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Summary
The epithelium lining the airways of the adult human lung is composed of ciliated and secretory
cells together with undifferentiated basal cells (BCs). The composition and organization of this
epithelium is severely disrupted in many respiratory diseases. However, little is known about the
mechanisms controlling airway homeostasis and repair after epithelial damage. Here, we exploit
the mouse tracheobronchial epithelium, in which BCs function as resident stem cells, as a
genetically tractable model of human small airways. Using a reporter allele we show that the low
level of Notch signaling at steady state is greatly enhanced during repair and the generation of
luminal progenitors. Loss-of-function experiments show that Notch signaling is required for the
differentiation, but not self-renewal, of BCs. Moreover, sustained Notch activation in BCs
promotes their luminal differentiation, primarily towards secretory lineages. We also provide
evidence that this function of Notch signaling is conserved in BCs from human airways.

• Notch signaling is active in steady state airways and increased during repair

• Notch is required for differentiation, but not self-renewal, of airway basal cells

• Notch promotes luminal differentiation of mouse basal stem cells

• Our data suggest this mechanism is conserved in human basal cells
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Introduction
The epithelium lining the conducting airways of the lungs is the first line of defense against
inhaled particles and pathogens. This vital function depends on the proper proportions,
distribution, and physiological activity of differentiated cell types, including ciliated and
secretory cells. The loss of these cells due to wear and tear, inflammation, or injury must be
balanced with replacement from local stem and progenitor cells. In debilitating lung
diseases, including cystic fibrosis, asthma, chronic obstructive pulmonary disease (COPD)
and cancer, the airway epithelium undergoes pathological remodeling, with profound
changes in the number and proportion of cell types (Randell, 2006; Rock et al., 2010; Shi et
al., 2009). To develop new therapies there is a pressing need to understand the mechanisms
regulating epithelial maintenance and repair by resident stem cells in the mature airway.

The tracheobronchial airways of adult mice histologically resemble the conducting airways
of the human lung, providing a genetically tractable model for studying cell lineages and
molecular mechanisms relevant to human airway disease (Rock et al., 2010). In both species
the pseudostratified epithelium contains ciliated, secretory, and basal cells in roughly equal
proportions (Boers et al., 1998; Nakajima et al., 1998; Rock et al., 2009). Work from our lab
and others suggests that in these epithelia the basal cells (BCs), as a population, are the adult
tissue stem cells that self-renew over the long term and give rise to specialized luminal cells
(Hackett et al., 2008; Hong et al., 2004; Randell et al., 1991; Rock et al., 2009). However,
little is known about the mechanisms that regulate their proliferation, self-renewal, and
selection of daughter cell fate.

In many adult and embryonic tissues, the Notch signaling pathway plays critical roles in
stem cell maintenance and differentiation (Chiba, 2006; Liu et al., 2010). In some adult
organs, including the mammary gland and interfollicular epidermis, canonical Notch
signaling is associated with differentiation of stem cells (Blanpain et al., 2006; Bouras et al.,
2008). In other tissues including the hematopoetic and nervous systems, Notch signaling
maintains the stem cell pool (Duncan et al., 2005; Imayoshi et al., 2010). The functions of
the Notch signaling pathway are therefore context dependent and notoriously complex,
necessitating stage and cell type specific analysis for each organ system examined. Studies
on the role of Notch signaling in the lung have so far been confined to embryonic
development. During branching morphogenesis, pharmacological inhibition of the pathway
perturbs the balance of proximal and distal progenitors (Tsao et al., 2008). Later, several
binary cell fate decisions in the epithelium are regulated by Notch, including the selection of
neuroendocrine versus non-neuroendocrine (Ito et al., 2000) and secretory versus ciliated
lineages (Guseh et al., 2009; Morimoto et al., 2010; Tsao et al., 2009). During the final
stages of lung development, Notch signaling promotes the maturation of mesenchymal
myofibroblasts that is critical for the formation of alveoli (Xu et al., 2010). These studies are
extremely important to our understanding of lung development. However, they were either
performed before the maturation of basal stem cells or in distal airways of the mouse lung
that do not contain BCs. The functions of Notch signaling in BCs of adult airways, relevant
to human respiratory disease, are currently unclear.

Here, we demonstrate that Notch signaling regulates behaviors of basal stem cells in adult
mouse and human airways. We use a transgenic reporter to demonstrate that Notch signaling
is active at steady state and increases during epithelial repair when basal stem cells generate
undifferentiated, luminal daughters. Genetic and pharmacological loss-of-function studies
show that the differentiation of airway BCs is Notch-dependent. Conversely, sustained
genetic activation of the pathway promotes the luminal differentiation of BCs, primarily
towards secretory lineages. We provide evidence that these functions of Notch signaling are
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conserved in human airway BCs and so may contribute to pathological airway remodeling in
respiratory diseases.

