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Abstract

The epithelium that lines the conducting airways is composed of
several distinct cell types that differentiate from common progenitor
cells. The signals that control fate selection and differentiation of
ciliated cells, a major component of the epithelium, are not
completely understood. Ciliated cell differentiation can be
accomplished in vitro when primary normal human bronchial
epithelial (NHBE) cells are cultured at an air–liquid interface, but
is inhibited when NHBE cells are cultured under submerged
conditions. The mechanism by which submersion prevents
ciliogenesis is not understood, but may provide clues to in vivo
regulation of ciliated cell differentiation. We hypothesized that
submersion creates a hypoxic environment that prevents ciliated cell
differentiation by blocking the gene expression program required for
ciliogenesis. This was confirmed by showing that expression of
multicilin and Forkhead box J1, key factors needed for ciliated cell

differentiation, was inhibited when NHBE cells were cultured in
submerged and hypoxic conditions. Multicilin and Forkhead box
J1 expression and ciliated cell differentiation were restored in
submerged and hypoxic cells upon treatment with the g-secretase
inhibitor, N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]
glycine-1,1-dimethylethyl ester (DAPT), which suggested
that Notch signaling was involved. Overexpression of Notch
intracellular domain inhibited differentiation in the presence of
DAPT, confirming the role of Notch signaling. These results
indicate that submersion and hypoxia prevent ciliated cell
differentiation by maintaining Notch signaling, which represses
genes necessary for ciliogenesis. These data provide new insights
into the molecular mechanisms that control human bronchial
differentiation.
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The epithelium lining the conducting
airways acts as the front-line defense to
protect the lungs from inhaled pathogens
and noxious agents by trapping and
expelling them from the airway by the
process of mucociliary clearance (MCC).
MCC is accomplished by the coordinated
efforts of ciliated and goblet cells, two major
airway epithelial cell types. Goblet cells
secrete mucus, which forms a viscoelastic gel
that floats on the epithelial surface and traps

inhaled harmful particles and pathogens.
The coordinated beating of cilia on the
apical surface of the ciliated cells propels this
noxious mucus out of the airway before
it can damage the lung. Efficient MCC
depends upon a proper balance between
ciliated and goblet cells. It is important to
have a sufficient number of ciliated cells
to be able to propel the mucus out of the
airway. Too few ciliated cells and/or too
much mucus production can lead to

toxin-laden mucus accumulation in the
airway that can lead to respiratory disease (1).

During embryonic lung development,
ciliated and goblet cells differentiate from
common progenitor cells in the embryonic
foregut endoderm. Ciliated cells begin
differentiating after lung bud branching
during the late pseudoglandular stage (2, 3)
and continue differentiation after birth.
In the adult, basal cells residing in the
epithelium act as precursor stem cells that
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can differentiate into different epithelial cell
types to replace cells lost due to injury or
cell death (4, 5). It is not fully understood
how cell fate determination and
differentiation of these cells is controlled,
but it is likely that cell–cell interactions and
multiple signaling cascades modulate the
expression of cell-specific transcription
factors to control the expression of genes
required for unique, differentiated, cell-
specific functions (6–8). In respiratory
illnesses, such as asthma and chronic
obstructive pulmonary disease, the airway
epithelial cell composition is altered (5,
9–11). This epithelial remodeling includes
ciliated cell loss and goblet cell hyperplasia
and metaplasia. It is likely that changes in
cell composition are due to environmental
conditions that affect normal basal cell
differentiation signals during repair after
injury or disease to promote goblet cell
differentiation and inhibit ciliated cell
differentiation, leading to an imbalance
in the ratio of these cells that ultimately
reduces MCC efficiency. Therefore,
a greater understanding of the signaling
mechanisms that regulate bronchial cell
differentiation would be beneficial for
the maintenance of MCC and a healthy
respiratory system.

Several transcription factors have been
shown to be important for differentiation
of multiciliated cells. Forkhead box J1
(FOXJ1) is required for ciliogenesis in the
airway, as demonstrated by the observation
that FOXJ1 knockout mice do not make

motile multiciliated cells (12). During
ciliated cell differentiation, FOXJ1
expression is induced in cells that have
already committed to the ciliated cell fate at
a step before ciliogenesis, and is believed
to be important for the expression of
genes that are required for later steps
in ciliogenesis, including basal body
localization and docking (13). More
recently, the transcriptional regulator,
multicilin (MCI; previously designated
IDAS [14]), was found to be regulated by
Notch and to be necessary for ciliated
cell differentiation in Xenopus and mouse.
In addition, MCI was determined to act
upstream of FOXJ1 in the pathway of
ciliated cell differentiation (15). Another
transcription factor, myeloblastosis proto-
oncogene, was also shown to be involved in
ciliated cell differentiation, and acts
downstream of MCI, but upstream of FOXJ1
(16). Thus, the pathway to multiciliated
cell differentiation is complex and involves
multiple transcription factors.
Understanding the molecular mechanisms
that control the expression of these factors
is necessary for elucidating the pathway of
bronchial ciliated cell differentiation.

