for indirect fluorescent detection. The stained
slides were observed under an Olympus FluoView FV1000
microscope equipped with a charge-coupled device camera
(Olympus Corp.).

Table 2. Lists of primer pairs used in gRT-PCR.

Inhibition of ciliogenesis in alveolar epithelial cell lines
A549, human type Il alveolar epithelial cell lines were ob-
tained from the Korea Cell Line Bank (Korea) and the Ameri-
can Type Culture Collection (ATCC, USA). The cell was
grown in an RPMI1640 medium supplemented with 10%
FBS and 1% penicillin/streptomycin at 37C in a 5% CO;
atmosphere. Cells were seeded in two 6-well plates.

To inhibit ciliogenesis, knockdown of KIF3A was per-
formed using small interference RNA (siRNA) transfection
into A549. A549 cells were transfected with siRNA KIF3A
using Lipofectamine™ RNAIMAX Transfection Reagent (Invi-
trogen) according to the manufacturer's instructions. Exper-
iments for primary cilia analysis were performed in serum
starvation, because serum starvation is commonly used to
induce ciliogenesis in cultured cells. To confirm the efficacy
of siRNA KIF3A, we performed gRT-PCR and examined pri-
mary cilia by immunofluorescence staining. Experiments
were done in triplicate.

Analysis of cilia frequency and length in cell lines and lung
tissue

The frequency of ciliated cells in lung tissue was determined
by counting GT335-positive cilia in 1000 nuclei of alveolar
(marked by cytokeratin) or fibroblast (marked by vimentin)
cells. However, since there are a few fibroblasts in the nor-
mal alveolar septae, only 100 fibroblasts were counted. Pri-
mary cilia were manually counted. Primary cilia length was
measured using the length measurement tool within the
software package (Olympus Corp.). Serial 10 images were
captured by adjusting the focus of the 7 um-thick tissue.
Following capture, the 10 images were combined into a
picture to allow measurement of the entire length of primary
cilia. At least 100 primary cilia were measured to determine
the average ciliary length.

mRNA isolation and quantitative RT-PCR

Total RNA was isolated from frozen human tissues (fibrotic
lesions and normal portions) or cultured cells using Trizol
(Invitrogen, Life Technologies, USA). Complementary DNA
(cDNA) was synthesized from the total RNA using M-MLV

Gene Forward Reverse

hiFT20 5-AGGCAGGGCTGCATTTTGAT-3’ 5’-CAAGCTCAATTAGACCACCAACA-3’
hIFT88 5-CAGTGACAGTGGCCAGAACA-3’ 5’-ATCTGTCCCAGGCAAAGCTC-3’
hSHH 5"-GAAAGCAGAGAACTCGGTGG-3’ 5’-CTCAGGTCCTTCACCAGCTT-3’
h/HH 5’- CATTGAGACTTGACTGGGCAA C-3’ 5’-AGAGCAGGCTGAGTTGGGAGTCGC-3’
hHHIP 5-ATGGTGGGTTGTGCTTTCC-3" 5 -AGTTGTGTTTGTGCTTTCTGCT-3’
hsSMo 5-CAGCAAGATCAACGAGACCA-3’ 5-GGCAGCTGAAGGTAATGAGC-3’
hPTCH1 5-CCTCGGGAAACCAGAGAATATG-3’ 5’-AAACTCCTGTGTAGGTCGTAAAG-3’
hGL/7 5"-CACATCCACAGCCTCTCTTT-3" 5-CCTGGGTTCTGAAGGAAGATAAT-3’
hGLz 5'-TTTATGGGCATCCTCTCTGG-3’ 5-AAGGCTGGAAAGCACTGTGT-3’
hGL/z 5"-CCTCCCAACTCCTCACACAT-3’ 5’-CAACACCAACTGGTCCCTCT-3’
hGAPDH 5'-TGCACCACCAACTGCTTAGC-3’ 5-GGCATGGACTGTGGTCATGAG-3’
(h, human)
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Reverse Transcriptase and oligo-dT primers (Invitrogen). gRT-
PCR was performed using QuantiTect SYBR Green PCR Mas-
ter Mix (QIAGEN). Each reaction was performed in triplicate.
Lists of primer pairs used in gRT-PCR were shown in Table 2.
Amplification conditions were as follows: 10 min at 95T for
enzyme activation, and 40 cycles at 95C denaturation for 10
s, 60T annealing for 30 s, and 72C extension for 30 s. The
cycle threshold (Ct) values for GAPDH RNA and that of tar-
get genes were measured and calculated by computer soft-
ware (Life Technologies 7500 software, USA).

