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Abstract

Airway epithelium ciliated cells play a central role in clearing the
lung of inhaled pathogens and xenobiotics, and cilia length and
coordinated beating are important for airway clearance. Based on
in vivo studies showing that the airway epithelium of healthy smokers
has shorter cilia than that of healthy nonsmokers, we investigated the
mechanisms involved in cigarette smoke-mediated inhibition

of ciliogenesis by assessing normal human airway basal cell
differentiation in air-liquid interface (ALI) cultures in the presence
of nontoxic concentrations of cigarette smoke extract (CSE).
Measurements of cilia length from Day 28 ALI cultures demonstrated
that CSE exposure was associated with shorter cilia (P < 0.05),
reproducing the effect of cigarette smoking on cilia length observed
in vivo. This phenotype correlated with a broad CSE-mediated
suppression of genes involved in cilia-related transcriptional
regulation, intraflagellar transport, cilia motility, structural integrity,
and basal body development but not of control genes or epithelial
barrier integrity. The CSE-mediated inhibition of cilia growth could
be prevented by lentivirus-mediated overexpression of FOXJ1, the
major cilia-related transcription factor, which led to partial reversal

of expression of cilia-related genes suppressed by CSE. Together, the
data suggest that components of cigarette smoke are responsible
for a broad suppression of genes involved in cilia growth, but, by
stimulating ciliogenesis with the transcription factor FOXJ1, it may
be possible to maintain close to normal cilia length despite the stress
of cigarette smoking.
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Clinical Relevance

We examined the effect of cigarette smoke on ciliogenesis in
human airway epithelium in an in vitro setting to understand
why cigarette smoking is associated with shortened cilia.
This simple in vitro model can serve as a useful tool in
understanding the human airway epithelium biology related
to ciliogenesis and the response of differentiating basal cells to
environmental stressors.

established. When the cilia are defective

The ciliated cells of the mucociliary airway
epithelium play a critical role in clearing the
lung of inhaled pathogens, particulates,
and xenobiotics (1). The motile cilia extend
from the apical surface of the ciliated cells
into the periciliary layer, with the cilia

tips reaching the mucus gel layer of the
airway lumen (2, 3). Mucus, secreted by the
secretory cells of the airway epithelium,
traps inhaled particles and is removed by
cilia to cleanse the airways (2, 4). The

coordinated beating and the length of the
motile cilia are crucial for the mucociliary
clearance process. The cilia motor
proteins mediate coordinated and
unidirectional beating, propelling the
mucus gel layer cephalad (5, 6). If the cilia
are shorter than the normal average of 6
to 7 wm (3, 7, 8), then it is logical to assume
that the mucus gel layer cannot be
propelled in a normal fashion, although

a direct causative connection has not been

in coordinated motility, length, or both,
inhaled particles may remain in the
respiratory tract. If toxic, as in the case
of the cigarette smoke components, these
particles can contribute to increased risk of
developing airway epithelium lung diseases
such as chronic obstructive pulmonary
disease (COPD) and lung cancer (9, 10).
A variety of studies have assessed the
mechanisms by which cigarette smoke
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inhibits ciliary beat frequency (11-17). For
example, cigarette smoke extract (CSE)-
induced oxidative stress and intracellular
reactive oxygen species generation

cause loss of the ciliated phenotype,
suggesting that oxidative stress may play

a major role in the CSE-induced effects
on ciliogenesis (12). It is not understood,
however, how cigarette smoke might alter
the structure of cilia and particularly why
smoking is associated with shorter cilia

(8, 18-21). In this regard, we hypothesized
that the effect of smoking on ciliogenesis
occurs, at least in part, by suppression of
cilia-related gene expression during the
process of ciliated cell differentiation. The
ciliated cells of the human airway epithelium
are derived from basal cells, the stem/
progenitor cell population that represents
10 to 15% of the airway epithelial cells (22).
The airway epithelium is constantly
renewed, estimated to turn over every 30 to
40 days, with the basal cells differentiating
into ciliated and secretory cells (23, 24).
To investigate the mechanisms involved in
cigarette smoke-mediated suppression of
human airway cilia development and
growth, normal human airway basal cells
were differentiated in air-liquid interface
(ALI) cultures in the presence or absence of
CSE. This in vitro model recapitulated the
effect of cigarette smoking on shortening
cilia length that is observed in vivo and
permitted the assessment of CSE effect

on the expression of genes relevant to
ciliogenesis. The data demonstrate that
CSE has a broad effect on inhibiting the
expression of a variety of genes related to
ciliogenesis and that overexpression of the
cilia-related transcription factor FOXJ1 can
prevent the CSE-mediated inhibition of
cilia growth.

Materials and Methods

Cell Culture and Gene

Expression Analysis

Nonsmoker basal cells (catalog no.
CC2540S; Lonza, Walkersville, MD) were
cultured and differentiated into mucociliary
epithelium following standard procedures.
For TagMan PCR analysis, ALI cultures
were washed with PBS and homogenized
in TRIzol (Life Technologies, Carlsbad,
CA), followed by RNA isolation, cDNA
preparation, and real-time PCR analysis.
Further details are provided in the online
supplement.

Histology

The ALI cultures were washed once with
PBS and fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield,
PA) for 20 minutes at 23°C followed

by three washes with PBS. After fixation,
the ALI membranes were analyzed by top-
stain immunofluorescence or sectioned and
then analyzed by hematoxylin and eosin
staining, immunofluorescence, or Alcian
blue staining. Further details are provided
in the online supplement.

Western Analysis

Cells were lysed directly in ALI cultures
by adding into the transwell insert
100 pl of 1X NuPAGE LDS Sample
Buffer (Life Technologies) diluted in
radioimmunoprecipitation lysis buffer
(Sigma, St. Louis, MO) containing
Complete Protease Inhibitor Cocktail
(Roche, Mannheim, Germany), Halt
phosphatase inhibitor cocktail (Pierce,
Rockford, IL), and 50 mM dithiothreitol
(Sigma) followed by standard procedures
as described in the online supplement.