Human bronchial epithelial cell
differentiation can be recapitulated in vitro
using air–liquid interface (ALI) culture
techniques. Primary normal human
bronchial epithelial (NHBE) cells, harvested
from donor organs, can be grown as
undifferentiated cells using standard
submerged culture conditions. Cells can
then be transferred to a porous membrane
and the apical media removed while the
basal media remain, creating an ALI. Over
the next few weeks, the cells differentiate
into a pseudostratified epithelium
containing goblet and ciliated cells with
transcriptional profiles similar to in vivo
epithelial cells (17, 18). Ciliated cell
differentiation is inhibited if the cells
are kept submerged, indicating that
establishment of the ALI is necessary for
ciliated cell differentiation (19, 20). The
molecular basis for this inhibition is not
understood, and might provide important
clues toward understanding in vivo
differentiation of ciliated cells during
development, because ciliated cells develop
in the embryonic lung, which is
a submerged environment (21), and during
replacement and repair in the adult airway.

Using the NHBE cells cultured in vitro,
we investigated the molecular events that
are involved in the inhibition of ciliated cell

differentiation in submerged conditions.
The results suggest that submersion creates
a hypoxic environment that potentiates
Notch signaling and represses the
expression of genes essential for ciliated cell
differentiation. In addition, we show that
ciliated cell differentiation and production
of motile cilia do not require an ALI, but
can be accomplished by interruption of
Notch signaling while culturing NHBE cells
in submerged conditions on plastic dishes.

Materials and Methods

NHBE Cell Culture
NHBE cells were isolated from human lungs
from organ donors that were rejected for
transplant, provided by the Life Alliance
Organ Recovery Agency of the University
of Miami with institutional review board
consent. Cells were cultured as previously
described (22). Briefly, NHBE cells were
cultured for 21 days on human collagen
IV–coated 0.33-cm2 or 1-cm2 Transwell
permeable membranes (3421 or 3460;
Corning, Corning, NY). NHBE cells were
grown submerged (0.5 ml) until confluent,
and then cultured either at an ALI in air
(21% O2), submerged (with ALI media) at
apical liquid volumes ranging from 0.125 to
0.5 ml, or at an ALI in hypoxia (0.5% O2).
Hypoxic conditions were created using
a Coy O2 control glove box (Coy Laboratory
Products, Grass Lake, MI) using
nitrogen gas to control oxygen levels.
For Notch signaling inhibition, N-[(3,5-
difluorophenyl)acetyl]-L-alanyl-2-phenyl]
glycine-1,1-dimethylethyl ester (DAPT;
D5942; Sigma, St. Louis, MO) was used.
DAPT was dissolved in DMSO at
a concentration of 23 mM and diluted
1:2,300 into media for a final concentration
of 10 mM. For 96-well plate experiments,
NHBE cells were plated on tissue
culture–treated 96-well plates (353219; BD
Biosciences, San Jose, CA), coated with
human collagen IV, and grown in a volume
of 150 ml for 21 days with either 10 mM
DAPT or DMSO (vehicle control). Passage
1 cells from a minimum of three different
donors were used for all experiments
unless otherwise stated.

Immunofluorescence
For immunofluorescence staining of FOXJ1,
influenza hemagglutinin epitope (HA), and
cilia (acetylated a-tubulin) on Transwell
permeable membranes (3421 or 3460;

Clinical Relevance

A balance in the cellular composition
of the airway epithelium is critical for
mucociliary clearance to protect the
lungs from damage by inhaled noxious
agents, and cellular homeostasis is
maintained by the controlled
regulation of cell fate choice and
differentiation of basal cells to replace
cells lost due to injury or disease. The
molecular signals that control these
processes are not completely
understood, and disruption of these
signals can lead to epithelial
remodeling. Regions of hypoxia have
been identified in diseased airways, and
this study illustrates that hypoxia may
cause epithelial remodeling by
influencing Notch signaling.
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Corning) or FOXJ1 and cilia on a 96-well
plate (353219; BD Biosciences), NHBE cells
were fixed with 4% paraformaldehyde for
20 minutes at room temperature (RT), and
then permeabilized with 1% Triton X-100
for 15 minutes at RT. After being fixed and
permeabilized, cells were washed with PBS
and blocked with 3% BSA for 1.5 hours at
RT. After blocking, primary antibodies
for anti-FOXJ1 (AF3619; R&D Systems,
Minneapolis, MN), anti-HA (2367, 1:500;
Cell Signaling, Danvers, MA), and
anti–acetylated a-tubulin (T6793, 1:2000;
Sigma) were added apically in 3% BSA and
incubated overnight at 48C. After washing
off the primary antibody with PBS, species-
specific, fluorophore-conjugated secondary
antibodies were added in 3% BSA for
1 hour at RT. Secondary antibodies were
washed with PBS and then nuclei were
stained with Hoechst in PBS for 20 minutes
at RT. All secondary antibodies (488, 555,
647) were Alexa Fluor coupled (Life
Technologies, Carlsbad, CA). Transwell