Statistical analyses

Differences between mean values were analyzed using #test.

gPCR data were analyzed using Wilcoxon rank sum test. ~
value less than 0.05 was considered significant. All analyses
were performed using SPSS version 22.0 statistical software
(SPSS Inc., USA).

RESULTS

Identification of primary cilia in human normal lung tissue
The pulmonary alveoli consist of an alveolar epithelial layer
and extracellular matrix surrounded by capillaries. There are
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three major types of cells in the alveolar septae; type | and
type Il alveolar epithelial cells, and alveolar macrophages
(Figs. 1A and 1B). To investigate the distribution of primary
cilia in the lung parenchyma, we identified primary cilia using
antibodies against GT335, ARL13B and y-tubulin. The ax-
oneme/ basal body was stained with GT335, which is a use-
ful marker for analyzing cilia length. The basal bodies were
also stained with y-tubulin. In the normal lung, primary cilia
were detected in alveolar epithelial cells and endothelial cells
(Figs. 1C-1F, arrow). Alveolar cells show positive cytoplasmic
expression of cytokeratin. The primary cilia protruded from
the apical membrane of the alveolar epithelium and variable
tilt angles were found (Fig. 1G). Primary cilia were present
on endothelial cells where they project into the vessel lumen
(Fig. 1H, arrow). Cilia lengths were measured with Image)
software. The frequency of ciliated cells was 10.77 + 5.01%,
and the average length of the primary cilia was 1.13 + 0.47
um in the alveolar epithelium.

Increased number of primary cilia in IPF lung tissue

The hallmark pathological feature of UIP is a heterogeneous,
variegated appearance with alternating areas of healthy lung,
interstitial inflammation, fibroblastic foci, and honeycomb
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o Fig. 1. Distribution of primary cilia in normal human

lung tissues. (A, B) The alveolus is made up of a
single layer of epithelial cells and contains a dense
network of capillaries. ®, pneumocyte; ®, endo-
thelial cell; @), alveolar macrophage. H&E staining.
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Scale bar, 30 um. (C-F) Primary cilia (arrow) pro-
trude from the apical membrane of the alveolar
epithelium. Immunofluorescent staining of prima-
ry cilia (arrow) in the normal lung using anti-
GT335 (red) and anti-y-tubulin antibody (green).
Scale bar, 5 um. (G) Alveolar epithelial cells of
normal lung parenchyma have primary cilia. Im-
munofluorescence staining of primary cilia in the
normal alveolar epithelium using anti-ARL13B
antibody (red). Alveolar epithelium expressed by
anti-cytokeratin antibody (green). Scale bar, 5 um.
(H) Endothelial cells of normal lung parenchyma
have primary cilia. Immunofluorescence staining
of primary cilia (@anti-ARL13B, arrow) in the blood
vessel (anti-CD34). (I) There are a few fibroblasts
in the normal alveolar septae and primary cilia was
detected in 5.11% of the fibroblasts present in
the normal alveolar septae. Immunofluorescence
staining of primary cilia (anti-ARL13B, arrow) in
the fibroblast (anti-Vimentin). (J) Schematic for
distributions of primary cilia (arrow) in the micro-
anatomy of the alveolus.
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Fig. 2. Distribution of primary dilia in IPF. (A) Typical histologic finding of spatial heterogeneity in UIP with an abrupt transition from fi-
brosing alveolitis to normal lung. H&E staining. Scale bar, 30 um. (B, C) Primary cilia (arrow) are rarely changed in the healthy alveoli of
normal lung portions. In the portion where the alveolar wall begins to thicken, the frequency of primary cilia was increased. Immunoflu-
orescence staining of primary cilia using anti-ARL13B antibody (red). Alveolar epithelium expressed by anti-cytokeratin antibody (green).
Scale bar, 5 um. (D) Overlying epithelium of fibrosing alveolitis consists of hyperplastic alveolar cells. Fibrosis predominates over inflam-
mation. H&E staining. Scale bar, 30 um. (E) Primary cilia (arrow) are detected in the hyperplastic alveolar cell. Immunofluorescence stain-
ing of primary cilia in the hyperplastic alveolar cell using anti-ARL13B (red). Fibroblastic foci expressed by anti-vimentin antibody (green).
Scale bar, 5 um. (F) Fibrosis comprises mainly dense eosinophilic collagen deposition. There are fibroblastic foci in which fibroblasts and
myofibroblasts are arranged in a linear fashion within a pale staining matrix. H&E staining. Scale bar, 30 um. (G, H) Primary cilia in active
fibroblast within the interstitium. Immunofluorescence staining of primary cilia using anti-ARL13B antibody (red). Fibroblastic foci ex-
pressed by anti-vimentin antibody (green). Scale bar, 5 um. (l) The average frequency of primary cilia in alveolar epithelial cells (10.77%
in normal and 21.44% in IPF) and fibroblasts (5.11% in normal and 20.30% in IPF) of IPF compared with that of normal lung. ***P<