CSE Treatment of ALI Cultures

Cells were exposed to 0.1, 1, 3, and 6%
CSE between Days 5 and 28 or between
Days 28 and 42 of ALI culture from

the basolateral side of the transwell inserts
(see the online supplement for details
regarding the CSE preparation protocol).
Medium was changed every 2 to 3 days,
and each time a fresh CSE aliquot was
thawed and diluted accordingly. Cell
viability was determined by using the
Cytotoxicity Detection Kit (lactate
dehydrogenase; Roche Applied Science,
Indianapolis, IN) (further details are
provided in the online supplement).
Epithelial barrier integrity was determined
by measuring the transepithelial electrical
resistance ({0 X cm?) in Day 28 ALI
cultures using the Millicell ERS-2 epithelial
volt-ohm-meter (Millipore, Bedford, MA).
To assess cilia length, Day 28 or Day

42 ALI cultures were washed once with
PBS followed by dissociation from the
transwell inserts by gently rubbing with

a pipette tip and pipetting up/down in
PBS. For each transwell insert, cells

were resuspended in a total volume of
600 pl of PBS. The cell suspension

(100 1) was applied to a glass slide by
cytocentrifugation (Cytospin 11; Shandon
Instruments, Pittsburgh, PA), air dried, and
stained with a Diff-Quik stain (Dade
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Behring, Deerfield, IL). Further details are
provided in the online supplement.

Lentivirus-Mediated

FOXJ1 Expression

Human FOX]J1 was constitutively
overexpressed in ALI cultures under the
CMV promoter via lentivirus-mediated
transduction. The Lenti-FOX]J1 expressing
lentiviral plasmid (catalog no. LV162690) and
the Lenti-control lentiviral plasmid (catalog
no. LV069) were from Applied Biological
Materials Inc. (Richmond, British Columbia,
Canada). Further details are provided in the
online supplement (see Figure E4A in the
online supplement for vector maps).

Results

ALI Cultures

The basal cells differentiated in ALI cultures
as expected. The gene expression of the
basal cell-related markers KRT5, P63, and
ITGA6 was significantly down-regulated
(P < 0.001) on Day 28 of ALI cultures

as compared with Day 0 (Figure 1A).

In contrast, expression of the ciliated
cell-related markers FOXJ1, DNAII, and
IFT172 (Figure 1B) and the secretory
cell-related markers MUC5AC, MUC5B,
and SCGB1A1 (Figure 1C) was significantly
up-regulated (P < 0.05) on Day 28
compared with Day 0. B-Tubulin IV
immunofluorescent staining verified that
ciliated cells were present at Day 28
(Figure 1D). Hematoxylin and eosin
staining of paraffin-embedded sections of
Day 28 ALI cultures also confirmed that the
basal cells differentiated into a multilayered
ciliated epithelium (Figure 1E). Consistent
with the differentiation of the basal cells
to a mucociliary epithelium, Western
analysis of cell protein lysates of Day 0 and
Day 28 ALI cultures demonstrated that the
level of P63 protein (basal cell) decreased,
whereas the levels of FOX]J1 and DNAI1
(ciliated cell) and SCGB1AL1 proteins
(secretory cell) increased, on Day 28 of
ALI cultures (Figure 1F).

Overall Effects of CSE

The basal cells were exposed to 0.1, 1, 3,
and 6% CSE between Days 5 and 28 of ALI
culture from the basolateral side of the
transwell inserts (Figure 2A). The CSE
concentrations used throughout the study
had very low toxicity on the differentiating
cells; the 0.1, 1, and 3% CSE treatments had
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Figure 1. Differentiation of human airway basal cells in air-liquid interface (ALI) cultures. (A-C)
TagMan PCR analyses of differentiation-related genes from Day 0 and Day 28 ALI cultures. Basal cell
genes (KRT5, P63, ITGAB) (A), ciliated cell genes (FOXJ1, DNAIT1, IFT172) (B), and secretory cell
genes (MUC5AC, MUC5B, SCGB1A1) (C). Averages and standard errors of three independent
experiments are shown. P values were determined by two-tailed Student’s t test. *P < 0.05; **P <
0.001. (D) Immunofluorescent staining of ciliated cell marker B-tubulin IV (green) in Day 28 ALI
cultures; cell nuclei stained with DAPI. Bar, 20 pwm. (E) Hematoxylin and eosin staining of paraffin-
embedded section of Day 28 ALl cultures. Bar, 20 pum. (F) Western analysis. Shown is expression
of P63, FOXJ1, DNAI1, and SCGB1A1 proteins in whole cell lysates of Day 0 and Day 28 ALI cultures.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. Data in

D-F are representative of three independent experiments.

no significant effect on cells, whereas 6%
CSE increased cytotoxicity to 5.9% (P <
0.05) (Figure 2B). Measurements of the
transepithelial electrical resistance showed
that the CSE treatments had no effect on
the barrier integrity of the differentiated
epithelium (P > 0.05) (Figure 2C).

The expression of the housekeeping
genes (GAPDH and LDHA) did not change
in the presence of the CSE treatments
(Figure 2D). In contrast, the expression
of the oxidative stress-response genes
(CYP1AI and CYP1BI1) was significantly
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up-regulated in the presence of the CSE
treatments in a concentration-dependent
manner (Figure 2E). Similarly, the
expression of the smoking-induced genes
(UCHLI and SLC7A11), chosen because
these genes are up-regulated by smoking in
brushed samples of airway epithelium of
smokers compared with nonsmokers (25),
was significantly up-regulated in the
presence of CSE in a concentration-
dependent manner (Figure 2F).

The expression of the basal cell genes
(KRTS5, P63, and ITGA6) did not change in

the presence of CSE (P > 0.05 for all)
(Figure 3A). However, CSE significantly
down-regulated the expression of the
ciliated cell-related genes, including FOXJ1,
DNAI1, and IFT172 (Figure 3B), and
secretory cell-related genes, including
MUCS5AC, MUC5B, and SCGB1A1
(Figure 3C). In contrast, the expression
of the squamous cell-related genes,
including KRT14, KRT6B, and IVL, was
significantly up-regulated in the presence
of CSE (Figure 3D).