filters were mounted on slides using
Fluoro-Gel (17985-10; Electron Microscopy
Sciences, Hatfield, PA), and fluorescent
images were taken on a Leica DM6000
microscope with a SP5 confocal module
(Leica, Wetzlar, Germany). For 96-well
plates, NHBE cells were submerged in PBS,
and fluorescent images were also taken on
a Leica DMI6000 microscope with a SP5
confocal module. Confocal images were
generated using Volocity version 6.1.1
software (Perkin-Elmer, Waltham, MA).

For additional methods, see the online
supplement.

Results

Apical Volume–Dependent Inhibition
of Ciliated NHBE Cell Differentiation
in Submerged Culture
Human ciliated airway epithelial cell
differentiation in vitro is inhibited when
cultured submerged, but not in ALI
(20, 23). In addition, rat tracheal epithelial

ciliated cell differentiation decreased as
the volume of apical fluid increased (19).
The mechanism for the inhibition of
ciliated cell differentiation by submersion is
unclear, but may be due to inhibition of
expression of a gene or genes necessary
for ciliated cell determination or
differentiation. Therefore, we sought to
determine whether submersion inhibits
FOXJ1 expression and, if so, is it volume
dependent. To answer these questions,
undifferentiated NHBE cells were cultured
submerged under various apical media
volumes on 1.2-cm-diameter Transwell
filters for 21 days and assessed for FOXJ1
expression and ciliated cell differentiation
by immunofluorescence staining.
Qualitative visual analysis indicated
that ciliated cells and FOXJ1-positive
(FOXJ11) cells were increased over ALI
(0 ml) control (Figures 1A and 1E) when
submerged under 0.125 ml of apical media
(Figures 1B and 1F); cells in 0.25 ml apical
media had similar numbers of FOXJ11

Figure 1. Forkhead box J1 (FOXJ1) expression and ciliated cell differentiation are reduced by submersion in an apical volume–dependent manner.
(A–H) Representative extended focus confocal immunofluorescent images of NHBE cells cultured for 21 days with apical media volumes of 0 ml (A and E ),
0.125 ml (B and F ), 0.25 ml (C and G), and 0.5 ml (D and H) stained for nuclei (Hoechst, blue) and cilia (acetylated a-tubulin, white; A–D) or FOXJ1 (green;
E–H). (I ) Percent FOXJ1-positive (FOXJ11; white bars) and ciliated (black bars) cells at the apical media volumes, indicated on the x axis, showing
a significant increase at 0.125 ml and a significant decrease at 0.5 ml. (J ) FOXJ1messenger RNA (mRNA) levels after 21 days of differentiation at the apical
media volumes, indicated on the x axis, normalized to glyceraldehyde phosphate dehydrogenase (GAPDH ) mRNA, showing that the amount of FOXJ1
mRNA increases at 0.125 ml and decreases significantly at higher apical volumes, which is similar to changes in FOXJ11 cells. (K ) Quantification of nuclear
density after 21 days submerged with different volumes of media showing a significant reduction in cells in 0.5 ml. Scale bar, 50 mm. Data shown are means
(6 SEM). One-way ANOVA (*P , 0.05; n = 3).
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and ciliated cells as ALI control (Figures
1C and 1G), but cells in 0.5 ml apical
media showed a large decrease in ciliated

and FOXJ11 cells (Figures 1D and 1H).
Quantification of ciliated and FOXJ11

cells (Figure 1I) confirmed that the

percentage of ciliated cells significantly
decreased roughly 10-fold, from
approximately 13% in ALI to
approximately 0.8% when submerged with
0.5 ml media. FOXJ1 messenger RNA
(mRNA) levels, measured by quantitative
RT-PCR (Figure 1J), showed results
consistent with the patterns of FOXJ1
expression observed by
immunofluorescent staining, except that
there was a decrease in the FOXJ1 mRNA
in cells submerged under 0.25 ml. The
effect of submersion on cell density was
determined by counting the number of
nuclei per microscopic field. This showed
that submersion in 0.125 and 0.25 ml had
no significant effect on cell density, but
submersion in 0.5 ml significantly
decreased cell density by approximately
33% (Figure 1K). These results indicate
that submersion with 0.5 ml, but not with
0.25 ml, reduces ciliated cell differentiation

Figure 2. Submersion and hypoxia induce hypoxia-inducible factor (HIF) 1a and HIF-2a proteins. NHBE
cells cultured 72 hours at an air–liquid interface (ALI) in air (21% O2) then switched to an ALI in hypoxia
(0.5%; Hyp.) or submerged (0.5 ml; Sub.) for 5 hours. (A) Western blots of whole-cell protein lysates
with antibodies to HIF-1a, HIF-2a, and b-actin showing both HIF-1a and HIF-2a induction in submerged
and hypoxic conditions compared with ALI (Air) control. (B) Densitometry quantification of the Western blot
data from two lungs. The data show increases in HIF proteins, indicating that submersion causes
a hypoxic environment. b-actin was used as a loading control. Data shown are means (6 SEM).