0.001 (~test).

change (Visscher and Myers, 2006). We evaluated the dis-
tributions of primary cilia in these lesions in IPF tissue. Fi-
broblasts/ myofibroblasts show positive cytoplasmic ex-
pression of vimentin. The mean frequency of primary cilia
was rarely changed in the healthy lung portions in IPF
compared with the control (P=0.414, Fig. 2B). In the por-
tion where the alveolar wall begins to thicken, the fre-
quency of primary cilia was increased (Fig. 2C). In intersti-
tial inflammation and fibroblastic foci, the overlying alveo-
lar epithelial cells were swollen or elongated (Figs. 2D and
2F). The frequency of primary cilia was significantly elevat-
ed in these hyperplastic alveolar epithelium compared with

the control (Fig. 2E). In the hyperplastic alveolar epithelium,

the mean frequency of primary cilia was 21.44 + 2.56%,
compared with 10.77 = 5.01% in the control (P= 0.009,
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Fig. 21). Fibroblastic foci were observed to be an area of
active fibroblast proliferation within the lung interstitium
(Figs. 2D and 2F), and were observed to have increased
number of primary cilia (Figs. 2E and 2G). In the fibroblastic
foci, the mean frequency of primary cilia was 20.30 *
3.18% compared with 5.11 + 2.01% in the control lung (P
= 0.0005, Fig. 21). The average length of the primary cilia
was 3.62 + 1.21 um in IPF (p=0.014).

Increased ciliogenesis contributes to upregulation of the
SHH signaling in IPF lung tissue

To determine whether an increased number of primary cilia
is associated with aberrant activation of ciliogenesis in IPF,
we examined the expression levels of genes involved in cilio-
genesis. The expression levels of /F720, IFT88 and KIF3A
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MRNA were increased in IPF (Fig. 3A). This result indicates
that the increase in the number of primary cilia is due to
increased ciliogenesis.

Bolanos et al. demonstrated that the SHH pathway is acti-
vated in IPF lungs and that SHH may contribute to IPF path-
ogenesis by increasing the proliferation, migration, extracel-
lular matrix production, and survival of fibroblasts (Bolanos
etal, 2012; Cigna et al., 2012). Based on their findings, we
investigated whether increased ciliogenesis of alveolar epi-
thelial cells and fibroblastic foci induces upregulation of SHH
signals. We quantified the mRNA expression of the SHH
signaling components using Quantitative Real-time Polymer-
ase Chain Reaction (gRT-PCR) in both IPF and control lung
tissue. mMRNA levels of SHH, the coreceptor SMO, the recep-
tor PTCH1, and the transcription factors GZ/7 and GL/2 were
upregulated in IPF compared with control (P< 0.05). mRNA
levels of GL/3 did not significantly differ between IPF and
control (Fig. 3B). In addition, we identified GLI1 positive cells
using immunostain. The nuclear localization of GLI1 was
observed mainly in alveolar epithelia and fibroblasts, while In
normal lung parenchyma, GLI1 positive cell was rarely de-
tected in control normal lung (Fig. 3C).