In addition to the gene expression
analysis, we examined the effect of CSE
on epithelium morphology and epithelial
cell proportions. Hematoxylin and eosin
staining of paraffin-embedded sections of
Day 28 ALI cultures showed that exposure
to CSE led to the development of regions
with a flattened single-cell epithelial layer
and regions with disordered thickened
epithelium (Figure 3E). Cross-section
measurements and quantification indicated
that CSE exposure did not significantly
change the average thickness of the
epithelium throughout the transwell
(P > 0.05) (see Table E2). However, in
CSE-exposed ALI cultures there was
a significant increase in the range
distribution of epithelium thickness
(Table E2). Day 28 ALI cross-section
epithelial cell staining (Figures E1A-E1D)
and quantification (Figure 3F) showed that
CSE exposure reduced the percent
abundance of ciliated cells (P < 0.05) and
the percent abundance of secretory cells
(P < 0.05). The percent abundance of
Alcian blue-positive cells was very low
(2.3%) and did not change significantly in
the presence of CSE (not shown). In
contrast, CSE treatment increased the
percent abundance of basal cells (P < 0.05)
and the percent abundance of squamous
cells (P < 0.001). None of the cells in the
Day 28 ALI cultures exposed to CSE were
proliferating, as KI67 staining was negative
(Figure E1E and see Figure E1F for K167
antibody positive control in proliferating
basal cells).

CSE Suppression of Cilia Length
Morphologic assessment of the ciliated cells
from the 3 and 6% CSE-treated ALI cultures
suggested that the ciliated cells had
shorter cilia compared with the untreated
ALI cultures (Figure 4A; 0 and 3% CSE
treatments are shown for representative
images of cilia). Quantitative analysis

of cilia length showed that the untreated
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Figure 2. Effect of cigarette smoke extract (CSE) on ALI cultures. (A) Experimental design. ALl cultures were exposed to 0, 0.1, 1, 3, and 6% CSE
between Days 5 and 28 from the basolateral side of the transwell inserts. Medium was changed every 2 to 3 days, with fresh CSE added. (B) Viability.
Assessment at Day 28 by lactate dehydrogenase release assay. (C) Barrier integrity. Shown is the effect of CSE on transepithelial electrical resistance
(TEER) (expressed in © X cm?) in untreated and CSE-treated Day 28 ALl cultures. Data in B and C represent averages and standard errors of three
independent experiments. P values were determined by two-tailed Student’s t test. *P < 0.05. n.s., nonsignificant (P > 0.05). (D-F) TagMan PCR analyses
of housekeeping genes (GAPDH, lactate dehydrogenase A [LDHA]), oxidative stress genes (CYP1A1, CYP1B1), and smoking-induced genes (UCHL1,
SLC7A11) in Day 28 ALI cultures. Averages and standard errors of three independent experiments are shown. P values were determined by two-tailed
Student’s t test. *P < 0.05, P < 0.01, and ***P < 0.001. n.s., nonsignificant (P > 0.05).

Day 28 ALI cultures had an average cilia
length of 6.7 wm, whereas 1, 3, and 6% CSE
treatments decreased cilia length to 5.7, 5.5,
and 4.9 pm, respectively (P < 0.05 each
in comparison to no CSE) (Figure 4B). The
data reflected a significant decrease in the
average cilia length (P < 0.05) (Figure 4C).
Distributions of cilia length, represented
as individual cilia measurements sorted by
increasing length, demonstrate the global
inhibition of cilia growth by CSE (Figures
E2A-E2E; see Tables E3 and E4 for detailed
statistical analysis of CSE-mediated
inhibition of cilia growth).

To validate the method for determining
the average cilia length and to assess
whether 100 cilia (10 cilia on each of 10
ciliated cells) were a representative sample,

500 cilia were measured (10 cilia on each
of 50 ciliated cells; see Supplemental
Methods). Distribution of cilia length from
Day 28 ALI cultures treated with 0 or 3%
CSE between Days 5 and 28 was constructed
by creating histograms from 0.2-pm bins
and then determining the frequency of cilia
length for each bin (Figure E3). The
distribution curves of cilia lengths were
visually similar and not significantly
different (all P > 0.05), suggesting that
evaluating 100 cilia adequately represented
the population of cilia length for each
group. An average cilia length for each
group was calculated using the 10-cell set
(100 cilia), and this average was then
compared with the average cilia length of
the 50-cell set (500 cilia). This average cilia

Brekman, Walters, Tilley, et al.: Smoking and Ciliogenesis

length was not significantly different (in
untreated cultures: 6.53 wm for the 10-cell
set and 6.59 pm for the 50-cell set; in 3%
CSE cultures: 5.16 wm for the 10-cell set
and 5.20 wm for the 50-cell set; all P > 0.05).
The effect of CSE treatment on cilia
length in growing cilia was examined by
allowing basal cells to differentiate for
28 days in ALI cultures and then continuously
exposing the cells to 0, 3, and 6% of
CSE between Days 28 and 42 of ALL
Quantitative analysis of cilia length showed
that ciliated cells in the untreated Day
42 ALI cultures had longer cilia than Day
28 cultures (P < 0.05) (Figure 4D), whereas
in the presence of 3 and 6% of CSE, this
elongation of cilia was suppressed
(Figure 4D).
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Figure 3. Effect of CSE on human airway basal cells differentiation in ALI cultures. Cells were differentiated in ALI cultures while being exposed to 0, 3,
and 6% of CSE between Days 5 and 28. (A-D) TagMan PCR analyses of differentiation-related genes at Day 28 of ALl cultures. Basal cell genes (KRT5,
P63, ITGAB) (A), ciliated cell genes (FOXJ1, DNAI1, IFT172) (B), secretory cell genes (MUC5AC, MUC5B, SCGB1A1) (C), and squamous cell genes
(KRT14, KRT6B, IVL) (D). Averages and standard errors of three independent experiments are shown. P values were determined by two-tailed Student’s
t test. *P < 0.05, **P < 0.01, and **P < 0.001. (E) Hematoxylin and eosin staining of paraffin-embedded sections of Day 28 ALl cultures treated
with 0 and 3% CSE. Bar, 20 pm. (F) Quantitative assessment of basal cells (KRT5+), ciliated cells (DNAI1+), secretory cells (SCGB1A1+), and squamous
cells (IVL+) in ALl cultures. The percentage of basal, ciliated, secretory, and squamous cells was determined by counting the different epithelial cells,
visualized by immunofluorescent or Alcian blue staining of ALl sections (representative images are shown in Figure E1) and dividing those values by the
total number of cells, determined by counting the DAPI-stained nuclei in the same field. Shown are averages of means and standard errors of three
independent experiments. P values were determined by two-tailed Student’s ¢ test. *P < 0.05; **P < 0.001.
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CSE Suppression of the Cilia-Related factor X2), and RFX3 (regulatory factor TTC26 (tetratricopeptide repeat domain