Figure 3. g-secretase inhibition restores FOXJ1 expression and ciliated cell differentiation in submerged and hypoxic conditions. (A–J ) Representative
extended-focus confocal immunofluorescent images of NHBE cells after 21 days of culture (A and B) submerged (0.5 ml), (C and D) submerged (0.5 ml) with
10 mM N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT), (E and F) ALI in hypoxia (0.5% O2), (G and H ) ALI in hypoxia
(0.5% O2) with 10 mM DAPT, or (I and J) ALI in air, and stained for nuclei (Hoechst, blue) and cilia (acetylated a-tubulin, white) or FOXJ1 (green). Scale bars,
50 mm. (K ) Graph displaying quantification of the percent FOXJ11 in each condition showing a significant decrease in submerged and hypoxic conditions
compared with the air control, and showing that DAPT restores ciliogenesis to control ALI levels. One-way ANOVA (*P, 0.05; n = 3). (L) Western blots of whole-
cell lysates (40 mg) from NHBE cells cultured 24 hours at an ALI in air, submerged (0.5 ml) with and without 10 mM DAPT (top panel ), or 48 hours at an ALI in
air, and ALI in hypoxia (0.5% O2) with and without 10 mM DAPT (bottom panel ) probed for activated-Notch1 (Notch intracellular domain [NICD] 1). The data show
that NICD1 levels do not increase over ALI (Air), and that DAPT decreases NICD1 protein levels in submersion and hypoxia. b-actin was used as the loading
control. (M) Quantitative RT-PCR (qRT-PCR) Notch target gene, hairy/enhancer-of-split related with YRPW motif 1 (HEY1), mRNA from NHBE cells cultured
for 21 days in submerged and ALI in hypoxia (0.5% O2) (Hyp.) with and without 10 mM DAPT. HEY1 mRNA was normalized to the housekeeping gene,
b2-microglobin (B2M), and shows that DAPT inhibits Notch signaling. Data shown are means (6 SEM). Student’s t test (*P , 0.05; n = 3).
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by preventing FOXJ1 expression.
Interestingly, submersion with 0.125 ml,
the lowest apical medium volume tested,
increases FOXJ1 expression and
ciliogenesis over ALI, suggesting
that a small amount of surface liquid
stimulates ciliogenesis.

Hypoxia Inhibits Ciliated
Cell Differentiation
The mechanism for the inhibition of FOXJ1
expression and ciliogenesis by submersion
with greater apical volumes is not
understood. It has been shown that O2

concentration at the level of the cells
decreases as the apical media volume is
increased (24, 25). In addition, hypoxic
conditions inhibit differentiation of
different cell types (26–29). Therefore, we
hypothesized that submersion at greater
apical media volumes creates a hypoxic
environment that inhibits ciliated cell
differentiation. To determine if submersion
causes NHBE cells to be hypoxic,
undifferentiated NHBE cells were cultured
at an ALI in air for 72 hours, then
submerged with 0.5 ml media or placed at
0.5% O2 in a hypoxic chamber for 5 hours,
and the levels of hypoxia-inducible factor
(HIF) 1a and HIF-2a proteins were
measured by Western blot. HIF-1a and
HIF-2a are the primary intracellular signal
transducers in response to hypoxia, and are
degraded in normoxia (21% O2), but are
stabilized and accumulate rapidly when
placed in hypoxic conditions (30).
Therefore, an increase in these proteins
is indicative of hypoxia. The results show
that both HIF-1a and HIF-2a increase
when cells are switched to hypoxic or
submerged conditions compared with air
(Figures 2A and 2B), indicating that
submersion does create a hypoxic
environment.

To test whether hypoxia prevents
ciliated cell differentiation and FOXJ1
expression, undifferentiated NHBE cells
were cultured using ALI conditions in
a hypoxic chamber at 0.5% O2, ALI in air,
or submerged in 0.5 ml media for 21 days,
and the number of FOXJ11 ciliated cells
was determined by immunofluorescence
staining. The results show that both
submerged (Figures 3A and 3F) and
hypoxic cells (Figures 3C and 3H) have
fewer FOXJ1-expressing ciliated cells
than cells cultured at an ALI in air
(Figures 3E and 3J). Quantification of
FOXJ1-expressing cells showed the

inhibition to be significant (Figure 3K).
Therefore, hypoxia, like submersion,
reduces FOXJ1 expression and
ciliogenesis, which is consistent with the
hypothesis that submersion prevents
FOXJ1 expression and cilia formation
by creating a low-oxygen environment.