Results
Expression of Notch signaling components in the pseudostratified airway epithelium

To characterize Notch signaling in adult airways, we first analyzed the expression of
pathway genes in basal and luminal cells isolated from steady state mouse tracheobronchial
epithelium. We purified NGFR+ BCs by FACS and confirmed by immunofluorescent
staining of cytospin preparations that ～90% of the population was positive for TRP63, a
transcription factor expressed in BCs of stratified and pseudostratified epithelia throughout
the body (Rock et al., 2009). Quantitative RT-PCR (qPCR) confirmed that the NGFR+
population was enriched for transcripts of Trp63 (Figure 1). The NGFR- population, mostly
comprised of luminal secretory and ciliated cells, had higher levels of RNA encoding
Scgb1a1, a secretory product of Clara cells, and FoxJ1, a transcription factor specific to
ciliated cells (Figure 1). As a population, BCs were significantly enriched for transcripts
encoding Notch1, Dll1 and Jag2. Jag1 was also expressed at slightly higher levels in BCs
than luminal cells. There was no differential expression of Notch2 and Notch3, and
transcripts for Notch4, Dll3, or Dll4 could not be detected in either population.

Compared to some other organs, cells of the airway epithelium are long-lived (Kauffman,
1980) and there is relatively little proliferation, self-renewal and differentiation of airway
stem cells under steady state conditions. Therefore, we used an injury/repair model of the
mouse tracheobronchial epithelium to study the role of Notch signaling in vivo during
conditions of enhanced cell turnover. In this model, adult mice are exposed to SO2 for three
hours and returned to room air. This treatment results in the death and sloughing of most
luminal cells, but leaves behind BCs throughout the tracheobronchial region (Borthwick et
al., 2001; Evans et al., 2001; Rawlins et al., 2007; Rock et al., 2009). BCs fuel an orderly
and efficient repair process during which they remain in close proximity to the basal lamina
and continue to express BC markers including Trp63, Krt5 and Pdpn (Figure 2A-C and data
not shown). Cell proliferation peaks 24-hours post-injury (hpi) and the epithelium
transiently stratifies, beginning around 36hpi (Figure 2C,E and Rawlins et al., 2007). At this
time, abundant suprabasal cells are negative for markers of either BCs or differentiated
ciliated and secretory cells. These undifferentiated suprabasal cells express Krt8, a
cytokeratin expressed in luminal cells, including secretory and ciliated cells in the uninjured
trachea (Figure 2D,E). We call these cells “early progenitors” (EPs) since they are derived
from basal stem cells and generate ciliated and secretory lineages. Fully differentiated
ciliated and secretory cells are first observed five days post-injury (Figure 2F-I).

We used the Transgenic Notch Reporter (TNR) mouse line (Mizutani et al., 2007) to
determine whether Rbpj-dependent canonical Notch signaling is active in airway epithelium
in vivo. In this line, GFP is expressed in Notch-responsive cells under the control of four
copies of the Rbpj binding site and a minimal promoter. We quantified Notch-responsive
cells by manually counting TNR+ cells on confocal images of immunostained tissues
sections. In the steady state adult trachea, only 2.7±0.7% of epithelial cells were TNR+

(Figure 3A,F). Of these, ～75% were individual cells positive for CGRP and Prox1, markers
of neuroendocrine cells (Figure 3B and data not shown). We hypothesized that the low level
of Notch signaling reflected the low rate of cell turnover and paucity of putative EPs under
steady state conditions. To test this, we used the SO2 injury model to increase the kinetics of
proliferation, self-renewal, and the production of putative EPs and differentiated cell types
in vivo. Twelve hours after injury, before stratification and the generation of abundant EPs,
there was a modest increase in the proportion of TNR+ cells to 6.0±0.9% (Figure 3C,F). At
36hpi, when Trp63-;Krt8+ EPs are abundant, the proportion of TNR+ cells increased to
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25.1±8.1% (Figure 3D,F). This value decreased to 8.4±1.4% at 7dpi (Figure 3E,F). To
determine whether EPs proliferate during epithelial repair, we stained sections of TNR
tracheas 36hpi with antibodies against GFP and phosphorylated histone H3 and found that
the proliferative cells were almost exclusively GFP- (data from four mice not shown).
However, this finding does not rule out the possibility that EPs (or their daughters) can
proliferate after they have been specified towards a luminal fate and lost the expression of
GFP or at other times during epithelial repair. In the future, as new markers of EPs are
identified, it will be important to readdress this issue.