Transcriptional Program X3); (2) cilia intraflagellar transport genes  26), BBS5 (Bardet-Biedl syndrome 5), and
Four different categories of the ciliated KIF21A (kinesin family member 21A), CLUAP1 (clusterin associated protein 1);
cell-related genes were examined, including DYNC2H1 (dynein cytoplasmic 2 heavy (3) cilia motility and structural integrity
(1) cilia-related transcription factors FOXJ1  chain 1), IFT57 (intraflagellar transport 57), genes DNAI1 (dynein axonemal
(forkhead box J1), RFX2 (regulatory IFT172 (intraflagellar transport 172), intermediate chain 1), DNAH5 (dynein
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Figure 4. Suppression of ciliogenesis in cells differentiating in ALl cultures in the presence of CSE.
Cells were differentiated in ALI cultures while being exposed to 0, 0.1, 1, 3, and 6% of CSE between
Days 5 and 28. (A) Examples of the effect of CSE on cilia length. On Day 28 of ALI culture,
suspensions of differentiated cells were applied to glass slides using a cytocentrifuge, air dried, and
stained with Diff-Quik. Shown are representative images of cilia in 0 and 3% CSE-treated ALI cultures
from three independent experiments. Bar, 7 um. (B) Quantitative assessment of cilia length in
untreated and CSE-treated Day 28 ALI cultures. Shown are means and standard errors of three
independent experiments; in each experiment, 10 cilia on 10 different ciliated cells were measured
(100 measurements in total per experiment) in 60X images of Diff-Quik—stained cytospins using
ImagedJ software. (C) Average percent decrease in cilia length. The average cilia length in untreated
Day 28 ALI cultures was set to 100%, and the average cilia length in the CSE-treated Day 28 ALl
cultures was normalized to the untreated values. (D) Effect of CSE on cilia length when ALI cultures
continued beyond 28 days. Quantitative assessment of cilia length of untreated (Days 28 and 42) and
CSE-treated cells (ALl cultures treated with O, 3, and 6% of CSE between Days 28 and 42). Cilia
lengths were determined using same methods as in B. In B-D, averages and standard errors of three
independent experiments are shown. P values were determined by two-tailed Student’s ¢ test. *P <
0.05 and **P < 0.01.

11), and SPAG6 (sperm associated antigen
6); and (4) basal body development

ODF2 (outer dense fiber of sperm tails 2),
CETN3 (centrin EF-hand protein 3),

axonemal heavy chain 5), DNAH9 (dynein
axonemal heavy chain 9), DNAHI10
(dynein axonemal heavy chain 10),
DNAHI11 (dynein axonemal heavy chain
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CEP78 (centrosomal protein 78 kD), OFD1
(oral-facial-digital syndrome 1), and EZR
(ezrin). The expression of the cilia-related
transcription factor genes was significantly
down-regulated in the presence of the CSE
treatments, including FOXJ1, RFX2, and
RFX3 (Figure 5A). Similarly, the expression
of the cilia intraflagellar transport genes
was significantly down-regulated in the
presence of the CSE treatments, including
KIF21A, DYNC2H]1, IFT57, IFT172,
TTC26, BBS5, and CLUAP1 (Figure 5B).
The expression of the cilia motility and
structural integrity genes was also
significantly down-regulated in the
presence of the CSE treatments, including
DNAI1, DNAH5, DNAH9, DNAHI10,
DNAH11, and SPAG6 (Figure 5C).
Likewise, the expression of the basal body
development genes was significantly down-
regulated in the presence of the CSE
treatments, including ODF2, CETN3,

and CEP78 (Figure 5D).

Consistent with the CSE-mediated
suppression of mRNA levels, exposure of the
differentiating basal cells to CSE down-
regulated key ciliated cell-related proteins
such as FOXJ1 and DNAII. FOX]J1 is
a well-characterized transcription factor
involved in ciliated cell differentiation and
has been suggested as a major regulator
of the ciliated cell differentiation process
(26-28), whereas DNAII (intermediate
chain 1) is part of the outer dynein arm
protein complexes, which, together with
the inner dynein arm protein complexes,
produces the force for ciliary axoneme
bending (27, 29). Western analysis
demonstrated that exposure to CSE
between Days 5 and 28 of ALI culture
resulted in lower levels of FOX]J1 and
DNAI1 (Figure 5E).