Inhibition of ciliogenesis contributes to downregulation of
the SHH signaling in human alveolar epithelial cells

Based on our findings in IPF tissues, we have shown that
primary cilia are involved in aberrant activation of SHH sig-
naling in IPF pathogenesis in vitro. First, to determine
whether alterations in ciliogenesis in alveoli directly affect
SHH signaling, we generated alveolar epithelial cell lines,
A549 that harbor a loss of primary cilia. We suppressed cilio-
genesis in A549 cells using RNA interference of AIF3A,
which encodes a subunit of the heterotrimeric motor protein,
kinesin-2 required for assembly of the primary cilium
(Marszalek et al., 2000). KIF3A«nockdown A549 cells
showed a marked reduction of A/F34 mRNA levels (P =
0.0023)(Fig. 4A). The expression levels of IFT88 and ARL13B
protein were decreased in A/F3A+«nockdown A549 (Fig. 4B).
KIF3A«nockdown A549 showed markedly decreased num-
bers of primary cilia compared with wild-type A549 (Fig. 4C).
The frequency of primary cilia was 33.40 + 4.47% in wild-
type A549 and 7.17 £ 2.40% in AIF3A+«nockdown A549 (p
<0.001). The average length of the primary cilia was 5.876 +
2.35 um in wild-type A549 and 1.376 = 0.22 um in A/F3A-
knockdown A549 (p < 0.001). These results indicate that the
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formation of primary cilia in A549 cells was inhibited by siR-
NA KIF3A.

Next, we examined gene expression of the SHH signaling
in A549 cells with deleted primary cilia. mMRNA expression
levels of SHH, IHH, HHIP, GL/7 and GL/3 were downregulat-
ed in A549 with ciliary loss compared to A549 with intact
primary cilia. PTCH7 and GL/2 mRNA expression levels did
not change significantly in A549 cells with and without pri-
mary cilia (Fig. 4D). PTCHT expression levels were reduced
but not significant. This suggests that PTCH1, a receptor for
SHH, is predominantly present in fibroblasts, so that PTCH1
may not change significantly in alveolar epithelial cells. Taken
together, these findings indicate that loss of primary cilia
leads to decreased SHH signaling in lung alveolar epithelial
cells.

DISCUSSION

In the present study, we first investigated the characteristic
changes in distribution, frequency and length of primary cilia
in IPF compared to human normal lung tissue. Excessive
ciliogenesis was found in the hyperplastic alveolar epithelium
and fibroblastic foci of IPF, but the activation of primary cilia
was rarely found in normal lung tissue. The primary cilia of
lung have been demonstrated by Jain et al. (2010). They
showed that the primary cilia, which are rarely observed in
normal airway epithelium, are detected after injury. These
findings indicate that the primary cilia play a critical role in
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Fig. 4. Altered mRNA expression levels of the
SHH signaling genes in human alveolar epi-
thelial cells with defective KIF3A-mediated
ciliary loss. (A) AKIF3A+«nockdown A549 cells
showed a marked reduction of A/F34 mRNA
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i'é 15 . 1 age length of primary cilia in AIF34-
= i knockdown A549 and wild-type control. (D)
&= The gene expression of SHH, IHH, HHIP,
0 0> i GL/7, and GL/3 was decreased in A549 cells

8 0 with diliary loss (SHH, 2= 0.0007; IHH, P =
© 0.0040; HHIP, = 0.0034; GLI1, = 0.0029;
GLI3, P = 0.0266). mRNA levels of PTCH1

and GL/2 did not significantly differ between

KIF3A-knockdown A549 and wild-type con-

trol (PTCH1, P=0.0723; GLI2, = 0.0587).

Il Control MRNA levels of SHH, IHH, HHIP, PTCHT,
M KIF3A KD GLl1, GLI2, and GL/3 were normalized to

levels of GAPDH.