To begin characterizing the role of the Notch pathway at the molecular level, we purified
GFP+ (EPs) and GFP- cells from TNR tracheas at 36hpi by FACS. qPCR on cDNA
synthesized from these populations confirmed that GFP+ EPs have lower levels of Trp63
mRNA than the GFP- population that contains primarily BCs at this time (Figure 3G). This
is consistent with our observation that the majority of TNR+ cells did not express Pdpn, a
transmembrane glycoprotein expressed on BCs of the conducting airway epithelium, at any
time examined. These data support the idea that Notch is active in EPs but not in Trp63+
BCs. Next, we performed immunohistochemistry and RNA in situ hybridization for Notch
targets during the repair process. Many basal and luminal cells expressed the transcription
factor Hes1 under steady state and reparative conditions (Figure 3H,I). Although Hes1
expression levels were qualitatively higher following SO2 injury, high levels of Hes1 were
not restricted to TNR+ cells and not all TNR+ cells were Hes1+ (Figure 3H,I). The
widespread distribution of Hes1 in the tracheobronchial epithelium is similar to that reported
for the interfollicular epidermis (Blanpain et al., 2006), another tissue in which Notch
signaling is associated with stem cell differentiation. In contrast to Hes1, transcripts for the
bHLH transcription factors Hey1 and HeyL were strongly and specifically upregulated
during epithelial repair, with highest levels at 36hpi (Figure 3J-M).

Notch signaling promotes luminal differentiation of basal cells
To test whether Notch signaling is sufficient to promote the luminal differentiation of basal
stem cells in vivo, we activated the Notch pathway in BCs using the ROSANotch mouse line
(Murtaugh et al., 2003). Following Cre-mediated recombination, this allele results in the
constitutive expression of nuclear GFP and the intracellular domain of Notch1 that is
sufficient for ligand-independent, cell autonomous Notch activation. We injected adult
KRT5-CreER;ROSANotch mice with tamoxifen to induce constitutive expression of the
Notch1 intracellular domain and GFP specifically in BCs. KRT5-CreER;ROSAEYFP mice of
similar ages were controls. After a two-week chase period, we assessed the expression of
GFP/YFP and markers of differentiation on confocal images of tissues sections. In control
tracheas, only 14.8±3.9% of EYFP+ lineage labeled cells had differentiated and lost
expression of the BC marker Pdpn (Figure 4A,C). This demonstrates that the majority of
BCs do not differentiate in this period under steady state conditions and is consistent with
our previous findings (Rock et al., 2009). In contrast, 98.9±1.1% of cells expressing the
Notch1 intracellular domain and nuclear localized GFP were scored as Pdpn- (Figure 4B,C).
Therefore, Notch activation is sufficient to drive luminal differentiation of BCs in vivo.
Importantly, the Notch+,Pdpn- cells were neither Cgrp+ nor Prox1+ (data not shown). This
suggests that sustained Notch activation does not promote the differentiation of BCs into
neuroendocrine cells, even though these cells are TNR+ at steady state (Figure 2B and data
not shown). Rather, of the Notch+ cells, 81.2±10.5% stained positively for Scgb1a1, a
secretory product of Clara cells (Figure 4D), and 56.9±12.6% were positive for markers of
goblet secretory cells including the transcription factor Spdef (Park et al., 2007) and the
mucin Muc5ac (Figure 4E). In control KRT5-CreER;ROSAEYFP tracheas, only 3.3±3.3%
and 5.3±5.3% of EYFP+ cells were scored as Scgb1a1+ or Muc5ac+, respectively.
Together, these data suggest that sustained activation of the Notch pathway induces luminal
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differentiation of BCs and, in particular, promotes the secretory lineage. The remaining
Notch+;Pdpn- cells were not Foxj1+ ciliated cells. Therefore, they may be EPs or immature
secretory cells. These findings are consistent with data suggesting that Notch promotes
secretory cell differentiation from non-basal cell progenitors in the embryonic trachea and
distal lung (Guseh et al., 2009; Tsao et al., 2009).