FOXJ1 Expression Prevents
CSE-Mediated Suppression of

Cilia Growth

Because the FOX]J1 transcription factor is
a major regulator of motile cilia growth, we
hypothesized that the inhibitory effect of
CSE on ciliogenesis might be circumvented
by overexpression of FOXJ1 (26-28).
Lenti-control and Lenti-FOX]J1-infected
basal cells were differentiated in ALI
cultures, and FOXJ1 gene expression was
analyzed during the differentiation process.
There was a higher induction in FOX]J1
expression in Lenti-FOXJ1-infected

cells compared with the Lenti-control
(Figure E4B). Lenti-control-infected and
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Figure 5. CSE-mediated suppression of the cilia-related transcriptional program in differentiating ALI cultures. (A-D) TagMan PCR analysis of cilia-related
genes. Cilia-related transcription factors (FOXJ1, RFX2, RFX3) (4), intraflagellar transport (KIF21A, DYNC2H1, IFT57, IFT172, TTC26, BBS5, CLUAP1) (B),
motility and structural integrity (DNAI1, DNAH5, DNAH9, DNAH10, DNAH11, SPAGS) (C), and basal body development (ODF2, CETN3, CEP78,
OFD1, EZR) (D). Cells were differentiated in ALI cultures while being exposed to 0, 3, and 6% of CSE between Days 5 and 28. Averages and standard
errors of three independent experiments are shown. P values were determined by two-tailed Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001.
n.s., nonsignificant (P > 0.05). (E) Western analysis of FOXJ1 and DNAI1 proteins in whole cell lysates of Day 28 ALI cultures treated with O, 3, and
6% CSE. GAPDH was used as a loading control. Western analyses were representative of three independent experiments.

Lenti-FOXJ1-infected basal cells were FOX]J1 expression (P < 0.01) (Figure 6A), (Figure 6A), and in the presence of CSE,
differentiated in ALI cultures and were consistent with the uninfected ALI the FOX]J1 expression gene was
continuously treated with 3% CSE between cultures that were treated with CSE up-regulated 2.7-fold (P < 0.05)

Days 5 and 28 of culture. On Day 28 of ALI  (compare Figure 6A with Figure 5A). In (Figure 6A). In Lenti-control-infected
culture, the cells were analyzed for FOX]J1 Lenti-FOXJ1-infected ALI cultures, the cultures, the protein levels of FOX]J1 were
gene expression. In Lenti-control-infected  expression of FOXJ1 was up-regulated decreased by CSE (Figures 6B [compare
cultures, CSE treatment down-regulated by an average of 3.2-fold (P < 0.05) lanes 1 and 2] and 6C), correlating with the
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Figure 6. Prevention of CSE-mediated suppression of cilia growth by FOXJ1 overexpression. Basal cells infected with Lenti-control or Lenti-FOXJ1
lentiviruses were differentiated in ALI cultures while being exposed to 0 and 3% CSE between Days 5 and 28. (A) TagMan PCR analysis of FOXJ1 gene
expression in Day 28 ALI cultures. Averages and standard errors of three independent experiments are shown. P values were determined by two-tailed
Student’s t test. *P < 0.05. n.s., nonsignificant (P > 0.05). (B) Western analysis of FOXJ1 protein in whole cell lysates of Day 28 ALI cultures.

GAPDH was used as a loading control. Representative Western analysis of three independent experiments is shown. (C) Quantification of relative band
intensities of FOXJ1 protein in Western analysis from three independent experiments. FOXJ1 and GAPDH band intensities were quantified using
Imaged software followed by normalization of FOXJ1 to the GAPDH values. Averages and standard errors of three independent experiments are shown.
P values were determined by two-tailed Student’s t test. *P < 0.05; **P < 0.01. (D) Quantitative assessment of cilia length in Day 28 ALI cultures. Shown
are means and standard errors of three independent experiments, where in each experiment 10 cilia on 10 different ciliated cells were measured

(100 measurements in total per experiment). Suspensions of differentiated cells were applied to glass slides using cytocentrifuge and were air dried. Slides
were stained for GFP protein by immunohistochemistry, and cilia were measured in GFP-positive ciliated cells only. Cilia were measured in 60X images
of stained cytospins using Imaged software. (E) Average percent decrease in cilia length. The average cilia length in 0% CSE-treated Day 28 ALI
cultures infected with Lenti-control was set to 100%, and the average cilia lengths in the subsequent samples were normalized to that value. (F)
Representative immunofluorescence images of ciliated cell marker DNAI1 (red) and GFP (green) in Day 28 Lenti-control-infected and Lenti-
FOXJ1-infected ALI cultures treated with O and 3% CSE. Cell nuclei were stained with DAPI. Bar, 20 um. (G) Quantitative assessment of %
DNAI1-positive, GFP-positive and DNAI1-positive, GFP-negative cells (infected and uninfected ciliated cells) and GFP-positive and GFP-negative

cells (infected and uninfected epithelial cells) in Lenti-control-infected and Lenti-FOXJ1-infected ALI cultures treated with O and 3% CSE. For ciliated
cell detection, DNAI1 antibody was used; for lentivirus infected cell detection, GFP antibody was used (representative images are shown in F). The
percentage of specific cells for each condition was determined by counting the DNAI1-positive cells (ciliated cells) in ALI culture sections, visualized by
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effect of CSE treatment in uninfected
ALI cultures (Figure 5E). In Lenti-
FOX]J1-infected cultures, there was

a significant increase in the protein level
of FOX]J1 (Figures 6B [compare lanes 1
and 3] and 6C). CSE treatment of Lenti-
FOX]J1-infected cultures reduced the
protein levels of FOXJ1 (Figures 6B
[compare lanes 3 and 4] and 6C), but that
level was still significantly higher in the
Lenti-FOXJ1-infected cells than in the
Lenti-control-infected cells (Figures 6B
[compare lanes 2 and 4] and 6C). FOX]J1
overexpression did not affect the CSE-
mediated induction of oxidative stress
genes CYP1A1 and CYP1BI or the
smoking-induced genes UCHL1 and
SLC7A11 (Figures E4E and E4F,
respectively).