Inhibition of g-Secretase Restores
Ciliated Cell Differentiation in
Submerged and Hypoxic Conditions
Previous studies showed that hypoxic
inhibition of neuronal and myogenic (29)
and pancreatic cell differentiation (31)
requires Notch signaling. In addition,
Notch signaling has been shown to prevent
ciliogenesis (32, 33); suggesting that
inhibition of FOXJ1 expression and ciliated
cell differentiation in submerged and
hypoxic conditions may require Notch
signaling. Notch signaling requires cleavage
of the Notch receptor by g-secretase to
release the Notch intracellular domain
(NICD), which enters the nucleus to affect
gene expression (34). To test whether
Notch signaling may be involved in the
prevention of ciliated cell differentiation
in submerged and hypoxic conditions,
NHBE cells were differentiated using ALI
conditions in a hypoxic environment
(0.5% O2) or submerged (0.5 ml) with the
g-secretase inhibitor, DAPT (35), or vehicle
control, and the effect on ciliated cell
differentiation was measured by
immunofluorescence staining. These results
indicate that DAPT treatment restored
FOXJ1 expression and ciliated cell
differentiation in submerged (Figures 3B
and 3G) and hypoxic (Figures 3D and 3I)
conditions to ALI control levels

(Figure 3K). Previously, a roughly 33%
decrease in cell density was observed in
submerged conditions (0.5 ml) compared
with ALI. To determine whether hypoxia
also reduced cell density, and if DAPT had
any effect on cell density, the cell density in
these conditions was quantified. These
results show that there was a similar
reduction in cell density in hypoxia
compared with ALI, and that DAPT did not
change cell densities in submerged or
hypoxic environments, indicating that
DAPT increased ciliated cell differentiation
without changing cell density in
submersion or hypoxia (see Figure E1 in
the online supplement). To ensure that
Notch signaling was inhibited by DAPT
treatment, activated Notch1 (NICD1)
protein levels were measured in ALI,
submersion, and hypoxia with or without
DAPT. These data show that NICD1
levels were reduced by DAPT in
submerged and hypoxic conditions. In
addition, submersion or hypoxia did not
induce NICD1 protein in 24 or 48 hours,
respectively (Figure 3L). As an additional
test for Notch signaling, the expression of
the Notch target gene, hairy/enhancer-of-
split related with YRPW motif 1 (HEY1),
was measured in submerged and hypoxic
cells with and without DAPT, and found
to be significantly reduced by DAPT
treatment (Figure 3M). These data
indicate that submersion and hypoxia
prevention of ciliated cell differentiation
requires g-secretase activity, consistent
with the hypothesis that Notch signaling
may mediate the reduction of ciliated
cell differentiation in submerged and
hypoxic conditions.

Figure 4. Multicilin (MCI ) expression is inhibited by submersion in a g-secretase–dependent manner.
Expression of (A) MCI and (B) FOXJ1 mRNAs during NHBE differentiation at an ALI in air (21%
O2; orange), submerged (0.5 ml; blue), or submerged (0.5 ml) with 10 mM DAPT (green). MCI and
FOXJ1 mRNAs are normalized to the housekeeping gene, B2M. The graphs show that expression of
MCI and FOXJ1 mRNAs is inhibited by submersion, but that inhibition is overcome by adding
DAPT (n = 3). Data shown are means (6 SEM).
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MCI Is Transcriptionally Repressed in
Submerged Cultures and Induced
by DAPT
MCI is a transcriptional regulator that is
repressed by Notch signaling, necessary
for multiciliated cell differentiation, and
induces FOXJ1 expression in Xenopus
models of ciliogenesis (15). Because FOXJ1
expression is inhibited in submerged NHBE
cells in a g-secretase–dependent manner,
we asked whether MCI expression is also
inhibited in submerged cells and, if so,
could it be restored by DAPT treatment.
The levels of MCI and FOXJ1 mRNAs
were measured at different time points
during differentiation of NHBE cells
cultured submerged with and without
DAPT and in control ALI conditions.
Figures 4A and 4B show that MCI and
FOXJ1 mRNAs were not expressed after
16 days in submerged cells, whereas both
mRNAs were induced beginning around
Day 7 in submerged conditions with
DAPT and ALI, demonstrating that
submersion represses the expression of
MCI in a g-secretase–dependent manner.