Notch gain-of-function analysis in human airway basal cells
In humans, the pseudostratified epithelium containing BCs extends deep into the lung, right
down to the alveolar duct (Boers et al., 1998; Nakajima et al., 1998; Rock et al., 2010). Our
model predicts that activation of Notch signaling in human airway BCs will be associated
with the downregulation of BC-associated genes and increased luminal differentiation. To
test this hypothesis, we expressed constitutively high levels of the Notch target and bHLH
transcription factor Hes1 in primary epithelial cells isolated from human lungs and grown in
2D culture (Fulcher et al., 2005). Under these conditions, the cells that survive and
proliferate are initially mostly TRP63+ BCs. Cells were transduced with lentivirus encoding
mouse Hes1 and GFP under the control of EF1a and CMV promoters, respectively (Yu et
al., 2006). Cells transduced with lentivirus encoding GFP under control of the CMV
promoter were used as controls. After 4 days, an average of 82.6% of GFP+ control cells
were TRP63+ (n=2 independent, normal donors). By contrast, only 39.2% of cells
expressing high levels of mHes1 were TRP63+ (Figure 5A,B). Similarly, 41.4% of BCs
transduced with mHey1 retrovirus (Sakamoto et al., 2003) expressed TRP63 compared to
66.4% of BCs transduced with a GFP expressing retrovirus. Although these culture
conditions do not support terminal mucociliary differentiation, our data suggest that Notch
signaling plays an evolutionarily conserved role in the downregulation of BC-associated
genes and luminal differentiation of BCs in the pseudostratified conducting airway
epithelium. We performed qPCR using template cDNA synthesized from control GFP+ cells
and mHes1-expressing GFP+ cells purified by FACS five days after transduction. Cells
expressing mHes1 contained reduced levels of Jag2 transcripts compared to GFP+ control
cells (Figure 5C). Importantly, Jag2 is the Notch ligand that is most differentially expressed
between basal and luminal cells of the steady state mouse tracheobronchial epithelium
(Figure 1). Together, these data support a model in which Notch promotes the luminal
differentiation of human airway BCs. Notch-responsive putative EPs downregulate the
expression of TRP63 and Notch ligand and show a trend toward upregulation of Notch
receptor expression (Figure 5C) as they are generated by asymmetric division.

Notch signaling is active in mouse luminal basal cell daughters in vitro
To confirm that Notch signaling is active in the luminal daughters of BCs at the single cell
level, we used our recently described 3-dimensional organoid culture system. In this assay,
primary NGFR+ tracheobronchial BCs purified by FACS are seeded into a mixture of
Matrigel and growth medium (Rock et al., 2009). Individual basal stem cells proliferate and
generate multicellular tracheospheres composed, after about two weeks, of basal, ciliated,
and secretory cells surrounding a single central lumen. We seeded BCs from TNR mice in
the assay and performed whole mount immunohistochemistry on spheres made up of 2 to 16
cells, before the differentiation of ciliated and secretory cells. At the 2-cell stage (～2 days
post seeding), no colonies contained two TNR+ cells. Moreover, all TNR+ cells were Trp63
negative at the 2, 4 and 16-cell stages (Figure 6A-D). Together, these data confirm our
findings in vivo that Notch signaling is active in Trp63- daughter cells (putative EPs) at the
time they are generated from BCs.

Loss-of-function suggests that basal cell differentiation is Notch-dependent
Our gain-of-function experiments suggested that Notch promotes the luminal differentiation
of airway basal stem cells. To test the hypothesis that Notch signaling is required for the
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differentiation of luminal daughters from basal stem cells, we pharmacologically inhibited
Notch signaling by adding the gamma secretase inhibitor DBZ (1μM) or vehicle (DMSO) to
wild type BCs at the time of seeding in the tracheosphere assay. After 7 days, control
spheres (451/451 spheres examined in 4 independent experiments) developed a single lumen
surrounded by a pseudostratified epithelium containing TRP63+ BCs and TRP63-;KRT8+
putative EPs (Figure 6E). In contrast, spheres generated from BCs cultured in the presence
of DBZ contained only TRP63+ BCs and failed to form a lumen (446/459 spheres examined
in 4 independent experiments) (Figure 6F). These data support a model in which Notch
signaling is required for the differentiation of EPs from BCs, but is not required for BC
proliferation or self-renewal in vitro.

To test this model in vivo, we used a conditional null allele of mindbomb homolog 1(Mib1)
(Koo et al., 2007). Mib1 encodes an E3 ubiquitin ligase required in ligand-presenting cells to
initiate Notch signal transduction (Itoh et al., 2003; Koo et al., 2007; Lai et al., 2005).
Importantly, Mib1 null mice phenocopy null mutations of Notch signaling components (Koo
et al., 2007). Adult KRT5-CreER;Mib1fx/fx;ROSAEYFP mice were injected with tamoxifen
to delete Mib1 specifically from BCs and induce the heritable expression of EYFP for clonal
lineage analysis. Age-matched KRT5-CreER;ROSAEYFP and KRT5-
CreER;Mib1fx/+;ROSAEYFP mice were used as controls. We performed SO2 inhalation
injury 4 days after the last tamoxifen injection to induce self-renewal and differentiation of
the surviving BCs. We assessed the expression of YFP and markers of differentiation on
confocal images of tissues sections two weeks post-injury. Consistent with our previous
findings, 61.9±4.6% of lineage labeled cells had differentiated and lost expression of Pdpn
(Figure 6G,I) (Rock et al., 2009). These data confirm that wild type BCs contribute to
epithelial repair by generating luminal daughters. In contrast, the proportion of lineage
labeled Mib1 null cells that were scored as luminal was significantly lower than wild type
cells two weeks post injury. Only 34.5±6.7% of lineage labeled Mib1-null cells were scored
as Pdpn- luminal cells (Figure 6H,I). Together, our pharmacological and genetic loss-of-
function data support a model in which Notch signaling is required for the luminal
differentiation of BC daughters. Moreover, since Mib1 is required specifically in ligand-
expressing cells for Notch signaling, these data, combined with gene expression analysis,
suggest that BCs are a significant source of Notch ligand during differentiative divisions to
generate luminal EPs.