To determine if FOXJ1 overexpression
could prevent CSE-mediated inhibition of
ciliogenesis, cilia lengths were measured
in lentivirus-infected cells with or without
continuous CSE treatment between Days 5
and 28 of culture. Before measuring cilia
length, the Day 28 ALI cells were stained
for green fluorescent protein (GFP) to
distinguish infected cells from uninfected
cells within the same ALI well (see
MATERIALS AND METHODS). Ciliated cells
in the GFP-positive untreated Lenti-
control-infected Day 28 ALI cultures had
an average cilia length of 5.6 wm, whereas
3% CSE treatment decreased the cilia
length to 4.1 wm (P < 0.05) (Figure 6D),
consistent with the data from the
uninfected ALI cultures exposed to CSE
(Figure 4B). Ciliated cells in the GFP-
positive untreated Lenti-FOXJ1-infected
Day 28 ALI cultures had an average cilia
length of 5.9 wm, with no significant
change as compared with the GFP-positive
untreated Lenti-control-infected cells (P >
0.05) (Figure 6D). Likewise, at an earlier
time point during differentiation (Day 14),
the average cilia length was similar in
Lenti-control-infected and Lenti-
FOX]J1-infected ciliated cells (P > 0.05)
(Figure E4C). In the presence of CSE,
in GFP-positive cells the average cilia
length was significantly higher in Lenti-
FOX]J1-infected cells (5.2 pm) than
in Lenti-control-infected cells (4.1 pwm;

P < 0.05) (Figure 6D). In contrast, in

GFP-negative (uninfected) ciliated cells within
those same ALI cultures, CSE-mediated
inhibition of cilia growth was observed in
the Lenti-control and the Lenti-FOX]J1
groups (Figure E4D). In the presence of
CSE, whereas there was a 26.6% decrease in
cilia length in Lenti-control-infected cells,
there was only a 6.9% decrease in cilia
length in Lenti-FOXJ1-infected cells (P <
0.05) (Figure 6E,; see Tables E5 and E6 for
detailed statistical analysis).

Lentivirus infection efficiency and
whether FOX]J1 overexpression affected the
number of ciliated cells in the absence
and presence of CSE were determined by
immunofluorescence staining of Day 28 ALI
cultures with ciliated cell marker DNAI1
and infection marker GFP (Figure 6F)
followed by quantification of the different
cell types (Figure 6G). Counts of DNAI1-
positive, GFP-positive cells revealed that
treatment with CSE inhibited the percent
abundance of ciliated cells in Lenti-
control-infected and Lenti-FOX]J1-infected
cultures (P < 0.001) (Figure 6G, left panel),
whereas FOX]J1 overexpression neither
increased the ciliated cell abundance nor
prevented the CSE-mediated decrease in
ciliated cell number (P > 0.05) (Figure 6G,
left panel). Quantification of infection
efficiency by counting the number of
GFP-positive (infected) and GFP-negative
(uninfected) cells showed that for all
conditions the infection efficiency was
close to 90% (Figure 6G, right panel).

Effect of FOXJ1 Overexpression on
CSE-Mediated Suppression of the
Cilia-Related Transcriptional Program
To determine if FOXJ1 overexpression
could prevent the CSE-mediated
suppression of the cilia-related
transcriptional program, the expression

of ciliated cell-related genes was analyzed
in the Lenti-control-infected and Lenti-
FOXJ1-infected cells with or without
continuous CSE treatment between Days 5
and 28 of ALI culture, where those genes
that were down-regulated by CSE (Figures
5A-5D) were analyzed. In Lenti-
control-infected cells, CSE treatment
inhibited the expression of all genes
examined (Figures 7A-7D). None of the
genes in the untreated samples were

affected by FOX]J1 overexpression (Figures
7A-7D). FOX]J1 overexpression partially
prevented the CSE-mediated inhibition of
KIF21A, DYNC2H]1, IFT57, CLUAPI,
and CEP78 genes (Figures 7A-7D).

The preventative effect of FOXJ1
overexpression on CSE-mediated inhibition
of cilia-related genes was observed as

a trend for the rest of the genes as well,
although this finding was not significant
when individual genes were analyzed
(Figures 7A-7D). However, comparison of
all the cilia-related genes as a group showed
that FOXJ1 overexpression significantly up-
regulated their expression (paired analysis
of 3% CSE-treated Lenti-control and 3%
CSE-treated Lenti-FOX]J1 samples; P <
0.001) (Figure ES5).

Discussion

The ciliated cells of the airway epithelium
are important for clearing the lung
airways of inhaled pathogens and
xenobiotics (1). Based on the observations
that the airways of healthy smokers have
significantly shorter cilia when compared
with the airways of healthy nonsmokers
(8) and the transcriptional analysis of
airway epithelium demonstrating that
smoking is associated with suppressed
expression of cilia-related genes (8),

we hypothesized that components of
cigarette smoke suppress cilia growth in the
human airway epithelium. To test this
hypothesis, we assessed the effect of
nontoxic concentrations of CSE on the
differentiation of normal human bronchial
basal cells into a mucociliary epithelium in
ALI cultures. This in vitro model of the
effect of cigarette smoke on ciliogenesis
recapitulated the observed effect of
cigarette smoking on cilia length in vivo.
The data demonstrated that, during basal
cell differentiation into a mucociliary
epithelium, there was a widespread
suppression of ciliated cell-related gene
expression, including genes involved in
cilia-related transcriptional regulation,
ciliary intraflagellar transport, cilia
motility, structural integrity, and basal
body development. This cigarette
smoke-mediated inhibition of cilia

Figure 6. (Continued). immunofluorescence staining, and dividing those values by the total number of cells, determined by counting the DAPI-stained
nuclei in the same field (in total, 500 cells were counted for each condition per experiment). Shown are averages of means and standard errors of three
independent experiments. P values were determined by two-tailed Student’s t test. **P < 0.001. n.s., nonsignificant (P > 0.05).