Overexpression of NICD Prevents
Ciliated Cell Differentiation in
Submerged and Hypoxic
Conditions with DAPT
g-secretase is not specific for Notch, and
cleaves other proteins that may affect
differentiation, (e.g., E-cadherin [36, 37]).
This raised the possibility that inhibiting
the cleavage of a protein other than Notch
is necessary for ciliated cell differentiation
in submerged and hypoxic conditions. To
test this, NHBE cells were transduced with
lentivirus to express an N-terminally HA-
tagged NICD1 (HA-NICD1) to determine
whether constitutive expression of NICD1
is sufficient to prevent FOXJ1 expression
and ciliated cell differentiation in DAPT-
treated submerged and hypoxic NHBE
cells. If NICD1 expression is sufficient,
it will suggest that g-secretase cleavage
of Notch, and not another protein, is
responsible for reducing ciliated cell
differentiation in submerged and hypoxic
conditions. However, if cells expressing
constitutively active NICD1 in DAPT-
treated submerged and hypoxic cells do
express FOXJ1, it will suggest that cleavage
of another g-secretase substrate protein is
required to prevent differentiation. To
ensure that expression of HA-NICD1 in
NHBE cells activates Notch signaling, the
level of the HEY1 mRNA was measured

Figure 5. Expression of influenza hemagglutinin epitope–tagged (HA)-NICD1 increases Notch
signaling and inhibits FOXJ1 in DAPT-treated submerged and hypoxic cells. (A) qRT-PCR of HEY1
mRNA from NHBE cells transduced with lentiviruses expressing either HA-tagged NICD1 (HA-NICD1)
or vector control (HA-vector), showing a significant increase in the Notch target gene, HEY1mRNA, in
HA-NICD1 transduced cells, indicating that HA-NICD1 induces Notch signaling. HEY1 mRNA was
normalized to the housekeeping gene, B2M mRNA. Student’s t test (*P , 0.05; n = 3). (B–M )
Representative extended-focus confocal immunofluorescent images of NHBE cells transduced with
HA-NICD1 or HA-vector lentiviruses. Cells were grown for 3 weeks in submerged conditions with 10
mM DAPT or in hypoxia (0.5% O2) with 10 mM DAPT, and then stained for nuclei (Hoechst, blue),
FOXJ1 (green), or HA (red ). (B–E ) Hoechst and FOXJ1 merged images, (F–I ) images of HA alone, and
(J–M ) HA and FOXJ1 merged images. The images show cytoplasmic HA staining colocalizing with
FOXJ1 in HA-vector transduced cells, whereas HA-NICD1 transduced cells have nuclear HA staining
and significantly less colocalization with FOXJ1 staining. Quantification of percent FOXJ11 HA-NICD1
or HA-vector transduced (HA1) and nontransduced (HA2) NHBE cells in submerged plus DAPT
(N ) and hypoxia plus DAPT (O) conditions showing significant reduction of FOXJ11 cells in HA-NICD1
transduced cells compared with nontransduced cells, and to HA-vector control transduced cells in
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in cells transduced with HA-NICD1 or
a control HA-expressing vector (HA-
vector). Figure 5A shows a significant
increase in HEY1 mRNA expression in the
HA-NICD1 transduced cells compared
with HA-vector, indicating that HA-
NICD1 induces Notch signaling. To
determine the effect of HA-NICD1
expression on ciliated cell differentiation,
NHBE cells were cultured for 3 weeks
submerged or at an ALI in 0.5% O2 in the
presence of DAPT, fixed, and stained for
HA to identify HA-NICD1 transduced
cells, and for FOXJ1 to identify ciliated cells
(Figures 5B–5M). Cells transduced with
the HA-NICD1 lentivirus showed nuclear
HA staining (Figures 5G and 5I), indicating
that HA-NICD1 was being properly
localized to the nucleus. Cells transduced
with the HA-vector lentivirus showed
cytoplasmic HA staining (Figures 5F and
5H). To quantify the effect of HA-NICD1
expression on FOXJ1 expression, the
percentage of HA-positive (HA1) cells
expressing FOXJ1 was quantified and
compared with the nontransduced
(i.e., HA-negative [HA2]) cells
expressing FOXJ1 in the same culture,
and to HA-vector transduced cells.
Quantification of the HA-NICD1
transduced (HA1) cells in DAPT-treated
submerged cells showed that 0.15
(6 0.03)% were FOXJ11, whereas 17.6
(6 1.5)% of the nontransduced (HA2)
cells expressed FOXJ1. In HA-vector
control transduced (HA1) cells, 26.3
(6 3.7)% of the cells were FOXJ11 and
18.4 (6 1.7)% of the nontransduced
cells expressed FOXJ1 when cultured
submerged with DAPT (Figure 5N).
Similar results were obtained when the
cells were cultured in hypoxia plus
DAPT conditions (Figure 5O), with 0.11
(6 0.11)% of HA-NICD1 transduced
(HA1) cells and 12.1 (6 2.8)% of
nontransduced (HA2) cells expressing
FOXJ1. In hypoxia, 16.1 (6 0.9)% of the
HA-vector control transduced cells were
FOXJ11, and 10.4 (6 3.5)% of the
nontransduced cells expressed FOXJ1.
Similar results were obtained using
lentivirus to express HA-NICD3 in NHBE
in submersion and hypoxia with DAPT
(Figure E2). These results are similar to