Discussion
Here, we have used an in vivo reporter allele and genetic and pharmacological gain- and
loss-of-function experiments to demonstrate that Notch is necessary and sufficient for the
differentiation of adult airway basal stem cells. We have shown that the Notch pathway is
active in relatively few cells under steady state conditions when there is little epithelial
turnover. The number of Notch-responsive cells is enhanced when basal stem cells generate
luminal daughters in vivo after epithelial injury and in vitro. Taken together, our data
support the model depicted in Figure 7 (upper panel). According to this model,
differentiating BCs divide asymmetrically to generate a multipotent Trp63-;Krt8+ luminal
EP and this is a Notch-dependent process. We hypothesize that EPs have a limited capacity
for proliferation and generate terminally differentiated ciliated or secretory cells in response
to a second Notch signaling event. While TNR+ cells are not positive for phosphorylated
histone H3 at 36hpi, there is indirect evidence that EPs constitute a transit amplifying
population in repair. This comes from the observation that most of the Scgb1a1+, Spdef+
and Muc5ac+ secretory cells derived from the sustained activation of Notch in Krt5+ BCs
were present in pairs or small clusters (Figure 4). EP behaviors, including self-renewal and
differentiation, might be modulated by changes in their niche that includes neighboring
epithelial cells, stroma, vasculature, smooth muscle, neurons, and inflammatory cells.
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Currently, we cannot exclude alternative models for Notch regulation of BC differentiation
in the adult airway epithelium. For example, as shown in Figure 7 (lower panel), there may
only be one determinative Notch signaling event. In this scenario BCs express differing
levels of Notch ligand, depending on signals from their local environment, including
neighboring epithelial cells, and specify the lineage fate of their progeny at the time of the
first asymmetric division. Accordingly, EPs would be more lineage-restricted than in the
first model and would constitute a dynamically heterogeneous population, with some
acquiring a high probability of generating ciliated cells and others secretory cells. This
second scenario is similar to models proposed for stem cells in the Drosophila midgut
intestinal epithelium (Jiang et al., 2009; Ohlstein and Spradling, 2007). In the future it
should be possible to distinguish between alternative models by transiently inducing variable
doses of Notch activation in individual BCs and following the fate of their daughters. It
should also be possible to use the TNR allele to purify putative EPs and identify surface
proteins and transcription factors that function as markers of this population. This will
enable long term in vivo lineage tracing of individual EPs and definitive tests of the
heterogeneity of this populations.

Fundamental to both models is the Notch-dependency of basal stem cell differentiation
towards luminal lineages. Indeed, pharmacological inhibition of Notch signaling in the
tracheosphere assay suggests that the differentiation of BCs depends on canonical Notch
signaling. However, our in vivo genetic loss-of-function experiments, in which Mib1 was
deleted from airway BCs using the KRT5-CreER driver, resulted in the reduction, but not
absence, of lineage labeled luminal cells. To account for this, we propose that some
daughters of Mib1-deficient BCs received a pro-differentiation Notch signal from
neighboring wild-type BCs that had not undergone recombination due to the relatively low
efficiency of the KRT5-CreER transgene. Consistent with our previous studies, we
confirmed that only approximately 10% of BCs undergo recombination after a maximal
regimen of four doses of tamoxifen (data not shown). Also, it is likely that some cells that
recombined the ROSA-EYFP allele and expressed the lineage tag did not undergo
recombination to delete both alleles of Mib1. Furthermore, the deletion of Mib1 may be
compensated for by the expression of other E3 ubiquitin ligases. RT-PCR demonstrated that
Mib2 is expressed in the tracheal epithelium under steady conditions (data not shown). Mice
homozygous for a null allele of Mib2 are viable and fertile with no obvious respiratory
defects (Koo et al., 2007). However, additional experiments are required to determine
whether this protein partially compensates for the deletion of Mib1 in the adult
tracheobronchial epithelium.