696

American Journal of Respiratory Cell and Molecular Biology Volume 51 Number 5 | November 2014



ORIGINAL RESEARCH

A. RFX2 RFX3
n.s. n.s.
1 1
n.s. n.s.
[ 1 [ 1
1.5 [ 1T 1 [ 1
1.0
0.5
0.0
030 0 3 3 CSE%
Cont FOXJ1 Cont FOXJ1
B. KIF21A DYNC2H1 IFT57 IFT172 TTC26 BBS5 CLUAP1
* * * n.s. n.s. *
[ 1 [ 1 [ 1 [ 1 ! ! 1 ! 1
n.s. n.s. n.s. n.s. n.s. n.s. n.s.
! 1 ! 1 [ 1 [ 1 [ 1 [ 1 ! 1
15 HHk n.s. *kk [ | ok 1 *k | *kk | *k | | H*kk . *kk | 'i”L| |i||;|
1.0
0.5
0 0,
o)) 0303 0303 0303 0303 0303 0303 0303 CSE%
% Cont FOXJ1 Cont FOXJ1 Cont FOXS81 Cont FOXJ1 Cont FOXJ1 Cont FOXJ1 Cont FOXJ1
'S C. DNAI1 DNAHS5 DNAH9 DNAH10 DNAH11
1 n.s. n.s. n.s. n.s. n.s.
Ko} [ 1 [ 1 [ 1 [ 1 ! 1
— n.s. n.s. n.s. n.s. n.s.
(o] I 1 T l I 1 T l I 1
m 1 5 *kk k% I * II * I Kk I Kk I I *kk I *k kK Fkk
1.0
0.5
0.0
0303 0303 0303 0303 0303 CSE%
Cont FOXJ1 Cont FOXJ1 Cont FOXJ1 Cont FOXJ1 Cont FOXJ1
D. ODF2 CETN3 CEP78
n.s. n.s. *
[ 1 [ 1 [ 1
n.s. n.s. n.s.
[ 1 [ 1 [ 1
1.5
1.0
0.5
0.0
0303 0303 0 3 03 CSE%
Cont FOXJ1 Cont FOXJ1 Cont FOXJ1

Figure 7. Effect of FOXJ1 overexpression on CSE-mediated suppression of cilia-related gene expression. Basal cells, infected with Lenti-control or Lenti-
FOXJ1 lentiviruses, were differentiated in ALI cultures while being exposed to 0 and 3% CSE between Days 5 and 28. Shown is TagMan PCR analysis of
cilia-related genes. (A) Cilia-related transcription factors (RFX2, RFX3). (B) Intraflagellar transport (KIF21A, DYNC2H1, IFT57, IFT172, TTC26, BBS5,
CLUAP1). (C) Motility and structural integrity (DNAI1, DNAH5, DNAH9, DNAH10, DNAH11). (D) Basal body development (ODF2, CETN3, CEP78).
Averages and standard errors of five independent experiments are shown. P values were determined by two-tailed Student’s t test. *P < 0.05, **P < 0.01,
and ***P < 0.001. n.s., nonsignificant (P > 0.05).

growth during differentiation could be
significantly reversed by overexpressing
FOX]J1, a transcription factor that

plays a central role in ciliogenesis (26-28).
Of the four different categories of

ciliated cell-related genes analyzed,

FOX]J1 overexpression partially prevented

the CSE-mediated down-regulation of
the intraflagellar transport genes and

a basal body development gene. In
addition to inhibiting cilia growth, we
observed that, in the presence of CSE,
the differentiation of basal cells toward
ciliated and secretory cells is altered, with

Brekman, Walters, Tilley, et al.: Smoking and Ciliogenesis

abnormal differentiation toward the
squamous cell phenotype. In cultures
exposed to CSE, ciliated cells were

less abundant, and in those ciliated
cells that did appear in the presence of
CSE, the cilia were shorter. This is in
line with the observation that smokers
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exhibit a squamous cell metaplasia in the
airway epithelium (30, 31).

Effect of Cigarette Smoke on Airway
Ciliated Cells

The human airways are lined with a
pseudostratified heterogeneous epithelium
composed of four major cell types: ciliated,
secretory, intermediate, and basal cells (23,
24). The airway epithelial ciliated cells are
derived from basal cells, the stem/progenitor
cells of the airway epithelium, which are
capable of differentiating into secretory and
ciliated cells (22). The ciliated cells account
for 50 to 80% of the airway epithelial cells
(1). Ciliated cell formation is a continuous
process during the ongoing homeostasis
and the repair of the airway epithelium (1).
The motile cilia of the ciliated cells beat

in coordinated fashion and move mucus
across the airway lumen in a cephalad
direction, mediating the removal of inhaled
environmental contaminants from the
airways (2-6). If this process is impaired,
mucus accumulates in the airways,
contributing to increased inflammation
and infection, and, as in the case of
cigarette smoke, the inhaled particles
remaining in the respiratory tract can
promote the development of COPD and
lung cancer (9, 10).

Cigarette smoke has an inhibitory effect
on at least four aspects of motile cilia
relevant to their function in the airways,
including beat frequency, beat coordination,
ultrastructure, and length. Based on the
mucociliary clearance models, all these
properties of respiratory motile cilia play
a role in the impaired process of mucus
clearance observed in smokers (32-34).
Numerous in vivo and in vitro studies have
demonstrated that cigarette smoke can
significantly suppress the beat frequency of
the airway cilia. Although early studies of
the effect of cigarette smoke on cilia beating
were mainly descriptive (14-17), in more
recent studies these observations have been
quantified via digital high-speed video
imaging, and involvement of the protein
kinase A and protein kinase Ce pathways
has been implicated (6, 12, 13). Using
electron microscopy, cigarette smoke has
also been shown to be associated with
various ultrastructural abnormalities of the
respiratory cilia, where different ciliary
components are missing, including the
outer and inner dynein arms, nexin links,
radial spokes, central sheaths, and central
and peripheral microtubules (21, 35-37).