the development and repair of airway epithelium. Trempus
et al. (2017) demonstrated that the primary cilia are neces-
sary for the airway remodeling by mediating calcium flux
and SHH signaling. They suggest that the effect of primary
cilia in airway smooth muscle cells contraction is only partly
mediated through SHH signaling and other signalings, such
as calcium flux are involved in more portions. We showed
the upregulation of the SHH signaling in IPF, which is associ-
ated with excessive ciliogenesis in both alveolar epithelium
and fibroblasts. The difference between results is thought to
be due to the difference in the progression degree of pul-
monary fibrosis. In order for the smooth muscle to deposit in
lung alveoli, fibrosis should proceed considerably. But in our
study, there was no significant fibrotic specimen in which
smooth muscle was deposited in lung alveoli. Because pri-
mary cilia can affect multiple signaling pathways, including
the Wnt (Lancaster et al., 2011) and Hedgehog pathway
(Wong et al., 2009) that are implicated in diseases, excessive
ciliogenesis results in morphological and/or functional
changes of affected cells or organs. Recent studies have
shown that SHH signaling has been implicated in lung fibro-
sis (Yang et al., 2013) and IPF (Bolanos et al., 2012). Key
components of the SHH signaling with known roles in fibro-
genesis localize to the primary cilia (Seeger-Nukpezah and
Golemis, 2012). We showed the upregulation of the SHH
signaling in IPF, which is associated with excessive ciliogen-
esis. However, direct association between excessive cilio-
genesis and cell fibrosis has not been demonstrated. Some
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Fig. 5. Excessive ciliogenesis of primary cilia contributes to up-
regulation of SHH signaling in IPF lung tissue.
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ciliopathies, such as polycystic kidney disease, have been
associated with fibrosis (Chang et al., 2006; Piontek et al.,
2007). Thus, primary cilia might be affected during fibrosis
and/or conversely ciliary changes might affect fibrogenesis.
The precise mechanisms between ciliary changes and cell
fibrosis should be further studied.

The current hypothesis regarding the pathogenesis of IPF
is that after repeated epithelial cell injury, aberrant activation
of alveolar epithelial cells provokes the migration, prolifera-
tion, and activation of mesenchymal cells with the formation
of fibroblastic foci, leading to exaggerated accumulation of
extracellular matrix with an irreversible destruction of the
lung parenchyma (Harari and Caminati, 2010). Impaired
communication between alveolar epithelial and mesenchy-
mal cells may contribute to the pathophysiology of IPF
(Horowitz and Thannickal, 2006). Our results demonstrate a
new aspect of IPF pathogenesis that injury to alveolar epithe-
lial cells, which is thought to be the key event for initiation of
IPF, must lead to an aberrant activation of ciliogenesis, and
the increased frequency and length of primary cilia contrib-
utes to upregulation of SHH signaling.

Taken together, we propose a unigue insight for the path-
ogenesis of IPF as illustrated in Fig. 5; (1) chronic exposure to
inciting or triggering agents or chronic aspiration in a sus-
ceptible host lead to excessive ciliogenesis, and (2) abnor-
mally activated primary cilia causes upregulation of SHH
signaling, which leads to (3) aberrant activation of alveolar
epithelial cells and myofibroblasts as well as migration, pro-
liferation, and activation of mesenchymal cells, (4) conse-
quently leading to exaggerated accumulation of extracellular
matrix with an irreversible destruction of the lung paren-
chyma.

@ Fibroblast

@ Alveolar macrophage
O Alveolar type | cell

@ Alveolar type Il cell

Aberrant activation of
alveolar epithelial cells

We could not establish the precise mechanisms for ciliary
activation response to chronic lung injuries, because we did
not unfortunately obtain in vivo mouse models for IPF. How-
ever, several studies have shown that upregulation of cilio-
genic transcription factors is a general response to cell injury
(Hellman et al., 2010). In the mammalian kidney, cilia length
significantly increases in response to kidney injury (Verghese
et al., 2008; 2009). In the pancreatic duct, increase cilia
length has been associated with ductal injury (Ashizawa et
al., 1999; Hamamoto et al., 2002). These studies demon-
strated that injury-induced changes of cilia structure and
function are a compensatory response to injury (Hellman et
al., 2010). Maintenance of primary ciliary function requires
highly regulated mechanisms of ciliogenesis, which can lead
to increased or decreased ciliogenesis for compensation if
altered. Therefore, we suggest that excessive ciliogenesis in
IPF could be an adaptive response to injury.

We demonstrated a significant increase in primary cilia as
well as upregulation of SHH signaling in IPF. These findings
strong suggest that aberrant ciliogenesis of primary cilia
might play an important role in the pathogenesis of IPF. This
aspect of the pathogenesis of IPF associated with excessive
ciliogenesis could be targeted to develop therapeutic strate-
gies for IPF.
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