An important question is whether our proposed model for the role of Notch signaling in the
regulation of airway BC differentiation is conserved in humans. Our data using primary
human bronchial epithelial cells in culture certainly provide strong evidence that it is. BCs
are found throughout the human lung, including small airways where pathological
remodeling such as mucous hyperplasia and squamous metaplasia are particularly
detrimental (Boers et al., 1998; Nakajima et al., 1998; Randell, 2006; Rock et al., 2010).
Importantly, the KRT5+;KRT14+ BC population is expanded in areas of squamous
metaplasia in patients with chronic obstructive pulmonary disease (COPD) and cystic
fibrosis (CF) (Rock et al., 2010; Voynow et al., 2005). According to our models (Figure 7),
this expansion could result from decreased levels of Notch signaling. Significantly, it has
been reported recently that smokers with and without COPD express lower levels of Notch
ligands and receptors in airway epithelial cells than non-smokers (Tilley et al., 2009).
Furthermore, Notch gain-of-function has been linked to poor outcome in a subset of patients
with non-small cell lung cancer (Westhoff et al., 2009). Together with our current findings,
these studies suggest that the Notch signaling pathway represents a potential therapeutic
target for airway remodeling and lung disease.
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Experimental Procedures
Mice

KRT5-CreER (Rock et al., 2009), TNR (Mizutani et al., 2007), ROSAEYFP (Srinivas et al.,
2001), ROSANotch (Murtaugh et al., 2003), and Mib1flox (Koo et al., 2007) mice have been
described. Animal experiments were approved by the Duke IACUC. To induce
recombination in BCs, 20mg/ml tamoxifen (Sigma) stock solution was prepared in Mazola
corn oil. Adult mice were injected intraperitoneally with 0.25 mg per gram body weight
every other day for a total of four injections as described (Rawlins et al., 2009). For SO2
experiments, the final tamoxifen injection was administered 2-4 days before injury. Adult
mice were placed in individual compartments within a chamber and exposed to 500 ppm
SO2 in air for 3 hours.

FACS
Tracheobronchial epithelial cells were isolated as described (Rock et al., 2009). Briefly,
tracheas were incubated in 16U/ml Dispase (BD Biosciences), epithelial sheets were peeled
from the underlying stroma with forceps, and single cells obtained by incubation with 0.1%
trypsin at 37°C for 20 minutes. Cells were labeled with 9ug/ml rabbit anti-NGFR (Abcam
8875) or rabbit IgG for 45min in 2%FBS, 2%BSA in PBS on ice, washed and incubated
with Alexa-Fluor 488 or PE-conjugated donkey anti-rabbit in 2%FBS, 2%BSA in PBS for
45 min on ice. Propidium iodide was added to exclude dead cells and FACS was performed
in the Duke Cancer Center shared flow cytometry facility. To isolate EPs by FACS, the
tracheal epithelium of TNR males was isolated and dissociated as above 36hpi, incubated
with propidium iodide and sorted. Transduced human cells in 2D culture were trypsinized,
incubated with propidium iodide and sorted.

RT-PCR
RNA was extracted with the RNeasy micro kit (QIAGEN) and cDNA synthesized with
SuperScript III (Invitrogen). PCR was performed with SYBR green chemistry in a
StepOnePlus (Applied Biosystems) and data were analyzed using the ΔΔCt method. Primer
sequences are listed in Supp Table 1.

Immunohistochemistry and RNA in situ hybridization
Tracheas were dissected and fixed in 4% PFA for 3h at 4°C, washed with PBS, and
embedded in OCT. Cryosections (10-14μm) were washed with 0.3% Triton X-100 in PBS
and blocked in 10% donkey serum, 3% BSA, 0.1% Triton X-100 in PBS for at least 1 hour
at room temperature. Sections were incubated with primary antibodies, diluted in blocking
solution, overnight at 4°C. After washing, sections were incubated with secondary
antibodies diluted in 5% donkey serum, 0.1% Triton X-100 in PBS for 3-4 hours at room
temperature and then washed and counterstained with DAPI. For whole mount staining,
tracheospheres were fixed with 4% PFA at room temperature for 10 minutes. After PBS
washes, they were incubated in 5% BSA, 0.2% Triton X-100 for 15 minutes at room
temperature and then incubated in primary antibody, diluted in 5% BSA, 0.02% Triton
X-100, overnight at 4°C. After PBS washes, secondary antibody was added for 4 hours at
room temperature diluted in 5% BSA, 0.02% Triton X-100, washed with PBS, and nuclei
were stained with DAPI. Fluorescent images are single planes from confocal stacks.
Antibodies used were: Abcam: Chicken anti-GFP (1:500); Developmental Studies
Hybridoma Bank: hamster anti-podoplanin, 8.1.1 (1:1000), rat anti-Krt8, TROMA-I (1:200);
Santa Cruz: mouse anti-p63, 4A4 (1:50-1:200); Peninsula labs: rabbit anti-Cgrp (1:200);
LabVision: mouse anti-muc5ac (1:200); mouse anti-FoxJ1 (Steven Brody); rabbit anti-
Scgb1a1 (Barry Stripp); guinea pig anti-Spdef (Jeffrey Whitsett); rabbit anti-Hes1 (Nadean
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Brown). All secondary antibodies were Alexa Fluor conjugates (488, 555, or 647) diluted
1:500 (Invitrogen).