698

Such ultrastructural abnormalities may be
associated with ineffective ciliary stroke
motion and uncoordinated cilia beating
(2, 38). In addition, we and others have
shown in vivo evidence that cigarette
smoking is associated with reduced cilia
length in the human airway epithelium. In
the respiratory airway epithelium obtained
from lung autopsies of smokers and
nonsmokers, it was observed that smokers
had shorter cilia than nonsmokers (20).
More recently, we measured cilia in the
large airways of smokers and nonsmokers
and found that smokers have significantly
shorter cilia than nonsmokers (8).
Shortened cilia have also been described in
COPD (39, 40). Based on models of the
airway periciliary and mucus gel layer
structural characteristics, even a small
decrease in the length of the cilium impairs
mucus clearance (32, 34, 41, 42). Such

a decrease in length would likely prevent
the distal tip of the shortened cilium from
reaching the mucus gel layer and would
also result in reduced force of the forward
stroke of the cilium, thus decreasing the
overall mucus movement in the epithelium.
In support of the concept that shortened
cilia reduce mucus clearance, in vivo studies
have demonstrated correlations between
shortened cilia and impaired mucociliary
clearance (43, 44). The motile cilia are
shorter in the small airways as compared
with the large airways (39, 40). Taken
together with the hypothesis of reduced
mucociliary clearance in the presence of
shortened cilia, these findings indicate
that the small airways likely accumulate
greater amounts of cigarette smoke
components than the large airways, and
this may in part explain why COPD is
associated with the small airways.

Disordered Ciliogenesis Related to
Cigarette Smoking

To understand how cigarette smoking
leads to shortened cilia in the respiratory
airway epithelium, we exposed human
bronchial basal cells to CSE during their
differentiation into the mucociliary
epithelium in ALI cultures and assessed the
molecular changes that occurred in relation
to the ciliogenesis process. Similar to the
in vivo data we reported previously (8), the
decrease in cilia length in the presence of
CSE was 1.0 to 1.5 pm, which translates to
approximately 20% decrease in the average
cilia length. However, based on theoretical
calculations, others have estimated that

these “small” changes will potentially have
a major impact on mucociliary clearance
in the airways (32, 34, 41, 42). We
observed that in the presence of CSE,
there was widespread inhibition of ciliated
cell-related gene expression. These data
are consistent with the transcriptional
analysis of the airway epithelium from
smokers, demonstrating that smoking is
associated with suppressed cilia-related
gene expression (8, 45). All the major
categories of the ciliated cell-related
genes were inhibited when basal cells
were exposed to CSE during the
differentiation process, including cilia-
related transcriptional regulators (FOXJI,
RFX2, and RFX3), ciliary intraflagellar
transport (KIF21A, DYNC2H]I, IFT57,
IFT172, TTC26, BBS5, and CLUAPI),
motility and structural integrity (DNAI1,
DNAHS5, DNAH9, DNAH10, DNAH11,
and SPAGS), and basal body development
(ODF2, CETN2, and CEP78). This
suggests that cigarette smoke affects the
expression of multiple genes central to the
ciliogenesis process in the airway epithelium.
Airway epithelial basal cell
differentiation into the ciliated cell lineage
is under the control of the cilia-related
transcription factors (26-28, 46, 47).
Cilia growth is a highly dynamic process,
where the expression of ciliary structural
components and regulators of their
assembly is specifically induced during
the development of ciliated tissues. The
underlying mechanisms controlling cilia
growth are only partially defined.
Genetic studies in different organisms
have identified FOXJ1 and RFX family
transcription factors as the key factors
controlling the expression of cilia-related
genes. Because the majority of cilia-related
genes are believed to be under the
transcriptional control of FOX]J1 and
RFX (27), it is possible that the decreased
expression of these transcription
factors led to reduced expression of the
examined cilia-related genes. The FOXJ1
transcription factor is the most well-
characterized transcription factor and has
been suggested as the major regulator of
the ciliated cell differentiation process
(26-28). Because CSE treatment
suppressed the expression of FOX]J1 and
has led to reduced cilia length in ALI
cultures, we hypothesized that exogenous
overexpression of FOXJ1 could prevent the
CSE-mediated inhibition of cilia growth.
Consistent with this hypothesis, we
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observed that FOX]J1 overexpression
reversed the CSE-mediated inhibition of
cilia growth. Furthermore, of the four
different categories of ciliated cell-related
genes analyzed, FOXJ1 overexpression
partially prevented the CSE-mediated
down-regulation of intraflagellar transport
genes and a basal body development gene.
It is an interesting question as to how
CSE can reduce the expression of the cilia-
related transcription factors. Recently, the
Wnt/B-catenin signaling pathway has
been shown to directly regulate FOXJ1
expression and ciliogenesis in zebrafish
Kupffer’s vesicle (48). In turn, we have
observed a down-regulation of the Wnt/
[3-catenin signaling pathway in the airway
epithelium of healthy smokers and smokers
with COPD (49). Therefore, it is possible
that CSE decreased the expression of the
cilia-related genes by targeting FOX]J1

via Wnt/B-catenin pathway inhibition.
Overall, the cilia-related data suggest that

several aspects of the ciliogenesis process
are affected by CSE because the upstream
components of the ciliogenesis process are
inhibited; furthermore, the evidence for
this finding is shown in the decreased
expression of the intraflagellar transport,
structural integrity, motility, and basal body
development genes. Recently it has been
shown that cilia length is affected by
cigarette smoke exposure at the protein level
via an autophagy-dependent pathway (50).
In addition to suppressing cilia-related
transcriptional regulation and thus affecting
the early stages of the ciliogenesis process,
it is possible that cigarette smoke inhibits
processes related to cilia growth, cilia length
maintenance, and cilia function. According
to the limited precursor model of cilia
growth, cilia length can be limited by the
quantities of the necessary precursor
particles (51, 52). Thus, by reducing the
expression of many cilia-related genes
involved in this process, CSE treatment can

lead to shortened cilia formation. Because
the expression of the intraflagellar transport
genes was widely suppressed by CSE
treatment in ALI cultures, it is likely that
the process by which the molecular motors
transport and assemble ciliary building
blocks at the distal ends of the cilia is
impaired (53). Similarly, the reduced
expression of the ciliary motility, structural
integrity, and basal body development
genes may explain the observations that
cigarette smoking is associated with
reduced cilia beat frequency, improper
beat coordination, and ultrastructural
abnormalities (8, 11-21, 35-37). W
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