previously published results using
a transgenic mouse model expressing NICD1
(33). These data indicate that reducing
NICD1 or NICD3 levels by inhibiting
g-secretase with DAPT in NHBE cells
cultured submerged or in hypoxia is
necessary for FOXJ1 expression, and strongly
suggest that Notch signaling mediates the
reduction of ciliated cell differentiation in
submersion or hypoxic conditions.

Motile Ciliated Cell Differentiation
Using Submerged Culture
Conditions on Plastic
The observation that inhibiting g-secretase
with DAPT promotes ciliated cell
differentiation in submerged culture
conditions shows that an ALI was not
required for ciliogenesis. This suggests that
previous attempts to differentiate ciliated
cells using standard submerged culture in
plastic dishes were unsuccessful because of
prolonged Notch signaling under these
conditions. Therefore, it should be possible
to differentiate ciliated cells in submerged
conditions in the presence of DAPT in
plastic cell culture plates rather than
submerged on porous membranes. To test
this, undifferentiated NHBE cells were
cultured submerged in 150 ml of media on
collagen-coated wells of a 96-well plate for
21 days with and without DAPT. Cells

were then fixed and immunostained for
FOXJ1 and cilia. In the absence of DAPT,
no FOXJ11 or ciliated cells were detected,
but cells treated with DAPT expressed
FOXJ1 and were ciliated (Figure 6). In
addition, these cilia were motile (Figure
E3), and their beat frequency was measured
to be 10.18 (6 2.84) Hz, which is within the
range of published ciliary beat frequency
observed in NHBE cells differentiate at
an ALI (38). In addition, the length of
cilia on NHBE cells cultured either at an
ALI on Transwell inserts or submerged
on plastic were similar, measuring 8.82
(6 1.04) mm and 9.15 (6 1.56) mm,
respectively. Thus, neither an ALI nor
porous filters are necessary for the
differentiation of motile ciliated cells
in the presence of DAPT.

Discussion

Ostrowski and Nettesheim (19) showed
that differentiation of rat tracheal ciliated
cells decreased when the cells were
submerged in greater volumes of apical
fluid. Our data confirmed a similar
response to increased apical fluid volumes
for human bronchial ciliated cell
differentiation. However, smaller-diameter
Transwell membranes were used in this

Figure 5. (Continued). DAPT-treated submerged and hypoxic conditions. These results indicate that expression of HA-NICD1 inhibits ciliated cell
differentiation in the presence of DAPT, and suggest that DAPT promotes ciliogenesis by blocking Notch signaling. A minimum of 500 cells from 3
different lung donors was counted for each group. Scale bar, 50 mm. Data shown are means (6 SEM). One-way ANOVA (*P , 0.05; n = 3).

Figure 6. DAPT enables FOXJ1 expression and ciliated cell differentiation of NHBE cells in
submerged culture on plastic in 96-well plates. Representative three-dimensional (3D) opacity
renderings of 403 confocal immunofluorescent images of NHBE cells cultured in wells of a 96-well
plate submerged for 21 days (top) or submerged with 10 mM DAPT (middle); a Z-stack of submerged
conditions with 10 mM DAPT is also shown (bottom). Cells were stained for cilia (acetylated a-tubulin,
white), FOXJ1 (green), and nuclei (Hoechst, blue). The percent FOXJ11 cells are indicated in the
upper right corner of the upper two panels. The 3D images were cropped and rotated along the z axis

to view cells from above the apical surface. Scale bar, 20 mm (n = 3).
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study, so, although similar apical volumes
were used, the calculated depth of the
apical fluid is greater for the human cells.
Specifically, the rat study showed a 90%
reduction of rat cell ciliogenesis at
calculated depths of 1 mm or greater,
whereas human cell differentiation was not
significantly reduced until the calculated
apical media was depth roughly 4 mm.
In addition, submersion at a depth of
approximately 1 mm enhanced human cell
differentiation. Because increasing apical
liquid depth decreases O2 concentration at the
level of the cells, it suggests that there may be
differences in the O2 concentration threshold
for ciliated cell differentiation between rat and
human cells. Alternatively, there may be other
differences that affect O2 concentration (e.g.,
menisci height, as smaller-diameter filters
were used in the present study). In any case,
the correlation between greater depth and
inhibition of ciliated cell differentiation is
consistent in both studies.