For in situ hybridization, paraffin sections were dewaxed, rehydrated, fixed with 4% PFA
before proteinase K treatment (20μg/ml for 10 minutes at room temperature), and fixed with
4% PFA again. Sections were treated with acetic anhydride in triethanolamine for 10
minutes, prehybridized at 65° for 3 hours, and hybridized at 65° overnight with DIG labeled
probes. Slides were washed in decreasing concentrations of SSC and stained with AP-
conjugated anti-DIG. Signal was visualized using BCIP/NBT and slides were counterstained
with nuclear fast red.

Statistical Analysis
Unpaired Student's t-tests were used for all statistical analyses.

Cell culture and viral transduction
Plasmids encoding pGIPZ (Thermo Scientific) and EF.mHES1.CMV.GFP (Addgene) were
transfected into 293T cells with lentiviral packaging vectors Δ8.9 and VSVG using Fugene
6. Viral particles were collected and concentrated by centrifugation and added to first
passage primary human airway epithelial cells after 3d culture on uncoated plastic in BEGM
medium as described (Fulcher et al., 2005). Pheonix cells were transfected with pClig and
pClig-HesR1 plasmids (gift from Ryoichiro Kageyama) using Fugene 6 and grown at 32°C.
Three days after transfection, retrovirus-containing supernatant was filtered. To transduce
first passage human airway epithelial cells grown on plastic, cells were washed 2d after
plating, incubated in retroviral supernatant +10% FBS +0.08 mg/ml Polybrene at 32°C for
15 minutes, and centrifuged for 30 minutes at 1100g before washing. Supernatant was
removed and cells were grown in BEGM at 37°C for 96 h before immunofluorescence.

Tracheospheres were cultured as described (Rock et al., 2009) except that they were grown
in 8-well chamber slides to facilitate whole-mount immunohistochemistry and confocal
analysis. Five thousand viable basal cells obtained by FACS were resuspended in 500μl 2%
growth factor-reduced Matrigel diluted in MTEC/Plus and seeded into each chamber. Prior
to seeding, the chamber bottom was coated with 6μl 100% Matrigel that was allowed to gel.
DBZ (EMD) was resuspended in DMSO and used at a final concentration of 1μm.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of Notch pathway genes in adult airway epithelium
Expression of Notch pathway components in BCs (black bars) and luminal cells (open bars)
assessed by quantitative RT-PCR. y-axis is relative quantification (RQ) normalized to
Gapdh and expression of each gene in luminal cells is set to 1 for comparison. Error bars
show 95% confidence interval based on triplicate samples. Data shown are representative of
three independent experiments.
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Figure 2. SO2 inhalation injury model to study mechanisms regulating basal cell behaviors
(A) Control uninjured trachea stained with anti-Trp63 (red, BCs). (B,C) Trp63+ BCs survive
SO2 inhalation injury and remain close to the basal lamina 12 hours post-injury (hpi) and
during transient stratification 48hpi. Low levels of Trp63 are detected in some suprabasal
cells at this time. (D) In the uninjured trachea, ciliated (pink, acetylated tubulin) and Clara
(green, Scgb1a1) cells are Krt8+ (red). (E) At 48hpi Krt8+ cells are abundant but negative
for markers of ciliated and Clara cells. (F-I) Immunohistochemistry for FoxJ1 (red, ciliated
cells) and Scgb1a1 (green, Clara cells) shows these cell types are present in roughly equal
proportions in the uninjured trachea. However, neither luminal cell type is observed at (G)
24 or (H) 36hpi. (I) At 5dpi there are abundant FoxJ1+ cells but very few Scgb1a1+ Clara
cells (arrowhead). Nuclei were stained with DAPI. Scale bars:A,D 25μm; F 100μm.
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Figure 3. Notch signaling is active during epithelial repair
(A-E) Sections of trachea from adult TNR mice stained with anti-GFP to show TNR+ Notch
responsive cells (green) and anti-Pdpn (red, BCs) in (A,B) uninjured trachea or (C) 12hpi,
(D) 36hpi, and (E) 7dpi. (B) In uninjured tracheas, ～73% of TNR+ cells are CGRP+ (red,
neuroendocrine cells). (F) Percent of epithelial cells scored as TNR+ during repair. Data are
means ±SEM and n is the number of tracheas examined at each time. (G) qPCR on cDNA
synthesized from TNR- cells (black bars) and TNR+ putative EPs (white bars) obtained by
FACS at 36hpi. y-axis is relative quantification (RQ) compared to Gapdh and expression of
each gene in TNR- cells (non-EPs) is set to 1 for comparison. Error bars show 95%
confidence interval based on triplicate samples. Data are representative of two independent
experiments. (H,I) Sections of tracheas from TNR mice stained with anti-Hes1 (red) and
anti-GFP. Many luminal and basal cells express Hes1 in the uninjured trachea (H) and at
36hpi (I). In the repairing trachea, the expression of Hes1 is not restricted to GFP-expressing
cells. (J-M) RNA in situ hybridization showing expression (purple) of (K) Hey1 and (M)
HeyL 36hpi but not in uninjured tracheal epithelium (J,L). Nuclei were stained with DAPI
or nuclear fast red. Fluorescent images are single confocal planes. Scale bars:A,C,D,E,H
25μm; J 50μm.
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Figure 4. Notch gain-of-function promotes luminal differentiation of mouse airway basal cells in
vivo
(A) Adult KRT5-CreER;ROSAEYFP and (B) KRT5-CreER;ROSANotch mice were injected
with tamoxifen and sections stained 2 weeks later with anti-GFP (green, lineage label is
cytoplasmic for ROSAEYFP and nuclear for ROSANotch) and anti-Pdpn (red, BCs). (C)
Percent of lineage labeled cells scored that had differentiated and lost expression of the BC
marker Pdpn. Data shown are means ± SEM and n is the number of animals analyzed.
*p<0.0001. (D) 81% of cells expressing the Notch1 intracellular domain and nuclear
localized GFP stained positively for the Clara cell marker Scgb1a1 and (E) ～57% were
positive for markers of goblet cells including Spdef and Muc5ac. Note that these
differentiated cells often appear in pairs or small clusters. (F) Only ～5% of lineage labeled
cells in controls were positive for markers of secretory cells including Scgb1a1, Muc5ac, or
Spdef. Scale bars: A,B 40μm; D 30μm.
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Figure 5. Notch gain-of-function analysis in human basal cells
(A,B) Primary human BCs were transduced with lentivirus encoding (A) GFP or (B) mHes1
and GFP. After 4 days, 83% of control cells expressing GFP remained TRP63+ while only
39% of BCs expressing mHes1 and GFP were TRP63+. Arrowheads mark GFP+;TRP63-
cells. Scale bars: 25μm. (C) qPCR for Notch pathway components was performed on cDNA
synthesized from GFP+ cells that were obtained by FACS 5 days after transduction with
lentivirus encoding either GFP alone (black bars) or mHes1 and GFP (white bars). y-axis is
relative quantification (RQ) compared to Gapdh and expression in control cells is set to 1 for
each gene. Error bars show 95% confidence interval based on triplicate samples.
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Figure 6. Loss-of-function analysis shows that Notch signaling is required for the luminal
differentiation of airway basal cells
(A-D) Tracheospheres grown from single BCs of TNR mice were stained in whole-mount
with anti-GFP (green) to show TNR+ Notch responsive cells and anti-Trp63 (red, basal
cells) from the 2-16 cell stages. Tracheospheres grown from wild type BCs were cultured
with (E) DMSO or (F) gamma secretase inhibitor DBZ (1μM). After 7d, spheres were
stained in whole-mount with anti-Trp63 (red, BCs) and anti-Krt8 (green, luminal cells). (G)
Adult KRT5-CreER;ROSAEYFP and (H) KRT5-CreER;Mib1fx/fx;ROSAEYFP mice were
injected with tamoxifen and exposed to SO2. Two weeks later, after epithelial repair,
sections were stained with anti-GFP (green, lineage label), and anti-Pdpn (red, BCs). (I)
Percent lineage labeled cells that had differentiated and lost expression of Pdpn. Data shown
are means ± SEM and n is the number of anilmals examined. *p<0.05. Nuclei were stained
with DAPI and images are single planes from confocal stacks. Scale bars: A-E 10μm; H
50μm.
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Figure 7. Models for Notch signaling in the adult pseudostratified airway epithelium
Self-renewal of BCs is Notch-independent, but their luminal differentiation requires
canonical Notch signaling. Upper panel: A multipotent early progenitor (EP) has limited
capacity for proliferation and gives rise to mature ciliated and secretory cells in response to a
second Notch signal. Lower panel: EPs are more lineage-restricted and their fates are
specified by Notch input at the time of BC division. In either model, the abundance of EPs
and the kinetics of their proliferation and differentiation may differ under steady state
conditions versus repair. It is likely that the BC niche is dynamic and comprised of the
extracellular matrix, secreted molecules and nearby epithelial, stromal, immune, neuronal,
vascular and smooth muscle cells.
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