The hypothesis that submersion
prevents ciliated cell differentiation by
making the cells hypoxic was supported by
the observations that HIF-1a and HIF-2a
accumulate rapidly after cells were switched
from an ALI in air to submerged culture or
to hypoxia, and ciliated cell differentiation
is reduced in ALI at 0.5% O2. The
transcription factors, HIF-1a and HIF-2a,
are the major mediators of hypoxic
response. These proteins bind to HIF-1b to
directly regulate many hypoxia response
genes, including genes involved with
angiogenesis (39) and embryogenesis (40).

In addition, hypoxia has been shown to
inhibit differentiation of pancreatic b cells
(26) and myoblasts (29) via interaction with
the Notch signaling pathway. Taken
together, these data suggest that
submersion and hypoxia potentiate Notch
signaling to repress the induction of genes
necessary for ciliated cell development as
diagrammed in Figure 7. However, the
mechanism of potentiation of Notch
signaling by hypoxia is not completely
understood. Several possible mechanisms
have been proposed. Hypoxia has been
shown to potentiate Notch signaling by
increasing the levels of Notch receptor
expression (41), or by increasing expression
of Notch ligands (42). HIF-1a can also bind
to NICD and potentiate Notch signaling
and alter gene expression (29). In addition,
NICD activity can be enhanced directly in
hypoxia by reduced asparaginyl
hydroxylation (43). Further studies are
needed to determine which, if any, of these
mechanisms might prolong Notch
activation in hypoxic or submerged culture.

Oxygen concentration may play
a role in human fetal lung development.
Cilia are not seen until about the 12th
week of gestation (21). This correlates
with the time during embryogenesis
when there is an increase of maternal
blood flow into the intervillous region
of the placenta and increases in the
oxygen content from a PO2 of around
20 mm Hg to between 40 and 80 mm Hg,
thereby increasing the O2 concentration
of the blood delivered to the fetus (44,

45). This is consistent with a model
(Figure 7) in which low PO2 in fetal
circulation maintains Notch signaling
that prevents ciliated cell differentiation
in the foregut endoderm until the O2

concentration increases after placental
maturation.

Notch signaling has been shown to be
a key regulator of differentiation of several
airway epithelial cell types. Notch signaling
has been reported to promote secretory cell
and prevent ciliated cell differentiation (33,
46) and reduce neuroendocrine cells (47)
during mouse embryogenesis. Notch
signaling has been shown to influence cell
fate decisions of basal cells, which act as
epithelial stem cells in the adult lung (9).
The observation that hypoxia reduces
ciliated cell differentiation in NHBE cells in
vitro by potentiating Notch signaling
suggests that hypoxia may also influence
differentiation of other epithelial cell types
in the adult airway. Consistent with this
idea, hypoxia was shown to increase the
number of MUC5AC-positive cells during
NHBE cell differentiation in vitro (48). In
addition, regions of hypoxia have been
observed in the airways of patients with
respiratory diseases, such as cystic fibrosis
and chronic obstructive pulmonary disease
(48, 49), diseases that also exhibit goblet cell
hyperplasia, mucus hypersecretion (5, 50),
and reduced numbers of ciliated cells (8, 10).
Thus, the interplay between oxygen
concentration and Notch signaling may
contribute to alterations in the cellular
composition of the airway epithelium
observed in respiratory disease, and suggests
a new potential therapeutic target.

To date, the only in vitro method
for the differentiation of multiciliated
airway epithelial cells has been to culture
primary precursor cells using ALI
conditions. Our observations show
that motile multiciliated cells will
differentiate in submerged culture
conditions on plastic in the presence of
the Notch signaling inhibitor, DAPT. This
suggests that exposure to apical air is not
necessary for ciliogenesis, and that
conventional cell culture approaches are
sufficient for ciliated cell differentiation. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Figure 7. The proposed model for the regulation of ciliated cell differentiation by oxygen and Notch
signaling. Submersion and/or hypoxia cause a low-oxygen environment that potentiates Notch signaling
and prevents MCI and FOXJ1 expression, factors required for ciliated cell differentiation. Possible
mechanisms for hypoxia potentiation of Notch signaling are indicated by the dashed arrow, and include
induction of ligand expression, induction of Notch receptor expression, and direct interaction with NICD.
Inhibition of g-secretase with DAPT prevents Notch cleavage into the activated NICD form, and
inhibits Notch signaling, which permits MCI and FOXJ1 expression and ciliated cell differentiation.
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6. Maeda Y, Davé V, Whitsett JA. Transcriptional control of lung
morphogenesis. Physiol Rev 2007;87:219–244.

7. Morrisey EE, Hogan BL. Preparing for the first breath: genetic and
cellular mechanisms in lung development. Dev Cell 2010;18:
8–23.
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